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Heart failure (HF) is defined by compromised contractile function and is associated with changes in
excitation-contraction (EC) coupling and cardiomyocyte organisation. Tissue level changes often
include fibrosis, while changes within cardiomyocytes often affect structures critical to EC coupling,
including the ryanodine receptor (RyR), the associated protein junctophilin-2 (JPH2) and the transverse
tubular system architecture. Using a novel approach, we aimed to directly correlate the influence of
structural alterations with force development in ventricular trabeculae from failing human hearts.
Trabeculae were excised from explanted human hearts in end-stage failure and immediately subjected
to force measurements. Following functional experiments, each trabecula was fixed, sectioned and
immuno-stained for structural investigations. Peak stress was highly variable between trabeculae
from both within and between failing hearts and was strongly correlated with the cross-sectional area
occupied by myocytes (MCSA), rather than total trabecula cross-sectional area. At the cellular level,
myocytes exhibited extensive microtubule densification which was linked via JPH2 to time-to-peak
stress. Trabeculae fractional MCSA variability was much higher than that in adjacent free wall samples.
Together, these findings identify several structural parameters implicated in functional impairment in
human HF and highlight the structural variability of ventricular trabeculae which should be considered
when interpreting functional data.

Normal cardiac function is the ability of the ventricles to contract and efficiently pump blood. In heart failure
(HF), there is a general loss of cardiac function such that there is an inability to meet the metabolic demands of
the body’. Causes of human HF are multifactorial and include structural changes that are directly associated with
functional deficits. At the tissue level, interstitial fibrosis is widely reported throughout the diseased and failing
myocardium??, leading to an increase in tissue stiffness that opposes active force generation?. This fibrosis may
occur due to loss of cardiomyocytes (replacement fibrosis), or in the absence of necrotic cell death?. In addition
to the reduction in proportional cardiomyocyte area as a result of fibrosis, the cardiomyocytes themselves often
exhibit sub-cellular structural alterations in HE.

These cellular level alterations often affect components essential for contractile activation and
excitation-contraction (EC) coupling, which involves several key structures and proteins within the cell, includ-
ing the transverse tubules (t-tubules). T-tubules are invaginations of the sarcolemma, creating an intracellular
network capable of rapidly conducting action potentials into the cell interior* which is vital for the synchronous
activation of Ca*" release from the sarcoplasmic reticulum (SR). Loss or disruption of t-tubules is commonly
observed in human and animal models of HF*~® and has been associated with compromised contractile function
(development of force) as a result of sub-cellular delays in action potential propagation® and desynchronized
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Ca?" release!®!!. Our group has previously identified that the extent of this t-tubule disorganisation is strongly
correlated with the severity of cardiac dysfunction in the failing human heart'?.

The t-tubules normally align to the z-disks!>!* which is important for the sarcolemma to closely associate with
the terminal SR (jSR) to form junctions'. Junctions (also known as dyads in cardiomyocytes) are vital functional
regions containing many of the proteins essential to EC coupling, including the SR calcium release channels -
the ryanodine receptors (RyR)'®!”. RyR form clusters at the junction, with their organisation tightly linked to
Ca?* handling properties and cardiomyocyte function'®. Also present is the protein junctophilin-2 (JPH2), which
spans the SR membrane and associates with the plasma membrane'. JPH2 has subsequently been implicated in
the formation and maintenance of both the junctions and t-tubule structure in cardiomyocytes”'#-2!. In addition,
it has previously been suggested that the loss of full-length wild-type JPH2 plays a role in the development and
progression of HF”?>%, as well as t-tubule remodeling?*?*-2°. More recently, it has been proposed that microtubule
densification (which is observed in HF)?~% is responsible for altered trafficking of JPH2, such that it is displaced
from the intracellular junctions, leading to t-tubule disruption and impaired cardiac function®.

In order to elucidate the relationship between the various structural changes in HF and the development of
contractile impairment, both contractile force and indicators of cell and tissue structure should be examined, ide-
ally within a single muscle sample. Despite the insights provided by correlating ultrastructural remodeling within
the cardiomyocytes and the degree of circumferential shortening in situ using cine magnetic resonance imaging
(cMRI)'?, cMRI generally lacks cellular resolution and does not allow for the direct measurement of force devel-
opment. Likewise, isolated cardiomyocytes can be used to examine both cellular function and structure, but they
lack information on the role of the extracellular matrix (ECM) and potential fibrosis in HE An alternative approach
is to use cardiac trabeculae which allow examination of cardiac function at the cellular level in the presence of
non-myocyte cells (such as fibroblasts) that are present in the ECM and contribute to contractile dysfunction in HE

Previous studies examining functional alterations in ventricular wall strips or trabeculae from failing human
heart found little apparent difference in baseline peak stress development compared to non-failing samples®32.
Other studies report peak stress is reduced®, or in some instances, increased, in human HF**. However, not all stud-
ies were performed using physiological temperature or stimulation frequency. Furthermore, many of these studies
have been performed in failing patient groups from mixed etiologies, often including ischemic samples, which
when sub-divided into cardiomyopathy type reveal different responses®**. This further complicates the interpre-
tation of the underlying mechanisms involved. It is also possible that several studies excluded preparations which
demonstrated low or absent stress responses to stimulation. This would lead to experimental selection bias towards
‘healthy’ muscle preparations, despite originating from failing hearts, with some explicitly stating these preparations
were excluded from their study?. While several previous studies have used cardiac trabeculae to examine functional
changes in both human and animal models of HF>*-%, investigation of alterations in trabeculae structure have
generally received little attention in those studies. Here, we address this gap and directly examine the relationship
between contractile force and structural alterations using ventricular trabeculae from human hearts in failure.

Using a novel approach, we examined cardiac trabeculae from human hearts with idiopathic dilated cardio-
myopathy (IDCM) in end-stage HF to directly correlate contractile function (stress measurements) with alter-
ations in cardiomyocyte organisation within the failing heart. Hypothesizing that both tissue and cellular level
alterations contribute to the contractile deficit, a range of structural parameters were examined using confocal
microscopy. A striking finding was a high degree of variability in the myocyte content of trabeculae which was
closely correlated with contractile performance. At the cellular level, trabeculae from failing hearts exhibited
microtubule densification which was linked via JPH2 to an increased time-to-peak stress. The highly variable
myocyte content of trabeculae excised from the same hearts complicates the interpretation of trabeculae stress
measurements, unless these are closely associated with investigation of tissue structure, as shown here, which may
explain some of the contradictory results between previous studies.

Results

Trabeculae twitch force and variable cardiomyocyte content of human trabeculae.  Assessment
and analysis of force production in the cardiac trabeculae from the failing human hearts revealed a high degree of
variability in stress production between samples, when normalised to total CSA (Fig. 1a-c insets show exemplary
records). While the mean peak stress developed in these trabeculae (12.8 & 3.6 mN/mm? see Supplementary
Table S1) was similar to that previously reported in IDCM human samples, the stress values developed in some
trabeculae from the failing hearts were similar to those reported in healthy human muscle preparations (~23 mN/
mm?) under similar experimental conditions®. It was therefore of interest to determine the key structural param-
eters contributing to the considerable functional variability observed in these trabeculae. At the tissue level, the
composition of the trabeculae was found to be highly variable between samples (Fig. 1a—c), with increasing car-
diomyocyte content typically associated with higher peak stress production. Some trabeculae were identified as
containing very few, or virtually no cardiomyocytes (Fig. 1a), with large areas of ECM.

The high degree of variability in contractile performance in trabeculae from failing hearts motivated a system-
atic analysis of trabeculae structure-function relationships. Generally, force generation by trabeculae has been
shown to be tightly correlated with CSA of the muscle?’, however, this was not the case in trabeculae from the
endocardial surface of failing human hearts (Fig. 1d). There was also variability in the development of force
identified between trabeculae from the same heart (Fig. 1d). This novel observation highlights that while there
is inter-heart variability, there is also a high degree of intra-heart variability. Therefore, despite being exposed to
the same pre-explantation conditions (such as pharmacological treatments and systemic blood pressure), there is
inherent variability in contractile performance of trabeculae isolated from a single failing heart, suggesting that
additional, potentially structural, factors contribute to the contractile performance of the trabeculae. It is these
factors that we investigate below.
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Figure 1. Tissue composition and collagen labelling in failing human trabeculae. (a—c) Dual labelling of ECM
(WGA; blue) and JPH2 (green) in transverse sections of cardiac trabeculae from failing human hearts displaying
variable contractile performance. Corresponding stress production at 1 Hz is shown in insets. Active force
production forms (d) a weak correlation with total trabeculae CSA (p =0.07), with data points color coded
according to patient heart number (DH32: gray, DH36: yellow, DH37: red, DH38: blue, DH40: green), but

(e) a strong, positive relationship with myocyte CSA in trabeculae from the failing human heart (p =0.0005).

(f) No clear relationship was observed between total trabeculae CSA and the percentage of CSA attributed to
cardiomyocytes.

A strong, positive relationship was observed between MCSA and active force production, revealing a statis-
tically significant correlation (Fig. le). By contrast, there was no clear relationship identified between the total
CSA of the trabeculae and the proportion attributed to cardiomyocytes (Fig. 1f), unlike previous observations
in healthy rat hearts*!. As a consequence, from here on relationships will be presented with stress normalised to
MCSA to determine additional structural parameters contributing to the observed variability in force production.

Variable composition in failing human trabeculae. As identified, there is high variability in cardio-
myocyte content in trabeculae from the failing human heart, with some showing extensive ECM. These ECM
regions stained positively for collagen I, IIT and VI (Fig. 2a). Collagen I was particularly strong in the outer-most
layer of ECM in the transversely sectioned trabeculae (Fig. 2ai), with both collagen IIT and VI present throughout
regions, indicating the presence of additional cell types in the tissue (Fig. 2aii). Cardiomyocytes within trabeculae
are considered to be aligned in a parallel manner along the length of the tissue. This was the case for many of the
trabeculae in this study (Fig. 2b); however, we also identified that in some trabeculae, there was variability in the
angle at which the cardiomyocytes appeared to be running throughout the tissue section (Fig. 2a,d).

Structural variability in the failing human heart samples. To determine how representative the tra-
beculae were of the failing myocardium, we also investigated these parameters in samples from the corresponding
ventricular wall of the same hearts. In both trabeculae and myocardium from the failing human heart, cardiomy-
ocytes were observed between regions of ECM staining (Fig. 3a—c). On average, the trabeculae from the failing
human heart showed significantly reduced myocyte content (41.5 +7.2%) compared to their failing ventricular
wall counterparts (64.2 & 4.3%; Fig. 3d). However, when the trabeculae were divided into two groups depending
on peak stress development (divided at median; n=7 per group), the group with higher peak stress showed no
difference in mean cardiomyocyte content when compared to the failing ventricle wall, while trabeculae from
the group with the lower stress development showed a significant reduction in cardiomyocyte content (Fig. 3e).
Further investigation revealed that there was greater intra-heart variability in myocyte content in trabeculae
compared to the corresponding ventricular myocardium (Fig. 3f).

Sub-cellular organisation in human HF.  To identify whether further cellular structural alterations were
implicated in the functional variability in the failing human trabeculae, we also investigated sub-cellular organ-
isation of key EC coupling structures - the junctional couplings formed between the t-tubules and jSR (where
the RyR are localised). Confocal imaging revealed a high degree of variability in the organisation of both RyR
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Figure 2. (a) Labelling reveals the organisation of (i) phalloidin (magenta) and collagen I (green), (ii) DAPI
(cyan) and collagen III (red) and (iii) collagen VI within the same trabecula. (e-g) Dual labelling of ECM
(WGA; blue) and JPH2 (green) in longitudinal sections of cardiac trabeculae from the failing human heart
showing different cardiomyocyte alignment.

clusters and t-tubules in cardiomyocytes from human trabeculae, with t-tubules virtually absent in some cardi-
omyocytes (Fig. 4a). The remaining t-tubules often appeared disrupted or occurring at oblique angles (Fig. 4b).
Visual inspection of confocal dual labelling of RyR clusters and t-tubules suggested that there was increasing
association of these structures in trabeculae exhibiting increased contractile performance (stress normalised
to MCSA) and while a weak positive correlation was observed (R*=0.18), this was not statistically significant
(Fig. 4d). Interestingly, a clear positive relationship was identified between increasing cardiomyocyte content
of the trabeculae and the proportion of RyR clusters associated with t-tubule labelling (Fig. 4¢), suggesting that
there is increased preservation of cellular organisation in cardiomyocytes when there is a greater prevalence of
myocytes within the tissue.

Regular transverse rows of RyR clusters were observed in ventricular myocytes of failing ventricle wall tissue
samples (Fig. 4c), with predominantly longitudinal and oblique t-tubule extensions apparent (compared to trans-
verse organisation in non-failing tissue, see Supplementary Fig. S2) - a feature of structural remodeling which
has been regularly reported in HF>7%?%. These disorganised t-tubules appeared to contribute to the decreased
proportion of RyR clusters identified as being associated with t-tubules in the failing wall samples compared to
non-failing (Supplementary Fig. S2). There was no difference in the mean percentage of RyR clusters associating
with the t-tubule labelling between the trabeculae and ventricle wall samples from failing human hearts (Fig. 4f).

In conclusion, the free wall samples from failing hearts exhibit broadly similar structural changes as have
been previously identified as hallmarks of failure. Trabeculae appear similarly affected but present more variable
myocyte content.

Junctional protein co-localisation in the failing heart. Dual labelling of RyR and JPH2 was also per-
formed to determine if junctional organisation was implicated in the observed functional variability in trabec-
ulae. Confocal imaging revealed RyR clusters typically appearing in striations throughout the cardiomyocytes,
with JPH2 often seen localised to the surface sarcolemma in failing trabeculae (Fig. 5a). A similar pattern of
localisation was observed in failing human ventricular myocardium, with an overall organisation of transversely
aligned clusters for both proteins (Fig. 5b). Between the failing samples, there was no difference in the extent of
co-localisation observed, with the proportion of JPH2 co-localised with RyR unchanged across the sample groups
(Fig. 5¢). There was no significant difference in the fraction of RyR co-localised with JPH2 in the failing ventricle
myocardium compared to non-failing (Supplementary Fig. S2).

There have been reports suggesting that the expression levels of RyR and JPH2 are decreased in the failing
heart”**2%3 however, our analysis of protein labelling density in the tissue indicates that this was also not altered
between our sample groups (Fig. 5d, Supplementary Fig. S2). While the degree of association between these two
proteins appeared to vary between trabeculae, neither the extent of RyR co-localised with JPH2 or vice versa was
significantly correlated with peak stress production (Supplementary Fig. S3). The density of tissue labelling for
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Figure 3. Structural variability and alterations in the failing human heart. Confocal images showing the tissue
composition in (a,b) trabeculae and (c) ventricular myocardium from failing hearts with ECM (WGA; blue)
and JPH2 (green) labelling. (d) Analysis of tissue composition revealed the percentage of tissue attributed to
cardiomyocytes in failing trabeculae, failing ventricle wall and (e) in failing trabeculae when group according
to peak stress development (n =7 per group). (f) Tukey boxplots with data-points color-coded according to
individual hearts demonstrates intra-heart variability in trabeculae and wall myocardium from failing hearts
(DH32: gray, DH36: yellow, DH37: red, DH38: blue, DH40: green). Myocyte content analysis: Trabeculae:

n= 14 images/trabeculae, 5 hearts; failing wall n = 16 images, 5 hearts. Data displayed as mean + SEM.
*p=0.02; *p=0.01.

both RyR and JPH2 showed positive relationships with peak stress, with JPH2 labelling density revealing a signif-
icant correlation (Supplementary Fig. S3, Fig. 5¢). Of greater interest was the identification of a strong correlation
between increasing tissue JPH2 density and the proportion of RyR clusters associated with the t-tubules (Fig. 5f),
indicating a relationship between increased JPH2 levels and an increased number of junctions.

Microtubule densities in human HF. Densification of the microtubules has been widely reported in
DCM?%-? and we therefore investigated this in our samples. Confocal imaging of o-tubulin labelling revealed
widespread microtubule presence within and between cardiomyocytes for failing trabeculae (Fig. 6a), as well
as the failing ventricular wall (Fig. 6b). Dense networks of microtubules were observed in cardiomyocytes from
failing trabeculae and ventricular myocardium (Fig. 6d,e), often including envelopment around intracellular
structures presumed to be the nuclei®®. Analysis of a-tubulin labelling density showed that, when averaged over
the whole tissue, there was a significant increase in density in the failing trabeculae compared to the failing ven-
tricular myocardium, as well as when assessed at the cellular level (Fig. 6¢). In the non-failing ventricular myo-
cardium, labelling between myocytes was more prominent, with a ~2.8-fold greater density of a-tubulin in the
failing ventricular cardiomyocytes compared to non-failing at the cellular level (Supplementary Fig. S2). These
density analyses support previous findings of microtubule densification in the failing heart and also reveal the
extent of increased a-tubulin within the cardiomyocytes. While there was significant densification of microtu-
bules observed in the failing trabeculae, the density of a-tubulin labelling at neither the tissue nor myocyte level
was significantly correlated with peak stress development (Supplementary Fig. S4).

It has been suggested that the densification of microtubules is implicated in increased trafficking of JPH2
towards the surface sarcolemma, away from the junctions, resulting in impaired EC coupling in HF**. Dual
labelling of JPH2 and «-tubulin revealed varying extents of association between the two proteins, which
appeared to be higher in the two failing tissue sample groups (Fig. 6d,e) compared to the non-failing myocar-
dium (Supplementary Fig. S2), but was not statistically significant. While co-localisation analysis of these images
revealed significantly increased JPH2-a-tubulin association in the failing trabeculae compared to failing ventri-
cle myocardium, there was no significant relationship identified with peak stress development in the trabeculae
(Supplementary Fig. S4). However, a significant correlation was found between the fraction of JPH2 co-localised
with a-tubulin and time-to-peak stress in the trabeculae from human HF hearts (Fig. 6f).
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Figure 4. Structural correlates with contractile function in human cardiac trabeculae. Deconvolved confocal
images show t-tubule (WGA; grey) and RyR (red) dual labelling in cardiomyocytes from trabeculae exhibiting
either (a) weak or (b) strong contractile function, as well as (c) ventricular myocardium from the human failing
heart. (d) Stress normalised to MCSA forms a weak, positive relationship with the percentage of RyR clusters
associated with t-tubule labelling (p =0.167). (e) A strong positive correlation is observed between increasing
myocyte content as a percentage of total CSA and the degree of association between RyR clusters and t-tubules
(p=0.0014). Blue data-points labelled ‘A’ and ‘B’ indicate values from corresponding images. (f) Analysis of
RyR-t-tubule association was performed in the sample groups. RyR-t-tubule association analysis: Trabeculae:

n =22 images, 14 trabeculae, 5 hearts; failing wall n =28 images, 5 hearts; Data displayed as mean &= SEM.

Variable force-frequency relationship in HF trabeculae.  Unlike the strong, positive force-frequency
relationship (FFR) observed in the healthy human heart, a blunted or even negative FFR has been reported
in human HF**, Examining peak stress in the failing trabeculae across a range of stimulation frequencies
(0.1-2 Hz) revealed a wide variability in the FFR from the samples we obtained (see Supplementary Table S1).
This included several trabeculae demonstrating the previously reported negative or blunted FFR, while others
presented with a clear positive relationship. However, none of the structural parameters examined in this study
were identified as significantly correlating with the FFR (data not shown). It should, however, be noted that the
FFR was not able to be determined in all trabeculae due to insufficient force development at 1 Hz, preventing
identification of a response to altered stimulation frequency.

Discussion

DCM is among the most common forms of heart disease*® and is the most prevalent underlying cause of heart
transplant procedures*. In this study, we have observed and quantified both tissue level sub-cellular structural
changes to IDCM failing human myocardium, as well as explored the relationship between these changes and
cardiac function. The defining feature of HF is the impairment of cardiac function, such that there is inadequate
supply to meet metabolic demand. While, on average, we observed low active stress development in the trabecu-
lae from failing human hearts, some trabeculae exhibited contractile strength at levels similar to those reported
in trabeculae from the healthy human heart®*. The contractile performance was strongly linked to a number of
marked structural alterations at tissue and cellular levels. Importantly, the observed variability in contractile per-
formance and myocyte content did not merely reflect differences between hearts as contractile performance also
varied greatly between trabeculae from the same hearts.

Myocardial fibrosis is well established in the diseased and failing heart?, with increased collagen deposition
leading to higher ventricle wall stiffness and opposition to active force development’. Our data appear to support
these previous findings, showing a reduction in the proportion of myocardium attributed to cardiomyocytes in
the failing human heart (Fig. S4), indicating greater ECM content. Although this did not quite reach statistical
significance, this most likely reflects the limited number of non-failing samples in our study. The proportion of
tissue attributed to cardiomyocytes was highly varied between trabeculae (Fig. 1), even within a single heart.
It was also identified that the variability in myocyte content within failing hearts was greater in the trabeculae
compared to ventricular myocardium (Fig. 3). This suggests that cardiac trabeculae may be more susceptible
to pathological remodeling of the ECM, although in the absence of non-failing trabeculae samples it is difficult
to determine if this is due to natural variation in trabeculae composition, or a result of fibrotic remodeling in
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Figure 5. RyR co-localisation with JPH2 is altered in human HE. Deconvolved confocal micrographs showing
RyR (red) and JPH2 (green) dual labelling in (a) a trabecula and (b) ventricle wall sample from failing hearts. (c)
Co-localisation analysis reveals the extent of RyR co-localised with JPH2 and JPH2 co-localised with RyR in the
trabeculae and ventricle wall from failing human hearts. (d) Tissue labelling density revealed no differences for
RyR or JPH2. (e) A positive relationship is observed between JPH2 tissue density and peak stress development
(normalised to MCSA) in trabeculae from the failing human heart (p =0.041). (f) JPH2 tissue labelling density
forms a strong, positive relationship with the percentage of RyR clusters associated with t-tubules (tt) in failing
human trabeculae (p =0.0014). Co-localisation analysis: Trabeculae: n =21 images, 14 trabeculae, 5 hearts;
failing wall n =22 images, 5 hearts. Density analysis: Trabeculae: n = 14 images, 14 trabeculae, 5 hearts; failing
wall n =14 images, 5 hearts. Data displayed as mean + SEM.

HE Reduced myocyte content was directly implicated in functional impairment in HF trabeculae, with a strong
correlation identified between MCSA and active force development (Fig. 1). While increased collagen content of
trabeculae has been observed in the spontaneously hypertensive rat model of heart failure, which was associated
with reduced active stress”, the current study clearly demonstrates myocardium composition to be a strong indi-
cator of peak force development in the failing human heart.

Our study utilised field stimulation to initiate EC coupling, which would make the effects of fibrosis and
reduced myocyte content on electrical propagation less obvious as compared to the situation in vivo. In vivo, the
spread of action potentials relies on cell-cell signaling via gap junctions between cardiomyocytes. In that scenario,
the increased separation of myocytes with fibrosis and myocyte loss may contribute to a reduced synchronicity
between cardiomyocyte activation, thereby leading to a further reduction in peak stress development.

Given that the cardiomyocytes are responsible for the development of active force, it is not entirely surpris-
ing to identify this relationship. However, our findings suggest that the classical method of normalising force to
total CSA is insufficient to obtain measurements of stress for comparison between failing muscle samples. This
classical view was based on findings from healthy muscle, which suggested that CSA was a direct measure of the
number of muscle fibers present. Our present study shows that for failing human myocardium, force does not
necessarily form a strong relationship with total CSA. We therefore propose that force should routinely be nor-
malised to MCSA to obtain an indication of myocardium contractility, rather than total CSA, particularly in the
case of studies utilising failing samples. This would necessitate tissue structure investigation, in addition to force
measurements, be regularly performed in such studies.

In the healthy rat heart, a relationship between trabecula CSA and tissue composition has been previously
demonstrated, with smaller diameter trabeculae presenting higher collagen content*'. Such a relationship was
not observed in our study of failing human trabeculae (Fig. 1). In the absence of non-failing human trabeculae, it
is difficult to distinguish if this is due to normal species differences in tissue composition, or due to pathological
changes in these samples resulting in myocyte loss. In non-ischemic heart disease it is unclear as to what triggers
ECM proliferation, as it has been reported in the absence of necrotic cell death?”. Our study found the ECM of tra-
beculae to be highly positive for collagen - specifically types I, III and VI (Fig. 2). DAPI staining revealed nuclei
throughout the extra-cardiomyocyte regions (Fig. 2), indicating the presence of additional cell types distributed
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Figure 6. o-tubulin labelling and co-localisation with JPH2. Confocal images of o-tubulin (magenta) in (a)
failing trabeculae and (b) failing ventricle wall, with cell boundaries shown by WGA (grey). (c) Density analysis
of a-tubulin labelling at both the tissue and cellular level in the failing tissue sample groups. Tissue density
analysis: Trabeculae: n =14 images, 14 trabeculae, 5 hearts; failing wall n =15 images, 5 hearts. Cellular density
analysis: Trabeculae: n =24 images, 14 trabeculae, 5 hearts; failing wall n =27 images, 5 hearts. Data displayed
as mean + SEM. *p =0.03; *p=0.01. Deconvolved confocal images showing dual labelling with JPH2 (green) in
(d) a trabecula and (e) ventricular myocardium from the failing heart. (f) The percentage of JPH2 co-localised
with a-tubulin was strongly correlated with increased time-to-peak stress in failing trabeculae (p =0.017).

throughout the ECM. These likely include activated myofibroblasts which are involved in the deposition of col-
lagen into the ECM? and exhibit positive labelling for a-tubulin®, consistent with our observation of a-tubulin
in non-myocyte regions (discussed below). An additional observation was the inconsistency of cardiomyocyte
orientation in several trabeculae (Fig. 2). The synchronized contraction of myocytes in parallel alignment should
allow for maximal force development, therefore myocytes orientated at different angles within a single trabecula
would lead to reduced peak force development. This also means that if there is misalignment of myocytes within
the trabecula, the actual force able to be developed by these myocytes would be higher than the force measured
along a single axis of the trabecula. However, even when factoring in a moderate degree of myocyte misalignment,
similar to that observed in our samples, this misalignment would not significantly account for the remaining
variability in developed force by the failing trabeculae.

The coupling of the jSR with the t-tubule membrane is required for the formation of junctions'®, which are
essential structures for efficient EC coupling and control of local ion concentrations*’. We observed a significant
reduction in the association between RyR clusters (localised to jSR) and the t-tubules in the failing human heart
(Supplementary Fig. S2). Despite maintaining cell-wide organisation, decreased association of RyR clusters with
the sarcolemma has also been previously reported in a canine model of HF. This indicates that the reduced RyR
cluster association is primarily a result of the well-characterized t-tubule network remodeling in HF”'>?4, The dis-
placement of t-tubules from the z-disks leads to increased distances across the junctional cleft and subsequently
reduced efficiency of EC coupling and dysynchrony of the Ca?* transient?, typically resulting in impaired cardiac
function. However, we found that, while a positive trend was present, RyR-t-tubule association was not signifi-
cantly correlated with active stress when normalised to cardiomyocyte content in failing human heart trabeculae.

Interestingly, we did identify a significant correlation between the myocyte content of trabeculae and the
proportion of RyR clusters associated with t-tubules (Fig. 4). This suggests the possibility that increased myocyte
content of the tissue could be protective of intracellular remodeling in HF. Increased fibrosis leads to increased
stiffness of the ventricle wall and therefore higher passive tension in the tissue. The resistance against which
the myocytes are required to contract in order to develop active force increases” and subsequently, a greater
active force (stress) is necessary for myocyte shortening to occur. In an elastic material, the strain developed is
proportional to the applied stress and it has been shown that exposure to increased strain leads to remodeling
of t-tubules in cardiomyocytes®"*. This provides a potential mechanism through which increased fibrosis and a
corresponding decrease in cellular content, may contribute to the reduced association between RyR clusters and
t-tubules in the remaining cardiomyocytes.
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The association between JPH2 and RyR has been suggested to modulate the open probability of the Ca?* chan-
nel and impact Ca*" spark properties'®?, contributing to spontaneous RyR opening and raised diastolic Ca**,
as observed in HE. However, we found no significant difference in either the RyR-JPH2 association in the failing
heart compared to non-failing, nor in the labelling density of these proteins, despite previous studies report-
ing reduced protein expression levels reported?***>*3. However, JPH2 tissue density was positively correlated
with increased association between RyR clusters and t-tubules in the trabeculae (Fig. 5) - further supporting the
importance of JPH2 in the formation and maintenance of cardiac junctions.

As commonly reported in HF, densification of microtubules was observed in the failing myocardium, both
within and between cardiomyocytes (Fig. 6). Microtubule staining observed between myocytes is likely to indi-
cate the presence of smooth muscle cells of the capillaries®, or activated myofibroblasts*® (which are involved in
deposition of collagen in the ECM?). It has been proposed that microtubules potentially modulate Ca’* currents
through both DHPR and RyR>*%, as well as their densification increasing resistive stresses within the myocyte,
inhibiting sarcomere shortening®. Despite these proposed mechanisms, a-tubulin density was not correlated
with active force development in the human HF trabeculae (Supplementary Fig. S4).

Another suggested role of microtubules in HF is the altered trafficking of JPH2, whereby redistribution of
JPH2 away from junctions may impair the ability to maintain junctional organisation and potentially lead to
reduced EC coupling gain across the junctional cleft**. While increased co-localisation between a-tubulin and
JPH2 was identified in the failing human trabeculae, this was not found to be correlated with the peak active stress
(Supplementary Fig. S4). It is possible that it is not the direct interaction of JPH2 with microtubules that leads
to functional impairment, but instead the end distribution of JPH2 following peripheral trafficking. That being
said, the fraction of JPH2 co-localised with a-tubulin was found to be positively correlated with time-to-peak
stress, such that a longer time was required to reach peak active stress. As time-to-peak stress in this study was
measured from stimulus onset, this parameter incorporates the time required for EC coupling to occur, as well
as cross-bridge cycling rates. Increased association of JPH2 with microtubules may reduce its ability to maintain
both junctional and t-tubule organisation. Consequently, desynchronisation of the action potential can occur as
a result of t-tubule remodeling, leading to impairment of EC coupling and potentially the increased time-to-peak
stress.

It is currently an open question if the great variability in myocyte content is a result of cardiac remodeling in
failure (as we would speculate) or perhaps a more general property of human cardiac trabeculae also found in
normal hearts. While the lack of trabeculae from non-failing human hearts is a limitation, it is notable that our
comparison between trabeculae from failing hearts allowed circumvention of potentially confounding pharma-
cological differences between patient treatment regimes by using multiple trabeculae from each heart to provide
within-heart comparisons.

A commonly reported alteration in HF are changes to the Ca®* transient, including the amplitude and tempo-
ral kinetics, which are thought to be involved in alterations of the FFR. As a result of limited trabeculae numbers
and the time required for the force experimental protocol, the number of trabeculae able to be loaded with Ca?*
indicator in this study (n = 3) was insufficient for a systematic investigation of changes to Ca*>* handling in human
HF; accordingly, we cannot currently dissect the reason for the variability of FFR in our samples. The blunted, or
even negative, FFR in the failing heart is also thought to involve a shift towards Ca®* extrusion via NCX, such that
there is an increasing removal of Ca?" from the myocyte with higher stimulation frequencies®”8. It would there-
fore be of interest to examine both the function and distribution of NCX and SERCA in relation to the FFR in fur-
ther studies. While direct correlation between force, structure and Ca?* handling in individual trabeculae from
human hearts would be of great interest to pursue in future studies - it is clearly technically very challenging.

In conclusion, using a novel approach, we obtained both functional and structural measurements in individ-
ual muscle samples from the failing human heart. This enabled us to determine structural parameters directly
correlated with functional variability, both within and between hearts. We observed highly variable cardiomy-
ocyte content in trabeculae from failing human hearts, which was strongly correlated with contractile function,
while total tissue CSA was not, contrary to assumptions generally made in trabeculae studies. Trabeculae from
healthy hearts are almost entirely made up of myocytes*, such that force normalised to total CSA still remains
acceptable for comparison between muscles. However, measurements from hypertrophied or failing hearts may
over-estimate the degree of dysfunction unless force is normalised to MCSA. On this basis, we suggest that force
studies should be augmented with structural assessments in order to draw mechanistic conclusions, particularly
in HF studies. In addition to these tissue-level changes, several sub-cellular protein changes were identified and
confirmed as occurring in HF compared to non-failing hearts. Trabeculae structural properties broadly mim-
icked features of the ventricular wall from the same hearts, confirming their usefulness in functional studies,
particularly if effects of structural variability are eliminated by correlation with functional measurements.

Materials and Methods

Ethics and sampling.  Ethical approval was obtained from the New Zealand Health and Disabilities Ethics
Committee (NTY/05/08/050) for the collection of human samples, along with written, informed consent of the
heart transplant recipients and the families of organ donors in the case of non-failing tissue samples. No sam-
ples were procured from prisoners, with all experiments performed in accordance with relevant guidelines and
regulations. Samples from the septal and ventricular walls were collected from the explanted hearts of patients
with non-ischemic IDCM in end-stage HF from Auckland City Hospital. These were immediately transported
on ice in oxygenated Tyrode’s solution containing 0.25mM CaCl,+20 mM 2,3-butanedione monoxime (BDM;
Sigma-Aldrich) to the laboratory. Suitable cardiac trabeculae were then micro-dissected from the endocardial
surface of tissue blocks for functional experiments (see Supplementary Fig. S1). Free-wall tissue from regions
adjacent to trabeculae sampling was retained for tissue structure analysis. During this study, non-failing hearts
explanted at Auckland Hospital were all utilised for heart transplantation and therefore collection of non-failing

SCIENTIFICREPORTS | (2018) 8:2957 | DOI:10.1038/s41598-018-21199-y 9



www.nature.com/scientificreports/

cardiac trabeculae was not possible; however, previously obtained free wall tissue samples, stored at —80°C,
from non-failing control hearts of unmatched organ donors were utilised in some immunolabelling experiments.
Echocardiogram data obtained before organ explantation confirmed that non-failing hearts presented with ejec-
tion fractions (EF) within the accepted normal range®, while failing hearts were significantly impaired, with EF
values ranging from 9-27%. Patient details are summarised in supplementary Table S2.

Functional experiments and data analysis. Suitable trabeculae were identified according to length and
diameter (mean diameter = SEM: 330 & 150 um) such that adequate oxygen diffusion could be maintained, based
on tissue eccentricity® and were comparable to sizes used in previous studies®**3¢. The experimental setup and
procedures were adapted from those previously described®” 2 In brief, dissected trabeculae with small ventricular
tissue blocks on each end were transferred to a tissue bath positioned on the stage of an inverted Nikon Eclipse
TE2000 microscope. Trabeculae were held at fixed length (L) by mounting the tissue block at one end in a wire
cradle which extended from a force transducer (KX801 Micro Force Sensor, Kronex Technologies), while the
tissue block at the opposite end was secured in a nylon loop. Both ends were attached to manipulators to enable
control of muscle length. Trabeculae were continuously superfused with oxygenated Tyrode’s solution containing
2mM [Ca**],, and 0 mM BDM at 37 °C, unless otherwise stated. Samples were field stimulated with supramaxi-
mal 5ms electrical pulses at 1 Hz (model D100, Digitimer™, UK). Data was acquired using LabVIEW (National
Instruments, Austin, USA) and analysed offline.

The peak twitch force was measured as the difference between the diastolic force and the peak force devel-
oped at 1 Hz stimulation. This was averaged across five sequential steady state contractions from each trabecula
using Excel (Microsoft Corp.). A total of 14 trabeculae were analysed from the five failing hearts. It has been long
recognized that developed force is proportional to muscle size, in particular cross-sectional area (CSA)*. Force
measurements were therefore normalised to trabecula CSA and expressed as stress (mN/mm?) to enable compar-
ison between trabeculae. Total trabecula CSA was determined by direct measurement from confocal images of
fixed tissue transverse sections, rather than calculated from live preparations in which orientation may influence
diameter measurements — particularly for elliptical tissue samples. While shrinkage may have occurred through
tissue processing, this would be consistent across all samples. Confocal imaging revealed a large variability in
the proportion of myocytes between trabeculae, which was found to positively correlate with developed force.
Therefore, force was also normalised to myocyte CSA (MCSA) of the trabecula, with both stress per CSA and
stress per MCSA determined for all trabeculae. Analyses performed on time-to-peak stress and and time to 50%
relaxation (Ts,), are presented in the supplementary material (see Supplementary Fig. S1).

Tissue processing and fluorescent labelling. Following dissection of trabeculae, blocks from the
remaining tissue were fixed in 2% (w/v) paraformaldehyde for 1 h at 4°C. Upon completion of functional exper-
iments, the trabeculae were held at fixed length and fixed with the same protocol. After fixation, the trabeculae
were cut in half transversely. All samples were cryoprotected in sucrose, frozen in methyl butane cooled in liquid
nitrogen and stored at —80 °C, with the trabeculae halves embedded in TissueTek® O.C.T. compound. Frozen
16 um thick sections of myocardium (failing and non-failing) and trabeculae were cut on a CM 3050 cryostat
(Leica, Germany) and collected onto 0.05% poly-L-lysine (v/v) coated coverslips for immunohistochemistry.
Immunolabelling procedures were adapted from those previously described®. Tissue sections were hydrated in
PBS and permeabilised with 1% Triton-X100 (v/v; Sigma-Aldrich) for 10 min at room temperature, followed by
blocking in Image-iT Signal enhancer (Life Technologies) for 1h at room temperature. Immunolabelling was
performed using rabbit anti-JPH2 (1:100, custom polyclonal, as previously detailed)?*** combined with either
mouse anti-RyR (1:100, ma3-916, Thermo) or mouse anti-a-tubulin (1:200, Ab184613, Abcam) as a microtubule
marker®, or rabbit anti-collagen I (1:200, ab292, Abcam) or anti-collagen VI (1:100, ab6588, Abcam) with mouse
anti-collagen III (1:200, ab6310, Abcam) with the primary antibodies incubated overnight at 4°C. Sections were
washed and incubated with goat anti-mouse and goat anti-rabbit secondary antibodies conjugated to Alexa Fluor
488 or 568 (1:200, Life Technologies). T-tubules and ECM were labelled using wheat germ agglutinin®¢>% Alexa
Fluor 647 (WGA; 1:200, Life Technologies), applied concomitantly to the secondary antibodies for 2 hours at
room temperature. Collagen-labelled sections were also incubated with either DAPI (1:50, Life Technologies) to
stain nuclei, or phalloidin Alexa Fluor 647 (1:50, Life Technologies) to stain f-actin, concomitantly with second-
ary antibodies. All antibodies were dissolved in 1% BSA (w/v) +0.05% NaNj (w/v) +0.05% Triton-X100 (v/v) in
PBS. Samples were mounted onto slides using ProLong Gold (Life Technologies) and allowed to cure for ~72h
prior to imaging.

Confocal microscopy and image processing. A Zeiss LSM710 inverted confocal microscope was used
to acquire images of the fluorescently labelled tissue sections using either a 40 x NA 1.3 oil-immersion or a
63 x NA 1.4 oil immersion objective. 8-bit images were generated with 173 um/pixel or 67 um/pixel, respectively.
Fluorochromes were excited with either 405nm (DAPI), 488 nm (Alexa 488), 561 nm (Alexa 568) or 633 nm
(Alexa 647) laser excitation. Images were acquired of both longitudinally and transversely orientated cardio-
myocytes, with confocal image stacks processed for deconvolution according to previously described protocols
using a Richardson-Lucy algorithm'* to produce 32-bit image stacks. Tissue content was assessed in images of
transversely orientated cardiomyocytes (acquired at 40 x magnification) in all three sample groups, using Image].
Manual thresholding was applied to generate binary masks. JPH2 labelling was used to determine MCSA, while
WGA labelling was used to measure total CSA. The outline of each WGA mask was manually traced to determine
the total CSA of the trabecula tissue sections. Within each individual trabecula transverse section, all regions
positive for JPH2 staining were combined to determine the CSA attributed to myocytes (MCSA). MCSA was also
converted to a percentage of total CSA.
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The extent of RyR-t-tubule association was assessed in RyR and WGA dual-stained images (acquired at with
the 63 objective). Binary masks of labelling-positive regions were generated following thresholding using the
value calculated from mode plus standard deviation of the grayscale image pixel values in Image]. This thresh-
olding method used the algorithm described by Sachse et al.*’. Briefly, the threshold was calculated from image
statistics, i.e. the intensity histogram and and set to its mode+ one standard deviation. Image] particle analysis
was used to identify RyR clusters as regions of interest (ROI), which were then overlaid on the corresponding
WGA mask. The number of RyR clusters associated with t-tubule labelling could then be determined as ROI with
mean pixel value >0 (i.e. ROIs with overlap with the t-tubule mask) and we report the fraction of t-tubule positive
ROIs as the percentage of total RyR clusters present.

Co-localisation analysis was performed on the images of longitudinal cardiomyocytes that were dual labelled
for JPH2-RyR and JPH2-«-tubulin, using previously established methods with custom written scripts in Python
software®. In brief, RyR-JPH2 dual-labelled images were thresholded using the mode plus standard deviation
value in Image], while JPH2-a-tubulin images had isodata thresholding applied and masks were generated of
each protein label with Python software. From each protein label, the distance to the nearest labelling of the
second protein mask was determined using distance maps to generate a distance distribution plot. Distances up
to and including zero were summed as a measure of the fraction of protein co-localisation. Since WGA staining
was used to identify both the t-tubules and ECM, this co-localisation method would not have been suitable for
determining the association between RyR and t-tubules, as it would indicate the fraction of total WGA labelling
associated with RyR, rather than t-tubules specifically.

Labelling density of a-tubulin was assessed to determine the degree of microtubule densification. This was
achieved by applying isodata thresholding to longitudinally orientated cardiomyocyte images (acquired with 40x
magnification) to generate a binary mask. The fractional area of the total tissue section covered by the mask was
determined and used as normalised global tissue labelling density measurement. As vascular smooth muscle cells
have also been shown to express a-tubulin®?, the corresponding analysis was performed following selection of
intra-cardiomyocyte regions (in 63x magnification-acquired images) to obtain cellular labelling density. Tissue
labelling density was also assessed for RyR and JPH2.

Statistical analyses. Statistical tests were performed using IBM SPSS Statistics v22 or SAS statistical pack-
age, with p < 0.05 considered significant. Pearson’s correlation analysis was performed on variables for cardiac
trabeculae functional experiments. Differences in structural parameters between failing trabeculae and ventricle
wall samples were analysed as a triply-nested design using the Generalised Linear Model (GLM) of the SAS sta-
tistical package. Variability within the data arising from each dependent variable of interest (Relative Myocyte
Area, for example) was partitioned between ‘Group’ (‘trabeculae’ versus ‘ventricles’) and ‘Region’ (‘septum, LV’
and ‘RV’) and accounted for multiple samples from the same heart and same region using a third independent
variable labelled ‘repetition’ Explicitly, ‘Hearts’ (n=>5) were nested with ‘Group, ‘Region’ was nested within both
‘Group’ and ‘Heart’ and ‘repetition’ was nested within ‘Group, ‘Heart’ and ‘Region’ This design accounted for
all of the variability in the data, returning a value of zero for Error and a value of unity for r% Since the design
was unbalanced, statistical significance was examined (P < 0.05) using the Type III Sum of Squares. Differences
in myocyte content were also evaluated with the same design except ‘Group had three categories (‘trabeculae
weak, ‘trabeculae strong’ and ‘ventricular’). In this design p-values are reported for post-hoc procedure using a
mutually-orthogonal set of contrast coefficients. Means are reported with standard error of the mean (SEM) as
uncertainty, unless otherwise stated. All n-numbers are reported in corresponding figure legends.

Data availability. All datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Forbes, M. S. & Sperelakis, N. In Physiology and Pathophsyiology of the Heart (ed. Nicholas Sperelakis) Ch. 1, (Martinus Nijhoff
Publishing, 1984).
2. Vahl, C. E et al. Increased resistance against shortening in myocardium from recipient hearts of 7 patients transplanted for dilated
cardiomyopathy. Thorac Cardiovasc Surg 41, 224-232, https://doi.org/10.1055/5-2007-1013859 (1993).
3. Weber, K. T,, Jalil, J. E., Janicki, J. S. & Pick, R. Myocardial collagen remodeling in pressure overload hypertrophy. A case for
interstitial heart disease. Am J Hypertens 2, 931-940 (1989).
4. Brette, F. & Orchard, C. T-tubule function in mammalian cardiac myocytes. Circ Res 92, 1182-1192 (2003).
5. Lyon, A. R. et al. Loss of T-tubules and other changes to surface topography in ventricular myocytes from failing human and rat
heart. PNAS 106, 6854-6859, https://doi.org/10.1073/pnas.0809777106 (2009).
6. Guo, A., Zhang, C., Wei, S., Chen, B. & Song, L. S. Emerging mechanisms of T-tubule remodelling in heart failure. Cardiovasc Res
98, 204-215 (2013).
7. Zhang, H. B. et al. Ultrastructural uncoupling between T-tubules and sarcoplasmic reticulum in human heart failure. Cardiovasc Res
98, 269-276 (2013).
8. Crossman, D. J., Ruygrok, P. R,, Soeller, C. & Cannell, M. B. Changes in the organization of excitation-contraction coupling
structures in failing human heart. PLoS ONE 6 (2011).
9. Sacconi, L. et al. Action potential propagation in transverse-axial tubular system is impaired in heart failure. PNAS 109, 5815-5819,
https://doi.org/10.1073/pnas.1120188109 (2012).
10. Crocini, C. et al. Defects in T-tubular electrical activity underlie local alterations of calcium release in heart failure. PNAS 111,
15196-15201, https://doi.org/10.1073/pnas.1411557111 (2014).
11. Louch, W. E. et al. Reduced synchrony of Ca2+ release with loss of T-tubules - A comparison to Ca2+ release in human failing
cardiomyocytes. Cardiovasc Res 62, 63-73 (2004).
12. Crossman, D. J. et al. t-tubule disease: Relationship between t-tubule organization and regional contractile performance in human
dilated cardiomyopathy. JMCC 84, 170-178, https://doi.org/10.1016/j.yjmcc.2015.04.022 (2015).
13. Fawcett, D. W. & McNutt, N. S. The ultrastructure of the cat myocardium. I. Ventricular papillary muscle. J Cell Biol 42, 1-45 (1969).
14. Soeller, C. & Cannell, M. B. Examination of the transverse tubular system in living cardiac rat myocytes by 2-photon microscopy and
digital image-processing techniques. Circ Res 84, 266-275 (1999).

SCIENTIFICREPORTS | (2018) 8:2957 | DOI:10.1038/s41598-018-21199-y 11


http://dx.doi.org/10.1055/s-2007-1013859
http://dx.doi.org/10.1073/pnas.0809777106
http://dx.doi.org/10.1073/pnas.1120188109
http://dx.doi.org/10.1073/pnas.1411557111
http://dx.doi.org/10.1016/j.yjmcc.2015.04.022

www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Franzini- Armstrong, C., Protasi, F. & Ramesh, V. Shape, Size and Distribution of Ca2+ Release Units and Couplons in Skeletal and
Cardiac Muscles. Biophys ] 77, 1528-1539, https://doi.org/10.1016/s0006-3495(99)77000-1 (1999).

Scriven, D. R. L., Dan, P. & Moore, E. D. W. Distribution of proteins implicated in excitation-contraction coupling in rat ventricular
myocytes. Biophys ] 79, 2682-2691 (2000).

Soeller, C., Crossman, D., Gilbert, R. & Cannell, M. B. Analysis of ryanodine receptor clusters in rat and human cardiac myocytes.
PNAS 104, 14958-14963 (2007).

Munro, M. L. et al. Junctophilin-2 in the nanoscale organisation and functional signalling of ryanodine receptor clusters in
cardiomyocytes. ] Cell Sci 129, 4388-4398, https://doi.org/10.1242/jcs.196873 (2016).

Takeshima, H., Komazaki, S., Nishi, M., lino, M. & Kangawa, K. Junctophilins: A novel family of junctional membrane complex
proteins. Mol Cell 6, 11-22 (2000).

Van Oort, R. J. et al. Disrupted junctional membrane complexes and hyperactive ryanodine receptors after acute junctophilin
knockdown in mice. Circulation 123, 979-988 (2011).

Chen, B. et al. Critical roles of junctophilin-2 in T-tubule and excitation-contraction coupling maturation during postnatal
development. Cardiovasc Res 100, 54-62 (2013).

Landstrom, A. P. et al. Mutations in JPH2-encoded junctophilin-2 associated with hypertrophic cardiomyopathy in humans. JMCC
42,1026-1035 (2007).

Landstrom, A. P. et al. Junctophilin-2 Expression Silencing Causes Cardiocyte Hypertrophy and Abnormal Intracellular Calcium-
Handling. Circ Heart Fail 4, 214-223, https://doi.org/10.1161/circheartfailure.110.958694 (2011).

Wei, S. et al. T-Tubule Remodeling During Transition From Hypertrophy to Heart Failure. Circ Res 107, 520-531, https://doi.
org/10.1161/circresaha.109.212324 (2010).

Wu, H. D. et al. Ultrastructural remodelling of Ca2+- signalling apparatus in failing heart cells. Cardiovasc Res 95, 430-438 (2012).
Wagner, E. et al. Stimulated emission depletion live-cell super-resolution imaging shows proliferative remodeling of T-tubule
membrane structures after myoCardial infarction. Circ Res 111, 402-414 (2012).

Aquila-Pastir, L. A. et al. Quantitation and distribution of 3-tubulin in human cardiac myocytes. JMCC 34, 15131523, https://doi.
org/10.1006/jmcc.2002.2105 (2002).

Schaper, J. et al. Impairment of the myocardial ultrastructure and changes of the cytoskeleton in dilated cardiomyopathy. Circulation
83,504-514 (1991).

Heling, A. et al. Increased Expression of Cytoskeletal, Linkage and Extracellular Proteins in Failing Human Myocardium. Circ Res
86, 846-853, https://doi.org/10.1161/01.res.86.8.846 (2000).

Zhang, C. et al. Microtubule-Mediated Defects in Junctophilin-2 Trafficking Contribute to Myocyte Transverse-Tubule Remodeling
and Ca2+ Handling Dysfunction in Heart Failure. Circulation 129, 1742-1750, https://doi.org/10.1161/circulationaha.113.008452
(2014).

Milani-Nejad, N. ef al. The Frank-Starling mechanism involves deceleration of cross-bridge kinetics and is preserved in failing
human right ventricular myocardium. AJP - H & CP 309, H2077-H2086, https://doi.org/10.1152/ajpheart.00685.2015 (2015).
Pieske, B., Maier, L. S. & Schmidt-Schweda, S. Sarcoplasmic reticulum Ca2+ load in human heart failure. Basic Res Cardiol 97(Suppl
1), 163-71 (2002).

Mulieri, L. A., Hasenfuss, G., Leavitt, B., Allen, P. D. & Alpert, N. R. Altered myocardial force-frequency relation in human heart
failure. Circulation 85, 1743-1750, https://doi.org/10.1161/01.cir.85.5.1743 (1992).

Rossman, E. L. et al. Abnormal frequency-dependent responses represent the pathophysiologic signature of contractile failure in
human myocardium. JMCC 36, 33-42, https://doi.org/10.1016/j.yjmcc.2003.09.001 (2004).

Hasenfuss, G. et al. Contractile protein function in failing and nonfailing human myocardium. Basic Res Cardiol 87(Suppl 1),
107-116 (1992).

Janssen, P. M. L., Datz, N., Zeitz, O. & Hasenfuss, G. Levosimendan improves diastolic and systolic function in failing human
myocardium. Euro ] Pharm 404, 191-199, https://doi.org/10.1016/50014-2999(00)00609-9 (2000).

Ward, M. L., Pope, A. ], Loiselle, D. S. & Cannell, M. B. Reduced contraction strength with increased with increased intracellular
[Ca2+] in left ventricular trabeculae from falling rat hearts. ] Physiol 546, 537-550 (2003).

Gwathmey, J. K., Slawsky, M. T., Hajjar, R. J., Briggs, G. M. & Morgan, J. P. Role of intracellular calcium handling in force-interval
relationships of human ventricular myocardium. J Clin Invest 85, 1599-1613, https://doi.org/10.1172/jci114611 (1990).

Pieske, B., Maier, L. S., Bers, D. M. & Hasenfuss, G. Ca2+ Handling and Sarcoplasmic Reticulum Ca2+ Content in Isolated Failing
and Nonfailing Human Myocardium. Circ Res 85, 38-46, https://doi.org/10.1161/01.res.85.1.38 (1999).

Bruce, S. A., Phillips, S. K. & Woledge, R. C. Interpreting the relation between force and cross-sectional area in human muscle. Med
Sci Sports Exerc 29, 677-683 (1997).

Sands, G., Goo, S., Gerneke, D., LeGrice, I. & Loiselle, D. The collagenous microstructure of cardiac ventricular trabeculae carneae.
J Struct Biol 173, 110-116, https://doi.org/10.1016/j.jsb.2010.06.020 (2011).

Vatner, D. E., Sato, N., Kiuchi, K., Shannon, R. P. & Vatner, S. F. Decrease in myocardial ryanodine receptors and altered excitation-
contraction coupling early in the development of heart failure. Circulation 90, 1423-1430, https://doi.org/10.1161/01.¢ir.90.3.1423
(1994).

Go, L. O. et al. Differential regulation of two types of intracellular calcium release channels during end-stage heart failure. J Clin
Invest 95, 888-894, https://doi.org/10.1172/jcil17739 (1995).

Brixius, K., Hoischen, S., Reuter, H., Lasek, K. & Schwinger, R. H. G. Force/shortening-frequency relationship in multicellular
muscle strips and single cardiomyocytes of human failing and nonfailing hearts. ] Card Fail 7, 335-341 (2001).

Mestroni, L., Brun, E, Spezzacatene, A., Sinagra, G. & Taylor, M. R. G. Genetic causes of dilated cardiomyopathy. Prog Pediatr
Cardiol 37, 13-18, https://doi.org/10.1016/j.ppedcard.2014.10.003 (2014).

Hong, T. T. et al. BIN1 is reduced and Cav1.2 trafficking is impaired in human failing cardiomyocytes. Heart rhythm 9, 812-820,
https://doi.org/10.1016/j.hrthm.2011.11.055 (2012).

Doering, C. W. et al. Collagen network remodelling and diastolic stiffness of the rat left ventricle with pressure overload hypertrophy.
Cardiovasc Res 22, 686-695, https://doi.org/10.1093/cvr/22.10.686 (1988).

Rudolph, R. & Woodward, M. Spatial orientation of microtubules in contractile fibroblasts in vivo. Anat Rec 191, 169-181, https://
doi.org/10.1002/ar.1091910204 (1978).

Stern, M. D. Theory of excitation-contraction coupling in cardiac muscle. Biophys ] 63, 497-517 (1992).

Sachse, F. B. et al. Subcellular Structures and Function of Myocytes Impaired During Heart Failure Are Restored by Cardiac
Resynchronization Therapy. Circ Res 110, 588-597, https://doi.org/10.1161/circresaha.111.257428 (2012).

McNary, T. G., Bridge, J. H. B. & Sachse, F. B. Strain transfer in ventricular cardiomyocytes to their transverse tubular system
revealed by scanning confocal microscopy. Biophys ] 100, L53-L55 (2011).

Frisk, M. et al. Elevated ventricular wall stress disrupts cardiomyocyte t-tubule structure and calcium homeostasis. Cardiovasc Res
112, 443-451, https://doi.org/10.1093/cvr/cvwl11 (2016).

Phung, A. D. et al. Posttranslational nitrotyrosination of a-tubulin induces cell cycle arrest and inhibits proliferation of vascular
smooth muscle cells. Euro J Cell Biol 85, 1241-1252, https://doi.org/10.1016/j.¢jcb.2006.05.016 (2006).

Prosser, B. L., Ward, C. W. & Lederer, W. J. X-ROSsignaling: rapid mechano-chemo transduction in heart. Science 333, 1440-1445,
https://doi.org/10.1126/science.1202768 (2011).

SCIENTIFICREPORTS | (2018) 8:2957 | DOI:10.1038/s41598-018-21199-y 12


http://dx.doi.org/10.1016/s0006-3495(99)77000-1
http://dx.doi.org/10.1242/jcs.196873
http://dx.doi.org/10.1161/circheartfailure.110.958694
http://dx.doi.org/10.1161/circresaha.109.212324
http://dx.doi.org/10.1161/circresaha.109.212324
http://dx.doi.org/10.1006/jmcc.2002.2105
http://dx.doi.org/10.1006/jmcc.2002.2105
http://dx.doi.org/10.1161/01.res.86.8.846
http://dx.doi.org/10.1161/circulationaha.113.008452
http://dx.doi.org/10.1152/ajpheart.00685.2015
http://dx.doi.org/10.1161/01.cir.85.5.1743
http://dx.doi.org/10.1016/j.yjmcc.2003.09.001
http://dx.doi.org/10.1016/S0014-2999(00)00609-9
http://dx.doi.org/10.1172/jci114611
http://dx.doi.org/10.1161/01.res.85.1.38
http://dx.doi.org/10.1016/j.jsb.2010.06.020
http://dx.doi.org/10.1161/01.cir.90.3.1423
http://dx.doi.org/10.1172/jci117739
http://dx.doi.org/10.1016/j.ppedcard.2014.10.003
http://dx.doi.org/10.1016/j.hrthm.2011.11.055
http://dx.doi.org/10.1093/cvr/22.10.686
http://dx.doi.org/10.1002/ar.1091910204
http://dx.doi.org/10.1002/ar.1091910204
http://dx.doi.org/10.1161/circresaha.111.257428
http://dx.doi.org/10.1093/cvr/cvw111
http://dx.doi.org/10.1016/j.ejcb.2006.05.016
http://dx.doi.org/10.1126/science.1202768

www.nature.com/scientificreports/

55. Gomez, A. M., Kerfant, B. G. & Vassort, G. Microtubule Disruption Modulates Ca2+ Signaling in Rat Cardiac Myocytes. Circ Res
86, 30-36, https://doi.org/10.1161/01.res.86.1.30 (2000).

56. Tsutsui, H., Ishihara, K. & Cooper, G. Cytoskeletal Role in the Contractile Dysfunction of Hypertrophied Myocardium. Science 260,
682-687 (1993).

57. Hasenfuss, G. et al. Relationship between Na+ -Ca2+ -exchanger protein levels and diastolic function of failing human
myocardium. Circulation 99, 641-648 (1999).

58. Pieske, B. et al. Alterations in intracellular calcium handling associated with the inverse force-frequency relation in human dilated
cardiomyopathy. Circulation 92, 1169-1178 (1995).

59. Hanley, P. ., Young, A. A., LeGrice, L. ], Edgar, S. G. & Loiselle, D. S. 3-Dimensional configuration of perimysial collagen fibres in rat
cardiac muscle at resting and extended sarcomere lengths. J Physiol 517, 831-837 (1999).

60. AHA. Ejection Fraction Heart Failure Measurement (2015).

61. Goo, S. et al. Trabeculae carneae as models of the ventricular walls: implications for the delivery of oxygen. ] Gen Physiol 134,
339-350, https://doi.org/10.1085/jgp.200910276 (2009).

62. Shen, X., Cannell, M. B. & Ward, M.-L. Effect of SR load and pH regulatory mechanisms on stretch-dependent Ca2+ entry during
the slow force response. JMCC 63, 37-46, https://doi.org/10.1016/j.yjmcc.2013.07.008 (2013).

63. Jayasinghe, I. D., Crossman, D. J., Soeller, C. & Cannell, M. B. Comparison of the organization of t-tubules, sarcoplasmic reticulum
and ryanodine receptors in rat and human ventricular myocardium. Clin Exp Pharm Physiol 39, 469-476 (2012).

64. Beavers, D. L. et al. Mutation E169K in Junctophilin-2 Causes Atrial Fibrillation Due to Impaired RyR2 Stabilization. JACC 62,
2010-2019, https://doi.org/10.1016/j.jacc.2013.06.052 (2013).

65. Jayasinghe, I. D. et al. Revealing t-tubules in striated muscle with new optical super-resolution microscopy techniques. Euro J Transl
Myo Basic Appl Myo 25,12 (2015).

66. Kostrominova, T. Y. Application of WGA lectin staining for visualization of the connective tissue in skeletal muscle, bone and
ligament/tendon studies. Microsc Res Tech 74, 18-22, https://doi.org/10.1002/jemt.20865 (2011).

67. Jayasinghe, I. D., Cannell, M. B. & Soeller, C. Organization of ryanodine receptors, transverse tubules and sodium-calcium
exchanger in rat myocytes. Biophys ] 97, 2664-2673 (2009).

Acknowledgements

This work was supported by the Health Research Council of New Zealand (grant #12/240 to CS) and the Auckland
Medical Research Foundation (grant #1111009 to DC). We also thank Associate Professor Denis Loiselle for
assistance with the statistical analysis.

Author Contributions

Design of research: M.L.M., X.S., M.W,, D.].C,, C.S.; Performed experiments: M.L.M., X.S., D.J.C.; Provided
materials: M.W.,, PN.R., D.]J.C., C.S,; Data analysis and interpretation of results: M.L.M., M.W,, D.].C., C.S,;
Prepared figures and drafted manuscript: M.L.M.; Edited and revised manuscript: M.W,, D.J.C., C.S.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21199-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2957 | DOI:10.1038/s41598-018-21199-y 13


http://dx.doi.org/10.1161/01.res.86.1.30
http://dx.doi.org/10.1085/jgp.200910276
http://dx.doi.org/10.1016/j.yjmcc.2013.07.008
http://dx.doi.org/10.1016/j.jacc.2013.06.052
http://dx.doi.org/10.1002/jemt.20865
http://dx.doi.org/10.1038/s41598-018-21199-y
http://creativecommons.org/licenses/by/4.0/

	Highly variable contractile performance correlates with myocyte content in trabeculae from failing human hearts

	Results

	Trabeculae twitch force and variable cardiomyocyte content of human trabeculae. 
	Variable composition in failing human trabeculae. 
	Structural variability in the failing human heart samples. 
	Sub-cellular organisation in human HF. 
	Junctional protein co-localisation in the failing heart. 
	Microtubule densities in human HF. 
	Variable force-frequency relationship in HF trabeculae. 

	Discussion

	Materials and Methods

	Ethics and sampling. 
	Functional experiments and data analysis. 
	Tissue processing and fluorescent labelling. 
	Confocal microscopy and image processing. 
	Statistical analyses. 
	Data availability. 

	Acknowledgements

	Figure 1 Tissue composition and collagen labelling in failing human trabeculae.
	Figure 2 (a) Labelling reveals the organisation of (i) phalloidin (magenta) and collagen I (green), (ii) DAPI (cyan) and collagen III (red) and (iii) collagen VI within the same trabecula.
	Figure 3 Structural variability and alterations in the failing human heart.
	Figure 4 Structural correlates with contractile function in human cardiac trabeculae.
	Figure 5 RyR co-localisation with JPH2 is altered in human HF.
	Figure 6 α-tubulin labelling and co-localisation with JPH2.




