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Cardiac t-tubules: where structural plasticity meets functional adaptation
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Together with neurons and other highly specialized cells, cardiomyocytes are usually described as terminally differentiated (i.e. unable to re-enter the cell cycle and repair damaged myocardium). This feature implies a weak response to injury and contrasts with the observation that cardiomyocytes are remarkably resilient to damage, are able to survive several decades, often the whole life, despite relentless and constantly varying function(1). In recent years, it has been shown that a degree of cardiomyocyte renewal occurs, but this is still insufficient to explain the ability of the heart to perform reliably in the long-term and survive injury(1). A new paradigm, considering cardiomyocytes as highly plastic cells that rapidly respond to changes in their environment to enhance survival, is emerging(2). Among different stimuli, mechanical load is an important physiological and pathological regulator of cardiomyocyte structure and function and is likely to have a direct, primary role(3). Within a normal range of mechanical load, myocyte structural changes allow adaptation and maintenance of optimal cardiac function; in contrast, chronic and worsening overload leads to cardiomyocyte dysfunction and the development of heart failure. Surprisingly, chronic unloading induces similar molecular changes to overload(2) suggesting that the optimal structure-function relationship in the heart occurs in a highly modulated, defined range of mechanical load. The reasons for this behavior and the cellular and molecular mechanisms remain poorly understood.

In the failing heart, a pleiotropic adaptive response results in vast alterations to cardiomyocyte structure and subsequent function. This includes morphological changes, such as cardiomyocyte hypertrophy and gap junction remodeling, and functional changes, ranging from altered β-adrenoceptor signaling to changes in Ca2+ handling and mitochondrial function.  One of the aspects that directly links structural change and cardiomyocyte function is the remodeling of the t-tubules, which is an early response to altered mechanical load(4). In heart failure, a reduction in t-tubule density results in uncoupling of calcium induced calcium release (CICR) due to reduced sarcoplasmic reticulum Ca2+ release synchrony, a longer time to Ca2+ peak, reduced peak Ca2+ concentration and ultimately reduced cardiomyocyte contractility)(4).

In this issue of Cardiovascular Research, Frisk et al.(5) have demonstrated that t-tubule structure and Ca2+ homeostasis are disruptedvaried in ventricular regions with elevateddifferent wall stress. They also show that in ventricular zones with elevated wall stress most proximal to an infarction, loss of junctophilin-2 occurs and that this predicts worsening of Ca2+ handling. These changes are a direct consequence of elevated wall stress, not the disease process, as infarcted hearts with significantly lower wall stress had normal t-tubule structure. In vitrositu experiments, where chronic elevated wall stress was applied to cultured rat papillary muscles, also demonstrated t-tubule loss and reduced junctophilin-2 expression. Finally, reduced contractility was found in zones most proximal to the infarction in failing hearts and this directly correlated with reduced junctophilin-2 expression, t-tubule density and dyssynchronous Ca2+ release. While tThis data supports  the evidence for a relationship between t-tubular organisation and elevated wall stress regional cardiac performance in human heart failure(6), the authors were unable to find a direct correlation between local wall stress and t-tubular structure. This could be due to high variability in the data or the low number of replicates and more experiments should be performed to address this more carefully.  

In physiology, cardiomyocyte contraction is initiated by a depolarization-dependent flux of Ca2+ through sarcolemmal L-type Ca2+ channels, resulting in Ca2+ release from the sarcoplasmic reticulum through ryanodine receptors. The highly specialized juxtaposition of sarcolemmal L-type Ca2+ channels and ryanodine receptors, known as the cardiac dyad, is critically dependent on physiological t-tubule structure to ensure efficient CICR to all sarcomeres(7). The majority of cardiomyocyte volume is made up by sarcomeres, however, only a minority of these are in close proximity to the surface sarcolemma. Without t-tubules, Ca2+ flux would propagate from the cardiomyocyte periphery to the centre via either diffusion or a wave of CICR. Without simultaneous activation of all sarcomeres, sub-maximal force production would occur. Optimal cardiomyocyte function is therefore dependent on physiological t-tubule structure(4). 

While the loss of t-tubule structure in the failing heart has been historically viewed as a terminal pathological state, there are now several lines of evidence to support it as a functional adaptation. Firstly, the t-tubular network is only present in the loaded, developed myocardium in vivo: cardiomyocytes at the neonatal or foetal stage of development or derived from pluripotent stem cells, fail to develop a t-tubule network in vitro(8). Similarly, isolated adult cardiomyocytes rapidly lose their well-developed t-tubule structure when cultured in unloaded conditions(9).  The absence of t-tubules is not necessarily a hallmark of disease and their presence is a reflection of the environment and workload of the cardiomyocyte. This also explains why t-tubules develop during early life, as they are required to increase cardiomyocyte contractility to meeting ever increasing homeostatic demands. Additionally, atrial cardiomyocytes, subjected to lower mechanical load in physiology, possess a much less developed t-tubule structure(10). Finally, it is now known that the loss of t-tubules in heart failure is reversible, indicating a dynamic adaptive response. A number of pathways, all linked to reducing the chronic overload experienced by cardiomyocytes in the failing heart, are known to reverse the t-tubule changes(11). These includes therapeutic approaches, such as β-adrenoceptor blockade and SERCA2a gene therapy of the infarcted heart, and mechanical unloading, with either left ventricular assist devices or heterotopic transplantation(12). These findings indicate that many of the changes observed in heart failure are a direct consequence of the environment and support a plastic response of the cardiomyocyte to meet functional demands. The mechanisms that the cardiomyocyte puts in place to modulate t-tubule density and ultrastructure are also unknown, but a number of molecules are known to be involved. In the paper by Frisk et al., junctophilin-2 expression levels associate with wall stress and t-tubules. There are many other factors which have not been studied here and may be involved; these include BIN1, titin and its associated proteins, including titin cap, whose downregulation in heart failure is linked to t-tubule disruption(13). With mechanosensors present at the sarcomere, the intercalated disc and the sarcolemma(3), it would be reasonable to assume that an interplay between a variety of mechanisms results in dynamic t-tubule changes. 

While a well developed t-tubular structure in highly performing cardiomyocytes can be easily explained by the need to relay the electrical signal to the contractile machinery, it is more difficult to comprehend why cardiomyocytes give up their t-tubules in heart failure and unloaded conditions. A possible explanation is that an efficient CICR is an energetically expensive process and the large amounts of ATP required, for contraction and calcium uptake into the SR, cannot be met by the energy supply in heart failure. In heart failure, perturbed cardiac metabolism results in ATP deficiency(14). As chronic overload and oxidative stress induce increasing damage to cardiomyocytes, more cellular resources are utilised for protein turnover and repair of fundamental components, while energy saving is required (Figure 1). We speculate that modulation of t-tubule structure is important to tune down energy utilization. While this reduces the cardiomyocytes ability to function, it importantly helps cells to survive. This, together with other mechanisms, could be fundamentally important to explain the surprising longevity of cardiomyocytes. 

In summary, the paper by Frisk et al (2) provides further evidence that t-tubules are structures that promote optimal cardiomyocyte function with normal load, but become altered when load is changed. How and why this occurs is still unknown and the mechanosensing and feedback mechanisms that regulate t-tubule structure require further investigation as this crucial phenomenon may help us understanding the response of the heart to injury and developing new therapeutic strategies.
[bookmark: _GoBack]
[image: Macintosh HD:Users:samwatson1992:Desktop:Cardiac plasticity editorial schematic:Slide2.jpg]

Figure 1: The development and maintenance of an efficient t-tubular system occurs in a defined range of mechanical load. This range corresponds to the optimal functional status of the myocardial and the optimal match between energy supply and utilization.
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