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Abstract

Cardiac transverse tubules (t-tubules) are specific membrane organelles critical in calcium 

signaling and excitation-contraction coupling required for beat-to-beat heart contraction. T-tubules 

are highly branched and form an interconnected network that penetrates the myocyte interior to 

form junctions with the sarcoplasmic reticulum. T-tubules are selectively enriched with specific 

ion channels and proteins crucial in calcium transient development necessary in excitation-

contraction coupling, thus t-tubules are a key component of cardiac myocyte function. In this 

review, we focus primarily on two proteins concentrated within the t-tubular network, the L-type 

calcium channel (LTCC) and associated membrane anchor protein, bridging integrator 1 (BIN1). 

Here, we provide an overview of current knowledge in t-tubule morphology, composition, 

microdomains, as well as the dynamics of the t-tubule network. Secondly, we highlight multiple 

aspects of BIN1-dependent t-tubule function, which includes forward trafficking of LTCCs to t-

tubules, LTCC clustering at t-tubule surface, microdomain organization and regulation at t-tubule 

membrane, and the formation of a slow diffusion barrier within t-tubules. Lastly, we describe 

progress in characterizing how acquired human heart failure can be attributed to abnormal BIN1 

transcription and associated t-tubule remodeling. Understanding BIN1-regulated cardiac t-tubule 

biology in human heart failure management has the dual benefit of promoting progress in both 

biomarker development and therapeutic target identification.

1. Introduction

Each beat-to-beat heart contraction is a result of the synchronous contraction of millions of 

cardiac muscle cells initiated by a single action potential. To generate a coordinated and 

effective contraction of the heart chambers, a rapid and efficient intracellular conversion of 

the electrical signal to mechanical contractile force is required at the individual myocyte 

level. This process is known as cardiac excitation-contraction (EC) coupling, which involves 

a sequence of intracellular signaling events [1]. Efficient cardiac EC coupling requires 

development of normal calcium transients for healthy heart activity. In contrast, a weakened 

calcium transient and the resultant impaired EC uncoupling are the key pathological 
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conditions of human heart failure, an end stage cardiac syndrome affecting more than 40 

millions of people worldwide.

In mammalian ventricular cardiomyocytes, the functional unit of the working myocardium, 

the production of a healthy calcium transient relies on a well-developed complex membrane 

network of transverse tubules (t-tubules). Specific to striated muscle cells, t-tubules are 

sarcolemmal invaginations penetrating into the intracellular space of myocytes, allowing fast 

propagation of action potentials into the cell interior. Cardiac t-tubules are enriched in L-

type calcium channels (LTCC), which mediate the initial action potential-triggered calcium 

entry into myocytes. A rise in local calcium concentration subsequently activates nearby 

ryanodine receptors (RyR), located at the sarcoplasmic reticulum (SR), resulting in a large 

release of calcium from SR stores to the cytoplasm. By concentrating LTCCs and bringing 

them in proximity to RyRs at the SR membrane, t-tubules serve as the structural foundation 

for healthy calcium transient production necessary for efficient EC coupling. The essential 

function of t-tubules is highlighted by dynamic changes in their structure during disease 

progression, whereby t-tubules undergo substantial remodeling. For instance, t-tubule 

remodeling in heart failure not only causes impaired contractile function, but also alters local 

electrophysiological properties and increases ventricular arrhythmia susceptibility.

In this review, we will first explore the current views of how t-tubules organize, function, 

and turnover in normal and diseased hearts, with a focus on mechanisms related to calcium 

signaling. Second, we will address in detail a crucial cardiac t-tubule membrane adaptor 

protein, bridging integrator 1 (BIN1, alternatively known as amphiphysin 2), which 

facilitates microtubule-dependent LTCC trafficking and clustering, as well as formation of t-

tubule microdomains. Only within the past five years has BIN1 emerged as an essential 

multifunctional regulator of calcium signaling at cardiac t-tubules. Finally, we will discuss a 

role of BIN1 and t-tubule regulation in heart failure.

2. Cardiac t-tubules

Cardiac t-tubules are critical in controlling the calcium transient and EC coupling, which 

ultimately determines the strength of each heartbeat. As a membrane organelle, t-tubules 

also serve as a signaling hub by selectively compartmentalizing membrane proteins and 

signaling molecules. In this section, we will address the nature of t-tubule morphology and 

composition, followed by a discussion of t-tubule dyad microdomains and dynamic changes 

in cardiac t-tubule structure.

2.1. T-tubule morphology and composition

T-tubules are continuous membrane invaginations extended from sarcolemmal membrane. 

Originally discovered by Dr. Lindner, the primary element of cardiac t-tubules runs 

transverse to the long axis of myocytes [2]. However, the longitudinal element and branched 

tubular component can comprise up to 40% of t-tubule volume [3], thereby forming a 

complex tubular network. This tubular network significantly expands onto the sarcolemmal 

surface area and is estimated to constitute approximately 21% to 64% [3–6] of the total 

membrane. This type of complex network allows extracellular signals such as an action 

potential to propagate rapidly and simultaneously to activate all myofilaments [7–9]. 
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Extracellular ions and circulating hormones can also reach deep inside of cardiomyocytes 

through t-tubules and activate receptors and transporters to initiate various cellular 

processes.

Present in mature ventricular cardiomyocytes across all mammalian species studied [10], 

cardiac t-tubules have unique characteristics distinct from skeletal muscle t-tubules that 

allow for precise cardiac EC coupling. In cardiomyocytes, t-tubules occur periodically at 

~1.8 µm intervals along the longitudinal axis coinciding with the Z-disc (see Figure 1 for 

schematic illustration). Along a Z-line, t-tubule invaginations are spaced out at an interval of 

~1.2 µm [11]. The diameters of cardiac t-tubules are much more heterogeneous compared to 

those of skeletal muscle. For example, within a single rat cardiomyocyte, t-tubule diameter 

can range from 20 nm to 450 nm, with an overall average of 200–300 nm [3], which is 

almost ten times wider than that of skeletal muscle [12, 13]. The size and density of cardiac 

t-tubules also vary across mammalian species and correlates to their respective heart rate. 

Small murine like rodents [3, 14] with higher heart rates that require fast action potential 

penetration into the cell interior have t-tubules that are much deeper and denser. In contrast, 

large mammals [15] and humans [16, 17] with heart rates less than 100 beats per minute 

have larger and more scarce t-tubules.

T-tubules are lipid bilayers embedded with specific transmembrane and lipid-associated 

proteins [18]. The protein components of t-tubules include: regulatory membrane scaffolding 

proteins, structural proteins, transmembrane ion channels, ion handling proteins, and 

signaling molecules. Specific membrane scaffolding proteins and cytoskeletal structural 

proteins are necessary for the organization and regulation of the t-tubule network and 

structure. Membrane scaffolding proteins caveolin-3 [19, 20], junctophilin-2 [21], and BIN1 

[22–24] have been suggested to be important in the maintenance of t-tubule morphology. 

Moreover, caveolin-3 [25], ankyrin-B [26], and BIN1 [23] are critical in the organization and 

regulation of distinct subdomains at the t-tubule membrane. Ion channels and transporters, 

which are important in regulation of EC coupling and membrane excitability, have been well 

characterized in the cardiac t-tubule system (see reviews in [10, 27]). Important signaling 

molecules such as G-protein coupled β-adrenergic receptors (β–ARs) are also found to be 

present [28] or enriched [29] in t-tubules. Recent studies further suggest that the β2 subtype 

of the β–AR family is mainly localized within t-tubules [30], and redistribution of β2–ARs 

out of t-tubules is a pathophysiological phenomenon of heart failure [30, 31]. By 

differentially compartmentalizing proteins involved in ion handling and signaling, t-tubules 

serve as a signaling hub-like organelle to regulate myocyte function. The following 

subsections will focus on some critical subdomains within t-tubule membrane including 

dyads.

2.2. Dyad and L-type calcium channels

The primary function of a cardiac t-tubule is its role in initiating calcium transients for 

efficient EC coupling. The current accepted model of intracellular calcium transient 

development is calcium-induced-calcium-release (CICR) [32]. In response to action 

potential-triggered inward sodium current, sarcolemmal membrane depolarization activates 

voltage-gated LTCCs. This initial calcium influx subsequently induces a massive calcium 
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release from SR stores. After its original proposal in early 1980s, the CICR model was 

supplemented by the identification of the calcium release channels on the SR membrane, the 

ryanodine receptors [33, 34]. In 1993, the Lederer lab further identified and described 

calcium sparks from the SR as the “elementary units” of the calcium transient [35]. The 

complexes consisting of t-tubule LTCCs together with junctional SR membrane RyRs 

(approximately 1:4 ratio) are known as dyads [36, 37]. Optimal CICR requires close 

physical association of RyRs, the calcium sensing and releasing channel, at junctional SR 

membrane with sarcolemma LTCCs [32–35], which is achieved by LTCC localization in t-

tubules [1, 38]. Upon membrane depolarization, the initial calcium influx through LTCCs 

and the close association between LTCCs and RyRs (~15 nm) at dyads permit efficient 

CICR and subsequent sarcomeric contraction [39].

LTCCs, which initiate the calcium transient, are formed by a large pore-forming α subunit, 

together with auxiliary β, α2δ1, and γ subunits. The auxiliary subunits are critical in 

regulating the trafficking and gating properties of the pore-forming α subunit [40]. The 

splice variant of the LTCC α-subunit expressed in the heart is CaV1.2 [41], which is critical 

in cardiac development and function [42]. Global deletion of CaV1.2 induces abnormal 

cardiac morphogenesis with embryonic lethality [42], whereas cardiac specific deletion in 

adult mice causes reduced contractility and increased susceptibility to stress-induced heart 

failure [43]. As the t-tubule component of dyads, LTCCs need to be enriched at t-tubules for 

normal intracellular calcium transient development. Immunocytochemistry and 

electrophysiological data indicate that 80% of the sarcolemma LTCCs are concentrated to 

the t-tubule surface [18]. The precise t-tubule localization of LTCCs requires the membrane 

scaffolding protein BIN1. Previously, we have shown that BIN1 facilitates microtubule-

dependent targeted delivery of CaV1.2 channels to t-tubules [44], as discussed later in 

Section 3.2. More recently, we demonstrated that BIN1 also creates microfolds within t-

tubules [23] (details in Section 3.3), which may serve as the structural base of dyad 

microdomains anchoring CaV1.2 channels at t-tubules.

2.3. Other microdomains in t-tubules

In addition to dyad subdomains, the most well studied membrane microdomain is caveolae. 

Caveolae are flask-shaped structures enriched with cholesterol and sphingolipids formed by 

the cholesterol-binding scaffolding protein Caveolin-3. Biochemical fractionation and 

electron microscopy studies have identified a subpopulation of many ion channels at 

caveolae, and loss of caveolae is associated with arrhythmogenesis [25]. Caveolae exist in 

both t-tubule and lateral sarcolemma of ventricular cardiomyocytes [5, 45]. Within t-tubules, 

caveolae are often found at sub-sarcolemmal areas connecting t-tubules to extracellular 

space [46]. The mechanism of caveolae localization and regulation at t-tubules remains 

unclear, although a recent study indicates BIN1 may play a role in caveolae distribution 

within t-tubules [47]. Furthermore, studies show that a subset of CaV1.2 channels are 

localized within caveolae and are perhaps involved in regulating calcium signaling [25]. 

Likewise, β2–ARs are also enriched in caveolae [48]. Localization of CaV1.2 channels and 

β2–ARs to the small caveolae microdomain indicates that caveolae may facilitate β–AR-

mediated regulation of LTCC function. The precise role of caveolae on ion channel 

regulation and its significance still awaits further investigation.
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Moreover, a different membrane scaffolding protein from the ankyrin family, ankyrin B, has 

been identified as essential in clustering the macromolecular complex of the sodium calcium 

exchanger (NCX) / sodium potassium ATPase (NKA) / inositol trisphosphate receptor 

(InsP3) to t-tubule membrane subdomains that are distinct from the dyads [26]. Integrity of 

the NCX/NKA/InsP3 complex is critical in removing calcium from the clefts between the t-

tubule surface and SR membrane, facilitating calcium decline during relaxation. Therefore, 

intracellular calcium equilibrium can be achieved in two ways: one, by balancing the 

calcium entry through the LTCCs clustered with BIN1 at the membrane, and two, by 

calcium removal through NCX anchored at ankyrin B-induced membrane.

2.4. T-tubules are dynamic membrane organelles

Despite structural complexity, t-tubules are extremely labile [49]. T-tubules are absent in 

embryonic and neonatal cardiomyocytes [50] and only start to develop after birth [50, 51]. In 

cultured myocytes, t-tubules dedifferentiate rapidly [52–54] but can be slowed by actin 

stabilization [52, 55]. Interestingly, t-tubule loss and remodeling are also associated with 

cardiac hypertrophy and heart failure [31, 54, 56, 57], and can improve during functional 

recovery of hearts [31]. However, very little is known about the biogenesis and 

dedifferentiation processes of t-tubules. Several membrane scaffolding proteins, like 

caveolin-3, junctophilin-2, and BIN1, have been implicated in t-tubule biogenesis. Follow up 

studies using transgenic mice with deletion of an individual gene, i.e. caveolin-3, 

junctophilin-2 or BIN1 reveal that the primary t-tubule invaginations still exist, indicating 

that a single protein alone is not responsible for tubulogenesis. Meanwhile, intracellular 

cytoskeleton proteins including cortical actin, microtubules, and costameres are actively 

regulated to control membrane integrity and dynamics at t-tubules. Future studies to 

elucidate the mechanisms of cardiac tubulogenesis will require a systemic approach that 

incorporates intracellular signaling molecules, costamere structural proteins, membrane 

scaffolding proteins together with cytoskeleton, and extracellular matrix as well. 

Understanding tubulogenesis and degeneration mechanisms will identify important steps 

necessary to help induced pluripotent stem cells differentiated cardiomyocytes mature into 

adult phenotype with developed t-tubules and efficient EC coupling machinery.

Membrane microdomains within t-tubules can also be extremely dynamic as mentioned 

previously. For example, we recently identified that the cardiac t-tubule membrane is 

extensively folded and is induced by a cardiac isoform of BIN1. These BIN1-microfolds are 

lost in isolated cardiomyocytes during extended in vitro culture [23]. Loss of BIN1 

microfolds can be rescued by replenishment of the microfolds-forming BIN1 isoform and 

stabilization of filamentous actin cytoskeleton. Furthermore, BIN1 is blood available and 

plasma BIN1 correlates with cardiac function [58]. It is possible that plasma BIN1 originates 

from cardiac t-tubules as a result of BIN1-microfold turnover and release. Whether and how 

these t-tubules turnover membrane microdomains are the focus of future studies.

Additional t-tubule components including transmembrane ion channels and receptors are 

also extremely dynamic. These channels often contain multiple signaling sequences that 

govern the rate of their synthesis, trafficking through endoplasmic reticulum to their 

insertion into the plasma membrane [59–61]. These processes taken together are referred to 
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as forward trafficking. The life span of ion channels on the plasma membrane is also limited 

by internalization, recycling and degradation. Therefore, the turnover of these proteins is 

tightly regulated by both forward trafficking and recycling, to maintain a steady-state and 

continuously replenished t-tubule pool of ion channels and signaling molecules for 

functional homeostasis. The half-lives of the calcium and potassium channels, and sodium-

calcium exchangers, are considered all in the range of 2–12 hours, with the exception of the 

Nav1.5 (measured in ventricular cardiomyocytes) half-life of ~35 hours [62]. However, it is 

important to mention that the majority of these studies focusing on life cycles of ion 

channels were conducted in cell lines or in cultured neurons, with a few exceptions in 

neonatal and adult cardiomyocytes. Therefore, the results should be interpreted with caution. 

Nevertheless, it is fair to conclude that the bulk of ion channels in each cardiomyocyte are 

regenerated and positioned to the t-tubule membrane during the course of a day. This 

dynamic turnover is essential for normal function of cardiomyocytes.

Furthermore, it should be noted that the overall protein turnover is distinct from the 

functional protein turnover at the plasma membrane. For example, a discrepancy was 

observed with the CaV1.2 protein, where the functional half-life of the channel is 

approximately 3 hours, but the total protein turnover occurs at a much slower rate of 25 

hours [63], indicating a fairly short life span and dynamic turnover of CaV1.2 proteins in the 

plasma membrane. Given that 80% of plasma membrane LTCCs is localized with t-tubules, 

it is likely that Cav1.2 protein turnover at t-tubule membrane is relatively faster than 

intracellular protein turnover. The recruitment and assembly of LTCC auxiliary subunits and 

regulatory proteins through BIN1-microdomains may play a crucial role in the fast turnover 

of Cav1.2 proteins at the t-tubule membrane. The precise measurement of channel life cycles 

at t-tubules requires a combination of pulse-chase experiments with biochemical 

fractionation and exhaustive life cell imaging. Similarly, the turnover rate of the NCX 

measured using metabolic labeling in lysates from neonatal cardiomyocytes yields a long 

half-life of 33 hours [64]. Whereas the functional half-life of NCX in the plasma membrane 

as indicated by channel activity is likely to be much faster at under 12 hours [65, 66], 

indicating regulation by channel binding partners at the local environment. The importance 

of protein-protein interaction on channel half-life is further supported by the fact that 

coexpression of Kv1.3 with their regulators in neurons significantly changes its half-life at 

the plasma membrane [67]. Furthermore, mutations in ion channels affecting their 

interaction with microdomain-organizing proteins such as caveolin-3 and ankyrin B can 

result in serious diseases (see review [68]), likely due to altered channel life-cycle at the 

plasma membrane.

The unique dynamic and flexible element of t-tubules allows these membrane organelles to 

serve as a critical signaling hub in cardiomyocytes under both normal and stressed 

physiological conditions. Better understanding of the life cycles of t-tubule membranes and 

membrane associated proteins will help to further elucidate the function of cardiac t-tubules.

3. Multilayer regulation of t-tubules by BIN1

Since the initial discovery of its expression at cardiac t-tubules, membrane deformation 

protein BIN1 has emerged as a crucial cardiac t-tubule adaptor protein. In this section, an 
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overview of the BIN1 gene and protein will be discussed, followed by a summary of recent 

studies revealing the multiple functions of BIN1 in regulating cardiac t-tubule function, from 

the role of BIN1 in regulation of LTCC trafficking and clustering, to t-tubule ionic diffusion 

and microdomain formation (Figure 1). We propose that BIN1 could be a master organizer 

of t-tubule membrane and its associated proteins.

3.1. BIN1, a cardiac t-tubule adaptor protein

BIN1, also known as amphiphysin 2, belongs to the Bin1-Amphiphysin-Rvs (BAR) domain 

containing protein superfamily. BIN1 shares 49% sequence homology to its closest cousin 

amphiphysin 1 [69]. BIN1 was first identified through its interaction with the MYC 

oncoprotein [70, 71] and proposed to be a tumor suppressor [72]. The BAR domain protein 

superfamily consists of membrane deformation proteins involved in multiple cellular 

processes across different tissues and organs. This family of proteins has a wide range of 

cellular functions, including membrane trafficking and remodeling, cytoskeleton regulation, 

DNA repair, cell cycle progression and apoptosis [73]. The most well studied function of 

amphiphysin proteins is their involvement in endocytosis [74] and membrane trafficking.

Greater than ten BIN1 protein isoforms are encoded by a single gene with 20 exons, which 

undergo extensive alternative splicing in a tissue and disease specific manner. BIN1 contains 

the signature BAR-domain at the N-terminus encoded by exons 1–9. The crystal structure of 

the amphiphysin BAR domain revealed a dimeric interaction between helixes from each 

monomer to form a 6-helix bundle [75]. The structure of this dimer has an elongated banana 

shape [75]. Therefore, based on the BAR domain shape and its general function as 

membrane curvature protein, BIN1 has been referred to as the “banana” molecule [76–78]. 

The interface between the monomers is largely hydrophobic and the curvature of the dimer 

results from how the monomers intersect and the kinks in the helixes that heavily depend on 

the proline residues. These helix kinks are highly conserved [76, 79] and reside at the end of 

the 6-helix bundle. A recent study shows that proline isomerization represents a rate-limiting 

step in proper dimer formation [78]. The N-terminal amphipatheic helix is also important for 

lipid binding. Furthermore, the concave surface of the dimer contains several positively 

charged patches that may be crucial for interactions with membrane phospholipids. The 

BAR domain is immediately followed by a phosphoinositide (PI)-binding motif encoded by 

skeletal spliced exon 11 [22], the clathrin and AP2 (CLAP) binding domain encoded by four 

consecutive exons 13–16 spliced together in the neuronal system [80, 81], the Myc-binding 

domain encoded by exons 17–18 [80–85], and the constitutive Src homology3 (SH3) domain 

encoded by the C-terminal exons 19–20. The C-terminal SH3 domain is critical for 

interaction with cytoskeleton and other intracellular protein partners [86, 87]. In different 

tissues, the middle coiled-coil regions are regulated by alternative splicing. In 1992, Dr. De 

Camilli’s group showed that a PI-binding domain, encoded by skeletal specifically 

expressed exon 11, increases the ability of BIN1 lipid binding and t-tubule membrane 

curvature formation [22]. During mouse myoblast differentiation, a switch of splicing to 

include the PI-domain encoding exon 11 is necessary for tubulogenesis in skeletal muscle. 

Along with altered Bin1 splicing, subcellular localization of BIN1 changes from exclusive 

localization in the nucleus of myoblasts to diffuse distribution in cytoplasm of differentiated 

myotubes. Mis-splicing of exon 7 and 11 has been linked to myotonic dystrophy [88, 89]. 
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Mutations in other sequences encoding the BAR and SH3 domains are also shown to induce 

centronuclear myopathies and myotonic dystrophy [90]. In addition to its membrane 

scaffolding property, BIN1 also regulates cell proliferation through inhibition of c-Myc-

mediated cell transformation, and a defect in splicing of exon 13 is often associated with 

cancer due to displaced binding of c-MYC from BIN1 [81].

The role of BIN1 as a cardiac adaptor protein was first observed when global deletion of the 

Bin1 gene in mice caused perinatal lethality due to cardiomyopathy [91]. We later found that 

BIN1 localizes to cardiac t-tubules, facilitating microtubule-dependent forward delivery of 

CaV1.2 channels to t-tubules [44], as detailed in Section 3.2. Follow up studies from our 

group and others have shown that BIN1 level decrease affects LTCC surface expression at 

the t-tubules in human [92] and animal models of heart failure [24, 93]. In zebrafish, 

morpholino mediated knockdown of the Bin1 gene induces significant contractile 

dysfunction and cardiomyopathy [92]. More recently, mice with cardiac conditional Bin1 
knockout after birth have increased tendency of aging and pressure overload-induced 

cardiomyopathy [47]. We further identified four Bin1 splice variants in adult mouse 

cardiomyocytes that encode four BIN1 protein isoforms [23]. In addition to the ubiquitously 

expressed smallest BIN1 and BIN1+17, we also cloned two cardiac spliced and expressed 

isoforms BIN1+13 and BIN1+13+17. Of the four BIN1 isoforms, cardiac specific 

BIN1+13+17 with inclusion of exons 13 and 17 is the primary BIN1 isoform localized to 

cardiac t-tubules and responsible for cardiac t-tubule membrane ultrastructure formation 

[23]. Whether aberrant splicing and mutation in cardiac spliced exons plays a role in 

cardiomyopathy development remains to be observed.

3.2. BIN1 regulates LTCC trafficking and localization at t-tubules

As discussed earlier, enrichment of CaV1.2 channels at the t-tubules is essential for the 

efficient contractile function of the myocardium. Interestingly, we identified that BIN1 is 

crucial in CaV1.2 enrichment at t-tubules. Exploring the trafficking machinery of CaV1.2 

channels, we found that trafficking of CaV1.2 vesicles from the trans-Golgi network to t-

tubules follows microtubule-dependent Targeted Delivery [44], a model of channel delivery 

initially reported for connexin 43 trafficking to intercalated discs in a series of studies [44, 

92, 94, 95]. In Targeted Delivery, once the channels are formed and exit the Golgi they can 

be rapidly directed across the cytoplasm to their respective specific membrane subdomains. 

The highways for transport are microtubules whose positive ends are growing outward and 

can be captured at the plasma membrane by membrane anchor protein complexes. 

Specificity of delivery requires a combination of the individual channel and the plus-end-

tracking proteins at the positive ends of microtubules, which guide microtubule growth and 

capture. The membrane-bound anchor complex captures the microtubule and completes the 

highway for channel delivery.

In the case of CaV1.2 channels, BIN1 serves as the critical membrane anchor protein to 

attract growing microtubules [44], which preferentially interact with the specific membrane 

anchor BIN1 in order to facilitate targeted delivery of CaV1.2 channels. BIN1 contains a 

membrane curvature BAR-domain (which confers the ability to form membrane curvature), 

the middle coiled-coil regions, and an SH3 protein-protein interaction domain. Perhaps most 
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compelling for BIN1 utilizing the cytoskeleton is the finding that deletion of the coiled-coil 

and SH3 domains does not affect membrane invagination, but abrogates CaV1.2 localization 

to these structures. Therefore, target delivery of CaV1.2 is achieved through interaction with 

the BIN1 protein specifically, not t-tubule structures. The involvement of BIN1 in CaV1.2 

trafficking to t-tubules is further confirmed in the subsequent studies using shRNA mediated 

knockdown of Bin1 in isolated adult mouse cardiomyocytes [92], as well as adult mouse 

cardiomyocytes isolated from mice with cardiac specific deletion of the Bin1 allele [23], 

where CaV1.2 surface expression dramatically reduced [23].

Clustering of CaV1.2 channels at the t-tubule membrane is also critical for the regulation of 

ion channel kinetic properties, for example gating and open probability [96, 97]. Given that 

microtubules deliver CaV1.2 channels to BIN1 proteins at t-tubules and that BIN1 proteins 

shape the t-tubule membrane to form microfolds, it is possible that CaV1.2 channels at the t-

tubule surface form clusters at these BIN1-microfolds induced microdomains. Using super-

resolution stochastic optical reconstruction microscopy (STORM) imaging, we are able to 

image CaV1.2 and BIN1 proteins at the nanoscale resolution (XY-resolution at 10–20 nm, Z-

resolution at 50 nm). As indicated in the cardiomyocyte STORM image presented in Figure 

2, BIN1 (green) is distributed along t-tubules forming microfolds holding CaV1.2 clusters 

(red). We have also observed smaller CaV1.2 clusters in Bin1 heterozygous adult mouse 

ventricular cardiomyocytes using both spinning disc confocal [23] and super-resolution 

STORM imaging. These results reveal that CaV1.2 channels cluster to BIN1-microdomains 

within t-tubules. How CaV1.2 clustering to BIN1-microdomains regulates ion channel 

properties awaits future studies from the electrophysiology laboratories interested in LTCC 

channel clustering and coupled-gating.

3.3. BIN1 regulates t-tubule ion diffusion

One of the functional attributes of t-tubules is the presence of slow diffusion regions near the 

t-tubule sarcolemma [98–100]. Restricted diffusion occurs both at extracellular and 

intracellular spaces near the t-tubule membrane, readily known as “fuzzy space” with 

accumulated ions like calcium [101]. Growing evidence indicates slow diffusion for 

extracellular ions within the t-tubule lumen, with t-tubule ion diffusion coefficients normally 

five to ten times slower than those in the extracellular bulk environment [99, 100]. As a 

result, there is a lag phase for fluctuations in extracellular ion concentration sensed by 

channels at the t-tubule membrane. For example, in guinea pig myocytes, the change of 

extracellular calcium is delayed by up to 2.3 seconds in the t-tubules [102]. This delay 

period due to restricted diffusion within the t-tubule lumen can have a significant effect on 

the susceptibility of the muscle cells to changes in the extracellular environment, particularly 

during a stress response. In stress-induced increased heart rate, quick transmembrane ion 

flux with limited diffusion can quickly accumulate outward current ions like potassium 

[100] and deplete inward current ions like calcium [98, 103], affecting the driving force of 

ion channels at t-tubule membrane and shortening the action potential duration [104]. Slow 

diffusion at t-tubules therefore serves as a crucial protective mechanism to maintain the 

electrical stability of cardiomyocytes preventing detrimental arrhythmias.
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Although t-tubules are highly branched and inter-connected [3], this network feature does 

not explain the highly restricted diffusion near the t-tubule sarcolemma. As early as 1970, 

the cardiac t-tubule configuration was described not as a straight smooth tubule, but rather 

making torturous frequent hairpin bends [9]. The structural foundation of tortuous t-tubules 

was not revealed until our recent discovery of the t-tubule membrane microfolds created by 

BIN1. In wild type adult mouse ventricular cardiomyocytes, we identified that BIN1-

microfolds create highly tortuous t-tubules [23]. When the Bin1 gene is deleted in 

cardiomyocytes, these microfolds are lost and tortuous t-tubules become straight and dilated. 

We recently cloned a cardiac specific BIN1 isoform, BIN1+13+17, which is the largest 

cardiac isoform and includes both exons 13 and 17. This specific isoform localizes to 

cardiac t-tubules and is responsible for formation of membrane microfolds at t-tubules. By 

promoting actin polymerization through N-WASP activation, BIN1+13+17 anchors and 

maintains these t-tubule microfolds to myofilament Z-disc structural protein α-actinin. Using 

transmission electron microscopy imaging, Dr. Franzini-Armstrong’s laboratory also 

observed t-tubule membrane infolding to lumen at t-tubule cross sections from mouse hearts 

[105], similar to the t-tubule microfolds reported in our study. These microfolds help trap 

extracellular ions, which create a diffusion barrier inside the t-tubule network. Loss of 

cardiac BIN1-organized microfolds removes the protective ion diffusion barrier and 

increases membrane excitability and arrhythmias [23]. Therefore, BIN1 plays a pivotal role 

in maintaining and organizing t-tubule microfolds and ultrastructure that are essential for 

electrical stability of the cardiomyocytes. Recent studies in zebrafish skeletal muscle 

indicate that skeletal BIN1 may also have a similar function in maintaining t-tubule 

ultrastructure [106].

3.4. BIN1 regulates t-tubule membrane microdomains

Other than creating a protective ionic diffusion barrier, BIN1-microfolds hold LTCC clusters 

(Figure 2). These data indicate that BIN1 not only traffics CaV1.2 channels, but also forms 

membrane ultrastructure to support these channels. It is possible that BIN1-microfolds can 

be the structural base of dyad microdomains at t-tubules. The calcium channel-enriched 

BIN1-microfolds are very likely the t-tubule membrane components contacting junctional 

SR membrane for dyad formation. As a result, BIN1 may also control the synchrony of 

CICR through microdomain formation. Whether and how BIN1 regulates the dyad 

organization and function needs to be investigated. On the other hand, BIN1 is blood 

available and plasma BIN1 correlates with cardiac function [58], indicating cardiac release 

of BIN1 protein. The blood availability of BIN1 with an internal cardiac message suggests a 

likely turnover and release of BIN1-microfolds from cardiomyocytes. Understanding the 

dynamics of BIN1-microfolds and folds-organized microdomains at t-tubules may reveal 

important new aspects of cardiomyocyte biology.

In addition to BIN1-microfolds, BIN1 may be involved in the organization and regulation of 

other membrane subdomains at t-tubules as well. A recent study identified that intracellular 

localization of caveolae structure protein caveolin-3 is altered in cardiomyocytes missing the 

Bin1 allele [47], indicating a role of BIN1 in regulation of caveolae microdomains. Given 

that BIN1 is a membrane curvature formation protein, it is likely that BIN1 can interact with 

caveolin-3 and redistribute caveolae at sarcolemma surface. Interestingly, a subpopulation of 
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CaV1.2 channels is delivered to caveolae through interaction between subunits of the LTCC 

channel complex and caveolin-3 [107]. Therefore, by altering caveolin-3 localization, BIN1 

may also alter CaV1.2 trafficking to caveolae. The mechanisms affecting ion channel 

enrichment at caveolae are unknown, but close interactions between caveolae and the 

cytoskeleton present an appealing possibility of targeted LTCC delivery to these 

sarcolemmal microdomains [108], a process that may be facilitated by BIN1. This may have 

broader implications as many CaV1.2 channel regulating molecules such as β2-ARs are 

primarily localized in caveolae [48]. Therefore, as versatile regulator of t-tubules, BIN1 may 

affect cell signaling both at the local level and ubiquitously. Nonetheless, the role and 

potential mechanism of BIN1 in regulation of caveolae localization and function remain to 

be tested.

4. Implications in human diseases

Heart failure is the fastest growing cardiovascular disorder affecting more than six million 

Americans and 40 million patients worldwide [109–111]. The primary mortality causes of 

heart failure are loss of pump function due to impaired cardiac contractility and increased 

sudden cardiac death due to severe ventricular arrhythmias. The current best therapy for end-

stage heart failure is a heart transplant, which is a severely limited option due to poor organ 

availability [112]. The only alternative destination therapy is implantation of left ventricular 

assist devices (LVAD) [113, 114]. For ventricular arrhythmias management, implantable 

cardioverter defibrillators (ICDs) can defibrillate life threatening arrhythmias in heart failure 

patients [115]. However, the cost of LVAD and ICD implantation, occurrence of needless 

implantation, and morbidity associated with implanted devices are enormous. Lack of an 

accurate understanding of cardiomyocyte health and recovery potential limits the ability in 

making critical decisions with regard to heart transplant priorities and criteria for LVAD and 

ICD implantation [116, 117]. New diagnostic and prognostic tests that accurately evaluate 

myocardial health and arrhythmogenic potential at the cellular level could significantly 

improve decision making for LVAD and ICD implantation with improvement in patient care. 

New therapeutic tools with the ability to break pathophysiological cycling of heart failure 

progression are deeply desired to help postpone and rescue disease development in millions 

of patients with heart failure.

Better understanding of the biology of failing cardiomyocytes is a necessity for efficient 

development of new diagnostic, prognostic, and therapeutic tools of human acquired heart 

failure. The pathophysiologic hallmark of failing cardiomyocytes is impaired calcium 

transients [118–120]. A normal transient requires optimal CICR at dyads where t-tubule 

LTCCs [1, 38] are closely associated with SR RyRs [32–35]. Disturbed calcium transients in 

failing myocytes are also attributed to t-tubule remodeling [31, 56, 57] which uncouples 

LTCC-RyR dyads [57, 118, 119, 121–123]. In the past decade, t-tubule remodeling has 

gained substantial appreciation as marking the transition from hypertrophy to failure [56], 

and as a contributing mechanism of heart failure progression (see reviews in [10, 27, 57, 

124–126]). In addition to the observed loss and diminishment of a gross t-tubule network, 

protein components at t-tubules including ion channels and signaling molecules are also 

reported to be either reduced at t-tubule surface or redistributed out to non-t-tubule 

sarcolemma. Loss of complex t-tubules in heart failure not only causes impaired contractile 
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function due to desynchronized CICR, but also alters local electrophysiological properties 

and increases ventricular arrhythmia susceptibility. The molecular and cellular mechanisms 

of t-tubule remodeling in failing cardiomyocytes, in particular the alterations in t-tubule 

membrane ultrastructure and subdomains, await further investigation.

BIN1 has emerged as a critical regulator of t-tubule function and calcium signaling in 

cardiomyocytes. In healthy cardiomyocytes, BIN1 facilitates microtubule-dependent LTCC 

trafficking to t-tubules [44], shapes actin dependent t-tubule membrane microdomains [23] 

to regulate ionic flux, and facilitates CaV1.2 channel cluster formation (Figure 2). More 

importantly, BIN1 is transcriptionally decreased in acquired human heart failure [92], 

contributing to the pathophysiology of diseased calcium transients and electrical instability 

in failing hearts. The emergence of BIN1-microdomain based regulation of calcium 

transients has brought a new perspective to traditional dyad research, and follow up studies 

by independent research groups have further identified that cardiac BIN1 decreases in 

multiple animal models of acquired heart failure [24, 93]. BIN1 expression also improves 

during functional myocardium recovery [93] in a rat model of cardiomyopathy. The detailed 

mechanisms of how BIN1-microdomains regulate dyad function and how BIN1 is reduced 

in human acquired heart failure remain to be tested. Preservation of BIN1-microdomains 

may be a new method to block the worsening cycle of heart failure progression, postponing 

or rescuing pump function in millions of patients with acquired heart failure.

The benefit of BIN1 in heart failure management is two-fold. One, it may serve as a target 

for therapeutic development. Second, BIN1 is a potential biomarker of myocardial health 

and reserve. BIN1 is blood available and plasma BIN1 carries a message of cardiac health 

[58]. The first report in a cohort of arrhythmogenic right ventricular cardiomyopathy patients 

indicates that plasma BIN1 decreases in patients developing symptomatic heart failure [58]. 

Low plasma level of BIN1 not only diagnoses cardiac function, but also predicts future 

arrhythmia incidences [58]. The recent discovery of the functional significant cardiac 

specific BIN1 isoform, BIN1+13+17 [23], provides an opportunity to develop a cardiac 

specific BIN1 blood test. Current studies are focused on identifying the mechanisms of 

BIN1 release into blood, as well as developing a blood assay of cardiac specific BIN1 to be 

tested for biomarker potential in a large cohort of dilated cardiomyopathy patients.

5. Concluding remarks

In this review we highlight the current knowledge of the organization and function of the 

cardiac t-tubule system, which is important in maintaining cardiac EC coupling, electrical 

stability, and membrane excitability. Membrane deformation protein BIN1 has recently 

surfaced as a crucial regulator of cardiac t-tubule function. This review provides insights into 

the recent discoveries of BIN1 as a t-tubule adaptor protein, with functions ranging from 

calcium channel trafficking to shaping membrane microdomains. Future explorations of 

BIN1-based cardiac t-tubule remodeling mechanisms during heart failure progression will 

provide new insights and targets to detect and correct contractile dysfunction and arrhythmia 

potentials in diseases.
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Highlights

• T-tubules are dynamic membrane organelles central to excitation-contraction 

coupling

• BIN1 (amphiphysin II) facilitates LTCC forward trafficking and clustering at t-

tubules

• BIN1-sculpted t-tubule microfolds create extracellular ionic diffusion barrier 

important for membrane electrical stability

• BIN1-microdomains within T-tubules are critical for normal dyad formation and 

function

• BIN1 reduction in heart failure contributes to dyad dysfunction and impaired 

excitation-contraction coupling
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Figure 1. 
Schematic illustration of BIN1-regulated cardiac t-tubule function. Top: cartoon of 

mammalian adult ventricular cardiomyocytes, which are rod-shaped striated muscle cells 

with t-tubule invagination occurring periodically at the Z-lines of myofilament. Bottom: The 

“banana” molecule BIN1 regulates cardiac t-tubule function through: (1) facilitating 

microtubule-dependent targeted delivery of LTCCs to t-tubules; (2) clustering LTCCs at the 

t-tubule surface; (3) creating a slow diffusion zone within t-tubule lumen for extracellular 

ions; (4) organizing microdomains critical for dyad formation and functions.
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Figure 2. 
Super-resolution STORM images of BIN1 and CaV1.2 at the surface of adult mouse 

ventricular cardiomyocytes. Merged image indicates that CaV1.2 channels (red) form 

clusters at the microdomains formed by BIN1 (green). Scale bar: 1 µm.
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