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Abstract

Transverse-axial tubules (TATs) are commonly assumed to be sparse or absent in atrial myocytes 

from small animals. Atrial myocytes from rats, cats and rabbits lack TATs, which results in a 

characteristic “V”-shaped Ca release pattern in confocal line-scan recordings due to the delayed 

rise of Ca in the center of the cell. To examine TAT expression in isolated mouse atrial myocytes, 

we loaded them with the membrane dye Di-4-ANEPPS to label TATs. We found that >80% of 

atrial myocytes had identifiable TATs. Atria from male mice had a higher TAT density than female 

mice, and TAT density correlated with cell width. Using the fluorescent Ca indicator Fluo-4-AM 

and confocal imaging, we found that wild type (WT) mouse atrial myocytes generate near-

synchronous Ca transients, in contrast to the “V”-shaped pattern typically reported in other small 

animals such as rat. In atrial-specific Na–Ca exchanger (NCX) knockout (KO) mice, which 

develop sinus node dysfunction and atrial hypertrophy with dilation, we found a substantial loss of 

atrial TATs in isolated atrial myocytes. There was a greater loss of transverse tubules compared to 

axial tubules, resulting in a dominance of axial tubules. Consistent with the overall loss of TATs, 

NCX KO atrial myocytes displayed a “V”-shaped Ca transient with slower and reduced central 

(CT) Ca re-lease and uptake in comparison to subsarcolemmal (SS) Ca release. We compared 

chemically detubulated (DT) WT cells to KO, and found similar slowing of CT Ca release and 

uptake. However, SS Ca transients in the WT DT cells had faster uptake kinetics than KO cells, 

consistent with the presence of NCX and normal sarcolemmal Ca efflux in the WT DT cells. We 
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conclude that the remodeling of NCX KO atrial myocytes is accompanied by a loss of TATs 

leading to abnormal Ca release and uptake that could impact atrial contractility and rhythm.

Keywords

Transverse-axial tubules; Atrial cardiomyocytes; Sodium-calcium exchange; Excitation-
contraction coupling; Atrial remodeling

1. Introduction

Transverse-axial tubules (TATs) are invaginations of surface sarcolemma in cardiomyocytes. 

In ventricular myocytes, many ion channels appear to be concentrated in the membranes of 

TATs [1,2]. Upon depolarization, the tubular structures can rapidly conduct the action 

potential deep into the cell interior, allowing voltage gated Na and L-type Ca channels 

(LCCs) to open simultaneously throughout the cell. The small flux of Ca entering the dyadic 

cleft triggers sarcoplasmic reticulum (SR) Ca release by ryanodine receptors (RyRs) to 

produce the Ca transient (CaT) [3,4]. The released Ca then binds to myofilaments and causes 

contraction. Therefore, TATs play a pivotal role in excitation-contraction (EC) coupling by 

conducting electrical signals deep into the cell interior and bringing functionally related Ca 

handling proteins, such as Na channels, Na–Ca exchangers (NCX), LCCs and RyRs, into 

close proximity to form numerous Ca release units, known as couplons, throughout the cell. 

The widely distributed couplons ensure homogenously distributed Ca release to provide 

effective and coordinated contraction. Thus a well-organized TAT structure is essential for 

the proper contractile behavior of all mammalian ventricular cardiomyocytes [2].

Until recently, TATs in atrial cardiomyocytes were considered to be sparse or absent, 

particularly in small animals. The absence of TATs is thought to be responsible for the non-

uniform Ca release pattern observed in atrial cells from rats [5–8], cats [9], rabbits [10,11] 

and guinea pigs [12]. Without the TAT network, couplons can only be formed at the 

periphery or subsarcolemmal (SS) space where the LCCs on the surface membrane are 

found in close proximity to RyRs on the SR membrane. RyRs in the central cellular (CT) 

space and distant from the sarcolemma are “uncoupled” from the LCCs. This results in a 

characteristic “V”-shaped CaT on transverse line-scan images due to the fast Ca-induced Ca 

release (CICR) initiated in couplons near the cell surface, followed by the slower spread of 

Ca into the cell center by a cascade of RyR-mediated Ca release triggered by Ca diffusion 

rather than apposing LCCs [5,9,13]. In rat atrial cells, there is evidence of rudimentary [6, 

14], and in some cases, well-organized TATs [15], though most cells have few TATs and the 

CaTs are “V”-shaped. In large animals, previous studies [16–18] have shown that atrial 

myocytes possess extensive TATs. The existence of a well-developed TAT network makes 

the CaT more synchronous in sheep atrial cells, with CT and SS Ca release occur-ring 

simultaneously, similar to mammalian ventricular myocytes [7,19]. Several studies in large 

animals have shown that atrial TAT remodeling can occur under disease conditions (such as 

HF, AF) [16,20,21] and impair normal EC coupling, suggesting involvement in atrial 

pathologies associated with reduced contractility. Similar remodeling has been identified in 

the ventricle [22–24].
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We have previously generated an atrial specific Na–Ca exchange (NCX) knockout (KO) 

mouse [25,26]. These mice have profound sinus node dysfunction and slow atrial 

conduction. Both right and left atrial sizes are increased, consistent with atrial remodeling. 

In the present study, we investigated TATs and CaTs in WT and NCX KO atrial myocytes. 

We found that WT atrial myocytes have surprisingly extensive TATs and synchronous CaTs, 

whereas KO atrial myocytes lose TATs and have “V”-shaped CaTs similar to rabbit atria 

(which normally lack TATs). In addition, the absence of NCX impaired SS Ca extrusion. We 

conclude that atrial remodeling in the NCX KO mouse results in loss of TATs, which, 

combined with the absence of NCX, causes abnormal Ca release and uptake.

2. Methods

2.1. Ethical approval

All procedures were approved by the Institutional Animal Care and Use Committee at 

Cedars-Sinai Medical Center (IACUC #: 003574) and strictly conformed to the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health.

2.2. Isolation of adult atrial cardiomyocytes

In the present study, we investigated both NCX1fx/fx mice (referred to as WT) and atrial-

specific NCX1 knockout (KO) mice (on a C57BL/6 background), as we described 

previously [25,26]. We used an established protocol [27] to isolate mouse atrial 

cardiomyocytes with slight modifications (details are described below). Equal numbers of 

male (M) and female (F) mice (12–16 wks) were deeply anesthetized with isoflurane and 

then subjected to thoracotomy. Hearts were quickly excised and mounted on a Langendorff 

apparatus. We perfused the hearts with Ca-free Tyrode’s solution containing (in mmol/l): 

136 NaCl, 5.4 KCl, 10 HEPES, 1.0 MgCl2, 0.33 NaH2PO4, 10 Glucose, pH adjusted to 7.4 

with NaOH for 5 min, followed by Tyrode’s containing collagenase (collagenase type II, 

Worthington Biochemical, NJ, 280 U/ml) and protease (0.1 mg/ml protease type XIV) 

(Sigma-Aldrich, St. Louis, MO) for 10–12 min. We then washed out the enzyme solution 

with low-calcium Tyrode’s containing 0.2 mmol/l CaCl2 and 1 mg/ml BSA for 7 min. The 

above steps were performed at 37 °C. After digestion, the right and left atria were carefully 

separated from the ventricles, placed in a petri dish containing low-calcium Tyrode’s and cut 

into small pieces. Single cells were dissociated by gentle trituration with a wide-bore glass 

pipette. We gradually increased the CaCl2 concentration in the cell suspension from 0.2 

mmol/l to 1.0 mmol/l over 20 min. Cells were then stored in Tyrode’s solution with 1 

mmol/l CaCl2 at room temperature and were used within 4 h. Tyrode’s solution containing 

1.0 mmol/l CaCl2 served as bath solution for all experiments. Healthy cells, i.e. cells with 

smooth edges and clear striations, without blebs or spontaneous contractions, were randomly 

selected for experiments.

2.3. Transverse-axial tubule (TAT) imaging in isolated atrial myocytes and in intact, live 
atrium

We loaded freshly isolated atrial cells with the membrane dye, Di-4-ANEPPS (5 μmol/l; 

Invitrogen) and Pluronic F-127 (0.02%; Invitrogen) for 5 min at room temperature (20–
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22 °C). We found 5 min of incubation sufficient for clear TAT visualization, thereby 

avoiding longer incubations that could cause dye internalization. We used the x-y mode of a 

Leica TCS-SP5-II confocal microscope (Leica Microsystems Inc.; Wetzlar, Germany) to 

image the membrane structure with a 63× water immersion objective lens (Numerical 

Aperture 1.2). For Di-4-ANEPPS we set the excitation wavelength at the 488 nm line of an 

Argon laser and emission at 560–675 nm. We imaged the central focal plane (1024 × 1024 

pixels, 0.1 μm/pixel) for each cell.

To image TATs in atrial tissue, we quickly cut off both left and right atria and immersed the 

tissues in dye loading solution, which contained 10 μmol/l Di-4-ANEPPS and 0.02% 

Pluronic F-127, for 15 min in dark at room temperature (20–22 °C). We then placed the 

tissue on a coverslip-bottomed microscopy petri dish and recorded Di-4-ANEPPS images as 

described above for isolated cells. Images were obtained from >5 randomly selected 

epicardial areas.

2.4. Ca imaging in atrial myocytes

To record systolic CaTs from atrial myocytes, we incubated the cells with standard bath 

solution containing the fluorescent Ca indicator Fluo-4-AM (5 μmol/l; Invitrogen) and 

Pluronic F-127 (0.02%; Invitrogen) for 20 min, followed by washout with dye-free bath 

solution (two 10 min washes). The loading and washout times were sufficient for de-

esterification of the dye. We then placed the cells in a coverslip-bottomed imaging chamber 

mounted on the microscope and perfused with standard bath solution. We used the line-scan 

(x-t) mode of the confocal system described above. Excitation was again at 488 nm and 

emission was detected at 500–650 nm for Fluo-4. The scan line was positioned transversely 

across the width of the cell. Cells were externally paced at 1 Hz with a field stimulator 

(Myopacer, IonOptix, MA; bipolar, 3 ms duration, 20 V) starting 20 s prior to imaging. 

Spatial resolution of the line-scan Ca images was 0.1–0.2 μm per pixel and the temporal 

resolution was 1 ms per line (scan speed: 1000 Hz). We carried out these experiments at 20–

22 °C.

2.5. Detubulation of atrial myocytes

To separate the effects of the absence of NCX versus the loss of TATs in NCX KO mouse 

atrial myocytes, we used detubulated (DT) atrial myocytes as control and compared the local 

CaTs from either the SS region where the RyRs-LCC couplings remained intact or from the 

CT region where tubule structures were absent and RyRs uncoupled. We adopted a well-

established method [28,29] to induce acute detubulation. Briefly, we incubated freshly 

isolated WT atrial myocytes with 1.5 mol/l formamide dissolved in standard bath solution 

for 15 min at 20–22 °C. Then we rapidly washed the cells with formamide-free bath solution 

for another 10 min to cause “osmotic shock”, resulting in detachment of tubule structures 

from surface sarcolemma. We loaded the DT atrial myocytes with Di-4-ANEPPS to confirm 

the detubulation and with Fluo-4-AM to investigate Ca dynamics. Images were recorded as 

described above.
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2.6. Image analysis

We used two independent methods to estimate TAT abundance. We first quantified total cell 

area occupied by TATs (Tarea) by binarizing the image using an auto-thresholding algorithm 

(Otsu thresholding [30]) embedded in ImageJ [31]. Tarea was quantified by measuring the 

ratio of above-threshold pixels within the boundary of the cell to the whole cell area. We 

also analyzed TAT abundance by skeletonizing the image in Fiji [32–34], and then 

calculating the ratio of skeletonized tubule length to area of the ROIs (Tskel) and TAT 

orientation using the “directionality analysis” function (see an example of image processing 

in Supplementary Fig. 1). Details (including the custom-made macro) for the latter method 

are described in the Supplemental materials. Skeletonization and directionality analysis 

allow determination of tubule orientation by designating the 0° angle of tubule structure as 

axially positioned and the 90° angle as transversely positioned, as described previously 

[35,36]. The nucleus area was excluded from the image for TAT analysis. All cell size 

parameters were obtained using ImageJ.

For tissue staining images, we used 2-D Fast Fourier Transform (FFT) to determine TAT 

network regularities [24].

2.7. Reagents

All chemicals and reagents indicated in the text were purchased from Sigma-Aldrich (St. 

Louis, MO) or Fisher (Fair Lawn, NJ), unless otherwise specified.

2.8. Statistics

Statistical analysis was performed using Prism 5.0 (GraphPad Software, Inc.; La Jolla, CA) 

software and Clampfit 10.2 (Molecular Devices, LLC.; Sunnyvale, CA). Local CaTs were 

derived from 1.5 μm regions at the edge and center of the transverse line-scan images to 

represent SS Ca release and central (CT) Ca release, respectively. The decay constant (tau) 

was calculated from a mono-exponential function fitted to the decay phase of the CaT (from 

90% of peak to diastolic level). The fluorescence intensity (F) reflecting intracellular Ca 

concentration was normalized to diastolic fluorescence (F0) after background subtraction. 

Data are expressed as mean ± standard error of the mean (SEM), unless otherwise indicated. 

One-way ANOVA with Bonferroni multiple-comparison and unpaired two-tail Student’s t-
test were applied as appropriate. P < 0.05 was considered statistically significant. Cell and 

animal numbers are indicated in the figure legends.

3. Results

3.1. The heterogeneity of TATs in mouse atria

To characterize TAT expression in mouse atria, we labeled surface and TAT membranes with 

the fluorescent indicator, Di-4-ANEPPS, and imaged the cells using confocal microscopy. 

As described in the Methods (2.6. Image analysis), we used an auto-thresholding algorithm 

to quantify Tarea (Fig. 1). Cells with a Tarea above 2% were considered tubulated, as 

previously defined [15], whereas a typical ventricular myocyte has a Tarea of ≈8% [15]. By 

visual inspection, we found 84% of mouse atrial cells (162 out of 193 cells, N = 8 mice) 

contained identifiable TATs (Fig. 1B, C) with varying degrees of TAT organization. 23% of 
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mouse atrial cells with visibly detectable TATs displayed well organized spacing of 

transverse tubules (≈1.8 μm, Fig. 1B), similar to the classical organization in ventricular 

myocytes (Fig. 1A). However, the rest of the atrial cells possessing TATs had a disorganized 

TAT pattern without regular spacing, as shown by the intensity plot in the bottom panel of 

Fig. 1C. These results indicate that while TATs commonly appear in mouse atrial cells, they 

are not usually as well organized as TATs in ventricular myocytes.

To investigate the distribution of TATs across atrial chambers and sexes, we compared the 

average TAT density (Tarea) among left and right atria from male and female mice, and 

found that Tarea was significantly higher in atrial cells from male (M) rather than female (F) 

mice (M vs. F, P < 0.05; Fig. 1E). There was no significant difference in Tarea between left 

and right atrium. We confirmed this finding using an image skeletonization approach to 

quantify Tskel (Supplementary Fig. 2). The average Tarea in male atria (A) was about half 

that observed in mouse ventricular cells (V) (A vs. V, P < 0.05; Fig. 1E). Male atrial cells 

were about 42% larger in area than female (P < 0.05, Fig. 1F) and about 33% wider than 

female (P < 0.05, Fig. 1G). Cell length was not significantly different among all groups (Fig. 

1H). Since cell width has been implicated as a major parameter influencing TAT density in 

rat atrial cells [6,37], we examined the relationship between Tarea and cell width using linear 

regression. We found a positive correlation between cell width and Tarea (r2 = 0.36, slope = 

0.94 ± 0.09, P < 0.001, Fig. 1I).

To investigate the orientation of TATs, we combined image skeletonization and directionality 

analysis as previously described [32, 33] (see example of image processing in 

Supplementary Fig. 1). Tubule fragments at 0° are parallel with the longitudinal axis of the 

cell, while tubules at 90° are perpendicular. We considered tubules oriented at 0° ± 20° 

angles as axial tubules (AT) and those oriented at 90° ± 20° angles as transverse tubules 

(TT), as defined previously [33]. We found that in ventricular cells, there were more 

transverse components than axial components. Atrial cells on average had a higher axial 

fraction than ventricular cells, although male atria had prominent transverse elements 

compared to female (Fig. 1J).

3.2. Mouse atrial myocytes generate near-synchronous Ca transients

To investigate the systolic Ca release pattern in mouse atria, we positioned the confocal scan 

line transversely across Fluo-4-AM loaded cells to simultaneously record peripheral and 

central Ca release. In almost all cases we observed near-synchronous CaTs, as evidenced by 

the smooth vertical appearance of the increase in fluorescence with each paced beat in the 

line scan as well as the superimposed global, SS and CT CaTs (see example, Fig. 2A, B). 

Overall, we found no difference in mean time to peak (TTP) of the global (28.3 ± 1.2 ms), 

SS (26.0 ± 1.2 ms) and CT (25.3 ± 1.2 ms) CaTs (n = 61 cells from N = 6 animals, P > 0.05 

by one-way ANOVA with Bonferroni multiple-comparison; Fig. 2C). These results indicate 

that the RyRs in the periphery and the center released Ca almost simultaneously.

3.3. Loss of TATs in Na–Ca exchanger (NCX) KO mice

We have shown previously that atrial-specific NCX KO mice develop sinus node 

dysfunction and atrial hypertrophy with dilation [25,26]. Since cardiac remodeling has been 
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associated with loss of TATs, we tested the hypothesis that TAT density and orientation 

would be altered in remodeled atrial myocytes from KO mice. Atrial myocytes isolated from 

NCX KO mice were much larger than WT (WT vs. KO, P < 0.001; Fig. 3C– E), indicating 

hypertrophy at the cellular level. Despite the increased cell size, overall TAT density (Tarea) 

in KO was half that of WT (WT vs. KO, P < 0.001; Fig. 3B). KO cells were either 

completely depleted of TATs (Fig. 3A, a) or the remaining TATs were disordered (Fig. 3A, 
b). The frequency distribution of Tskel (the ratio of skeletonized tubule length to area) in KO 

cells was left shifted, indicating an increase in the fraction of non-tubulated cells (Fig. 3F, 

right panel). In addition, we found greater loss of transverse components (TT) in KO cells 

that were not completely depleted of TATs, leaving them with an axial tubule (AT) dominant 

TAT network (P < 0.05; Fig. 3G).

To confirm that the cell isolation process did not alter the tubule morphology, we labeled 

intact tissue with Di-4-ANEPPS for confocal imaging (Fig. 4). The preservation of TATs in 

WT tissue and the lack of TATs in KO was visually obvious. To quantify the presence of 

TATs, we applied the Fast Fourier Transform (FFT) function in ImageJ. When the TAT 

network is intact, the FFT image (lower right-hand corners of Fig. 4A and B) shows a 

prominent 2nd harmonic signal (indicated by the yellow arrows in Fig. 4A) representing the 

repetitive pattern of TATs. Consistent with our results in isolated atrial myocytes, we found a 

dramatic loss of TATs in KO atrial tissue compared to WT. In WT tissue, the majority of 

ROIs (>80%, Fig. 4C) have significant 2nd harmonic signals on their corresponding FFT 

images, whereas most ROIs (>90%, Fig. 4C) from KO mice lack 2nd harmonic signals (WT, 

n = 105 ROIs from 3 animals, vs. KO, n = 95 ROIs from 3 animals, P < 0.05; Fig. 4C).

3.4. “V”-shaped Ca transients in NCX KO atrial myocytes

Next we investigated the hypothesis that loss of TATs in NCX KO atrial myocytes would 

alter the spread of the CaT. In confocal line-scan recordings, we found that KO cells 

frequently exhibited non-uniform “V”-shaped CaTs (Fig. 5A) during external pacing, 

consistent with the dramatic loss of TATs in KO cells. Similar loss of TATs has been 

observed by other groups in both diseased atrial [16,20] and ventricular [38] 

cardiomyocytes. SS CaTs displayed a more rapid time-to-peak and faster decay phase 

compared to the slower CT CaTs (Fig. 5A, right panel). There was no difference in the SR 

Ca content of WT vs. KO atrial myocytes, measured as the fluo-4 fluorescence peak upon 

rapid application of 5 mM caffeine (WT peak F/Fo: 3.6 ± 0.3, n = 10; KO peak F/Fo: 3.6 

± 0.8, n = 7; P > 0.05, unpaired Student t-test).

To separate the effects of TAT loss versus absence of NCX on the CaT, we compared NCX 

KO atrial myocytes with chemically detubulated WT atrial myocytes. We used formamide to 

induce detubulation [25,26] in WT atrial myocytes isolated from male mice. We chose male 

mice for these experiments since they have higher TAT density than females. Formamide 

effectively detubulated WT cells (Fig. 5B). We then recorded confocal line-scan images of 

CaTs during external pacing. We found that CaTs in the formamide-detubulated WT atrial 

myocytes (Fig. 5C) resembled the “V”-shaped transients recorded in KO myocytes (Fig. 

5A), with initial release of Ca from the SS region, spreading to the center.
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We next compared the propagation of the CaT from the SS to the CT in KO and DT cells. 

For this analysis, we deliberately selected KO cells that had no TATs, similar to DT cells that 

had no TATs, in order to focus on SS vs. CT Ca dynamics. We calculated the velocity of 

propagation (Vpropagation) by dividing the distance between the SS and CT of the cell (Δd) 

by the delay between the peak of the SS CaT and the peak of the CT CaT (Δtpeak, see dashed 

lines on the right side of Fig. 5A and C, both ~100 ms). There was no difference in the peak 

delay (Δtpeak) and the propagation velocity between DT and KO, suggesting that NCX has 

no effect on centripetal Vpropagation.

DT and KO each had similar SS and CT CaT rise-time kinetics and amplitudes. In both cell 

types, CT CaT amplitude (Fig. 6A) and TTP (Fig. 6B) were smaller and longer than SS CaT. 

However, the decay phase of the SS CaT in the KO was much slower than in DT, even 

though there was no difference in the kinetics of CT CaT re-uptake (Fig. 6C). This slowed 

SS uptake is consistent with reduced extrusion of SS Ca in the KO caused by the absence of 

NCX.

4. Discussion

Transverse-axial tubules (TATs) in cardiomyocytes serve as extensions of surface 

sarcolemma and help to facilitate EC coupling by transmitting membrane voltage changes 

deep into the cell interior to allow for synchronous depolarization and intracellular Ca 

release. Ventricular cardiomyocytes require a well-developed TAT structure to ensure 

homogeneous systolic Ca release so that ventricular contraction will be efficient for optimal 

pump function. In contrast, atria contribute less to cardiac output under basal conditions and 

atrial cells reportedly have fewer TATs than their ventricular counterparts. Numerous studies 

have been conducted in small laboratory animals like rabbits, cats and guinea pigs, and one 

of the commonly reported findings is that their atrial cells are practically devoid of TATs 

[10,12,13]. Unlike small species, larger animals, like sheep, cow, horse, pig and human, all 

have been found to exhibit varying but generally abundant TATs [16,17,20].

The relationship between TATs and the CaT is complex. Junctions between the SR and the 

sarcolemmal (SL) membranes allow LCCs and RyRs to come into close proximity for 

efficient EC coupling. In ventricular myocytes, this occurs along transverse-tubules which 

dive deep into the cell interior, allowing for synchronous Ca release. In contrast to 

ventricular myocytes, the CaTs in atrial myocytes are often reported to be “V”-shaped, 

where Ca release begins at the cell periphery (SS) and then spreads via CICR to the center 

(CT). Despite the common association of atrial myocytes with “V”-shaped Ca release, 

several studies have revealed extensive tubular networks and synchronous Ca release in the 

atria from large animals [16]. A recent study has shown that axial tubules (AT) are also 

present in mouse atria [33].

In the present study, we characterized TATs and CaTs in WT and NCX KO atrial myocytes. 

Not only are TATs present in the vast majority of WT cells, but also there is a significant sex 

difference in TAT occurrence, with more TATs present in male atria compared to female. 

Our results show that synchronous systolic Ca release occurs in most WT mouse atrial 

myocytes, which contrasts with other small mammals like cat, rat and guinea pigs. We 
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compared our findings in WT with the atrial-specific NCX KO mouse. The KO mouse has 

sinus node dysfunction, slow atrial conduction and pronounced atrial remodeling featuring 

hypertrophy and dilation. Compared to WT, TATs appear to be rare in atrial-specific NCX 

KO mice, consistent with the structural remodeling observed in these cells. The rarity of 

TATs in the NCX KO corresponds with a lack of synchronous Ca release, similar to 

chemically detubulated cells, but the absence of NCX further reduces the rate of Ca efflux 

from the SS region (compared to DT).

4.1. The prevalence of TATs in mouse atria and its dependence on cell width and sex

Previous studies have investigated TATs in mouse atria. Using electron microscopy, Forbes 

et al. [39] found primitive TATs in mouse, though the physiological consequences were not 

investigated. More recently, Greiser et al. [10] and Brandenburg et al. [33] both identified 

complex TATs in mouse atria, but the heterogeneity across atria and sex was not 

characterized. We used laser scanning confocal microscopy to study TAT structure in live 

cells from mouse atria. Not only did we find that TATs are prevalent, which contrasts with 

other small animals such as cats, rats, rabbits and guinea pigs [6,8–12,40], but also there is a 

significant population of cells exhibiting a well-organized TAT net-work similar to 

ventricular cells (Fig. 1B).

TAT expression was more pronounced in wider atrial myocytes (Fig. 1I), consistent with 

prior studies in other species such as rat, sheep and pig [14–16,37]. Indeed, the male mouse 

atrial cells we examined had a cell width close to that reported in some large animals where 

TATs are prevalent [16]. Frisk et al. [15] reported regional differences of TAT density in pig 

atria, with right atrium having more TATs than the left atrium and epicardium having more 

TATs than the endocardium. Notably, the right atrial cells and epicardial cells were 

significantly wider than the left atrial cells and endocardial cells, respectively, consistent 

with the density of TATs correlating with cell width as we described in mouse (Fig. 1I). It 
has been suggested that the existence of TATs in wider cells might facilitate transmission of 

the action potential more efficiently to the cell interior [15], ensuring more synchronous Ca 

release [17]. It has also been proposed that heart rate might affect the density and complexity 

of t-tubules in ventricular cells [2]. For example, mouse ventricular myocytes have a more 

extensive t-tubule network and much higher basal heart rate than pig ventricular cells [19]. 

This heart rate dependence could also be the case for atrial myocytes.

Inter-chamber differences of TAT density and organization have been reported in other 

animals like rats and pigs [6,15]. However, we did not find significant differences between 

TATs in left and right atria in mouse. On the other hand, we identified a prominent sex 

difference in atrial cell TAT expression. Male mice exhibit significantly higher TAT density 

than female, possibly because their cells are wider. Nevertheless, we cannot exclude the 

possibility that sex hormones may directly or indirectly affect TAT expression. For example, 

it has been shown in rat skeletal muscle that testosterone can increase t-tubule units [41]. 

Furthermore, many studies have reported sex differences in Ca cycling and contractility in 

ventricular cardiomyocytes using both animal models and human specimens [42–44]. Since 

TAT complexity is correlated with EC coupling efficiency in cardiac cells [45], it is possible 

that differences in Ca cycling are partly caused by the variability in TAT development across 
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sexes. Studies relating sex hormones to cardiac t-tubule development are lacking. 

Understanding the dependence of t-tubule development and density on sex may have clinical 

implications for understanding different manifestations of atrial diseases in men and women.

4.2. TATs facilitate synchronous Ca release in mouse atria

Using line-scan confocal imaging in Fluo-4-loaded myocytes, we found that CaTs are 

usually synchronous in mouse atrial myocytes, consistent with RyRs in close apposition to 

LCCs in both the periphery and center due to the presence of TATs. This contrasts with the 

“V”-shaped Ca release and spatial Ca gradient, where the peak Ca at CT is ~30 ms to ~80 

ms delayed than the SS region [5,9,13], typically reported in other small animals such as rats 

[6] and cats [9].

Our observations of synchronized CaTs and abundant TAT network are consistent with the 

recent findings of Brandenburg et al. [33], who found that the axial tubules in mouse atrial 

myocytes were often coupled with hyper-phosphorylated RyR2 clusters resulting in faster 

Ca release at axial tubule locations residing in the cell center.

4.3. The remodeling of TATs in atrial-specific NCX KO mice

Whereas ventricular t-tubule remodeling and its impact on Ca dynamics has been 

extensively studied in various animal [22,38,46] and human models of heart failure [47,48], 

atrial TAT remodeling has not been studied in depth, perhaps because atrial myocytes are 

often assumed to have few if any TATs.

We found substantially reduced TAT density and altered tubule orientation in intact tissue 

and atrial myocytes isolated from atrial-specific NCX KO mice (Figs. 3 and 4). Consistent 

with the loss of TATs, CaTs from these cells were initiated at the cell periphery and then 

propagated to the center (Fig. 5), similar to what has been described in most rat myocytes 

[14]. Atrial-specific NCX KO mice exhibit dilated/ hypertrophied atria featuring sinus node 

exit block and slow atrial conduction [25,26]. Blood clots frequently occur in their atria 

suggesting reduced or absent atrial contraction [25]. We speculate that the lack of TATs and 

corresponding loss of synchronous Ca release contribute to these electrical and mechanical 

abnormalities. Although we believe we are the first to describe a loss of TATs in remodeled 

mouse atria, re-modeling of the atrial TAT system has been reported in several large animal 

models of atrial fibrillation and heart failure characterized by atrial dilation and hypertrophy, 

including sheep [16,20] and dog [21]. These changes have been linked to the loss of 

synchronous systolic Ca release, similar to what we found in the NCX KO atrial myocytes. 

In contrast, Brandenburg et al. [33] described an adaptive proliferation of axial tubules in 

mouse atria after 2 weeks of transaortic constriction (TAC) and consequently, an increase in 

AT/TT ratio. These proliferative ATs were shown to help maintain intracellular Ca signaling 

in the context of reduced RyR density and were considered to be a compensatory adaptation 

during TAC-induced hypertrophy. Despite dramatic loss of TATs in the majority of NCX KO 

cells, we too observed an increase in AT components and reduction in TT components (a 

greater AT/TT ratio) in cells that were not completely depleted of TATs (Fig. 3G). The 

discrepancies in these studies are probably due to different stages of disease or simply model 

dependent.
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The cause of the TAT remodeling in the NCX KO is unknown. Several different proteins 

have been identified as important modulators of TAT development in ventricular 

cardiomyocytes. For example, BIN1 (bridging integrator 1) has been shown to play a pivotal 

role in t-tubule development and in trafficking Ca channels to the sarcolemmal membrane 

[49,50]. BIN1 levels in the plasma have been shown to be associated with heart function in 

patients [51] and the t-tubule network was disrupted in BIN1 knockout mice [52]. A small, 

stretch-sensitive molecule, telethonin, also known as Tcap, has also been identified as an 

important factor in t-tubule formation [53]. Reynolds et al. [54] found junctophilin-2 (JP-2) 

to be necessary for t-tubule maturation during mouse heart development and the defects of 

JP-2 can lead to t-tubule remodeling in ventricular myocytes [55]. A recent study suggested 

that NCX was causally linked to the spatial localization of JP-2 and organization of t-tubules 

in pressure-overloaded hearts [56], possibly due to abnormal JP-2 proteolysis through Ca-

mediated calpain activation as previously described [57,58]. Whether the loss of TATs is a 

concomitant phenomenon of cellular remodeling or a direct consequence from the 

intracellular Ca elevation due to the absence of NCX in the KO cells remains to be 

established.

4.4. The impact of TATs depletion and the absence of NCX on the Ca transients in NCX KO 
atrial myocytes

Loss of t-tubules in ventricular myocytes can compromise the synchrony of SR Ca release 

and lead to a reduced amplitude of the global CaT [14,59,60]. Thus it is not surprising that a 

similar change in Ca release occurs in atrial myocytes after loss of t-tubules. We used 

formamide detubulation to examine the effect of TAT loss in WT atrial myocytes, and to 

compare with NCX KO myocytes. Removal of TATs by formamide was associated with a 

major decrease in the spatial uniformity of the CaT release phase. Detubulated cells 

generated “V”-shaped CaTs with the Ca rise initiated at the cell periphery and then 

propagating into the cell center with a peak delay (~100 ms) in the same range we found in 

NCX KO cells. The changes we observed in both KO and DT atrial myocytes were 

reminiscent of the effect of detubulation on ventricular myocytes [14,28]. Thus, we conclude 

that depletion of TATs in mouse atrial cells impairs the EC coupling process. In rat atrial 

myocytes, Brette et al. [28] and Smyrnias et al. [14] found a negligible change after form-

amide detubulation, consistent with the paucity of TATs in control rat atrial myocytes.

In NCX KO myocytes, we found that loss of TATs corresponded to a slowing and lower 

amplitude of central Ca release, similar to WT cells that were detubulated by formamide 

(DT cells) (Fig. 5). The peak delay, propagation velocity (Vpropagation), amplitude and 

upstroke kinetics of CaTs from SS and CT were not different, indicating that propagation 

from SS to CT is not altered in KO (Fig. 5D). However, SS Ca decay rate was much slower 

in the NCX KO cells compared with DT cells (Fig. 6), which is consistent with lack of NCX 

and therefore reduced extrusion of Ca from the SS space. Increased NCX expression in an 

AF sheep model has been associated with abbreviated atrial SS Ca release, mirroring our 

findings in NCX KO [20]. We then examined the kinetics of propagation of Ca from the 

periphery to the center of the cell in the NCX KO and in DT cells (Fig. 5D). The average 

delay between SS and CT (~100 ms) and Vpropagation (~50 μm/s) was slower than what has 

been reported in other non-tubulated atrial cells like cat and rat [5,61] but similar to 
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detubulated ventricular myocytes [60]. Likewise, Dibb et al. [16] examined TAT structure 

and Ca release properties in atrial myocytes from the heart failure sheep model. They found 

dramatic loss of t-tubules associated with occurrence of “V”-shaped CaTs on line-scan 

images. Propagation parameters were similar to what we found in NCX KO and DT, with a 

peak delay from SS to CT of ~150 ms. Collectively, these data show that in cells where 

TATs are normally abundant, their loss can play an important role in pathological changes 

that impair normal EC coupling. On the other hand, the absence of NCX mostly affects the 

Ca extrusion at junctional sites, which is usually the SS region in the context of TAT 

depletion.

5. Implications

The presence of heterogeneous TATs in atrial myocytes has significant implications for 

understanding the regulation of contractility and arrhythmogenesis in atria. Disruptions of 

tubule structure may contribute to the formation of pro-arrhythmic substrates and contractile 

insufficiency during disease. The observation of a disrupted TAT network in the NCX KO 

mouse suggests that depressed Ca efflux promotes TAT re-modeling through a Ca-sensitive 

process.

6. Conclusion

We conclude that mouse atrial myocytes commonly express TATs and, unlike other small 

animals including rat, Ca release often occurs rapidly and simultaneously in the periphery 

and the center of the cells. TATs are more extensive in male mice, and in wider atrial 

myocytes. Finally, dramatic loss of TATs and dyssynchronous Ca release in NCX KO mouse 

atrial myocytes is a concomitant pathological event with the atrial hypertrophy/dilation we 

have described previously [25, 26], which compromises the synchrony of Ca dynamics and 

contractility.
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BIN1 bridging integrator 1

CaT Ca transient

CT central cellular

CICR Ca-induced Ca release

EC excitation-contraction

FFT Fast Fourier Transform

jSR junctional SR

JHP2 junctophilin-2

KO knockout

LA left atrium

LCC L-type calcium channel

NCX Na-Ca exchanger

RA right atrium

ROI region of interest

RyR ryanodine receptor

SR sarcoplasmic reticulum

SS sub-sarcolemmal

TAT transverse-axial tubule

TTP time to peak

VM ventricular myocytes

WT wild type
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Fig. 1. 
Heterogeneity of TATs in mouse atria. Di-4-ANEPPS membrane staining showing an 

organized TAT network in a representative ventricular myocyte (A) and three representative 

atrial myocytes with either well-organized TATs (B), disorganized TATs (C), or no TATs 

(D). Scale bar = 10 μm. Corresponding fluorescence intensity plots (shown below the 

images) of the enlarged TAT area show a spacing of ≈1.8 μm in ventricular myocytes (A) 

and organized atrial myocytes (B), while the pattern in a disorganized atrial myocyte (C) is 

less regular. Arrows in panel C indicate obvious axial tubules in atrial myocytes. E, 

summary plot of TAT density (Tarea,%) in left atria (LA, black) and right atria (RA, white) 

from male (M) and female (F). Ventricular (V) cells are included for comparison. ***P < 

0.001, M vs. F; #P < 0.01, V vs. A, one-way ANOVA. Summary plots of cell area (F), width 

(G) and length (H) of left and right atrial myocytes from M vs. F. ***P < 0.001, one-way 

ANOVA. I, dependence of Tarea on cell width. n = 63 (M LA), 38 (M RA), 62 (F LA) and 30 

(F RA) cells from 8 animals, and n = 12 cells from 3 animals for ventricle (V). Average 
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frequency distributions of TAT orientation (J) in ventricular myocytes (left), male atrial 

myocytes (middle) and female atrial myocytes (right), indicate that atrial myocytes generally 

have a higher proportion of axial tubules (0° ± 20°) compared with ventricular myocytes. 

Nevertheless, male atrial cells possess prominent transverse (90° ± 20°) elements.
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Fig. 2. 
Synchronous Ca release in atrial myocytes. A, confocal line-scan images of five Ca 

transients (CaT) from a representative atrial myocyte loaded with Fluo-4-AM and field 

stimulated at 1 Hz (upper image), and a single CaT taken from the same cell but shown on 

an expanded time scale (lower image). Horizontal scale bars represent 500 ms (upper panel) 
and 100 ms (lower panel), while vertical scale bars represent 10 μm for both images. B, 

fluo-4 fluorescence intensity (F/F0) plots over time from the cell in A, at 1.5 μm from the 

subsarcolemmal space (SS, blue) or in the cell center (CT, red). Colour-coded arrows on the 

upper image correspond to the locations where the fluorescence was sampled for panel B. 

The global CaT is shown in black. Note the typical synchronous Ca release and uptake at 

both locations (with the global trace overlapping the SS and CT traces). C, summary plot of 

the time to peak (TTP) of the global, SS and CT CaT. P > 0.05, one way ANOVA with 

Bonferroni’s Multiple Comparison post-test, n = 61 cells from N = 6 animals. Note that 

there are no significant differences in TTP among the groups indicating simultaneous 

release.
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Fig. 3. 
Depletion of TATs in atrial-specific NCX KO Mice. A, representative wild type (WT) and 

NCX knockout (KO) atrial myocytes with either decreased and deranged TATs (KO, a) or 

completely depleted TATs (KO, b). Scale bar = 20 μm. Summary plots of Tarea (B), cell area 

(C), cell width (D) and cell length (E), WT (black) vs. KO (white). *P < 0.05, unpaired 

Student’s t-test, n = 193 cells from 8 animals for WT, n = 156 cells from 6 animals for KO. 

F, frequency distributions of TAT abundance displayed as Tskel (μm/μm2) calculated from 

skeletonization/directionality analysis show WT (black) have more tubulated cells than KO 
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(white). The red box indicates Tskel values with a density indicating tubulated cells. G, 

summary plots show the small fraction of KO cells that remain tubulated are remodeled and 

have decreased transverse components (TT) and increased axial components (AT). *P < 

0.05, unpaired Student’s t-test, n = 153 cells from 8 animals for WT, n = 58 tubulated cells 

from 6 animals for KO. Tubulated cells defined as those with Tskel > 0.2 μm/μm2.
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Fig. 4. 
In situ confocal imaging of TATs in intact atrium from WT and KO mouse. Representative 

in situ confocal images of atrial myocytes from WT (A) and KO (B) mouse atria stained 

with the lipophilic membrane marker Di-4-ANEPPS. Scale bar = 25 μm. Insets at bottom 

right of each enlarged area from WT and KO show the 2-D Fast Fourier Transform (FFT) 

image of the region of interest bounded by the yellow box. Yellow arrow heads point to the 

2nd harmonic signal indicative of a repetitive pattern (regular transverse-tubule structure) 

retrieved from the images. C, summary plot showing the percentage of 25 μm × 25 μm ROIs 

(% ROIs) with a 2nd harmonic signal. *P < 0.05, unpaired Student’s t-test, WT (n = 105 

ROIs from 3 animals) vs. KO (n = 95 ROIs from 3 animals).
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Fig. 5. 
KO atrial myocytes have a similar centripetal propagation process as detubulated (DT) atrial 

myocytes. A, left, representative transverse confocal line-scan image of a series of 

electrically stimulated CaTs (upper panel) and a single transversal CaT recording (lower 
panel) of a KO atrial myocyte. Colour coded arrows indicate locations used to plot SS (blue) 

and CT (red) fluorescence intensity over time (right panel). Global CaT is shown in black. 

Horizontal scale bars represent 500 ms (upper panel) and 100 ms (lower panel), while 

vertical scale bars represent 10 μm for both images. B, Di-4-ANEPPS staining shows one 

normal atrial myocyte before formamide incubation (Ctrl, left) and one detubulated cell after 

formamide incubation (DT, right). Scale bar = 10 μm. C, similar to A but in a DT myocyte. 

D, summary plot of mean time difference (Δtpeak) between the peak of CT CaTs and the 
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peak of SS CaTs during pacing, and the centripetal propagating velocity (Vpropagtion) in 

DT vs. KO. Vpropagtion was calculated as propagating distance divided by peak delay (right 
panel). P > 0.05, DT (n = 9 cells from 3 animals) vs. KO (n = 27 cells from 6 animals), 

unpaired Student’s t-test.
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Fig. 6. 
Effect of NCX KO on Ca uptake. Summary plots of the amplitude (F/F0, A), time to peak 

(B) and local CaTs from SS and CT regions in DT (grey) and KO (white) atrial myocytes. C, 

left, shows normalized, field stimulation-induced intracellular CaTs from representative DT 

and NCX KO myocytes at the SS regions (DT, blue; NCX KO, red), as well as the CT 

regions (DT, green; NCX KO, purple); right, summary plot of the local CaT decay tau from 

SS and CT regions in DT (grey) and KO (white) atrial myocytes. *P < 0.05, CT vs. SS, #P < 

0.05, KO vs. DT, unpaired Student’s t-test, n = 9 cells from 3 animals for DT, n = 27 cells 

from 6 animals for KO. Note the slowed decay in the SS region of NCX KO compared to 

DT.
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