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Abstract: Males and females differ in the basic anatomy and physiology of the heart. Sex differences
are evident in cardiac repolarization in humans; women have longer corrected QT and JT intervals.
However, the molecular mechanisms that lead to these differences are incompletely understood.
Here, we present that, like in humans, sex differences in QT and JT intervals exist in mouse models;
female mice had longer corrected QT and JT intervals compared with age-matched males. To further
understand the molecular underpinning of these sex differences, we developed a novel technology
using fluorescent confocal microscopy that allows the simultaneous visualization of action potential,
Ca2+ transients, and contractions in isolated cardiomyocytes at a high temporal resolution. From this
approach, we uncovered that females at baseline have increased action potential duration, decreased
Ca2+ release and reuptake rates, and decreased contraction and relaxation velocities compared with
males. Additionally, males had a shorter overall time from action potential onset to peak contraction.
In aggregate, our studies uncovered male and female differences in excitation-contraction coupling
that account for differences observed in the EKG. Overall, a better understanding of sex differences
in electrophysiology is essential for equitably treating cardiac disease.

Keywords: sex differences; cardiac electrophysiology; excitation-contraction coupling

1. Introduction

Various human disease states exhibit sex differences in prevalence, treatment, and
survival, including cancer, cardiovascular disease, autoimmune disorders, obesity, and
chronic kidney disease [1–5]. Sex disparities are evident in the function and pathologies of
the heart. Cardiac arrhythmias are diseases with diverse etiology that exhibit profound sex
differences in prevalence [1,6,7]. Women account for up to 70% of arrhythmia diseases such
as long QT syndrome (LQTS), and diseases such as atrial fibrillation are more common
in men [8–11]. Arrhythmias occur due to defects in the heart’s conduction system. The
cardiac conduction system provides a low-resistance pathway for action potentials to
stimulate synchronous contraction across cardiomyocytes in a process termed excitation-
contraction coupling. Human sex differences in this pathway are evident because women
have an elevated resting heart rate, longer cardiac repolarization, and smaller cardiac
output compared with men [12–16]. These physiological sex differences can predispose to
developing arrhythmias.

Since the advent of the electrocardiogram (EKG), investigators have observed that
women display, on average, 20 ms longer times from ventricular depolarization to repo-
larization, corrected QT (QTc) intervals, compared with men [16–19]. Generally, for every
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10 ms increase in QTc interval, there is a 5% increase in the risk of arrhythmic events [20].
This baseline sex difference predisposes women to develop LQTS [12,21,22]. Therefore,
understanding the molecular mechanisms that lead to electrophysiological sex differences
is vital for treating LQTS and other sex-differential arrhythmias. Sex differences in re-
polarization are conserved in most vertebrate species [12,22,23]; however, studies of sex
differences in QTc interval in mice have produced conflicting results [24–31]. Trepanier-
Boulay et al. and Rodgers et al. reported increased QTc interval in female mice from
both the C57 and CD1 background [24,27], whereas Brunet et al. reported an absence of
differences [25]. Warhol et al. found QTc differences only in mice under anesthesia [28],
and Saito et al. found QTc differences only while female mice were in estrus [31]. There-
fore, more studies with greater statistical power are necessary to better understand mouse
repolarization differences.

Increased repolarization time is generally paralleled at the molecular level by pro-
longed action potential duration (APD) and calcium (Ca2+) reuptake times in female
rabbits, dogs, and guinea pigs [12,23]. However, contradictions are noted in measuring
APD of isolated mouse cardiomyocytes [24–26,31]. Sex differences in APD are reported
in cells of the interventricular septum and in mice in estrus. These differences are at-
tributed to hormonal influence and decreased expression of repolarizing K+ channels in
females [24–26]. Reporting of Ca2+ parameters is more consistent; decreased rates of Ca2+

release and reuptake in female animals is reported across species [32–35]. Studies of con-
traction of isolated cardiomyocytes (CMs) from mice and rats have shown increased rates
of contraction, relaxation, and overall percent contraction in males [32,34,36–38]. Sex differ-
ences in contraction and Ca2+ transients are attributed separately to basal sex differences
in cyclic adenosine monophosphate (cAMP) levels [33,39] and insulin-like growth factor
(IGF-1) deficiency [37]. Overall, sex differences exist in each step of excitation-contraction
coupling, highlighting the importance of this mechanism in sex-differential physiology
and disease.

Despite the precise characterization of individual excitation-contraction coupling events,
there are limited tools able to integrate action potential, Ca2+ transient, and contraction on
the same time base. Techniques such as patch clamping or optical imaging have enabled
precise detection of any one or a combination of these parameters [33,39–42]. van Meer
et al. and Nguyen et al. reported simultaneous optical imaging using induced pluripotent
stem cell-derived cardiomyocytes [43,44]; however, simultaneous imaging has not been
achieved with primary cells isolated from the myocardium. Isolated CMs provide valuable
physiological understanding, and new methods have improved the efficiency and accessibility
of CM isolation [45]. Given that membrane depolarization, Ca2+ release, and contraction are
highly connected and tightly regulated, there is a critical need to simultaneously record these
parameters in isolated CMs to further understanding of electrophysiology.

Here, we present an integrated method to simultaneously detect membrane potential
changes, intracellular Ca2+ handling, and contraction from isolated CMs. Using fluorescent
Ca2+ and membrane potential indicators with close to 1 kHz temporal resolution, we
defined established and novel excitation-contraction coupling parameters. This procedure
shortened the time between cardiomyocyte isolation and data acquisition to less than 3 h
and enabled high-efficiency imaging of large cell populations. Using these novel methods,
we have characterized the physiological sex differences between male and female mice.
Our studies help resolve previous conflicting results in mouse EKGs by using a sample size
with sufficient power to detect male–female differences across multiple time points. From
EKG recordings, we report baseline sex differences in cardiac repolarization as indicated by
QTc and JTc intervals. Consistent with this finding, action potential duration was increased
in isolated female CMs. Like previous studies, we found that female mice displayed longer
Ca2+ release and reuptake times compared with male mice. Contraction velocity and
time were also reduced in males compared with females. We report sex differences in
novel parameters, indicating baseline sex differences in coupling among action potential,
Ca2+ release, and contraction. Overall, a better understanding of baseline sex differences
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in electrophysiology offers new and improved avenues for the treatment of sex-biased
cardiac diseases.

2. Materials and Methods
2.1. Mice

Wild-type C57Bl6/J mice were obtained from Jackson Laboratories (Cat No. 000664).
Mice were housed at controlled temperatures of 25 ± 1 ◦C, with a 12-h light/12-h dark
cycle, with lights on from 07:00 to 19:00. Standard rodent chow and water were provided
throughout the study period. The Institutional Animal Care and Use Committee at UNC-
CH approved these mouse studies, which were performed in accordance with the Guide
for the Care and Use of Laboratory Animals 22-257.

2.2. Mouse Surface Electrocardiography

EKG analysis of 4-, 6-, and 8-week-old male and female mice was performed at the
UNC biomolecular research and imaging core facility as described [46,47]. Mouse EKGs
were taken under live restraint (non-anesthetized). EKGs were recorded using Vevo 2100
ultrasound machine’s physiological acquisition mode, which provided voltage readings at
8000 Hz. The front two paws and a right rear paw were placed in contact with electrodes
lightly coated with Sigma electrode creme (Parker Laboratories Inc., Fairfield, NJ, USA).
Physiological data were exported from the Vevo 2100 machine and processed into .txt
files, which enabled compatibility with Labchart software. EKGs were analyzed using the
LabChart (v8.1.16) viewer mode application, whereby at least four consecutive waveforms
were averaged to obtain EKG parameters for each mouse. Standard detection parameters
were used for mouse EKGs, including typical QRS width of 10 ms and R waves at least
60 ms apart, measured ST height at 10 ms from alignment, and special detection of rodent t
waves. Bazett’s correction was used to calculate QTc intervals.

2.3. Cardiomyocyte Isolation and Fluorescent Dyes

Cardiomyocytes (CMs) were isolated from adult C57 mice in a manner similar to
described [45,48]. Briefly, mice were sacrificed by cervical dislocation, and the chest cavity
was quickly opened. After cutting the descending aorta, 7 mL of EDTA buffer (all buffer
compositions in supplementary materials) was quickly injected into the right ventricle.
Next, a surgical string was used to tie a knot above the atria around the great vessels exiting
the heart (vena cava and aorta). The heart was excised from the animal and placed in a dish
containing 10 mL EDTA buffer. A syringe loaded with 10 mL EDTA buffer was used to
inject into the left ventricle of the mouse heart. Tying of the great arteries was intended to
create a perfusion flow wherein the left ventricle fed the coronary arteries, which perfused
the rest of the heart with blood exiting from the hole made in the right ventricle. This
perfusion was performed at a minimal flow rate (~2 mL per minute) to keep the heart
distended. Next, the heart was moved into a dish containing 10 mL of perfusion buffer and
injected with 3 mL of perfusion buffer into the same hole in the left ventricle. Next, the heart
was transferred into a dish with 10 mL collagenase solution. The heart was perfused 3 times
with 10 mL fresh collagenase solution, alternating perfusions between the left and right
ventricle. At the conclusion of collagenase injections, the heart should appear light brown
in color and be very soft. Next, the left ventricle (LV) and Interventricular septum (IVS)
were isolated by removing both the atria and the right ventricular wall. LV and IVS tissues
were transferred to a dish containing 3 mL collagenase buffer, and tweezers were used to
physically dissociate the heart tissue. Once the tissue was sufficiently small (<5 mm), a
1 mL micropipette was used to gently agitate the tissue for 2 min, after which, 5 mL of stop
buffer was added and pipetted gently for 2 min. To separate isolated CMs, the solution
was passed over a 100 µm nylon filter into a 50-mL conical tube, followed by 5 mL of stop
buffer to wash the plate and filter. The 50-mL tube with CMs was placed at a 45◦ angle
and allowed to settle by gravity for 20 min (45◦ angle allows more surface area for CMs to
spread out so they do not crowd each other and become ischemic). After the supernatant
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was removed, CMs were resuspended in 2 mL Ca2+ reintroduction buffer I. This process
was repeated with Ca2+ reintroduction buffers II and III. After setting in Ca2+ reintroduction
III, the CMs were placed in imaging media without BDM to add fluorescent dyes.

Fluorescent dyes were used to detect action potential and Ca2+ flux [49,50]. Fluo-volt
(ThermoFisher cat# F10488) was used to detect action potentials, as used previously in
mice, and induced pluripotent stem cell-derived cardiomyocytes [51,52]. Loading solution
(10 µL) was mixed with 1 µL of dye separately and then added to a 1 mL solution of
cardiomyocytes in imaging media. Intracellular Ca2+ dye Calbryte 590 (AAT Bioquest cat
#20700) was added (5 µL per 1 mL) to the solution of CMs [53]. Cardiomyocytes were
incubated for 15 min with both dyes. Afterward, the supernatant was removed, and cells
were resuspended in fresh RT imaging media.

2.4. Simultaneous Imaging of Ca2+ Handling, Membrane Potential, and Contraction

After cells were prepared, they were transported in a 15-mL Falcon tube in an insulated
box to the microscope. Transit time was less than 5 min. Experiments in the microscope
room were performed at ambient temperature (23 ◦C).

Cells were transferred with a Pasteur pipette to a #1.5 coverslip in an IonOptix My-
oPacer Field Stimulator with FHD microscope chamber system. This chamber was placed
on a Zeiss LSM900 laser scanning confocal microscope, equipped with a Plan Apochromat
40X/1.4 oil immersion objective, 3 GaAsP photomultiplier tube (PMT) detectors for fluo-
rescence, and one multialkali PMT for transmitted light detection. Once the stimulation
chamber was placed on the microscope, stimulation was started with 1 Hz, 5 V intensity
using bipolar waveforms lasting 4 ms, and left on continuously until the end of all imaging
runs with the sample. Focus was found by eye, using the green fluorescence channel (Lu-
men Dynamics, X-Cite Series 120 Q light source; Zeiss filter set 10—excitation: 450–490 nm,
dichroic: 510 nm, emission: 515–565 nm). Once cells were in focus, a systematic search
was run in a snake pattern from the top left to the bottom right of the coverslip. Cells
were selected for imaging if they fulfilled the following conditions, as assessed by eye:
rod-shaped, contracting at 1 Hz, visible voltage flashes in the green fluorescence channel,
not touching any neighboring cells on the sides, below or above. In a typical preparation,
more than half of the rod-shaped cells surveyed fulfilled the selection criteria. The search
process was fast, and cells were found and imaged at a rate of one a minute. Typically,
15–20 cells were imaged from a single tube of cells in 20–25 min, including set up time.

Imaging settings were loaded from a prior image, using the “Reuse” option in the
software that controlled the microscope (Zen, blue edition, 3.5.093.00009). Three channels
were imaged in line-mode, with line switching between different fluorescent channels, to
generate an XT kymograph. Only isolated cells (no piles of overlapping cells) were imaged;
therefore, optical sectioning was not needed, and the pinhole was opened fully to maximize
sensitivity. For each line in the kymograph, a red fluorescence channel was acquired
simultaneously with a transmitted light channel, after which a green fluorescence channel
was acquired. This process was repeated for the entire kymograph. The red fluorescence
channel used a 561 nm laser for excitation and collected light from the 576–700 nm range
on a GaAsP PMT detector. Transmitted light was detected on a multialkali PMT. Excitation
intensity on the 561 nm laser was set to 0.1%, which corresponded to approximately
5 µW at the specimen plane, measured with a Thorlabs S170C microscope slide power
sensor and PM100D power meter. The green fluorescence channel used a 488 nm laser
for excitation and collected light from the 400–576 nm range on a different GaAsP PMT
detector. Excitation intensity on the 488 nm laser was set to 1%, which corresponded to
approximately 50 µW at the specimen plane. The zoom was set to 0.45X and the live mode
was used to look at the field of view briefly in the green fluorescence channel. The “line
select” mode was used to draw a line through the long axis of the desired cell, parallel to its
myofilaments, and always leaving some empty space on either side. The scan speed was
set to 9, which corresponded to a line time for the three channels of 1.24 ms (imaging at
806 Hz). The line used for scanning always contained 512 pixels but could span slightly
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different lengths (range 0.2 to 0.35 µm); hence, the pixel size in µm could vary between cells,
as could the power density of the laser on the sample. Five thousand lines were scanned,
corresponding to a kymograph duration of 6.2 s. In a small fraction of imaging runs, the
red fluorophore showed localized sparks or slow waves; those runs were discarded. All
other imaging runs were saved as .czi files. These files were converted to an XT kymograph
image (also in .czi format), using a version of Zen 3.0 (blue edition, version number 3.0.79)
on another computer, by navigating to the XZ/XT tab and clicking on the “Generate X-Y
image” option.

2.5. Image Analysis in ImageJ and Microsoft Excel

Before image analysis, data were organized in a specific folder structure that was
necessary for custom-written macros to run correctly. In general, an experiment had at least
two conditions (example: male, female), each of which included data from multiple animals.
Approximately 15–20 imaging runs were performed on samples from each animal. Each
imaging run was a kymograph from a single cell. Data from each animal (or combination
animal + condition) were placed in a separate folder.

Once data were organized properly, a custom FIJI macro called MontageMakerFolders
(see Supplemental Files) was run on the parent folder that contained multiple subfolders
(one subfolder for each animal). This macro created a folder with one montage image per
animal. Each montage image included all the kymographs from that animal, placed side by
side. For each montage, a horizontal line was drawn across this image in the third channel
(green fluorescence, voltage reporter). The fluorescence intensity profile along this line was
plotted, and a threshold value was selected that would distinguish cells from the adjacent
background. This value was between the background values outside the cell and the signal
inside the cells.

Once a proper threshold value was selected, a custom FIJI macro called TraceCreator
(see Supplemental Files) was run on each animal subfolder. For each kymograph, this
macro extracted average fluorescence over time for the Ca2+ reporter and the voltage
reporter channels, estimated the width of the cardiac cell over time, and corrected the Ca2+

and voltage reporter channel data for changes in cell width. The width of the cell was
calculated based on a mask created on a median-filtered version of the voltage reporter
channel, using the threshold value described above. The correction for cell width ensured
that the average fluorescence at every time point was calculated only across pixels that
were inside the cell, avoiding systematic errors due to changes in cell width. The macro
saved images of the cell masks, masked versions of the original image data used for the
width correction, and a .csv file with the measurements. Only the data corrected for cell
width were used for further analysis.

The width and corrected fluorescence data were pasted into a custom Microsoft Excel
(Microsoft 365 MSO version 2308) spreadsheet, called TracesAnalyzer (see
Supplemental Files). This spreadsheet facilitated analysis of Ca2+, voltage, and width
traces by providing interactive graphs, semiautomatic detection of inflection points where
signals begin to rise, automatic detection of peaks and calculation of variables of interest,
including: Ca2+ DF/F0, Ca2+ rise time, Ca2+ Tau1/2, Ca2+ Tau90, voltage DF/F0, voltage
rise time, voltage Tau90, time delay between voltage and Ca2+ rise, temporal offset between
Ca2+ and voltage peaks, changes in baseline after the first stimulus for Ca2+ and voltage,
% change in width of cell, contraction time, Tau1/2 of cell contraction, Tau1/2 of cell
relaxation, contraction speed, relaxation speed, temporal offset between voltage peak and
contraction minimum, and temporal offset between Ca2+ peak and contraction minimum.
A few parameters were adjusted manually using this spreadsheet to analyze traces from
each imaging run. First, the start of a search window for detection of the first peak was
set in each imaging run because we did not have a way to synchronize the electrical stim-
ulation of the cells to specific frames in the imaging. Second, we included parameters to
refine the automatic detection of when rises in Ca2+ and voltage signals began; sometimes
the automatic estimates needed to be shifted manually by a few timepoints. Finally, our
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measurements of cell width could be quite noisy, so we included a parameter to vary the
number of points used to fit a line to calculate the contraction and relaxation speed.

Once each imaging run was analyzed using the Excel spreadsheet, a specific section
of the output was copied to another Excel worksheet called AnalysisSummarizer (see
Supplemental Files). Pasting data from each imaging run into that worksheet enabled quick
calculation of summary graphs and statistics.

All of the macros, worksheets, instructions for use, detailed explanations of calcu-
lations, and a sample data set are provided as supplemental data to this manuscript.
https://cdr.lib.unc.edu/collections/k3569f699 (accessed on 11 November 2023).

2.6. Statistical Methods

Male–female differences in excitation-contraction coupling were determined using
the Mann–Whitney ranked sum test with the Prism 9 (version 9.5.1) software. Two-factor
ANOVA with Tukey’s multiple comparisons test was used to analyze differences with
respect to sex and mouse age. All data are reported as mean ± standard error of the mean.

3. Results
3.1. Adult Mice Demonstrate Baseline Sex Differences in Cardiac Repolarization

It is well-established that in humans, females exhibit increased times for ventricular
repolarization, as indicated by longer QTc and JT intervals [16–19,54–56]. Sex differences in
repolarization are conserved throughout multiple vertebrate species, but previous results in
C57BL/6 mice, the most widely used inbred strain of mice, are conflicting [25,27,28,31]. To
determine if human sex differences are conserved in mice, we conducted surface electrocar-
diogram (EKG) recordings of adult male and female C57BL/6J mice aged 4, 6, and 8 weeks.
Using power analysis, we determined that n ≥ 14 mice would be necessary to uncover
if mice have differences in QTc, assuming QTc differs by 5–10% as in humans (Figure 1A,
Supplemental Figure S1).

Female mice exhibited significantly longer QTc compared to age-matched males. A
~20% QTc increase in females was observed at 4, 6, and 8 weeks (Figure 1B). Moreover,
female versus male mice display a significant 25% increase in JT intervals on average across
all time points, indicating females experience longer times for ventricular repolarization
than males (Figure 1C). JT interval differs from standard QTc interval as it does not consider
the QRS complex, offering a better metric of repolarization time alone [57]. Tpeak to Tend
time measures the dispersion of repolarization across ventricular myocytes and can indicate
the potential for arrhythmias [58]. We find that Tpeak to Tend time is also increased across
time points in females, indicating a greater propensity for the development of arrhythmias
in female versus male mice at baseline (Figure 1D). The PR interval did not show significant
sex differences from 4 to 8 weeks, though it trended to be longer in males at 6 and 8 weeks.
This was due to a significant increase in male PR interval between 4 to 6 weeks, likely
corresponding with the enlargement of atria over this period (Figure 1E). Female mice
develop significantly longer QRS intervals as they age from 4 to 6 weeks, while ST height is
significantly decreased over the same period (Supplementary Figure S2). Male QRS and
ST height experienced the same trends, though they were non-significant. These changes
correlate with increased ventricular growth over this time, which increases ventricular
depolarization time. S amplitude was significantly larger in male myocytes at 4 and 8 weeks.
Representing the depolarization of Purkinje fibers, this increased S wave amplitude in
males may correspond to a larger overall heart mass, as reported previously [59]. Overall,
female mice have an increased time for ventricular repolarization and greater dispersion
of repolarization among the ventricles than males (Figure 1F,G). Therefore, our findings
suggest that female C57BL/6J mice at baseline recapitulate repolarization differences
observed in humans.

https://cdr.lib.unc.edu/collections/k3569f699
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Figure 1. Sex differences in mouse electrocardiography. (A) Schematic of mouse EKG recording with
key intervals indicated Male and female mice n ≥ 15 EKGs obtained at 4 and 6 weeks analyzed for
(B) QTc, (C) JTc, (D) Tpeak to Tend interval, and (E) PR interval (Female data in red, male in blue).
Representative (F) male and (G) female EKG trace taken from 6-week-old mice. * indicates p < 0.05,
** indicates p < 0.01 in ANOVA using Tukey’s multiple comparisons test.

3.2. Simultaneous Detection of Cardiac Action Potential, Ca2+ Transient, and Contraction

Knowing that repolarization differs in the surface EKG, we sought to develop a tool
that would detect the underlying molecular events that govern cardiac electrophysiology.
Excitation contraction coupling is a process in CMs by which action potentials lead to
calcium-induced calcium release from the sarcoplasmic reticulum (SR) and subsequent con-
traction by Ca2+ binding and releasing inhibition of myofilaments. Simultaneous imaging
and quantification of the three events in excitation-contraction coupling have not previ-
ously been reported in isolated CMs. To close this gap, we developed a dual fluorescence
imaging system to record action potential, Ca2+ transient, and cell contraction simultane-
ously. Myocytes were paced using 5-volt bipolar pulses at 1 Hz frequency to stimulate
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excitation-contraction coupling (Figure 2A). Using dual fluorescent confocal microscopy, we
were able to attain single-line scan images across the long axis of cardiomyocytes, enabling
high imaging speeds near 1 kHz (Figure 2B). Fluo-volt dye was used to detect membrane
potential changes by increased green fluorescence in response to more positive intracellular
membrane potential (Figure 2C). Calbryte-590 detected intracellular Ca2+ concentration
by increasing red fluorescence in response to binding Ca2+ in the cytoplasm (Figure 2C).
We determined cell contraction parameters by thresholding of the kymographs obtained
from this scheme. Overall, this method enabled unparalleled temporal resolution and
quantification of excitation-contraction coupling.
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Figure 2. Graphical abstract of the simultaneous imaging method. (A) Pacing protocol schematic.
(B) Imaging CMs using single-line scans using dual fluorescence. (C) Schematic of Excitation contrac-
tion coupling with key proteins and localization of fluorescent dyes used to detect membrane potential
and cytoplasmic Ca2+ concentration. F fluovolt, R Cal-bryte 590, NaV voltage gated sodium channels,
LTCC L-type Ca2+ channel, KV voltage gated potassium channel, Na/K ATPase Sodium-potassium
pump, NCX Sodium-calcium exchanger, RYR2 Ryanodine receptor 2, SERCA2a Sarco/endoplasmic
reticulum ATPase 2, small blue dots Ca2+.

3.3. Isolated Female Cardiomyocytes Exhibit Increased Action Potential Duration

The EKG represents the sum of membrane potential changes in individual cardiomy-
ocytes. Therefore, alterations in single-cell action potential (AP) duration can lead to
changes in QTc and JT intervals [12]. We employed fluorescent microscopy with Fluo-
volt dye to quantify relative membrane potential in isolated left ventricular CMs from
6-week-old C57BL/6J mice (Figure 2). This method allowed quantification of Fluo-volt
∆Fmax/F0, AP rise time, and AP decay time (Figure 3A). We found that peak depolarization
relative to baseline was greater in female myocytes (6%) compared to males (Figure 3B),
though the relative difference was small. Both sexes had equivalent rise times from baseline
to peak (Figure 3C), indicating similar rates of depolarization by sodium influx. Inter-
estingly, females exhibit a significant 37% increase in APD90 times compared to males
(Figure 3D,E). This finding corresponds with longer repolarization times observed in JT
intervals between male and female mice (Supplemental Figure S3). Thus, female mice at
baseline have increased action potential duration, which accounts for the longer repolariza-
tion times measured by the EKG.
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Figure 3. Isolated Female Cardiomyocytes exhibit Increased Action Potential Duration. (A) Kymo-
graph of membrane potential, indicated by Fluo-volt, over 500 ms corresponding with representa-
tive action potential trace extracted from the kymograph. Key parameters are defined: Fluo-volt
∆Fmax/F0, repolarization time (Tau90), and Depolarization time (Rise time). Representative trace
from a female cell with the following parameters: ∆Fmax/F0 0.22, rise time 3.72 ms, Tau90 143.84 ms.
(B) Relative peak depolarization between males and females. (C) AP rise time in males and females.
(D) Repolarization time in males and females. (E) Composite graph depicting average AP trace
from males and females across all samples with standard deviation. Data presented from 5 male
and 5 female mice, 84 male cells and 86 female cells. ns indicates p > 0.05, * indicates p < 0.05 in
Mann–Whitney test.

3.4. Increased Rates of Ca2+ Release and Reuptake in Male Cardiomyocytes

Rapid CM depolarization triggers Ca2+ influx through L-type Ca2+ channels, which
leads to calcium-induced calcium release from the SR [60]. Ca2+ dynamics are tightly
regulated in the cell due to their critical importance in influencing contraction and action
potential duration [60,61]. We visualized Ca2+ transients using the Calbryte-590 fluorescent
Ca2+ indicator [53] (Figure 2), allowing quantification of Calbryte-590 ∆Fmax/F0 as well as
transient rise and decay times (Figure 4A). Males and females exhibit similar ∆Fmax/F0,
indicating similar peak cytoplasmic Ca2+ concentration relative to baseline (Figure 4B).
Despite achieving the same peak concentration, male myocytes have faster rates of Ca2+

transient rise (Figure 4C). This suggests males have increased rates of Ca2+ release from
the ryanodine receptor (RYR2) relative to females. Male myocytes also displayed faster
Ca2+ transient decays to 50% and 90% of the peak, consistent with increased rates of Ca2+

reuptake back into the SR (Figure 4D,E). Overall, females versus males display a 10–20%
decrease in rates of Ca2+ release and reuptake, while a similar peak Ca2+ concentration is
achieved in females and males (Figure 4F). Given total peak cytoplasmic Ca2+ concentration
in mice is primarily accounted for by Ca2+ release from the SR [62], differences observed in
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Ca2+ transients are most likely due to changes in SR Ca2+ release and reuptake. Decreased
SR Ca2+ reuptake rates in females may also contribute to prolonged AP duration due
to increased Ca2+ extrusion through the Na+/Ca2+ exchanger (NCX), which promotes a
longer AP plateau [32,61]. Overall, Ca2+ release and reuptake are decreased in female CMs
at baseline, and these differences can contribute to those seen in APD and contraction.
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Figure 4. Increased rates of Ca2+ release and reuptake in male cardiomyocytes. (A) Kymograph of
Ca2+ transient by Calbryte-590 over 500 ms corresponding with representative trace extracted from
the kymograph. Key parameters are defined: Calbryte-590 ∆Fmax/F0, repolarization time at half
(Tau 1

2 ) and 90% (Tau90), and time from baseline to peak release (Rise time). Representative trace
from a female cell with the following parameters: ∆Fmax/F0 1.08, rise time 27.3 ms, Tau1/2 90.5 ms,
Tau90 235.6 ms. (B) Relative peak Ca2+ release between males and females. (C) Ca2+ transient rise
time in males and females. Ca2+ transient reuptake time in males and females at (D) 50% and (E) 90%
reuptake. (F) Composite graph depicting average Ca2+ transient from males and females across all
samples with standard deviation. Data presented from n = 5 mice, 84 male cells and 86 female cells.
ns indicates p > 0.05, ** indicates p < 0.01, **** indicates p < 0.0001 in Mann–Whitney test.

3.5. Male Myocytes Contract with Greater Velocity Compared to Females

The release of Ca2+ into the cytoplasm activates contractile proteins [60]. Isolated
cardiomyocytes contract along a longitudinal plane parallel to myosin filaments [63]. The
sum of individual contractions in the heart generates force to increase pressure in the
ventricles and eject blood through the arteries [63]. To quantify the contraction and re-
laxation of cardiomyocytes, we used data from the Fluo-volt imaging channel. Fluo-volt,
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despite being a voltage dye, permits high-resolution imaging of cell width as it concen-
trates on cell membranes. Thus, it has a higher fluorescent intensity near cell borders,
allowing demarcation between the cell and the background media [64] (Figure 2). The
raw voltage kymograph is thresholded using ImageJ to produce a binary image from
which cell width is extracted (Figure 5A). Isolated cardiomyocyte contractions were ana-
lyzed for percent shortening along with contraction and relaxation velocity and duration
(1/2 contraction/relaxation to peak) (Figure 5B). We found that males and females have
similar overall shortening percentages (Figure 5C). Despite achieving the same percent
shortening, female myocytes contract 19% more slowly than males (Figure 5D). This in-
versely correlates with the finding that male myocytes demonstrate a 29% increase in
contraction velocity (Figure 5E). Maximum relaxation velocity is also increased in males
by 31%, though no sex differences were observed in the time for half relaxation to oc-
cur (Figure 5F,G). These findings relate to the increased Ca2+ release and reuptake rates
from the SR in males, which could stimulate faster rates of myofilament activation and
increased contraction velocity, as well as faster release relaxation when Ca2+ is more rapidly
removed from the cytosol. Overall, male myocytes contract and relax more quickly while
demonstrating the same amount of total shortening (Figure 5H).

3.6. Sex Differences Exist in Coupling Times between Action Potential and Peak Contraction

The coupling between membrane depolarization, Ca2+ release, and contraction is
critically important in cardiac electrophysiology, but has previously been hard to determine
due to rapid dynamics and the lack of an integrated detection method. Simultaneous
recordings of AP, Ca2+, and contraction at 0.8 kHz resolution allow for precise determi-
nation of time intervals between these critical events (Figure 2). Simultaneous imaging
generates a composite kymograph from which additional coupling parameters can be
extracted and analyzed (Figure 6A). A short time separates AP rise from initial Ca2+ influx,
near 10 ms in both males and females. Males exhibit a significant 1.1 ms average faster time
from AP rise to calcium rise (Figure 6B). A greater time separates the AP peak from the Ca2+

peak as membrane depolarization occurs much more rapidly than Ca2+ release from the SR.
We found that there were baseline sex differences in the time from the AP peak to the Ca2+

transient peak, occurring 19% faster in males than females (Figure 6C). The magnitude
of this difference, 10 ms, was the same as the sex difference in Ca2+ transient rise time
(Figure 4C). A similar finding was observed between peak Ca2+ transient and peak contrac-
tion as females were 7% slower on average (Figure 6D). This 8 ms difference corresponded
with the difference in contraction 1

2 time between the sexes (Figure 5D). In congruence
with these findings, the time from AP peak to contraction peak was also significantly
shorter in male myocytes by 20 ms (Figure 6E). Overall, this indicates excitation-contraction
coupling occurs more rapidly in males, with shorter average times from the arrival of an
action potential to the peak of contraction. These studies offer a novel way to interpret the
coupling between excitation and contraction and validate that sex differences exist in this
basic physiological mechanism.
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Figure 5. Increased contraction velocity and shortened contraction times in male myocytes.
(A) Kymograph of raw voltage trace that is thresholded in ImageJ to allow quantification of contrac-
tion. (B) Representative contraction trace extracted from the thresholded kymograph. Key parameters
are defined: contraction and relaxation velocity, % shortening from baseline, and 1/2 times for con-
traction and relaxation. Representative taken from a female cell with the following parameters: %
shortening 3.4%, contraction velocity 0.037 µm/ms, contraction tau1/2 66.96 ms, relaxation veloc-
ity 0.013 µm/us, and Tau1/2 relaxation 110.36 ms. Scatterplots depicting (C) percent shortening,
(D) 1/2 contraction time, (E) contraction velocity, (F) 1/2 relaxation time, and (G) relaxation veloc-
ity between males and females. (H) Composite graph depicting average contraction from males
and females across all samples with standard deviation. Data presented from n = 5 mice, 84 male
cells and 86 female cells. ns indicates p > 0.05, ** indicates p < 0.01, and *** indicates p < 0.001
Mann–Whitney test.
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Figure 6. Sex differences exist in excitation-contraction coupling as increased times between peak
action potential, Ca2+ concentration, and contraction in females. (A) Kymograph of membrane
potential, Ca2+ transient, and contraction over 500 ms corresponding with representative composite
trace extracted from the kymograph (green, action potential; red, Ca2+; blue, contraction) with key
parameters identified. A representative from a female cell with the following parameters: AP rise to
Ca2+ rise 13.54 ms, AP peak to Ca2+ peak 62 ms, Ca2+ peak to contraction peak 73.16 ms, AP peak to
contraction peak 135.16 ms. Scatterplots depicting male and female differences in (B) AP rise to Ca2+

Rise, (C) AP peak to Ca2+ transient peak, (D) Ca2+ peak to contraction peak, and (E) voltage peak
to contraction peak. Data presented from n = 5 mice, 84 male cells and 86 female cells. ns indicates
p > 0.05, * indicates p < 0.05, and ** indicates p < 0.01 in Mann-Whitney test.

4. Discussion

Here, we present a method for the simultaneous detection of cardiac action poten-
tial, Ca2+ flux, and contraction while uncovering baseline sex differences in each event of
excitation-contraction coupling. Our results demonstrate that baseline ventricular repo-
larization times, indicated by QTc and JTc intervals, were prolonged in C57Bl6/J female
versus male mice at 4, 6, and 8 weeks of age. These findings were paralleled at the cellular
level by the fact that female APD90 is increased compared with males in isolated CMs.
Male CMs show increased rates of Ca2+ release and reuptake, suggesting baseline sex
differences in SR Ca2+ handling. Additionally, male CMs exhibited increased contraction
and relaxation velocities compared with females. The total time from CM depolarization
to contraction was also shorter in males. In aggregate, these studies reveal baseline sex
differences in cardiac physiology on both the organismal and cellular scale and suggest
that sex differences in repolarization are widely conserved among species.

Our studies reveal baseline sex differences in the mouse QTc interval and APD. While
these results mirror those observed in other mammals, there are conflicting results in
C57Bl6/J mice [25,27,28,31]. We determined using power analysis that an n ≥ 14 of
male and female mice would be necessary to establish significance at p < 0.05, assum-
ing mice share a percent difference in QTc similar to humans. Therefore, the previous
studies [25,27,28,31] of C57Bl6/J mice would likely not have had the statistical power to
uncover sex differences. Although we did not control for menstrual cycle stage, the females
in our study were likely not regularly cycling because they were housed independently and
had not been exposed to male pheromones [65]. Thus, although hormone fluctuations are
known to alter QTc, randomization of cycle stages should have controlled for these effects.
Mice reach the onset of sexual maturity at 4–7 weeks. Our cohort of mice exhibited JTc and
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QTc differences at 4, 6, and 8 weeks. These findings indicate that sex differences in repolar-
ization occur as early as 4 weeks of age, corresponding with the onset of sexual maturity.
This relation corresponds with human data, which show that QTc interval differences are
more prominent after puberty [66]. In sum, we observe greater female repolarization time
in female mice at baseline, which indicates the C57 mouse model is suitable for determining
the molecular mechanisms that account for differences in cardiac repolarization.

We found that Ca2+ dynamics were altered between C57Bl6/J male and female mice.
These results agree with studies by Parks et al. and Ceylan-Isik et al., who reported that
Ca2+ release and reuptake rates are higher in male mice [33,34]. Longer times for Ca2+

reuptake in females correlate with prolonged female APD because Ca2+ handling has
known impacts on action potential plateau. SERCA2a and the Na+-Ca2+ exchanger (NCX)
are the primary contributors to intracellular calcium concentration decline in repolarization,
though SERCA2a is more efficient [60]. Feedback through the electrogenic NCX can in-
crease AP plateau in the cell if Ca2+ reuptake via SERCA2a is reduced, leading to increased
repolarization times [61]. Previous reports have implicated greater NCX expression in
female rats as well as greater SERCA2a expression in male mice [34,46,67]. Together, these
expression differences could contribute to many of the observed excitation-contraction
coupling differences (Figure 7). Therefore, modulating the rate of Ca2+ reuptake into
the SR could also contribute to QTc differences in males and females. These male and
female differences in Ca2+ handling are attributed to sex differences in cAMP and IGF-1
levels that impact the activity of calcium-handling proteins and SERCA2a expression,
respectively [33,34]. Sex differences in Ca2+ handling are important to consider, be-
cause they could alter the propensity towards developing both arrhythmias and Ca2+

overload pathologies.
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Figure 7. Overview of sex differences in excitation-contraction coupling. Female (red) and male
(blue) differences in calcium handling and EKG are indicated with arrows.

Contraction differences likely occur due to the sex differences in Ca2+ handling. Higher
rates of Ca2+ release in males can speed the kinetics of Ca2+ binding to Troponin C and
subsequent activation of cross-bridge formation [60]. This could correspond to greater
contraction velocities because more actin–myosin complexes are engaged simultaneously,
whereas longer times for Ca2+ release would slow kinetics and velocity. Alternatively, sex
differences could also be explained by differences in myosin ATPase activity or alterations
in sarcomere protein expression. Similarly, greater rates of Ca2+ reuptake would speed the
kinetics of Ca2+ detachment from Troponin C, enabling more rapid relaxation rates [68].
Our results are in accordance with other studies that show greater contraction and relax-
ation velocities in males [32,34,36–38]. We did not observe differences in peak shortening,
although this absence could be due to differences in mouse strain or age.



J. Cardiovasc. Dev. Dis. 2023, 10, 479 15 of 18

The imaging technique presented here improves upon previous methods to investigate
CM physiology as it is minimally technical, highly processive, and detects triad parameters.
The Lagendorff-free CM isolation technique used here, in combination with membrane-
permeable fluorescent dyes and a relatively straightforward microscope setup, makes
this procedure accessible to labs that may not have standard electrophysiology equipment.
Although this method does not give absolute values of current, results can be obtained from
many individual cells quickly as the imaging methodology does not require the technical
challenge of patch clamping. The 0.8 kHz temporal resolution achieved with this technique
offers a greater than two-fold improvement over previous methods in stem-cell-derived
CMs [43]. Other previous techniques are not practical for isolated cardiomyocytes due
to the necessity of expressing fluorescent proteins and the use of custom hardware [44].
Additionally, the analysis pipeline provided in the supplementary materials only requires
the use of FIJI and Microsoft Excel, two easily accessible platforms that are typically more
familiar to researchers than more specialized software. Coupling detection of the action
potential, Ca2+ transient, and contraction serves as the best indicator of cell physiology and
enables maximal physiological data acquisition from a single experiment. Our studies of
coupling revealed longer times in females from peak depolarization to peak contraction.
This difference was underpinned by the increased time from peak depolarization to peak
calcium release in females. These results imply that sex differences in calcium rise time
are responsible for differences in the overall duration of excitation-contraction coupling.
Quantification of coupling between all the excitation-contraction events has not previously
been investigated. Therefore, this study offers novel insight into the temporal dynamics
of isolated CMs. These data are critical as it establishes a baseline for male and female
coupling that can be compared to changes that may occur in a disease context. In addition,
the results herein support the use of mouse models as surrogates for human arrhythmias,
as the key human sex differences that influence arrhythmia prevalence are paralleled in
our studies.

Molecular sex differences can act as a predisposition for acquired arrhythmias. Baseline
differences in repolarization highlight this fact as males more often develop early re-entry
arrhythmias like atrial fibrillation and short QT syndrome, while females are more prone to
late repolarization arrhythmias like Long QT syndrome and torsades de pointes [8–11,69].
Sex differences are established by both hormonal and sex chromosome dosage effects that
alter the cellular environment from the epigenomic to the post-translational level [46]. Sex
differences in repolarization are attributed to hormonal influence. However, differential
protein expression controlled by another mechanism, like chromosome dosage, could also
contribute to the sex differences in repolarization. Due to off-target effects, hormonal
therapies are not ideal for the treatment of arrhythmias. Altering specific protein expression
or activity could offer a better avenue for targeted therapies.

Our study provides a novel tool to simultaneously record and interpret the physiolog-
ical parameters of excitation-contraction coupling in isolated CMs. Recording kinetics at
room temperature was a major limitation of these studies, as physiological temperatures
could yield different results. Many of the previous studies referenced have uncovered
similar sex differences at 37 ◦C [26,33,34]. While temperature control was not an option
given our current hardware, we plan to implement it in future experiments. Although
these studies were limited to wild-type C57Bl6/J male and female mice, investigators could
adapt this system for genetically modified mouse strains or drug models of cardiac disease
that would aid in uncovering the molecular dynamics that alter excitation-contraction
coupling. It will be critical to determine the proteins and pathways that can serve as
druggable targets to treat sex-biased cardiac arrhythmias. While previous research has
largely focused on hormonal influences, it may prove fruitful to investigate sex differences
that can be accounted for by sex chromosome dosage. Overall, a better understanding
of baseline sex differences in electrophysiology can offer new and improved avenues for
treating sex-biased cardiac diseases.



J. Cardiovasc. Dev. Dis. 2023, 10, 479 16 of 18

Supplementary Materials: All ImageJ macros, Excel analysis sheets, and an example dataset can
be downloaded at: https://cdr.lib.unc.edu/collections/k3569f699 (accessed on 11 November 2023).
Supplementary figures can be downloaded at https://www.mdpi.com/article/10.3390/jcdd10120
479/s1. Figure S1: Power analysis to determine EKG sample size; Figure S2: EKG parameters at 4,
6, and 8 weeks; Table S1: CM isolation buffer compositions; Figure S3: Sex differences in excitation
contraction coupling.

Author Contributions: Conceptualization, J.I.E.; methodology, P.A., J.I.E. and W.S.; data analysis,
J.I.E. and P.A.; data curation, J.I.E., P.A. and F.L.C.; writing, J.I.E.; funding acquisition, F.L.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by R01HL156424 National Institutes of Health (NIH)/National
Heart, Lung, and Blood Institute (NHLBI) to Frank Conlon.

Institutional Review Board Statement: All animal procedures were approved by the University of
North Carolina Institutional Animal Care and Use Committee (Protocol #22-257).

Informed Consent Statement: Not applicable.

Data Availability Statement: All protocols and data from this study will be made available upon
request to the senior author. All macros, data analysis Excel sheets, and sample data sets are available
in the supplementary materials.

Acknowledgments: We thank the Conlon lab members for help proofing the proposal. We thank
Kerry Dorr for her outstanding administrative support. The Microscopy Services Laboratory, Depart-
ment of Pathology and Laboratory Medicine, is supported in part by P30 CA016086 Cancer Center
Core Support Grant to the UNC Lineberger Comprehensive Cancer Center.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Garcia, M.; Mulvagh, S.L.; Merz, C.N.; Buring, J.E.; Manson, J.E. Cardiovascular Disease in Women: Clinical Perspectives. Circ.

Res. 2016, 118, 1273–1293. [CrossRef] [PubMed]
2. Ngo, S.T.; Steyn, F.J.; McCombe, P.A. Gender differences in autoimmune disease. Front. Neuroendocrinol. 2014, 35, 347–369.

[CrossRef] [PubMed]
3. Kim, H.I.; Lim, H.; Moon, A. Sex Differences in Cancer: Epidemiology, Genetics and Therapy. Biomol. Ther. 2018, 26, 335–342.

[CrossRef] [PubMed]
4. Hodlmoser, S.; Winkelmayer, W.C.; Zee, J.; Pecoits-Filho, R.; Pisoni, R.L.; Port, F.K.; Robinson, B.M.; Ristl, R.; Krenn, S.;

Kurnikowski, A.; et al. Sex differences in chronic kidney disease awareness among US adults, 1999 to 2018. PLoS ONE 2020, 15,
e0243431. [CrossRef] [PubMed]

5. Cooper, A.J.; Gupta, S.R.; Moustafa, A.F.; Chao, A.M. Sex/Gender Differences in Obesity Prevalence, Comorbidities, and
Treatment. Curr. Obes. Rep. 2021, 10, 458–466. [CrossRef] [PubMed]

6. Ehdaie, A.; Cingolani, E.; Shehata, M.; Wang, X.; Curtis, A.B.; Chugh, S.S. Sex Differences in Cardiac Arrhythmias: Clinical and
Research Implications. Circ. Arrhythm. Electrophysiol. 2018, 11, e005680. [CrossRef] [PubMed]

7. Siontis, K.C.; Ommen, S.R.; Geske, J.B. Sex, Survival, and Cardiomyopathy: Differences Between Men and Women With
Hypertrophic Cardiomyopathy. J. Am. Heart Assoc. 2019, 8, e014448. [CrossRef]

8. Ghani, A.; Maas, A.H.; Delnoy, P.P.; Ramdat Misier, A.R.; Ottervanger, J.P.; Elvan, A. Sex-Based Differences in Cardiac Arrhythmias,
ICD Utilisation and Cardiac Resynchronisation Therapy. Neth. Heart J. 2011, 19, 35–40. [CrossRef]

9. Gillis, A.M. Atrial Fibrillation and Ventricular Arrhythmias: Sex Differences in Electrophysiology, Epidemiology, Clinical
Presentation, and Clinical Outcomes. Circulation 2017, 135, 593–608. [CrossRef]

10. Priori, S.G.; Schwartz, P.J.; Napolitano, C.; Bloise, R.; Ronchetti, E.; Grillo, M.; Vicentini, A.; Spazzolini, C.; Nastoli, J.; Bottelli, G.;
et al. Risk stratification in the long-QT syndrome. N. Engl. J. Med. 2003, 348, 1866–1874. [CrossRef]

11. Locati, E.H.; Zareba, W.; Moss, A.J.; Schwartz, P.J.; Vincent, G.M.; Lehmann, M.H.; Towbin, J.A.; Priori, S.G.; Napolitano, C.;
Robinson, J.L.; et al. Age- and sex-related differences in clinical manifestations in patients with congenital long-QT syndrome:
Findings from the International LQTS Registry. Circulation 1998, 97, 2237–2244. [CrossRef] [PubMed]

12. James, A.F.; Choisy, S.C.; Hancox, J.C. Recent advances in understanding sex differences in cardiac repolarization. Prog. Biophys.
Mol. Biol. 2007, 94, 265–319. [CrossRef] [PubMed]

13. Reue, K.; Wiese, C.B. Illuminating the Mechanisms Underlying Sex Differences in Cardiovascular Disease. Circ. Res. 2022, 130,
1747–1762. [CrossRef]

14. Rutkowski, D.R.; Barton, G.P.; François, C.J.; Aggarwal, N.; Roldán-Alzate, A. Sex Differences in Cardiac Flow Dynamics of
Healthy Volunteers. Radiol. Cardiothorac. Imaging 2020, 2, e190058. [CrossRef]

https://cdr.lib.unc.edu/collections/k3569f699
https://www.mdpi.com/article/10.3390/jcdd10120479/s1
https://www.mdpi.com/article/10.3390/jcdd10120479/s1
https://doi.org/10.1161/CIRCRESAHA.116.307547
https://www.ncbi.nlm.nih.gov/pubmed/27081110
https://doi.org/10.1016/j.yfrne.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/24793874
https://doi.org/10.4062/biomolther.2018.103
https://www.ncbi.nlm.nih.gov/pubmed/29949843
https://doi.org/10.1371/journal.pone.0243431
https://www.ncbi.nlm.nih.gov/pubmed/33338051
https://doi.org/10.1007/s13679-021-00453-x
https://www.ncbi.nlm.nih.gov/pubmed/34599745
https://doi.org/10.1161/CIRCEP.117.005680
https://www.ncbi.nlm.nih.gov/pubmed/29874167
https://doi.org/10.1161/JAHA.119.014448
https://doi.org/10.1007/s12471-010-0050-8
https://doi.org/10.1161/CIRCULATIONAHA.116.025312
https://doi.org/10.1056/NEJMoa022147
https://doi.org/10.1161/01.CIR.97.22.2237
https://www.ncbi.nlm.nih.gov/pubmed/9631873
https://doi.org/10.1016/j.pbiomolbio.2005.05.010
https://www.ncbi.nlm.nih.gov/pubmed/15979693
https://doi.org/10.1161/CIRCRESAHA.122.320259
https://doi.org/10.1148/ryct.2020190058


J. Cardiovasc. Dev. Dis. 2023, 10, 479 17 of 18

15. Ramaekers, D.; Ector, H.; Aubert, A.E.; Rubens, A.; Van de Werf, F. Heart rate variability and heart rate in healthy volunteers. Is
the female autonomic nervous system cardioprotective? Eur. Heart J. 1998, 19, 1334–1341. [CrossRef] [PubMed]

16. Bazett, H.C. An Analysis of the Time-Relations of Electrocardiograms. Heart 1920, 7, 353–370. [CrossRef]
17. Rezus, C.; Moga, V.D.; Ouatu, A.; Floria, M. QT interval variations and mortality risk: Is there any relationship? Anatol. J. Cardiol.

2015, 15, 255–258. [CrossRef]
18. Williams, E.S.; Thomas, K.L.; Broderick, S.; Shaw, L.K.; Velazquez, E.J.; Al-Khatib, S.M.; Daubert, J.P. Race and gender variation in

the QT interval and its association with mortality in patients with coronary artery disease: Results from the Duke Databank for
Cardiovascular Disease (DDCD). Am. Heart J. 2012, 164, 434–441. [CrossRef]

19. Somberg, J.C.; Preston, R.A.; Ranade, V.; Cvetanovic, I.; Molnar, J. Gender differences in cardiac repolarization following
intravenous sotalol administration. J. Cardiovasc. Pharmacol. Ther. 2012, 17, 86–92. [CrossRef]

20. Khatib, R.; Sabir, F.R.N.; Omari, C.; Pepper, C.; Tayebjee, M.H. Managing drug-induced QT prolongation in clinical practice.
Postgrad. Med. J. 2021, 97, 452–458. [CrossRef]

21. Salama, G.; Bett, G.C. Sex differences in the mechanisms underlying long QT syndrome. Am. J. Physiol. Heart Circ. Physiol. 2014,
307, H640–H648. [CrossRef] [PubMed]

22. Pham, T.V.; Rosen, M.R. Sex, hormones, and repolarization. Cardiovasc. Res. 2002, 53, 740–751. [CrossRef] [PubMed]
23. Cheng, J. Evidences of the gender-related differences in cardiac repolarization and the underlying mechanisms in different animal

species and human. Fundam. Clin. Pharmacol. 2006, 20, 1–8. [CrossRef] [PubMed]
24. Trepanier-Boulay, V.; St-Michel, C.; Tremblay, A.; Fiset, C. Gender-based differences in cardiac repolarization in mouse ventricle.

Circ. Res. 2001, 89, 437–444. [CrossRef]
25. Brunet, S.; Aimond, F.; Li, H.; Guo, W.; Eldstrom, J.; Fedida, D.; Yamada, K.A.; Nerbonne, J.M. Heterogeneous expression of

repolarizing, voltage-gated K+ currents in adult mouse ventricles. J. Physiol. 2004, 559, 103–120. [CrossRef] [PubMed]
26. Wu, Y. Anderson ME. Reduced repolarization reserve in ventricular myocytes from female mice. Cardiovasc. Res. 2002, 53,

763–769. [CrossRef]
27. Rodgers, J.L.; Rodgers, L.E.; Tian, Z.; Allen-Gipson, D.; Panguluri, S.K. Sex differences in murine cardiac pathophysiology with

hyperoxia exposure. J. Cell Physiol. 2019, 234, 1491–1501. [CrossRef]
28. Warhol, A.; George, S.A.; Obaid, S.N.; Efimova, T.; Efimov, I.R. Differential cardiotoxic electrocardiographic response to

doxorubicin treatment in conscious versus anesthetized mice. Physiol. Rep. 2021, 9, e14987. [CrossRef]
29. Brouillette, J.; Trepanier-Boulay, V.; Fiset, C. Effect of androgen deficiency on mouse ventricular repolarization. J. Physiol. 2003,

546, 403–413. [CrossRef]
30. Drici, M.D.; Baker, L.; Plan, P.; Barhanin, J.; Romey, G.; Salama, G. Mice display sex differences in halothane-induced polymorphic

ventricular tachycardia. Circulation 2002, 106, 497–503. [CrossRef]
31. Saito, T.; Ciobotaru, A.; Bopassa, J.C.; Toro, L.; Stefani, E.; Eghbali, M. Estrogen contributes to gender differences in mouse

ventricular repolarization. Circ. Res. 2009, 105, 343–352. [CrossRef] [PubMed]
32. Parks, R.J.; Howlett, S.E. Sex differences in mechanisms of cardiac excitation-contraction coupling. Pflug. Arch. 2013, 465, 747–763.

[CrossRef] [PubMed]
33. Parks, R.J.; Ray, G.; Bienvenu, L.A.; Rose, R.A.; Howlett, S.E. Sex differences in SR Ca2+ release in murine ventricular myocytes

are regulated by the cAMP/PKA pathway. J. Mol. Cell Cardiol. 2014, 75, 162–173. [CrossRef] [PubMed]
34. Ceylan-Isik, A.F.; LaCour, K.H.; Ren, J. Sex difference in cardiomyocyte function in normal and metallothionein transgenic mice:

The effect of diabetes mellitus. J. Appl. Physiol. (1985) 2006, 100, 1638–1646. [CrossRef] [PubMed]
35. Wasserstrom, J.A.; Kapur, S.; Jones, S.; Faruque, T.; Sharma, R.; Kelly, J.E.; Pappas, A.; Ho, W.; Kadish, A.H.; Aistrup, G.L.

Characteristics of intracellular Ca2+ cycling in intact rat heart: A comparison of sex differences. Am. J. Physiol. Heart Circ. Physiol.
2008, 295, H1895–H1904. [CrossRef] [PubMed]

36. Curl, C.L.; Wendt, I.R.; Kotsanas, G. Effects of gender on intracellular. Pflug. Arch. 2001, 441, 709–716. [CrossRef]
37. Ceylan-Isik, A.F.; Li, Q.; Ren, J. Insulin-like growth factor I (IGF-1) deficiency ameliorates sex difference in cardiac contractile

function and intracellular Ca2+ homeostasis. Toxicol. Lett. 2011, 206, 130–138. [CrossRef]
38. Farrell, S.R.; Ross, J.L.; Howlett, S.E. Sex differences in mechanisms of cardiac excitation-contraction coupling in rat ventricular

myocytes. Am. J. Physiol. Heart Circ. Physiol. 2010, 299, H36–H45. [CrossRef]
39. Parks, R.J.; Bogachev, O.; Mackasey, M.; Ray, G.; Rose, R.A.; Howlett, S.E. The impact of ovariectomy on cardiac excitation-

contraction coupling is mediated through cAMP/PKA-dependent mechanisms. J. Mol. Cell Cardiol. 2017, 111, 51–60. [CrossRef]
40. Crocini, C.; Coppini, R.; Ferrantini, C.; Yan, P.; Loew, L.M.; Poggesi, C.; Cerbai, E.; Pavone, F.S.; Sacconi, L. T-Tubular Electrical

Defects Contribute to Blunted beta-Adrenergic Response in Heart Failure. Int. J. Mol. Sci. 2016, 17, 1471. [CrossRef]
41. Lang, D.; Sulkin, M.; Lou, Q.; Efimov, I.R. Optical mapping of action potentials and calcium transients in the mouse heart. J. Vis.

Exp. 2011, 55, e3275. [CrossRef]
42. George, S.A.; Lin, Z.; Efimov, I.R. Simultaneous triple-parametric optical mapping of transmembrane potential, intracellular

calcium and NADH for cardiac physiology assessment. Commun. Biol. 2022, 5, 319. [CrossRef]
43. van Meer, B.J.; Krotenberg, A.; Sala, L.; Davis, R.P.; Eschenhagen, T.; Denning, C.; Tertoolen, L.G.J.; Mummery, C.L. Simultaneous

measurement of excitation-contraction coupling parameters identifies mechanisms underlying contractile responses of hiPSC-
derived cardiomyocytes. Nat. Commun. 2019, 10, 4325. [CrossRef]

https://doi.org/10.1053/euhj.1998.1084
https://www.ncbi.nlm.nih.gov/pubmed/9792258
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.5152/akd.2015.5875
https://doi.org/10.1016/j.ahj.2012.05.024
https://doi.org/10.1177/1074248411406505
https://doi.org/10.1136/postgradmedj-2020-138661
https://doi.org/10.1152/ajpheart.00864.2013
https://www.ncbi.nlm.nih.gov/pubmed/24973386
https://doi.org/10.1016/S0008-6363(01)00429-1
https://www.ncbi.nlm.nih.gov/pubmed/11861044
https://doi.org/10.1111/j.1472-8206.2005.00384.x
https://www.ncbi.nlm.nih.gov/pubmed/16448390
https://doi.org/10.1161/hh1701.095644
https://doi.org/10.1113/jphysiol.2004.063347
https://www.ncbi.nlm.nih.gov/pubmed/15194740
https://doi.org/10.1016/S0008-6363(01)00387-X
https://doi.org/10.1002/jcp.27010
https://doi.org/10.14814/phy2.14987
https://doi.org/10.1113/jphysiol.2002.030460
https://doi.org/10.1161/01.CIR.0000023629.72479.24
https://doi.org/10.1161/CIRCRESAHA.108.190041
https://www.ncbi.nlm.nih.gov/pubmed/19608983
https://doi.org/10.1007/s00424-013-1233-0
https://www.ncbi.nlm.nih.gov/pubmed/23417603
https://doi.org/10.1016/j.yjmcc.2014.07.006
https://www.ncbi.nlm.nih.gov/pubmed/25066697
https://doi.org/10.1152/japplphysiol.01273.2005
https://www.ncbi.nlm.nih.gov/pubmed/16410376
https://doi.org/10.1152/ajpheart.00469.2008
https://www.ncbi.nlm.nih.gov/pubmed/18775850
https://doi.org/10.1007/s004240000473
https://doi.org/10.1016/j.toxlet.2011.07.001
https://doi.org/10.1152/ajpheart.00299.2010
https://doi.org/10.1016/j.yjmcc.2017.07.118
https://doi.org/10.3390/ijms17091471
https://doi.org/10.3791/3275
https://doi.org/10.1038/s42003-022-03279-y
https://doi.org/10.1038/s41467-019-12354-8


J. Cardiovasc. Dev. Dis. 2023, 10, 479 18 of 18

44. Nguyen, C.; Upadhyay, H.; Murphy, M.; Borja, G.; Rozsahegyi, E.J.; Barnett, A.; Brookings, T.; McManus, O.B.; Werley, C.A.
Simultaneous voltage and calcium imaging and optogenetic stimulation with high sensitivity and a wide field of view. Biomed.
Opt. Express. 2019, 10, 789–806. [CrossRef]

45. Ackers-Johnson, M.; Li, P.Y.; Holmes, A.P.; O’Brien, S.M.; Pavlovic, D.; Foo, R.S. A Simplified, Langendorff-Free Method for
Concomitant Isolation of Viable Cardiac Myocytes and Nonmyocytes From the Adult Mouse Heart. Circ. Res. 2016, 119, 909–920.
[CrossRef]

46. Shi, W.; Sheng, X.; Dorr, K.M.; Hutton, J.E.; Emerson, J.I.; Davies, H.A.; Andrade, T.D.; Wasson, L.K.; Greco, T.M.; Hashimoto, Y.;
et al. Cardiac proteomics reveals sex chromosome-dependent differences between males and females that arise prior to gonad
formation. Dev. Cell. 2021, 56, 3019–3034.e7. [CrossRef] [PubMed]

47. Kennedy, L.; Kaltenbrun, E.; Greco, T.M.; Temple, B.; Herring, L.E.; Cristea, I.M.; Conlon, F.L. Formation of a TBX20-CASZ1
protein complex is protective against dilated cardiomyopathy and critical for cardiac homeostasis. PLoS Genet. 2017, 13, e1007011.
[CrossRef] [PubMed]

48. Judd, J.; Lovas, J.; Huang, G.N. Isolation, Culture and Transduction of Adult Mouse Cardiomyocytes. J. Vis. Exp. 2016, e54012.
[CrossRef]

49. Herron, T.J.; Lee, P.; Jalife, J. Optical imaging of voltage and calcium in cardiac cells & tissues. Circ. Res. 2012, 110, 609–623.
[CrossRef] [PubMed]

50. Thomas, K.; Goudy, J.; Henley, T.; Bressan, M. Optical Electrophysiology in the Developing Heart. J. Cardiovasc. Dev. Dis. 2018, 5,
28. [CrossRef] [PubMed]

51. Bedut, S.; Seminatore-Nole, C.; Lamamy, V.; Caignard, S.; Boutin, J.A.; Nosjean, O.; Stephan, J.P.; Coge, F. High-throughput drug
profiling with voltage- and calcium-sensitive fluorescent probes in human iPSC-derived cardiomyocytes. Am. J. Physiol. Heart
Circ. Physiol. 2016, 311, H44–H53. [CrossRef] [PubMed]

52. Azarov, J.E.; Semenov, I.; Casciola, M.; Pakhomov, A.G. Excitation of murine cardiac myocytes by nanosecond pulsed electric
field. J. Cardiovasc. Electrophysiol. 2019, 30, 392–401. [CrossRef] [PubMed]

53. Oheim, M.; van ‘t Hoff, M.; Feltz, A.; Zamaleeva, A.; Mallet, J.M.; Collot, M. New red-fluorescent calcium indicators for
optogenetics, photoactivation and multi-color imaging. Biochim. Biophys. Acta 2014, 1843, 2284–2306. [CrossRef]

54. Rabkin, S.W. Impact of Age and Sex on QT Prolongation in Patients Receiving Psychotropics. Can. J. Psychiatry 2015, 60, 206–214.
[CrossRef] [PubMed]

55. Molnar, J.; Zhang, F.; Weiss, J.; Ehlert, F.A.; Rosenthal, J.E. Diurnal pattern of QTc interval: How long is prolonged? Possible
relation to circadian triggers of cardiovascular events. J. Am. Coll. Cardiol. 1996, 27, 76–83. [CrossRef]

56. Hnatkova, K.; Toman, O.; Sisakova, M.; Smetana, P.; Huster, K.M.; Barthel, P.; Novotny, T.; Schmidt, G.; Malik, M. Sex and race
differences in J-Tend, J-Tpeak, and Tpeak-Tend intervals. Sci. Rep. 2019, 9, 19880. [CrossRef]

57. Spodick, D.H. Reduction of QT-interval imprecision and variance by measuring the JT interval. Am. J. Cardiol. 1992, 70, 103.
[CrossRef]

58. Prenner, S.B.; Shah, S.J.; Goldberger, J.J.; Sauer, A.J. Repolarization Heterogeneity: Beyond the QT Interval. J. Am. Heart Assoc.
2016, 5, e003607. [CrossRef]

59. Baumann, P.Q.; Sobel, B.E.; Tarikuz Zaman, A.K.; Schneider, D.J. Gender-dependent differences in echocardiographic characteris-
tics of murine hearts. Echocardiography 2008, 25, 739–748. [CrossRef]

60. Bers, D.M. Cardiac excitation-contraction coupling. Nature 2002, 415, 198–205. [CrossRef]
61. Pott, C.; Eckardt, L.; Goldhaber, J.I. Triple threat: The Na+/Ca2+ exchanger in the pathophysiology of cardiac arrhythmia, ischemia

and heart failure. Curr. Drug Targets 2011, 12, 737–747. [CrossRef]
62. Li, L.; Chu, G.; Kranias, E.G.; Bers, D.M. Cardiac myocyte calcium transport in phospholamban knockout mouse: Relaxation and

endogenous CaMKII effects. Am. J. Physiol. 1998, 274, H1335–H1347. [CrossRef]
63. Voorhees, A.P.; Han, H.C. Biomechanics of Cardiac Function. Compr. Physiol. 2015, 5, 1623–1644. [CrossRef]
64. Salerno, S.; Garten, K.; Smith, G.L.; Stolen, T.; Kelly, A. Two-photon excitation of FluoVolt allows improved interrogation of

transmural electrophysiological function in the intact mouse heart. Prog. Biophys. Mol. Biol. 2020, 154, 11–20. [CrossRef]
65. MacDonald, J.K.; Pyle, W.G.; Reitz, C.J.; Howlett, S.E. Cardiac contraction, calcium transients, and myofilament calcium sensitivity

fluctuate with the estrous cycle in young adult female mice. Am. J. Physiol. Heart Circ. Physiol. 2014, 306, H938–H953. [CrossRef]
66. Macfarlane, P.W. The Influence of Age and Sex on the Electrocardiogram. Adv. Exp. Med. Biol. 2018, 1065, 93–106. [CrossRef]
67. Chu, S.H.; Sutherland, K.; Beck, J.; Kowalski, J.; Goldspink, P.; Schwertz, D. Sex differences in expression of calcium-handling

proteins and beta-adrenergic receptors in rat heart ventricle. Life Sci. 2005, 76, 2735–2749. [CrossRef]
68. Little, S.C.; Biesiadecki, B.J.; Kilic, A.; Higgins, R.S.; Janssen, P.M.; Davis, J.P. The rates of Ca2+ dissociation and cross-bridge

detachment from ventricular myofibrils as reported by a fluorescent cardiac troponin C. J. Biol. Chem. 2012, 287, 27930–27940.
[CrossRef]

69. Morita, H.; Wu, J.; Zipes, D.P. The QT syndromes: Long and short. Lancet 2008, 372, 750–763. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1364/BOE.10.000789
https://doi.org/10.1161/CIRCRESAHA.116.309202
https://doi.org/10.1016/j.devcel.2021.09.022
https://www.ncbi.nlm.nih.gov/pubmed/34655525
https://doi.org/10.1371/journal.pgen.1007011
https://www.ncbi.nlm.nih.gov/pubmed/28945738
https://doi.org/10.3791/54012
https://doi.org/10.1161/CIRCRESAHA.111.247494
https://www.ncbi.nlm.nih.gov/pubmed/22343556
https://doi.org/10.3390/jcdd5020028
https://www.ncbi.nlm.nih.gov/pubmed/29751595
https://doi.org/10.1152/ajpheart.00793.2015
https://www.ncbi.nlm.nih.gov/pubmed/27199128
https://doi.org/10.1111/jce.13834
https://www.ncbi.nlm.nih.gov/pubmed/30582656
https://doi.org/10.1016/j.bbamcr.2014.03.010
https://doi.org/10.1177/070674371506000502
https://www.ncbi.nlm.nih.gov/pubmed/26174524
https://doi.org/10.1016/0735-1097(95)00426-2
https://doi.org/10.1038/s41598-019-56328-8
https://doi.org/10.1016/0002-9149(92)91399-O
https://doi.org/10.1161/JAHA.116.003607
https://doi.org/10.1111/j.1540-8175.2008.00680.x
https://doi.org/10.1038/415198a
https://doi.org/10.2174/138945011795378559
https://doi.org/10.1152/ajpheart.1998.274.4.H1335
https://doi.org/10.1002/cphy.c140070
https://doi.org/10.1016/j.pbiomolbio.2019.08.007
https://doi.org/10.1152/ajpheart.00730.2013
https://doi.org/10.1007/978-3-319-77932-4_6
https://doi.org/10.1016/j.lfs.2004.12.013
https://doi.org/10.1074/jbc.M111.337295
https://doi.org/10.1016/S0140-6736(08)61307-0
https://www.ncbi.nlm.nih.gov/pubmed/18761222

	Introduction 
	Materials and Methods 
	Mice 
	Mouse Surface Electrocardiography 
	Cardiomyocyte Isolation and Fluorescent Dyes 
	Simultaneous Imaging of Ca2+ Handling, Membrane Potential, and Contraction 
	Image Analysis in ImageJ and Microsoft Excel 
	Statistical Methods 

	Results 
	Adult Mice Demonstrate Baseline Sex Differences in Cardiac Repolarization 
	Simultaneous Detection of Cardiac Action Potential, Ca2+ Transient, and Contraction 
	Isolated Female Cardiomyocytes Exhibit Increased Action Potential Duration 
	Increased Rates of Ca2+ Release and Reuptake in Male Cardiomyocytes 
	Male Myocytes Contract with Greater Velocity Compared to Females 
	Sex Differences Exist in Coupling Times between Action Potential and Peak Contraction 

	Discussion 
	References

