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Excitation–contraction coupling in cardiac myocytes is me-
diated by Ca2+. During systole, an action potential opens 

voltage-gated Ca2+ channels in the sarcolemma to allow Ca2+ 
entry into the cell, which triggers a much larger release of Ca2+ 
from the sarcoplasmic reticulum through the ryanodine recep-
tor (RyR); this process is termed Ca2+-induced Ca2+ release. 
Synchronous Ca2+-induced Ca2+ release throughout the cell 
increases the cytosolic Ca2+ concentration, and subsequent 
Ca2+ binding to troponin C causes conformational changes in 

contractile machinery that results in the cross-bridge power 
stroke and sarcomere contraction. During diastole, cytosolic 
Ca2+ is lowered to basal level by sequestration into the sar-
coplasmic reticulum Ca2+ store and extrusion from the cell, 
resulting in sarcomere relaxation.1

The RyR cluster is the basic Ca2+ release unit in cardiac 
myocytes. RyR responds to local rises in Ca2+ and opens in 
a stochastic manner. It opens and closes in an all-or-none 
fashion to release a quantum amount of Ca2+, giving rise to 
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Rationale: Cardiac myocyte contraction is caused by Ca2+ binding to troponin C, which triggers the cross-bridge 
power stroke and myofilament sliding in sarcomeres. Synchronized Ca2+ release causes whole cell contraction and 
is readily observable with current microscopy techniques. However, it is unknown whether localized Ca2+ release, 
such as Ca2+ sparks and waves, can cause local sarcomere contraction. Contemporary imaging methods fall short 
of measuring microdomain Ca2+-contraction coupling in live cardiac myocytes.

Objective: To develop a method for imaging sarcomere level Ca2+-contraction coupling in healthy and disease model 
cardiac myocytes.

Methods and Results: Freshly isolated cardiac myocytes were loaded with the Ca2+-indicator fluo-4. A confocal 
microscope equipped with a femtosecond-pulsed near-infrared laser was used to simultaneously excite second 
harmonic generation from A-bands of myofibrils and 2-photon fluorescence from fluo-4. Ca2+ signals and sarcomere 
strain correlated in space and time with short delays. Furthermore, Ca2+ sparks and waves caused contractions in 
subcellular microdomains, revealing a previously underappreciated role for these events in generating subcellular 
strain during diastole. Ca2+ activity and sarcomere strain were also imaged in paced cardiac myocytes under 
mechanical load, revealing spontaneous Ca2+ waves and correlated local contraction in pressure-overload–induced 
cardiomyopathy.

Conclusions: Multimodal second harmonic generation 2-photon fluorescence microscopy enables the simultaneous 
observation of Ca2+ release and mechanical strain at the subsarcomere level in living cardiac myocytes. The method 
benefits from the label-free nature of second harmonic generation, which allows A-bands to be imaged independently 
of T-tubule morphology and simultaneously with Ca2+ indicators. Second harmonic generation 2-photon fluorescence 
imaging is widely applicable to the study of Ca2+-contraction coupling and mechanochemotransduction in both 
health and disease.    (Circ Res. 2016;118:e19-e28. DOI: 10.1161/CIRCRESAHA.115.307919.)
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a Ca2+ spark. The distribution of Ca2+ release units in cardiac 
myocytes shows a lattice-like registered pattern in alignment 
with sarcomere structure.2,3 Synchronous opening of Ca2+ re-
lease units throughout the cell causes a uniform Ca2+ transient 
and coordinated whole-cell contraction. Asynchronous open-
ing of RyRs, however, causes nonuniform rises of Ca2+ in lo-
cal microdomains, manifesting as Ca2+ sparks and waves.4–6 
Although healthy cardiac myocytes are largely quiescent and 
relaxed at rest, studies have shown that various pathological 
conditions can increase the occurrence of Ca2+ sparks and 
waves during diastole in cardiac myocytes.7–11

It is plausible that Ca2+ sparks and waves cause Ca2+ bind-
ing to troponin C and myofilament contraction in local sar-
comeres, potentially increasing mechanical strain and stress 
within the cardiac myocyte. Mechanical stress is linked to 
cardiac dysfunction and arrhythmias in conditions such as 
hypertension, myocardial infarction, atrial fibrillation and 
ventricular tachycardia/fibrillation.12 Such links are well es-
tablished at the whole heart level in clinical medicine, but 
the underlying cellular and molecular mechanisms remain 
unclear. We speculate that local nonuniform contraction may 
contribute to disease development via mechanochemotrans-
duction pathways and by affecting cardiac myocyte contractil-
ity. Therefore, it is important to investigate local Ca2+ release 
and the mechanical response at the sarcomere level, constitut-
ing the basic unit of contraction.

Previously, several techniques have been used to measure 
sarcomere shortening during cardiac myocyte contraction, in-
cluding cell-edge detection, sarcomere pattern analysis (us-
ing fast Fourier transform [FFT] or autocorrelation-based 
algorithms), T-tubule labeling with ANEP dyes13 and quantum 
dots,14 and sarcomere structure labeling using genetic expres-
sion of fluorescent proteins.15 However, each of those meth-
ods falls short of providing a practical and reliable method 
for measuring sarcomere contraction in subcellular micro-
domains. The video-based edge detection method measures 
cell contraction as the sum of all sarcomere contractions; lo-
cal contraction cannot be isolated. Sarcomere pattern analysis 
measures an averaged sarcomere length from the FFT of many 
sarcomeres. T-tubule labeling methods cannot be applied to 
disease models in which the T-tubule distribution is irregular 
or detubulated, such as in heart failure.16,17 Genetic labeling 
of the sarcomere with fluorescent proteins is labor-intensive, 
and some studies suggest that green fluorescent protein (GFP) 
directly affects cardiac myocyte contractility.18–20 Moreover, 
genetic labeling needs to be executed and validated in each 
new disease model, which is nontrivial. The GFP spectrum 
also overlaps with the emission spectrum of commonly used 
Ca2+ indicators such as fluo-3 and fluo-4 and therefore inter-
feres with high-resolution Ca2+-contraction imaging. Despite 
these drawbacks, these studies and others in skeletal muscle21 

have been able to show nonuniform sarcomere length changes 
in spatially uniform Ca2+ concentrations.

In this project, we develop an easy-to-use and widely ap-
plicable multimodal imaging technique to simultaneously 
image Ca2+ levels and sarcomere contraction at high spatial 
and temporal resolutions. We image sarcomere contraction 
in a label-free manner by using second harmonic generation 
(SHG) to track A-bands in subsarcomere structure in live 
cardiac myocytes. We further integrate SHG with 2-pho-
ton fluorescence (2PF) microscopy to measure Ca2+ release. 
Importantly, the multimodal technique is superbly suited for 
imaging live cells in real time because SHG microscopy does 
not require the use of an exogenous label or genetic modifica-
tion. Furthermore, a single laser can be used to excite SHG 
and 2PF, providing inherent spatial and temporal colocaliza-
tion of the signals.

In what follows, we demonstrate how to use the technique 
to simultaneously image local Ca2+ signals and sarcomere 
contraction, and we also present the computational methods 
for data analysis. These provide a complete toolbox for us-
ing SHG-2PF microscopy to investigate various cell models. 
We then use the multimodal technique to reveal that localized 
Ca2+ release events can cause local sarcomere contractions in 
subcellular microdomains in both healthy and diseased cells. 
Specifically, a Ca2+ spark can cause sarcomere contraction 
(termed myo-pinch), and a Ca2+ wave can cause sequential 
contraction of adjacent sarcomeres. We also apply the SHG-
2PF method to image aberrant Ca2+ and contractions in paced 
cardiac myocytes under mechanical load. The data reveal a 
phenomenon of spontaneous Ca2+ waves and local contraction 
occurring between paced transients in pressure-overload–in-
duced cardiomyopathy. Our observations, enabled by SHG-
2PF imaging, raise the possibility that Ca2+ sparks and waves 
increase internal mechanical strain and stress in cardiac myo-
cytes and may therefore contribute to alterations in cellular 
mechanochemotransduction signaling.

Methods
All laboratory procedures in this study conform to the Guide for the 
Care and Use of Laboratory Animals published by the US National 
Institutes of Health, the Guide for the Care and Use of Laboratory 
Animals laid out by Animal Care Committee of the University 
of California. The animal use was approved by the University of 
California Davis Institutional Animal Care and Use Committee. Cell 
isolation, dye loading, and antibody labeling protocols are available 
in the Online Data Supplement.

SHG-2PF Imaging
SHG is a process in which light of wavelength λ produces its second 
harmonic (wavelength ½ λ) as it passes through a noncentrosymmetric 
medium. The process is coherent, so the medium must have a long-
range order and orientation that allows constructive interference of the 
second harmonic signal. SHG was first demonstrated in noncentro-
symmetric crystals,22 but has since been demonstrated in biological 
macromolecules, including collagen, tubulin arrays, and sarcomeric 
myosin.23–27 SHG occurs strongly when these macromolecules are 
highly ordered, as they are in tendons, axons, and striated muscle. 
Because the properties that enable SHG are intrinsic to the macro-
molecules themselves, exciting and detecting SHG in muscle does 
not require the use of exogenous or genetic labels; furthermore, SHG 
is a nonabsorptive process, and thus is not prone to photobleaching. 
Several groups have studied SHG in sarcomeric myosin in depth—to-
gether, they have shown both the myosin rod and head domains of the 

Nonstandard Abbreviations and Acronyms

2PF	 2-photon fluorescence

FFT	 fast Fourier transform

RyR	 ryanodine receptor

SHG	 second harmonic generation
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thick filaments contribute to the generated signal, whereas the actin 
thin filaments do not.26,28,29 The label-free nature of sarcomeric SHG 
has been used to study sarcomere microarchitecture in muscular dys-
trophy,30,31 myofibrilogenesis,32 and drug-induced myopathy.33 It has 
also been developed as a technique to study local actin-myosin cross-
bridging28,29 and in vivo contractile dynamics in skeletal muscle.34 
Boulesteix et al35 have used it to measure sarcomere length with a re-
ported accuracy of 20 nm in relaxed and tetanic frog cardiac myocytes.

SHG can be readily integrated with 2PF microscopy. In 2PF, laser 
light of wavelength λ

ex
 is used to excite an electron transition at ener-

gy ½ λ
ex

. After the loss of vibrational energy, a Stokes-shifted photon 
is emitted at λ

em
>½ λ

ex
. The shift allows the signal from fluorophores 

(λ
em

>½ λ
ex

) and harmonophores (λ
em

=½ λ
ex

) to be simultaneously ex-
cited, separated, and detected (Figure 1).

For our experiments, a Coherent Chameleon outputting 150 fs 
pulses at a repetition rate of 80 MHz and tuned to a wavelength of 976 
nm was used as the excitation source; laser power at the sample was 
typically 12 mW. The laser was air-coupled to an Olympus FluoView 
300 (FV300) scanning unit with an IX-81 microscope. A 60×/1.2 
N.A. water immersion objective was used as the excitation objective. 
Two-photon excitation at half of the 976-nm wavelength was used to 
excite Ca2+ indicator fluo-4.

2PF was collected in the epi-direction, separated from the excitation 
beam with a dichroic mirror, and isolated with a 550±40-nm bandpass 
filter. SHG was collected in the forward direction with a 50×/0.55 NA 
extra-long working distance objective and isolated with a 488±10-nm 
bandpass filter. Emission from SHG and 2PF was simultaneously col-
lected through 2 separate photon multiplier tubes. The spatial and tem-
poral resolutions of the SHG-2PF images are defined by the confocal 
microscope with maximal of x,y=0.25 µm, z=0.8 µm, t=3 µs/pixel. Two-
dimensional (2D) raster and 1D line scan images were acquired using 
the Olympus FluoView software. Postprocessing and data analysis were 
performed using Fiji and Matlab software and are described below.

Results
Localization of SHG to Known Contractile and 
Ca2+-Handling Structures
Previous work has shown that SHG signals from cardiac myo-
cytes originate from the myosin heads of the thick filament and 

therefore show the position of the A-bands in sarcomere.25,26 
On the basis of known ultrastructure, we illustrated the local-
ization of SHG signals in relation to the major structures gov-
erning Ca2+-triggered contraction in the sarcomere in Figure 
2A. We used SHG-2PF imaging to experimentally verify the 
localization of SHG signals as discussed. In 1 set of experi-
ments, we immunolabeled RyRs using antibodies conjugated 
with Alexa Fluor 488 (AF-488) and subsequently performed 
multimodal SHG-2PF microscopy as described above. Figure 
2B shows the dual SHG-2PF image so obtained, with punctate 
RyR staining appearing in sets of A-bands. An enlarged view 
of a single sarcomere shows that the A-bands and RyR clus-
ters in the SHG-2PF image indeed correspond to the known 
ultrastructure of cardiac myocytes.

To visualize the localization of SHG signal with respect 
to the T-tubules, we used Di8-ANEPPS (Di8) to label sarco-
lemma and T-tubules in live cardiac myocytes. Using a 2D 
fast scan, we visualized the entire cardiac myocyte and iden-
tified a single myofilament to interrogate further. We then 
used the confocal linescan mode to obtain fast 1-dimensional 
SHG-2PF linescans of the myofilament, which are required 
to capture fast dynamics in live cardiac myocytes. Figure 2C 
shows the linescan image acquired by scanning along a single 
myofilament repetitively. The SHG signal (green) shows the 
A-bands, whereas the 2PF signal (purple) shows the Di8-
labeled T-tubules. In accordance with known ultrastructure 
and previous microscopy studies, 2 A-bands are seen within 
each sarcomere, flanked by a pair of T-tubules. The fluores-
cence intensity profiles (bottom panel) allow the quantifying 
of the position and distance between these SHG-2PF signals.

Simultaneous Imaging of the A-Band and Ca2+ at 
High Spatial and Temporal Resolution
To image Ca2+-contraction coupling, we loaded freshly isolat-
ed cardiac myocytes with the fluorescent Ca2+ indicator fluo-4. 
Figure 3 shows a sample SHG-2PF linescan image acquired 
at a spatial resolution of 1024 pixels per line, and a temporal 
resolution of 9.3 ms per line (9.1 µs/pixel). A Ca2+ transient is 
seen in the increase of fluo-4 fluorescence (Figure 3A, left), 
and the triggered sarcomere contraction is seen from the dis-
placement of the SHG signals (Figure 3A, right). Subsequent 
linescans were obtained at faster speeds of 3.1 ms per line 
(≈3.1 µs/pixel).

To resolve sarcomere contraction from the SHG signals, 
we calculated the distance between adjacent A-bands. As il-
lustrated in Figure 3B, we denote L

M
 as the distance between 

the 2 A-bands within the same sarcomere (seen between the 
T-tubules, traversing the M-line), and L

Z
 as the distance be-

tween the adjacent A-bands across the sarcomere (seen across 
the T-tubule, traversing the Z-line). L

M
 and L

Z
 each can be 

measured from the distance between the adjacent SHG-bright 
bands. During contraction, L

Z
 is shortened by increased over-

lap of the thick and thin filaments, whereas the L
M
 remains 

unchanged because the length of the thick filament within a 
sarcomere does not change. The sum of L

M
 and L

Z
 is equal to 

the sarcomere length, L
SL

=L
M
+L

Z
 (eg, the distance from Z-line 

to Z-line, or equivalently from M-line to M-line).
We used the above definitions to measure L

M
 and L

Z
 from 

the distance between the SHG-bright bands in Figure 3C. The 

Figure 1. Basics of multimodal second harmonic generation-
2-photon fluorescence (SHG-2PF) imaging. Jablonski 
diagrams help distinguish SHG and 2PF. Two photons excite 
a transition between states in both processes; the states are 
virtual in SHG and real in 2PF. Vibration reduces the energy of 
the excited state before 2PF emission. In contrast, no relaxation 
occurs with SHG. The schematic of our setup, detailed in the 
text, is depicted above. BP indicates bandpass filter; and NA, 
numerical aperture.
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histogram of inter-A-band distances can be calculated us-
ing the kernel density method (Online Methods).36,37 During 
diastole (Figure 3A, green framed region), the histogram of 
distances between adjacent A-bands shows 2 distinct peaks 
(Figure 3C, green curves), corresponding to L

M
=0.8 µm and 

L
Z
=1.0 µm. During systole (Figure 3A, red framed region), 

the histogram also shows 2 peaks (Figure 3C, red curves), but 
corresponding to L

M
=0.8 µm and L

Z
=0.9 µm. Thus, in agree-

ment with our analysis, L
M
 is constant and L

Z
 is shortened dur-

ing contraction. The calculated sarcomere lengths L
SL

=L
M
+L

Z
 

in these states are L
SL

=1.8 µm at diastole (the slack length in 
an isolated cardiac myocyte) and L

SL
=1.6 µm at systole. To 

verify the sarcomere length values calculated using the SHG 
image, we also directly measured the sarcomere length from 
the transmission image of the myocyte using an established 
method (Online Figure I). We obtained a sarcomere length of 
1.8 μm at diastole and 1.6 μm at systole, in agreement with 
the values calculated from the SHG image.

Construction of Strain Maps of Sarcomere 
Contraction From SHG Image Analysis
We developed an automated image analysis method to extract 
local sarcomere contraction information from the SHG lines-
can images. Figure 4 depicts the analysis procedure. First, we 
reduced the noise in the raw SHG image data by applying a 
2D Wiener filter (Figure 4B). The Wiener filter requires the 
neighborhood size of the relevant image features to be de-
fined. In the SHG linescan image, the neighborhood in space 
is set to roughly one half of the width of the more narrow SHG 
dark bands (which corresponds to the M-line positions). The 
neighborhood in time is set according to the speed and magni-
tude of contractions that are present in the data (eg, if the con-
tractions are rapid and involve significant translation, a small 
time neighborhood is chosen). Second, after noise reduction, 
a 2D FFT of the spatial SHG signal is performed line-by-line, 
and then each FFT is bandpass filtered (Figure 4C). The band 
that is retained corresponds to spatial periods of 300 nm to 2.5 
μm and contains the key spatial frequencies and phases of the 
A-band signal. Each line is then inverse Fourier transformed 
to obtain a smooth, oscillating signal that is in phase with the 
SHG-bright bands (Figure 4D). Third, from this signal, the 

minima between SHG-bright bands are obtained (Figure 4E, 
red lines), which are used to set processing windows around 
the SHG-bright bands. Gaussian fitting is then used to esti-
mate the center of each SHG-bright band at each point in time. 
The results of Gaussian fitting (Figure 4F, yellow lines), there-
fore, estimate the center of the A-bands. The distance between 
the center of the A-bands corresponds to the L

M
 and L

Z
 peaks 

as discussed previously. Histograms of the center-to-center 
distances during diastole and systole show that myocyte con-
traction shortens L

Z
, whereas L

M
 remains unchanged (Figure 

Figure 2. Second harmonic generation (SHG) 
localizes to the thick filaments of sarcomeres. 
SHG originates from the thick filaments of 
sarcomeres. Ryanodine receptors (RyRs) reside 
on the sarcoplasmic reticulum, adjacent to Z 
discs. T-tubules course along myofilaments 
and wrap around Z discs. A, The localization of 
these structures to sarcomeric SHG. B, SHG 
(green)-2-photon fluorescence (red) imaging of 
a rat ventricular cardiomyocyte immunostained 
using anti–RYR2-AF488 antibodies, with a single 
myofilament enlarged below. C, A multimodal line 
scan along a single myofilament in a live rVCM 
loaded with Di8-ANEPPS. Below is a plot of the 
signals summed in time, showing the double-
banding pattern of sarcomeric SHG with deeper 
minima (arrowheads) corresponding Z-disc 
locations.

Figure 3. Relationship between sarcomere structure and 
A-band position. A, Second harmonic generation-2-photon 
fluorescence (SHG-2PF) linescan imaging of the myocyte shows 
a Ca2+ transient seen in the fluo-4 signal (top left of images 
on right) and the triggered contraction in the SHG signal (top 
right). B, LM is the distance between 2 adjacent A-bands within 
the same sarcomere. LZ is the distance between the 2 A-bands 
across the adjacent sarcomeres. The sarcomere length LSL is 
equal to the sum of LM and LZ. LZ shortens during cell contraction 
because of the sliding of the thick filament against the thin 
filament. C, The histogram of A-bands distances is calculated 
using the kernel density method described in the online Methods. 
LM is determined by the thick filament structure within the 
sarcomere and does not change during cell contraction. LZ 
shortens as described. The numerical values of LSL during systole 
and diastole calculated in this way match with sarcomere length 
calculated using a Fourier transform–based method in a similar 
myocyte (Online Figure I).
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4G and 4H; Online Figure II). Thus, our automated analysis 
is able to extract expected changes in the distances between 
adjacent A-bands.

Next, we construct a strain map that displays sarcomere 
contraction and relaxation through time by using the centers 
of the SHG-bright bands. We first use a moving local linear 
regression to smooth the data through time (Online Figures III 
and IV). The strain over a given sarcomeric distance is then 
calculated as E=(L

o
−L)/L

0
, where L is the distance between a 

SHG-bright band and its next nearest neighbor, and L
0
 is that 

distance averaged over the first 25 pixels in time (when the 
cell is relaxed). Figure 5 (middle panels) shows sample strain 
maps computed from the SHG-2PF images obtained from car-
diac myocytes at different contractile states.

Correlation Between Ca2+ and Strain Maps in 
Cardiac Myocytes at Different Contractile States
To investigate local Ca2+-contraction coupling, we plotted the 
strain map and Ca2+ image side-by-side in Figure 5. Figure 5A 
shows a relaxed state with no development of strain (left and 
middle panels) at low resting Ca2+ concentration (right panel). 
Figure 5B shows a development of strain across sarcomeres 
(left and middle panels) in response to a propagating Ca2+ 
wave (right panel). Higher strain correlates to higher Ca2+ in 

space, and a time lag between Ca2+ rise and strain development 
can be observed. Figure 6A demonstrates that the normalized 
cross-correlation between the strain and the corresponding 
Ca2+ signal ranges from 0.90 to 0.93 for the sarcomere lanes 
seen in Figure 5B (mean=0.92; σ=0.01); the time delay to the 
cross-correlation maximum ranges from 114.7 to 192.2 ms 
(mean=149.3 ms; σ=30.3 ms). These delays are in agreement 
with the observation at the whole-cell level that there is a lag 
between the Ca2+ transient and the cardiac myocyte contrac-
tion.38 Thus, multimodal SHG-2PF microscopy is capable of 
capturing the sequential development of strain in individual 
sarcomeres in response to a propagating Ca2+ wave.

The method also enables us to answer a previously unre-
solved question: Do Ca2+ sparks cause local sarcomere con-
traction? To analyze the correlation between Ca2+ sparks and 
the nearest neighbor A-bands, we computed the strain map 
from M-line to M-line (Figure 5C, middle panel). Figure 5C 
shows the development of microdomain strain (middle panel) 
in response to localized Ca2+ sparks (right panel). A positive 
correlation between Ca2+ sparks and local strain can be ob-
served although the time delay for strain development is vari-
able (addressed below). Thus, Ca2+ sparks can indeed cause 
local sarcomere contractions (myo-pinch) that lead to nonuni-
form strain in subcellular microdomains.

Figure 4. Centers of second harmonic 
generation (SHG)-bright bands can be identified 
at each time point. To track the peaks of the SHG 
bands in the raw data (A), noise-filtered data (B) 
is Fourier transformed and bandpass filtered (C) 
to obtain a smoothly varying signal (D) from which 
windows for peak fitting can be readily defined 
(E). Next, each SHG band is fit with a Gaussian at 
each point in time to determine the center of each 
SHG band (F). These centers are then used for 
further analysis. Histograms of the center-to-center 
distances during diastole (G, corresponding to time 
frame indicated by the top most black bar to the 
right of F) and systole (H, bottom black bar of F) 
show that LM does not change during contraction, 
whereas LZ shortens, as expected from Figure 3. 
The displayed Gaussian fits of the histogram data 
come from fitting single Gaussian functions to the 
LM and LZ data separately (Online Figure II).
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In Figure 6C, events from Figure 5C with an apparent 
spark strain correlation (Figure 6B) are plotted separately. In 
these plots, history dependence can be observed: peak strain 
develops earlier for sparks that occur shortly after a previous 
spark-strain event (Figure 6C, plots 1, 2, 4, and 5: average 
time to peak strain=176.2 ms) than for those with a longer 
strain-free history (Figure 6C, plots 3, 7, and 8: average time 
to peak strain=75.4 ms). Some of the Ca2+ spark–induced 
myo-pinches are small in magnitude; we excluded those that 
are outside of our 85% confidence intervals on strain (Online 
Figure V). In addition, we examined the effect of our smooth-
ing algorithm on Ca2+ spark–induced myo-pinch and on simu-
lated strain and confirmed that smoothing does not attenuate 
strain events that lasts for ≥60 ms (Online Figures VI and VII); 
myo-pinch events lasted >100 ms in our observations.

Ca2+-Contraction Coupling in a Murine Model of 
Pressure-Overload–Induced Cardiomyopathy
To demonstrate the utility of the SHG-2PF imaging modality 
in disease model animals, we used transverse aortic constric-
tion surgery to generate pressure-overload mice that develop 
cardiac hypertrophy and heart failure39 (online Methods). 
Cardiac myocytes from transverse aortic constriction mice 
were studied under mechanical load using the cell-in-gel sys-
tem as previously described,40 as well as under standard load-
free conditions. When load-free, transverse aortic constriction 
cardiac myocytes responded to electrical pacing with regular 

contractions (Figure  7A). Under mechanical load, however, 
the cells displayed aberrant spontaneous Ca2+ waves at variable 
times during diastole, between paced systolic Ca2+ transients 
(Figure 7B). Figure 7C to 7E shows a strain map analysis of 
one such aberrant Ca2+ wave, among paced transients, in a 
transverse aortic constriction cardiac myocyte under mechani-
cal load. Figure 7C shows the SHG data, D shows the strain 
map obtained from an analysis of 2 adjacent sarcomeres, and 
E shows the corresponding 2PF data. At the single sarco-
mere level (Figure 7F and 7G), the wave-triggered contrac-
tions were lower in amplitude than in the paced contractions. 
Consistently, the amplitude of the contractions correlated to 
the relative change in intrasarcomere calcium levels. These re-
sults demonstrate the applicability of the SHG-2PF technique 
to study of mechanical stress–induced heart disease.

Discussion
Imaging local Ca2+-contraction coupling at sarcomere resolu-
tion in cardiac myocytes is difficult with available techniques 
yet necessary for investigating the molecular mechanisms that 
link mechanical stress to heart diseases. In this project, we 
developed a multimodal SHG-2PF technique to image Ca2+-
induced strain at the single sarcomere level. The technique 
used a single laser to excite SHG from the thick filaments of 
sarcomeres and 2PF from a fluorescent Ca2+ indicator, simul-
taneously. First, we developed the methods and algorithms 
for acquiring, processing, and interpreting the multimodal 

Figure 5. Strain maps constructed 
from second harmonic generation 
(SHG)-bright bands demonstrate 
local calcium-correlated contraction. 
Strain across a sarcomere length is 
calculated using the distance between 
every other SHG-bright band, L, and 
the average of that distance for the first 
25 pixels in time, L0. Strain is (L−L0)/L0. 
A–C, Left, The noise-filtered raw data. 
Right, Simultaneously obtained 2-photon 
fluorescence (2PF) signals from fluo-4-
AM. A, A negative control—a rat VCM at 
resting state. B, A contraction in which 
transient nonuniform strain develops in 
response to a calcium wave. C, A strain 
map, interpolated onto an M-line to 
M-line grid, resulting from calcium sparks. 
The area of zero strain on either side of 
each strain map is an edge artifact; strain 
was not calculated in these regions.
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image data. Second, we verified the SHG analysis by compar-
ing the SHG signal to the known ultrastructure of sarcomere 
and the Ca2+-handling molecules (ie, A-band, T-tubule, and 
RyRs). Third, we tested the feasibility of using the SHG-2PF 
technique to simultaneously image Ca2+ and sarcomere con-
tractions. We were able to make the novel observation in live 
cardiac myocytes that Ca2+ sparks can induce local mechanical 
strain at the sarcomere level, a phenomenon we named myo-
pinch. Finally, we applied the technique to a murine model of 
mechanical stress–induced heart disease; when these cardiac 
myocytes were placed under mechanical load, we observed 
calcium waves and associated sarcomere strain occurring be-
tween paced transients.

Multimodal SHG-2PF imaging has distinct advantages 
over other available techniques. Recently, Shintani et al15 
developed a method for measuring sarcomere shortening by 
labeling the Z-discs with AcGFP-tagged α-actinin for imag-
ing. However, the method uses vector-mediated transfection 
of cardiac myocytes that requires culturing the cells to express 
adequate amount of AcGFP-tagged α-actinin. In culture, both 
neonatal and adult cardiac myocytes undergo changes in the 
Ca2+ handling and contractile characteristics41–43 and hence 
may introduce artifacts. Genetic labeling methods are also 
disadvantaged by potential interference between GFP and sar-
comeric protein function.18 In contrast, we use SHG to accom-
plish label-free and noninvasive imaging of A-bands within 
the sarcomeres of live cardiac myocytes.

Another sarcomere-tracking technique uses labeled 
T-tubules. However, T-tubules in cardiac myocytes, even those 
from the healthy hearts, display a significant variance in the 
regularity, direction, diameter, and distance from Z discs.44 
In some disease states such as hypertrophy and heart failure, 
T-tubule networks can become irregular and detubulated.45,46 
In comparison, SHG is intrinsic to the thick filaments of 

sarcomere and is detectable as long as the sarcomeres remain 
intact. Therefore, SHG microscopy is ideally suited for study-
ing sarcomere-level contraction in heart disease models.

Both genetic labeling and T-tubule labeling are further re-
strictive when used in conjunction with fluorescent Ca2+ indi-
cators for dual imaging. The fluorophores must be carefully 
selected for each imaging modality in accordance with the ki-
netics of the indicator and to allow spectral separation. It may 
not be possible to minimize the cross talk between sarcomere 
markers such as GFP and fluorescent Ca2+ indicators such as 
fluo-4. The use of SHG circumvents this difficulty because 
SHG has a signal wavelength of λ

ex
/2; any fluorescent label 

used for 2PF will be Stokes-shifted and separable from the 
second harmonic signal. Therefore, SHG provides a superb 
add-on modality for simultaneously imaging sarcomere con-
traction with Ca2+ signals.

The multimodal method as presented enabled us to show that 
Ca2+ sparks can cause local sarcomere contractions. However, it 
can be further refined to increase the signal:noise (S/N) ratio 
and improve the quantification of small contraction events. One 
way to address this is to raise the laser power. In our preliminary 
experiments, however, higher laser powers than what were used 
caused some degree of laser-induced Ca2+ release and photon 
damage and therefore limited the achievable S/N ratio for SHG. 
For future improvements, several approaches can increase the 
S/N ratio in multiphoton microscopes. For example, our origi-
nal equipment manufacturer-installed fiber bundle that collects 
forward-directed light does not collect 100% of the photons; 
bypassing the fiber and collecting SHG photons directly us-
ing a photon multiplier tube would double the SHG signal.47,48 
Compressing the femtosecond laser pulses used to excite SHG 
and 2PF by chirping can significantly improve S/N ratio in mul-
tiphoton processes because generated signals scale quadrati-
cally with the peak power of the pulse.49 These approaches can 

Figure 6. Deeper analysis of sarcomere-scale calcium-contraction coupling. A, Average fluo-4 2-photon fluorescence (2PF) across 
distances over which strain was calculated, for a calcium wave, next to strain. Table, The normalized cross-correlations between 2PF and 
strain for each lane. B, Average fluo-4-2PF across distances over which strain was calculated, next to strain, during calcium sparks. Myo-
pinch phenomena that lie within 85% confidence intervals are boxed and plotted individually in C.
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be combined to improve the S/N ratio and therefore our ability 
to estimate the center of mass of the A-bands.

A potential limitation of the SHG-2PF method lies in mea-
suring strain during global (eg, electrically stimulated) contrac-
tions in load-free cardiac myocytes if the motion is too large 
to keep the same sarcomere within the focus of the confocal 
microscope. Because of the highly localized nature of the SHG-
2PF technique, it is best used to track local sarcomere contrac-
tion in response to local Ca2+ releases. For the measurement of 
global contractions, however, there are many established meth-
ods (edge detection, sarcomere pattern measurement using FFT, 
etc). The main advantage of the technique we developed here is 
that it allows one to zoom in and measure microdomain con-
traction—morphological changes in A-bands within individual 
sarcomeres—in response to local Ca2+ signals.

Super resolution microscopy is a rapidly evolving field 
and may impact SHG-2PF imaging in the future. A-bands 
are readily resolvable with our current technique, but any 
improvement in resolution will improve precision in the de-
termination of A-band centers. Although no super resolution 
method currently exists for harmonic generation microscopy, 
several investigators are actively developing label-free super 
resolution methods.50,51 As a special consideration to Ca2+ 
imaging, the usefulness of super resolution methods is lim-
ited by the fact that Ca2+ diffuses rapidly, and small-molecule 
Ca2+ indicators also have limited on/off kinetics. A promising 
approach may be to express localized Ca2+ indicators52–55 in 

subcellular compartments to further quantify local Ca2+ levels 
in relation to sarcomere strain.

In summary, we have developed multimodal SHG-2PF 
imaging as a new, enabling tool for simultaneously imaging 
Ca2+ levels and sarcomere contraction in live cardiac myocytes 
with confocal resolution. Our method permits the investiga-
tion of the relationship between localized Ca2+ release events 
and mechanical strain in subcellular microdomains. Such 
knowledge is important for understanding the mechanoche-
motransduction within the cell that contributes to mechanical 
stress–induced heart diseases.
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Figure 7. Multimodal second harmonic generation-2-photon fluorescence (SHG-2PF) imaging of cardiac myocytes from 
transverse aortic constriction (TAC) mice. A, SHG (red) and 2PF (green) data from an isolated TAC cardiac myocyte under no load, 
paced at 0.5 Hz. B, SHG and 2PF data from a TAC cardiac myocyte embedded in a gel to produce afterload, showing calcium tides while 
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0.5 Hz pacing. E, 2PF signal within the corresponding sarcomeres from D. F and G, Plots of sarcomere strain vs lane-normalized 2PF 
(top) and sarcomere spacing vs raw 2PF (bottom).
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What Is Known?

•	 Global Ca2+ release from the intracellular Ca2+ store causes cardiac 
myocyte contraction.

•	 Localized Ca2+ release such as Ca2+ sparks often occur in diseased 
hearts, but whether the Ca2+ spark can cause local sarcomere contrac-
tion was unresolved because of a lack of suitable technique.

What New Information Does This Article Contribute?

•	 We developed a multimodal second harmonic generation and 2-photon 
fluorescence microscopy technique to simultaneously image the 
local Ca2+ signal and sarcomere contraction at high spatiotemporal 
resolution.

•	 Our data show that Ca2+ sparks can cause sarcomere contraction in 
subcellular microdomains (named myo-pinch), revealing a role for 
these events in generating subcellular strain during diastole.

•	 Local Ca2+-contraction coupling is found altered in pressure-overload–
induced heart failure, such changes in heart diseases can be studied 
by using the multimodal technique.

During the cardiac cycle, cardiac myocytes contract in systole 
to pump blood and relax in diastole to allow refilling. Systolic 
contraction is caused by a global release of Ca2+ from the 

sarcoplasmic reticulum to increase cytosolic Ca2+ concentration. 
Diastolic relaxation requires Ca2+ to be sequestered into the sar-
coplasmic reticulum and the cytosolic Ca2+ concentration to be 
kept low. However, spontaneous Ca2+ release from the sarcoplas-
mic reticulum can occur during diastole, especially in diseased 
hearts. Whether localized Ca2+ release, in the form of Ca2+ sparks, 
can cause local sarcomere contraction has been an important 
but unresolved issue. Here, we develop a multimodal second 
harmonic generation and 2-photon fluorescence imaging imag-
ing method that uses second harmonic generation to monitor the 
contraction of individual sarcomeres and 2-photon fluorescence 
to image a fluorescent Ca2+ indicator. This enables the simultane-
ous imaging of local Ca2+ signals and sarcomere contraction at 
high spatiotemporal resolution. Our data reveal that Ca2+ sparks 
can indeed cause sarcomere contractions in subcellular micro-
domains, which suggests that they increase mechanical stress 
within the cell during diastole. We also find that microdomain 
Ca2+-contraction coupling is altered in pressure-overload–in-
duced heart failure. Thus, the second harmonic generation and 
2-photon fluorescence imaging technique enables the decipher-
ing of disease-related changes in Ca2+-contraction coupling at 
the single sarcomere level.
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SUPPLEMENTAL MATERIAL 
 
 
Detailed Methods 
 
All laboratory procedures in this study conform to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health, the Guide for the Care and Use of Laboratory Animals 
laid out by Animal Care Committee of the University of California (UC).  The animal use was approved 
by the UC Davis Institutional Animal Care and Use Committee. 
 
Cell isolation 

Sprague-Dawley rats were purchased from Charles River (http://www.criver.com).  The rats were 
anesthetized with nembutal (100 mg/kg injected IP).  After testing for the suppression of reflexes, the 
hearts were explanted via midline thoracotomy.  A standard enzymatic technique was used to isolate the 
ventricle myocyte.  Briefly, the heart was mounted on a Langendorff system and perfused with a modified 
Tyrode solution containing (in mmol/L) NaCl 135, KCl 4, MgSO4 1.0, NaH2PO4 0.34, glucose 15, 
HEPES 10, taurine 10, pH 7.25 (adjusted with NaOH); the perfusion solution was pre-warmed to 37oC 
and bubbled with 100% O2.  Then, collagenase B (~ 1 mg/ml, F. Hoffmann-La Roche Ltd, Switzerland), 
protease type XIV (~0.1 mg/ml), 0.1% BSA and 20 µM Ca2+ were added into the perfusion solution, and 
the heart was enzymatically digested for 15-20 minute.  The ventricular tissue was cut down and minced; 
the remaining tissue was further incubated in the enzyme solution at 37oC for 15-45 minutes, and minced 
again to collect isolated ventricular myocytes.  The cells were used for experiments within 6 hours after 
isolation. 
 
Cell preparation for Fluo-4 loading and Di8-ANNEPS staining in live cardiomyocytes 

Freshly isolated rat VCMs were incubated in Ca2+ free Tyrode’s solution containing: 145 mM 
NaCl, 4 mM KCl, 0.33 mM NaH2PO4, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose; the pH was 
adjusted to 7.3 with NaOH. Prior to imaging, the Ca2+ concentration in the cell incubation solution was 
increased to 1 mM in a stepwise manner. The cells were consecutively incubated in Tyrode’s solution 
with 0.2 mM, 0.5 mM and 1 mM Ca2+ for 30 min, 20 min and 20 min respectively. The cells were loaded 
by incubating 0.5 ml of the cell suspension with 0.5 ml of a solution containing Ca2+ indicator Fluo-4/AM 
2.5 µM (Molecular Probes-Invitrogen, Carlsbad, CA) and 0.75 µM pluronic acid in Tyrode’s solution 
with 1 mM Ca2+, for 30 min at room temperature. To visualize T-tubules, the cells were incubated for 5 
min in Tyrode’s solution with 1 mM Ca2+ and 5 µM Di8-ANEPPS (Molecular Probes-Invitrogen). 
 
Antibody labeling in fixed cardiomyocytes 

RyRs of mouse VCMs were labeled with Alexa Fluor 488 conjugated anti-RyR2 antibodies. The 
cells were fixed in 1% paraformaldehyde for 5 min and washed in cold phosphate buffered saline (PBS) 
solution twice. Cell membranes were permeabilized by incubating with 0.1% Triton X-100 solution at RT 
for 5 min, washed, and blocked. After blocking, the cells were incubated with primary antibody (Anti-
RyR2, mouse monoclonal antibody, MA3-916, Affinity BioReagents, Golden, CO) for 2 hours at RT. 
They were washed twice with 0.01% Triton X-100 and incubated with secondary antibody (Alexa Fluor 
488, Goat anti-mouse IgG, Molecular Probes) for another 2 hours at RT. Finally, the cells were washed 
twice with 0.01% Triton X-100 and re-suspended in PBS. 
 
Transverse aortic constriction (TAC) surgery and echocardiographic measurements 

TAC was performed on mouse (male, 11 week old) as described previously (Rockman et al, ref 
below), with some modifications. Briefly, after deep anesthesia was induced with 2-4% isoflurane, a 
small incision was made into the chest cavity in the second intercostal space. The transverse aorta was 
ligated with suture tied against a 27- gauge wire. Successful constriction of the aorta was confirmed 
through observation of diminished left carotid artery perfusion. Under 1-4% isoflurane anesthesia 



echocardiographic measurements were taken two days before, and 2 weeks and 7 weeks after TAC 
surgery. Analysis was performed using a Visual Sonic Vevo 2100 system.  After confirmation of a 
decrease of the ejection fraction to less than 50% after 7-8 weeks post TAC, the mouse was used for 
cardiomyocytes isolation and experimentation. 
 
Calculation of A-band distance pdf using the kernel density methods 

The histogram of A-bands distance (Fig.3C) is calculated using the kernel density methods.36,37  
For every measured distance  between adjacent A-bands in the linescan image we define the function  

   (0.1) 

where  is the total number of distances.  is the bandwidth and, like bin widths used to construct 
histograms, larger values give smoother pdfs but can lead to loss of resolution.   The estimate of the 
distance pdf  is 

  . (0.2) 

By construction, the integral of overall  is unity.   
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Online Figure I.  Sarcomere length measurement using transmission image.
The rat ventricular myocyte shows clear striated sarcomere pattern in the transmission image (middle panel).
This pattern in the region of interest (box in magenta color) is recorded as the the periodic change in the 
light intensity (lower panel, grey line), the FFT spectrum of which is used to calculate the sarcomere length.  
The change of sarcomere length during cell contraction (upper panel, Sarc Length) show the Sarc Length is 
about 1.8 μm in diastole and about 1.6 μm in systole.

Online Figure I
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Online Figure II.  Histograms of center-to-center distances from Figure 4 of the main text.

Following the data analysis procedure depicted in Figure 4 of the main text, the center-to-center distances between

the SHG bright bands were determined and collected into histograms. Alternating distances were binned separately

(A-D) and together (E-F) during diastole (A-B) and systole (C-D). Gaussian fits were performed on the histogram data.

The alternating distances corresponding to L
M
 did not shorten during contraction (A vs. C) whereas those 

corresponding to L
Z
 did shorten (B vs. D). For Figures 4G-H of the main text (E and F above), all center-to-center

distances were binned together (no separation of L
M
 and L

Z
), but the Gaussian fits from A-D above were displayed

on the plots to show the relative contributions of L
M
 and L

Z
 to the histogram. the “sum” curve in E and F above shows

the sum of the displayed Gaussian curve. In these figures, each pixel is approximately 0.033 microns.

A) B)

C) D)

E) F)

μ = 24.98
σ = 1.36
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σ = 1.26
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Online Figure II
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Online Figure III.  Smoothing using a local linear regression.

We use a local linear regression to smooth data. In the process, a polynomial is fit to data in a window that is N 

pixels wide. The window is moved across the data set pixel by pixel. The resulting fits are averaged to obtain the 

smooth data set. The figure above shows the result of the smoothing process on a single SHG-bright band from the 

data in Figure 5B of the main text. The figure shows fits using different window sizes (N) and a first degree polynomial 

(top) or a second degree polynomial. The exact N necessary depends on the signal-to-noise ration in the raw data.

Online Figure III
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Online Figure IV: Smoothing process applied to a full calcium wave data set. 

The result of applying the smoothing process from Online Figure III, using N = 100 and a first order polynomial, 

to the data used to generate Fig. 5B in the main text, is shown above.

Space (pixels)

Ti
m

e 
(p

ix
el

s)
Online Figure IV



1 2 3 4 5 6 7 8

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

0.005

0.01

0.015

0.02

0.025

 

 

1 2 3 4 5 6 7 8
-0.1

-0.06

-0.02

0.02

0.06

0.1

tim
e 

(s
)

Sarcomere # Sarcomere #

85% confidence interval on strain Strain(+/-)

Online Figure V:  85% confidence intervals on peak-finding propagated through calculation of Ca(2+)-spark induced strain.

85% confidence intervals (CIs) were obtained from the Gaussian fitting algorithm (described in Fig. 4 of the main text) that 

was applied to the calcium spark data underlying Fig. 5C and Fig. 6B-C.  The CIs were sub-pixel when displayed over the 

full set of peaks (e.g. Online Figure VI A).  In order demonstrate the ultimate impact of the CIs, they were propagated through

the calculation of strain in order to obtain 85% CIs on the local strain events.  The CIs are displayed above in a heat map 

(left panel), next to the strain data (right panel).  The CIs were calculated from data before smoothing, whereas the strain 

map is calculated from post-smoothing data, as described in the main text.
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Online Figure VI.  Smoothing applied to the calcium spark data set.

A)  The result of applying the smoothing process from Online Figure III, using N = 20 and a first order polynomial, to the data used 

to generate Figure 5C in the main text, is shown above.  B) Examples of individual bands from (A).
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Online Figure VII:  Effect of smoothing on calcium spark-induced strain. 
A) Effect of smoothing on the power sepctra of the bands shown in Online Figure VI B, before (black dots) and after 
(red line). Smoothing significantly attenuates structure in the power spectra at frequencies of approximately 16-17 Hz 
and higher. B) Effect of smoothing on a delta function of strain in time (time resolution is 3.1 ms/pixel, as in raw SHG 
linescan data). C) Effect of smoothing on various smoothed step functions of strain. Smoothing significantly attenuates 
strain events lasting 60-70 ms and less.  D) Simulated strain events with rapid onset/recovery and asymmetry in 
contraction or relaxation (black dots) were smoothed using the local linear regression algorithm (n=20 pixels, or ~ 60 
ms) discussed in the text.  Contractile events with fast rise/relaxation times and sharp transitions may be blurred and 
delayed by the smoothing process. In all plots above, black dots represent data before smoothing algorithm, and red 
lines represent smoothed data.
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