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Abstract

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 Ca?* release, such as Ca2* sparks and waves, can cause
local sarcomere contraction. Contemporary imaging methods fall short of measuring microdomain
Ca%*-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.
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Methods and Results—Freshly isolated cardiac myocytes were loaded with the Ca*-indicator
Fluo-4. A confocal microscope equipped with a femtosecond-pulsed near-infrared laser was used
to simultaneously excite second harmonic generation (SHG) from A-bands of myofibrils and two-
photon fluorescence (2PF) from Fluo-4. Ca2* signals and sarcomere strain correlated in space and
time with short delays. Furthermore, Ca%* 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—Multi-modal SHG-2PF microscopy enables the simultaneous observation of
Ca?* release and mechanical strain at the sub-sarcomere level in living cardiac myocytes. The
method benefits from the label-free nature of SHG, which allows A-bands to be imaged
independently of T-tubule morphology and simultaneously with Ca2* indicators. SHG-2PF
imaging is widely applicable to the study of Ca2*-contraction coupling and mechano-chemo-
transduction in both health and disease.

Keywords

Multimodality imaging; calcium sparks; calcium transients; contraction; coupling; second
harmonic generation; two-photon fluorescence

INTRODUCTION

Excitation-contraction coupling in cardiac myocytes is mediated 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
(SR) through the ryanodine receptor (RyR); this process is termed Ca%*-induced Ca2*
release (CICR). Synchronous CICR 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 SR Ca2* store and extrusion from the cell, resulting in sarcomere relaxation.!

The RyR cluster is the basic CaZ* release unit (CRU) in cardiac myocytes. RyR responds to
local rises in Ca* 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 a Ca2* spark. The distribution of
CRUs in cardiac myocytes shows a lattice-like registered pattern in alignment with
sarcomere structure.23 Synchronous opening of CRUs throughout the cell causes a uniform
Ca?* transient and coordinated whole-cell contraction. Asynchronous opening of RyRs,
however, causes non-uniform rises of Ca2* in local microdomains, manifesting as Ca2*
sparks and waves.*~% While healthy cardiac myocytes are largely quiescent and relaxed at
rest, studies have shown that various pathological conditions can increase the occurrence of
Ca?* sparks and waves during diastole in cardiac myocytes.’-11

It is plausible that Ca%* sparks and waves cause Ca2* binding to troponin C and
myofilament contraction in local sarcomeres, potentially increasing mechanical strain and
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stress within the cardiac myocyte. Mechanical stress is linked to cardiac dysfunction and
arrhythmias in conditions such as hypertension, myocardial infarction, atrial fibrillation
(AF) and ventricular tachycardia/fibrillation (VT/VF).12 Such links are well established at
the whole heart level in clinical medicine, but the underlying cellular and molecular
mechanisms remain unclear. We speculate that local non-uniform contraction may
contribute to disease development via mechano-chemo-transduction pathways and by
affecting cardiac myocyte contractility. It is therefore important to investigate local Ca2*
release and the mechanical response at the sarcomere level, constituting the basic unit of
contraction.

Previously, several techniques have been used to measure sarcomere shortening during
cardiac myocyte contraction, including cell-edge detection, sarcomere pattern analysis
(using Fourier Transform/FFT or autocorrelation-based algorithms), T-tubule labeling with
ANEP dyes!3 and quantum dots4, and sarcomere structure labeling using genetic
expression of fluorescent proteins®. However, each of those methods falls short of
providing a practical and reliable method for measuring sarcomere contraction in sub-
cellular microdomains. The video-based edge detection method measures cell contraction as
the sum of all sarcomere contractions; local 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 GFP
directly affects cardiac myocyte contractility.18-20 Moreover, genetic labeling needs to be
executed and validated in each new disease model, which is non-trivial. The GFP spectrum
also overlaps with the emission spectrum of commonly used Ca2* indicators such as Fluo-3
and Fluo-4, and therefore interferes with high resolution CaZ*-contraction imaging. Despite
these drawbacks, these studies and others in skeletal muscle?! have been able to show non-
uniform sarcomere length changes in spatially uniform Ca2* concentrations.

In this project, we develop an easy-to-use and widely applicable 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 sub-sarcomere structure in live
cardiac myocytes. We further integrate SHG with two-photon 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 modification. Furthermore, a single laser can be used to
excite SHG and 2PF, providing inherent spatial and temporal colocalization of the signals.

In what follows, we demonstrate how to use the technique to simultaneously image local
Ca?* signals and sarcomere contraction, and we also present the computational methods for
data analysis. These provide a complete toolbox for using 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 sub-cellular
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
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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-induced cardiomyopathy. Our observations, enabled by
SHG-2PF imaging, raise the possibility that Ca2* sparks and waves increase internal
mechanical strain and stress in cardiac myocytes and may therefore contribute to alterations
in cellular mechano-chemo-transduction signaling.

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. Please see the Supplementary Materials for cell isolation, dye
loading, and antibody labeling protocols.

SHG-2PF imaging

SHG is a process in which light of wavelength A produces its second harmonic (wavelength
% \) 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 noncentrosymmetric
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 macromolecules themselves,
exciting and detecting SHG in muscle does not require the use of exogenous or genetic
labels; furthermore, SHG is a non-absorptive process and thus is not prone to
photobleaching. Several groups have studied SHG in sarcomeric myosin in depth — together,
they have shown both the myosin rod and head domains of the thick filaments contribute to
the generated signal, while the actin thin filaments do not.26:28.29 The label-free nature of
sarcomeric SHG has been utilized to study sarcomere microarchitecture in muscular
dystrophy,39:31 myofibrilogenesis,32 and drug-induced myopathy.33 It has also been
developed as a technique to study local actin-myosin cross-bridging282° and in vivo
contractile dynamics in skeletal muscle.34 Boulesteix et al. have used it to measure
sarcomere length with a reported accuracy of 20-nm in relaxed and tetanic frog cardiac
myocytes.3°

SHG can be readily integrated with two-photon fluorescence (2PF) microscopy. In 2PF,
laser light of wavelength ¢y is used to excite an electron transition at energy ¥ Aqy. After
the loss of vibrational energy, a Stokes-shifted photon is emitted at Aem > %2 Aex. The shift
allows the signal from fluorophores (hem > %2 Aey) and harmonophores (Aem = %2 Aay) to be
simultaneously excited, separated, and detected (Figure 1). For our experiments, a Coherent
Chameleon outputting 150 femtosecond 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
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typically 12 mW. The laser was air-coupled to an Olympus FluoView 300 (FV300) scanning
unit with an 1X-81 microscope. A 60x/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 50X/0.55 NA extra-long working distance objective and isolated with a 488
+ 10 nm bandpass filter. Emission from SHG and 2PF were simultaneously collected
through two separate PMTSs. The spatial and temporal resolutions of the SHG-2PF images
are defined by the confocal microscope with maximal of x,y~0.25um, z~0.8um, t~3pus/pixel.
2-D raster and 1-D line scan images were acquired using the Olympus FluoView software.
Post-processing and data analysis were performed using Fiji and Matlab software, and are
described below.

Localization of SHG to known contractile and Ca2* handling structures

Previous work has shown that SHG signals from cardiac myocytes originate from the
myosin heads of the thick filament and therefore show the position of the A-bands in
sarcomere.2526 Based on the known ultra-structure, Fig. 2A illustrates the localization of
SHG signals in relation to the major structures governing Ca2*-triggered contraction in the
sarcomere. We used SHG-2PF imaging to experimentally verify the localization of SHG
signals as discussed. In one set of experiments, we immuno-labeled RyRs using antibodies
conjugated with Alexa Fluor 488 (AF-488) and subsequently performed multimodal
SHG-2PF microscopy as described above. Fig. 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 clusters 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 sarcolemma and T-tubules in live cardiac myocytes. Using a 2-D
fast scan, we visualized the entire cardiac myocyte and identified a single myofilament to
interrogate further. We then used the confocal linescan mode to obtain fast 1-D SHG-2PF
linescans of the myofilament, which are required to capture fast dynamics in live cardiac
myocytes. Fig. 2C shows the linescan image acquired by scanning along a single
myofilament repetitively. The SHG signal (green) shows the A-bands while the 2PF signal
(purple) shows the Di8-labeled T-tubules. In accordance with known ultrastructure and prior
microscopy studies, two A-bands are seen within each sarcomere, flanked by a pair of T-
tubules. The fluorescence intensity profiles (bottom panel) allow the quantifying of the
position and distance between these SHG-2PF signals.

Simultaneous imaging of the A-band and Ca?* at high spatial and temporal resolution

To image Ca%*-contraction coupling, we loaded freshly isolated cardiac myocytes with the
fluorescent Ca2* indicator Fluo-4. Figure 3 shows a sample SHG-2PF linescan image
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acquired at a spatial resolution of 1024 pixels per line, and a temporal resolution of 9.3 ms
per line (9.1 ps/pixel). A Ca2* transient is seen in the increase of Fluo-4 fluorescence (Fig.
3A, left) and the triggered sarcomere contraction is seen from the displacement of the SHG
signals (Fig. 3A, right). Subsequent linescans were obtained at faster speeds of 3.1 ms per

line (~3.1 ps/pixel).

To resolve sarcomere contraction from the SHG signals, we calculated the distance between
adjacent A-bands. As illustrated in Fig. 3B, we denote Ly, as the distance between the two
A-bands within the same sarcomere (seen between the T-tubules, traversing the M-line), and
L as the distance between the adjacent A-bands across the sarcomere (seen across the T-
tubule, traversing the Z-line). Ly, and Lz each can be measured from the distance between
the adjacent SHG bright bands. During contraction, Lz is shortened by increased overlap of
the thick and thin filaments, while the Ly, remains unchanged because the length of the thick
filament within a sarcomere does not change. The sum of Ly, and L is equal to the
sarcomere length, Lg =Ly + Lz (e.g. the distance from Z-line to Z-line, or equivalently
from M-line-to-M-line).

We used the above definitions to measure Ly, and Lz from the distance between the SHG
bright bands in Fig. 3C. The histogram of inter-A-band distances can be calculated using the
kernel density method (see Online Methods).3¢:37 During diastole (green framed region, Fig.
3A), the histogram of distances between adjacent A-bands shows two distinct peaks (green
curves, Fig. 3C), corresponding to Ly~0.8um and Lz~1.0um. During systole (red framed
region, Fig. 3A), the histogram also shows two peaks (red curves, Fig. 3C), but
corresponding to Ly~0.8um and Lz~0.9um. Thus, in agreement with our analysis, Ly, is
constant and Ly is shortened during contraction. The calculated sarcomere lengths Lg =Ly
+ L in these states are Lg ~1.8um at diastole (the slack length in an isolated cardiac
myocyte) and Lg ~1.6um 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 Fig. I). We obtained a sarcomere
length of 1.8 um at diastole and 1.6 um 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 linescan images. Figure 4 depicts the analysis procedure. First,
we reduced the noise in the raw SHG image data by applying a 2-D Wiener filter (Fig. 4B).
The Wiener filter requires the neighborhood size of the relevant image features to be
defined. 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 magnitude of contractions that
are present in the data (e.g. if the contractions are rapid and involve significant translation, a
small time neighborhood is chosen). Second, after noise reduction, a 2-D Fast Fourier
Transform (FFT) of the spatial SHG signal is performed line-by-line, and then each FFT is
bandpass filtered (Fig. 4C). The band that is retained corresponds to spatial periods of 300
nm to 2.5 um and contains the key spatial frequencies and phases of the A-band signal. Each
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line is then inverse Fourier transformed to obtain a smooth, oscillating signal that is in phase
with the SHG-bright bands (Fig. 4D). Third, from this signal the minima between SHG-
bright bands are obtained (red lines in Fig. 4E), which are used to set processing windows
around the SHG-bright bands. Gaussian fitting is then employed to estimate the center of
each SHG-bright band at each point in time. The results of Gaussian fitting (yellow lines in
Fig. 4F) therefore estimate the center of the A-bands. The distance between the center of the
A-bands corresponds to the Ly, and Lz peaks as discussed previously. Histograms of the
center-to-center distances during diastole and systole show that myocyte contraction
shortens Lz while Ly, remains unchanged (Fig. 4G and 4H, and Online Fig. Il). 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 Figs. 11l and 1V). The strain over a given
sarcomeric distance is then calculated as E = (L Lg)/Lg, where L is the distance between a
SHG-bright band and its next nearest neighbor, and L is that distance averaged over the
first 25 pixels in time (when the cell is relaxed). Fig. 5 (middle panels) show sample strain
maps computed from the SHG-2PF images obtained from cardiac myocytes at different
contractile states.

Correlation between Ca?* 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 Fig. 5. Fig. 5A shows a relaxed state with no development of strain (left and
mid panels) at low resting Ca2* concentration (right panel). Fig. 5B shows a development of
strain across sarcomeres (left and mid 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. Fig. 6A demonstrates that the normalized cross-
correlation between the strain and the corresponding Ca?* signal ranges from 0.90 to 0.93
for the sarcomere “lanes” seen in Fig. 5B (mean = 0.92, o = 0.01); the time delay to the
cross correlation maximum ranges from 114.7 ms to 192.2 ms (mean = 149.3 ms, o = 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 cardiac myocyte contraction.38 Thus, multi-modal
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 unresolved question: do Ca?* sparks
cause local sarcomere contraction? To analyze the correlation between Ca2* sparks and the
nearest neighbor A-bands, we computed the strain map from M-line to M-line (Fig. 5C, mid
panel). Fig. 5C shows the development of microdomain strain (mid panel) in response to
localized Ca2* sparks (right panel). A positive correlation between Ca?* sparks and local
strain can be observed, although the time delay for strain development is variable (addressed
below). Thus, Ca2* sparks can indeed cause local sarcomere contractions (termed myo-
pinch) that lead to non-uniform strain in subcellular microdomains.
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In Fig. 6C, events from Fig. 5C with an apparent spark-strain correlation (Fig. 6B) are
plotted separately. In these plots, history dependence can be observed: peak strain develops
earlier for sparks that occur shortly after a prior spark-strain event (Fig. 6C, plots 1, 2, 4, and
5: avg. time to peak strain = 176.2 ms) than for those with a longer strain-free history (Fig.
6C, plots 3, 7, and 8: avg. 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 Fig. V). Additionally, we examined the effect of our
smoothing algorithm on Ca2* spark-induced myo-pinch as well as on simulated strain and
confirmed that smoothing does not attenuate strain events that lasts for 60 ms or longer
(Online Figs. VI and VII); myo-pinch events lasted > 100 ms in our observations.

Ca?* -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 constriction (TAC) surgery to generate pressure-overload mice who
develop cardiac hypertrophy and heart failure 3° (online methods). cardiac myocytes from
TAC mice were studied under mechanical load using the “cell-in-gel”” system as previously
described,* as well as under standard load-free conditions. When load-free, TAC cardiac
myocytes responded to electrical pacing with regular contractions (Fig. 7A). Under
mechanical load, however, the cells displayed aberrant spontaneous Ca%* waves at variable
times during diastole, between paced systolic Ca2* transients (Fig. 7B). Fig. 7C—E show a
strain map analysis of one such aberrant Ca2* wave, amongst paced transients, in a TAC
cardiac myocyte under mechanical load. Panel C shows the SHG data, panel D shows the
strain map obtained from an analysis of two adjacent sarcomeres, and panel E shows the
corresponding 2PF data. At the single-sarcomere level (Fig. 7F-G), the wave-triggered
contractions were lower in amplitude than the paced contractions. Consistently, the
amplitude of the contractions correlated to the relative change in intra-sarcomere calcium
levels. These results demonstrate the applicability of the SHG-2PF technique to study of
mechanical stress-induced heart disease.

DISCUSSION

Imaging local Ca%*-contraction coupling at sarcomere resolution 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 Ca%*-induced strain at the single sarcomere level. The
technique utilized a single laser to excite SHG from the thick filaments of sarcomeres and
2PF from a fluorescent Ca2* indicator, simultaneously. First, we developed the methods and
algorithms for acquiring, processing, and interpreting the multimodal image data. Second,
we verified the SHG analysis by comparing the SHG signal to the known ultrastructure of
sarcomere and the Ca2* handling molecules (i.e. A-band, T-tubule, and RyRs). Third, we
tested the feasibility of using the SHG-2PF technique to simultaneously image Ca2* and
sarcomere contractions. We were able to make the novel observation in live cardiac
myocytes that CaZ* 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
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mechanical stress-induced heart disease; when these cardiac myocytes were placed under
mechanical load, we observed calcium waves and associated sarcomere strain occurring
between paced transients.

Multimodal SHG-2PF imaging has distinct advantages over other available techniques.
Recently Shintani et al. developed a method for measuring sarcomere shortening by labeling
the Z-discs with AcGFP-tagged a-actinin for imaging.1®> However, the method uses vector-
mediated transfection of cardiac myocytes that requires culturing the cells to express
adequate amount of AcGFP-tagged a-actinin. In culture, both neonatal and adult cardiac
myocytes undergo changes in the Ca2* handling and contractile characteristics#1-43, and
hence may introduce artifacts. Genetic labeling methods are also disadvantaged by potential
interference between GFP and sarcomeric protein function.1® In contrast, we use SHG to
accomplish label-free and non-invasive imaging of A-bands within the sarcomeres of live
cardiac myocytes.

Another sarcomere-tracking technique utilizes 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.#4 In some disease states such as
hypertrophy and heart failure, T-tubule networks can become irregular and
‘detubulated’.#>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 studying sarcomere-level contraction in heart disease models.

Both genetic labeling and T-tubule labeling are further restrictive when used in conjunction
with fluorescent Ca2* indicators for dual imaging. The fluorophores must be carefully
selected for each imaging modality in accordance with the kinetics of the indicator and to
allow spectral separation. It may not be possible to minimize the crosstalk 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 A.,/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 contraction 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-to-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 OEM-
installed fiber bundle that collects forward-directed light does not collect 100% of the
photons; bypassing the fiber and collecting SHG photons directly using a photon multiplier
tube (PMT) would double the SHG signal.#”-48 Compressing the femtosecond laser pulses
used to excite SHG and 2PF by chirping can significantly improve S/N ratio in multiphoton
processes, because generated signals scale quadratically with the peak power of the pulse.4®
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These approaches can 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 measuring strain during global (e.g.
electrically stimulated) contractions in load-free cardiac myocytes, if the motion is too large
to keep the same sarcomere within the focus of the confocal microscope. Due to the highly
localized nature of the SHG-2PF technique, it is best used to track local sarcomere
contraction in response to local Ca2* releases. For the measurement of global contractions,
however, there are a number of established methods (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 contraction -- 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 determination of A-band centers.
Though no super resolution method currently exists for harmonic generation microscopy,
several investigators are actively developing label-free super resolution methods.%%51 As a
special consideration to Ca2* imaging, the usefulness of super resolution methods is limited
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* indicators®2-55 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 investigation of the relationship between
localized Ca2* release events and mechanical strain in subcellular microdomains. Such
knowledge is important for understanding the mechano-chemo-transduction within the cell
that contributes to mechanical stress-induced heart diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

SHG Second harmonic generation
2PF Two-photon fluorescence
SR Sarcoplasmic reticulum
RyR Ryanodine receptor
CICR Calcium-induced calcium release
CRU Calcium release unit
FFT Fast Fourier transform
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Novelty and Significance
What Is Known?

«  Global Ca2* release from the intracellular Ca2* store causes cardiac myocyte
contraction.

« Localized Ca?* release such as Ca* sparks often occur in diseased hearts, but
whether the Ca2* spark can cause local sarcomere contraction was unresolved
due to a lack of suitable technique.

What New Information Does This Article Contribute?

e We developed a multimodal SHG-2PF (second harmonic generation and two-
photon fluorescence) microscopy technique to simultaneously image the local
Ca?* 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 (SR) to increase cytosolic Ca2* concentration. Diastolic
relaxation requires Ca2* to be sequestered into the SR and the cytosolic Ca?*
concentration to be kept low. However, spontaneous Ca?* release from the SR can occur
during diastole, especially in diseased hearts. Whether localized Ca?* release, in the form
of Ca?* sparks, can cause local sarcomere contraction has been an important but
unresolved issue.

Here we develop a multimodal SHG-2PF imaging method that uses SHG to monitor the
contraction of individual sarcomeres and 2PF to image a fluorescent Ca2* indicator. This
enables the simultaneous imaging of local Ca2* signals and sarcomere contraction at high
spatiotemporal resolution. Our data reveal that Ca?* sparks can indeed cause sarcomere
contractions in subcellular microdomains, 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 induced heart failure. Thus, the SHG-2PF
technique enables the deciphering of disease related changes in CaZ*-contraction
coupling at the single sarcomere level.
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Figure 1. Basics of multimodal 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.
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Figure 2. SHG localizes to the thick filaments of sarcomeres
SHG originates from the thick filaments of sarcomeres. RyRs reside on the sarcoplasmic

reticulum, adjacent to Z-discs. TTs course along myofilaments and wrap around Z-discs. (A)
depicts the localization of these structures to sarcomeric SHG. (B) SHG (green)-2PF (red)
imaging of a rVCM immunostained using anti-RYR2-AF488 antibodies, with a single
myofilament enlarged below. (C) A multimodal line scan along a single myofilament in a
live r'VCM loaded with Di-8-ANEPPS. Below is a plot of the signhals summed in time,
showing the double-banding pattern of sarcomeric SHG with deeper minima (arrowheads)
corresponding Z-disc locations.

Circ Res. Author manuscript; available in PMC 2017 January 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Awasthi et al.

Page 17

B)

(2)
~—

—
=

-
N

LSL = LM+ I_Z

——-

z relaxed 0.2

Histogram

Q—* N L 2 5
L L contracted 0.0 o8 o8 o =

Distance between peaks (um)

Figure 3. Relationship between sarcomere structure and A-band position
(A) SHG-2PF linescan imaging of the myocyte shows a Ca2* transient seen in the Fluo-4

signal (top left panel of images on right) and the triggered contraction in the SHG signal (top
right panel). (B) Ly, is the distance between two adjacent A-bands within the same
sarcomere. Ly is the distance between the two A-bands across the adjacent sarcomeres. The
sarcomere length Lg, is equal to the sum of Ly, and L. L shortens during cell contraction
due to 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. Ly, is determined by the thick filament structure within the sarcomere and does not
change during cell contraction. L shortens as described. The numerical values of Lg|
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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Figure 4. The centers of SHG-bright bands can be identified at each time point
In order to track the peaks of the SHG bands in the raw data (A), noise filtered data (B) is

Fourier transformed and bandpass-filtered (C) in order 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 upper-most black bar to the
right of F) and systole (H, bottom black bar of F) show that Ly, does not change during
contraction, whereas L shortens, as expected from Fig. 3. The displayed Gaussian fits of
the histogram data come from fitting single Gaussian functions to the Ly, and L data
separately (Online Figure 11).
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Figure 5. Strain maps constructed from 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, Lg. Strain is
(L-Lg)/Lo. In AC, the left images show the noise-filtered raw data. On the right are the
simultaneously obtained 2PF signals from Fluo-4-AM. (A) shows a negative control — a rat
VCM at resting state. (B) shows a contraction in which transient non-uniform strain
develops in response to a calcium wave. (C) shows 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.

Circ Res. Author manuscript; available in PMC 2017 January 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Awasthi et al.

Page 20
Strain 02 B) Fluo4 2PF 4000 Strain o1
Max cross —
Sare correlation 29 ] t - l ] {
1 91 192 | {
i i
z 1 AN
1 92 161 i
5 90 136 g | ' {
6 .93 121 s | |
Wean 092 149
) 01303 I 4
12345 602 1234567801
Sarcomere # Sarcomere # Sarcomere #
C)  1asms 153 ms 135 ms, 2538 ms
0.04 ! 01 511 004 31! 0O 7]
08
m s z
06 3
7 06 2
s 00257 o7 %% 0105 738° 0 77 7798 oy 0 §
@ 153 ms 1097 mg 282 ns 63 ms =
0.04 =1 oo 51 004 A1 005 ' 5
4
08 jﬁQ 08 9
3
06 7
9 13 5 0.05-505 028° © G5 068 0023 76"

Figure 6. Deeper analysis of sarcomere-scale calcium-contraction coupling
(A) Average Fluo-4 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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Figure 7.

Multimodal 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 being paced at 0.5 Hz.
(C-D) Strain map analysis of a localized 2-sarcomere region from a TAC cardiac myocyte
under afterload and 0.5 Hz pacing. (E) 2PF signal within the corresponding sarcomeres from
(D). (F-G) Plots of sarcomere strain vs. lane-normalized 2PF (top) and sarcomere spacing
vs. raw 2PF (bottom).
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