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Abstract

All optical approaches to control and read
out the electrical activity in a cardiac syncy-
tium can improve our understanding of
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cardiac electrophysiology. Here, we dem-
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cardiomyocytes with high spatial preci-

sion using light foci generated with a ferro-
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electric spatial light modulator. Computer

generated holograms binarized by bidirec-
tional error diffusion create multiple foci
with more even intensity distribution compared with thresholding approach. We
evoke the electrical activity of cardiac HL1 cells expressing the channelrhodopsin-
2 variant, ChR2(H134R) using single and multiple light foci and at the same time
visualize the action potential using a calcium sensitive indicator called Cal-630.
We show that localized regions in the cardiac monolayer can be stimulated
enabling us to initiate signal propagation from a precise location. Furthermore, we
demonstrate that probing the cardiac cells with multiple light foci enhances the
excitability of the cardiac network. This approach opens new applications in
manipulating and visualizing the electrical activity in a cardiac syncytium.
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1 | INTRODUCTION

Optogenetics offers possibilities for treating cardiac
arrhythmia and investigate the mechanisms of cardiac
electrophysiology. At present, electrical stimulation is
still the gold standard in probing and therapeutic treat-
ment of cardiac diseases [1,2]. For example, cardiac pace-
makers and cardioverter-defibrillators are considered safe
and reliable medical devices implanted to millions of peo-
ple worldwide [3,4]. However, with the advancement in
tissue engineering and viral gene transfer, optogenetics
creates potentially new routes for cardiac therapy [1,2].

Though at its infancy, optogenetics has shown great
promise and has been applied to pace whole hearts
in vivo [5,6] and resynchronize hearts after arrhythmia
[7-9]. Analogous to electrical stimulation, optogenetics
as a therapy requires fundamental studies to be per-
formed on cellular, tissue level or animal models to
understand how it can be effectively used to control car-
diac systems. Particularly, the design of measurement
protocols for cardiac electrophysiology could improve our
understanding of the effectiveness and limitations of the
technique. Therefore, along with the improvement of
opsin variants and read-outs, developing optical technol-
ogies for spatially and temporally precise light delivery is
also crucial.

The optical systems employed for optogenetic
experiments would highly depend on the experimental
design. For example, for the unspecific stimulation of a
large mass of cells, hundreds of mm? in area, one could
use incoherent light sources such as LEDs coupled to
optical fibers or directed to the sample using free space
optics [8,10,11]. However, for more intricate light stim-
ulation to investigate cell to cell communication with
single cell specificity, more advanced optical systems
which can spatially confine light in subcellular dimen-
sions are necessary. For example, stimulation of multi-
ple cells in a network may either be performed by
scanning the focused laser [12,13] or splitting the inci-
dent beam to multiple spots [14] to flexibly target any
cells in a field of view while simultaneously observing
the neuronal or cardiac network activity using fluores-
cence imaging. Galvanometer mirrors [12,15] or
acousto-optical deflectors [16] which can be operated
in kHz or MHz rate, respectively, can also be used to
scan the laser spot in multiple positions within the cell
or on multiples of cells. However, the photostimulation
occurs sequentially and the temporal resolution will be
limited by the dwell time necessary to optogenetically
stimulate the individual cells [17].

For simultaneous parallel stimulation, the modula-
tion of light's amplitude using digital mirror device

(DMD) or both amplitude and phase using holographic
methods via spatial light modulator (SLM) would
therefore be desirable. A distinct advantage of phase
and amplitude methods for optogenetic stimulation is
the ability to shape the light arbitrarily and split the
incident beam into multiple spots allowing simulta-
neous stimulation of multiples of cells. In cardiac net-
works, DMD devices have been mainly used especially
for shaped light stimulation in mouse heart prepara-
tions and cardiac cell monolayers [18-20]. DMDs oper-
ate in a binary fashion wherein light is either deflected
towards or away from the sample depending on the
angular position of the micro mirrors. A disadvantage
of DMD technology is its poor efficiency [21] which
poses a problem for light sources with limited photon
budget. SLMs on the other hand have been successfully
implemented in neuroscience research especially for
two-photon 3D parallel stimulation in the intact mouse
brain. These devices are more photon efficient and
have been effectively used in targeting cells in tissue
slices and within the scattering brain environment
[22-24]. Their slow response, typically at 60 Hz for lig-
uid crystal technology can limit their applications
when the pattern of light has to be updated in a fast
manner. The trade-off between speed and photon effi-
ciency leads to the use of ferroelectric SLMs with kHz
frame rates. Ferroelectric SLMs (FSLMs) employ
binary phase holograms which are considered more
efficient for beam shaping compared with binary
amplitude approaches [25]. In optogenetics field,
FSLMs have been successfully employed to stimulate
ChR2-expressing retinal ganglion cells [26] and
induced pluripotent stem cells derived neurons [27].

In this study, we contribute to the optical toolbox for
cell-specific and parallel optogenetic stimulation in car-
diac cells. We demonstrate the use of a holographic
FSLM system to deliver localized laser foci for
optogenetic stimulation in a cardiomyocyte monolayer.
An advantage of this setup is the delicate control of spa-
tial location of excitability allowing single cell targeting
of optogenetic cells. Using this system, parallel stimula-
tion of multiple cells can be performed and electrical sig-
naling can be redirected flexibly. To evaluate the
excitability of the photostimulated cells, we used calcium
imaging to detect the electrical activity in the immortal-
ized cardiomyocyte cell line, HL1 cells. Furthermore, we
investigate the effect of spatial summation of photocur-
rents using targeted dual spot stimulation. Overall, we
present an all-optical tool for both localized and simulta-
neous excitation of multiple cells using a holographic
approach as well as visualization of cardiac electrical
activity with calcium imaging.
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2 | MATERIALS AND METHODS

2.1 | Experimental setup

The schematic diagram of the experimental setup is
shown in Figure 1A. A continuous wave laser with a
wavelength of 488 nm (Coherent, Obis) is used to excite
the ChR2-expressing cells. The beam is magnified by a
Keplerian telescope (L1, L2) to illuminate the active area
of a binary phase-only ferroelectric liquid crystal spatial
light modulator (FSLM, M150 QXGA, Forth Dimension
Displays) with a pixel pitch of 8.2 pm and 2048 x 1536
pixels. A half waveplate (A/2) and a linear polarizer (LP)
control the polarization of the incident light on the SLM.
The zeroth order diffracted light reflected from the SLM,
with its polarization rotated by z/3 is transmitted by a
50:50 beamsplitter (BS). A second polarizer ensures true
0-7 phase modulation, transmitting polarization states
with opposing sign. Lenses (L3 and L4) focus the zeroth
diffraction order beam to a spot size of 3 pm at the sam-
ple plane. This approach compared with Fourier configu-
ration, allows for a larger field of view while efficiently
focusing the laser to illuminate the cells, albeit with a
lower contrast due to undiffracted light. For brightfield
imaging, a red LED (M660L4, Thorlabs) with a center
wavelength of 640 nm was used to illuminate the sample.
Computer generated binary holograms (CGH) derived
from complex-valued Fresnel holograms and binarized

Objective: 20x, NA: 1.0

Mercury
Arc Lamp

Tube lens: f=300mm

via bidirectional error diffusion [28] are displayed on the
SLM to control the position and number of the laser foci
used to excite the cells. Control of the SLM and CGH cal-
culation are executed using a custom Matlab script. Lat-
eral shifts of the hologram result in lateral shifts of the
foci on the sample. The maximum frame rate of the SLM
is 1.7 kHz for fast update of the CGH but was set to lower
pre-set values to set the photostimulation duration (fpuse)
to 10 ms as performed in this study. CGH displayed on
the SLM were updated as dictated by an external trigger.
The photostimulation event and frequency are controlled
by synchronizing CGH display to TTL signals from an
external trigger which is synchronized with the start of
the camera acquisition.

Figure 1B shows the combination of filters for cal-
cium imaging along with the spectral properties of both
the ChR2(H134R) and Cal-630. A home-built inverted
microscope was used for calcium imaging. Fluorescence
calcium imaging was performed using a mercury vapor
short arc lamp (XCite 120PCQ, Excelitas) for fluorophore
excitation. A high numerical aperture objective (Nikon,
NA: 1.0) focuses the excitation light as well as collects the
emitted light from the sample. A band-pass filter (Exc,
Semrock, 605/15, FF01-605/15-25) centered at 605 nm
selects a narrow spectral band (598-613 nm) of the arc
lamp to excite Cal-630 which has a peak absorption at
605 nm. A dichroic mirror (DM, Semrock, 624, FF624-
Di01-25%26x2.0) reflects the excitation light and
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transmits the fluorescence signal. A long-pass filter (Em,
Semrock, 655/40, FF02-655/40-25) ensures that only fluo-
rescence is collected by the tube lens (f = 300 mm) which
forms an image of the sample on an EMCCD camera
(Andor iXon DU-885 K-CSO). Excitation light used for
calcium imaging was measured using a photodiode
power sensor (Thorlabs, S121C). Due to the slow calcium
dynamics of HL1 cells, imaging was performed at rela-
tively low frame rates, in our case, 11.6 frames/sec at full
field of view (222.8 pm x 222.4 pm).

2.2 | Cell culture

For the experiments, we used a stably ChR2(H134R)
expressing HL1 murine tumor cell line of atrial in origin
which is known to maintain a cardiomyocyte-like pheno-
type. HL1 cells were generated by transduction with len-
tiviruses encoding for EFla-ChR2(H134R)-EYFP to
express ChR2(H134R) in fusion to the yellow fluorescent
protein as reported earlier [32]. Cells were cultured in
Claycomb media (Sigma-Aldrich) supplemented with
10% fetal bovine serum (Sigma-Aldrich), 1% L-glutamine
(Sigma-Aldrich), 1% norepinephrine (Sigma-Aldrich) and
1% penicillin and streptomycin (Biochrom). The cell cul-
ture medium was changed every 24 h. Cells were kept at
low passage numbers and passaged twice a week. HL1
cells (Sigma-Aldrich) that were not transduced with
ChR2 were also cultured similarly and used as control.

2.3 | Sample preparation

Cells were seeded in a 35 mm glass bottom dish, previ-
ously coated with fibronectin (5 mg/L, Sigma-Aldrich) in
0.02% gelatine (Sigma-Aldrich). Approximately, 100 000
cells were seeded per dish and incubated for 24 to 48 h
before experiments. To stain the cells with the calcium
sensitive fluorophore, cells were washed with Dulbecco
phosphate buffer solution (DPBS) without Ca®' and
Mg>" (PanBiotech). 500 pL of HL1 culture medium con-
taining Cal-630 (Biochrom) in dimethyl sulfoxide (Sigma
Aldrich) with a final dye concentration of 20 pM were
added to the dish. Dishes were incubated for 45 min at
37 °C. Afterwards, the medium of the dishes was changed
to a fresh complete medium and the cells were incubated
for further 30 min at 37 °C for deesterification.

2.4 | Spot characterization

To characterize the foci created by the FSLM, a series of
computer generated holograms corresponding to 1 to

16 foci was calculated and subsequently uploaded to the
FSLM. The images of the laser foci were captured using
Andor Solis software with laser settings and the exposure
time fixed for all images. Dark images were also taken
with the same camera acquisition settings but without the
laser foci. The intensity and profile of each spot was ana-
lyzed offline using ImageJ. For the intensity profiles of the
spot, a line profile was taken for each spot. To measure
the signal-to-noise ratio, dark images were subtracted
from the spot images and the mean of the intensity of the
pixels for each spot was calculated. Signal-to-noise ratio of
the spot was obtained by dividing the mean gray value of
the foci with the mean gray value of the background
region in the corresponding image. The relative percent
difference of the background for multiple foci compared
with one spot was obtained by measuring the gray value
of a background region of an image with the dark image
subtracted and then calculating its relative percent differ-
ence with the background of the image of one spot, such
that, E’];Tii""‘loo%, wherein B, is the background for
images with n, number of spots and B is the back-
ground of the image with 1 spot. The power of each foci
was modulated using the laser diode controller. Power
measurements at the sample plane were performed using
a power meter (Spectra-Physics, 843-R optical power
meter) with a thermopile detector (Spectra Physics, 919P-
003-10). The intensity for each spot was calculated by
dividing the measured power with the area of the spot,
wherein the diameter is given by the full width at half
maximum of the spot. The maximum available intensity
provided by the setup is 10.7 pW/pm? for single foci and
decreases as a function of number of foci.

2.5 | Data analysis

Image stacks of the calcium fluorescence signals were
analyzed offline using a custom Image] macro and
Matlab (MathWorks) scripts. Five cells in the field of
view surrounding the photostimulated cell were manu-
ally traced. The mean gray value of each cell region with
corresponding background subtracted F; was obtained
and recorded for each frame, i. Calcium transients were
represented as AF/F,, where F, is the basal fluorescence
at frame 1. The peak AF/F, is defined using the following

: AF __ F;—F,
relatlon, Fo — F—OO'
2.6 | Confocal microsopy

Confocal images were acquired using a confocal micro-
scope (LEICA, TCS, SP5) with Leica Application Suite
Advanced Fluorescence software. HL1-ChR2 cells were

85U80|7 SUOWLWIOD @A eaID 8|qedl|dde ays Aq peusenob a1e Ssplife YO ‘@SN JO s8N 10 A%eiqi]8UlIUO /8|1 UO (SUORIPUOD-pUe-SW.eI W0 A3 1M AReIq 1 Bul|UO//:SANY) SUORIPLOD Pue Swie | 8y 88S *[€202/90/82] uo ArlqiTauliuo feim ‘Auew.es aueiyood Aq ZGE00TZ0z 01q//Z00T 0T/I0p/wod A3 1M Afeiq1jeul|uoy/sdny woJy pepeojumod ‘L ‘220z ‘8790798T



JUNGE ET AL.

OURNAL OF

50f14
PHOTONICSJ—

prepared as described in sample preparation. Cells were
fixed with 4% paraformaldehyde (Carl-Roth) for 30 min
at room temperature and then washed afterwards three
times with DPBS. The fluorescence image of the mem-
brane-bound yellow fluorescent protein in HLI1 cells
expressing channelrhodopsin-2 (Figure 1C) was obtained
using %20 objective, NA. 0.5 (LEICA, HCPL Fluor AR).
The image was taken using an Argon-ion laser operated
at a wavelength of 514 nm with a power of 140 pW mea-
sured at the sample plane. The wavelength range
detected by the photomultiplier tube is between 528 and
630 nm.

3 | RESULTS

3.1 | Calculation of computer-generated
holograms

Central to the control and shaping of light using the FSLM
is the calculation of computer-generated holograms (CGH)
to be displayed on the FSLM. In our setup detailed in Sec-
tion 2.1, CGH were displayed on FSLM to focus light on the
sample and maximize light efficiency. Expressed in coordi-
nates x and y of the modulator, the phase distribution ¢ of
the Fresnel zone plate used for focusing is

7 (P4
€0—T» (1)

where f is the focal length of the zone plate and A is the
laser wavelength. Due to the discrete nature of the FSLM,
the minimum achievable focal length f,,;, that maintains
maximum efficiency is determined by the pixel pitch A
and the number of pixels N on the short axis of the
modulator:

N-A?
fmin:T' (2)

To calculate the CGH, each illuminated point in the
sample plane is the result of a Fresnel zone plate in the
FSLM plane focusing the light to this point. A computer-
generated complex hologram H(xy) on the SLM can
therefore be expressed as the sum of all such Fresnel
zone planes, which, in a more compact form, is the con-
volution of a distribution M(z, v) in the sample plane con-
taining the relative gray values of all illuminated spots on
the sample with a Fresnel zone plate,

H(xy) = / / M(x—zy—v)-¢*dedv.  (3)

The Fresnel zone plate can be precalculated for
higher computational efficiency. This procedure can be
easily be extended to 3-dimensional holograms if two-
dimensional holograms are calculated for different sam-
ple planes and added after convolution. Since the FSLM
used here is a binary phase modulator, complex holo-
grams will have to be converted to binary phase-only
holograms. For sparse light distribution of the sample,
that is, a combination of single far-apart foci, this can be
done by omitting amplitude information from the com-
plex hologram and perform so-called thresholding of the
phase:

= (4)

- 0, else

, {777, w/2<¢p<3m/2

More complex holograms, that is, ones containing
uniformly illuminated areas, greatly suffer in quality
from thresholding, so bidirectional error diffusion
(BERD) [28,33] is implemented to overcome this prob-
lem. This method processes all pixels consecutively. Dif-
ferences between the current pixel value and the desired
pixel value are distributed to neighboring unvisited
pixels. To avoid artifacts accumulating on one side of
the processed images, a meandering bi-directional pat-
tern is used. Figure 2 shows a simulated reconstruction
of a hologram resulting in an intensity distribution con-
sisting of 8 foci arranged in a ring pattern. Figure 2A
shows the foci reconstructed from a hologram binarized
using BERD and the corresponding central part of this
hologram is shown in Figure 2C. In comparison, the
respective intensity distribution and the central part of a
hologram binarized with thresholding can be seen in
Figure 2B,D, respectively. Based on the intensity distri-
butions, BERD results in more evenly distributed inten-
sities compared with thresholding. This is further shown
by the overlay of normalized cross-section of the individ-
ual foci from the 8 foci pattern shown in Figure 2E.
Here, the intensity cross-sections reconstructed from
holograms binarized with BERD and thresholding are
shown in blue and red, respectively. With a mean inten-
sity value of y ., =0.94 £0.06, foci generated with BERD
are brighter and more consistent than those created by
the thresholding which has a mean intensity
Of Ypax = 0.6 £0.13.

Arbitrary patterns can also be also generated using
the binary phase holograms. Figure 3 shows a simulated
illumination pattern shaped as a cross with arms 300 pm
long and 60pm wide. Figure 3A,C show the
reconstructed image and central part of the hologram
using BERD while Figure 3B,D show the respective
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FIGURE 2 Comparison of BERD and thresholding for a simulated pattern consisting of eight points located on a ring. Intensity
distributions in false colors reconstructed from holograms binarized using (A) BERD and (B) thresholding. Central part of the corresponding
hologram binarized with (C) BERD and (D) thresholding, respectively. (E) Overlay of single spot profiles along the vertical image axis
normalized to maximum gray value in both (A) and (B). BERD results in brighter and more even intensity distributions
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FIGURE 3 Comparison of BERD and thresholding for a simulated pattern consisting a cross with 300 pm long arms. Intensity
distribution in false colors reconstructed from holograms binarized using (A) BERD and (B) thresholding. Central part of the corresponding
hologram binarized with (C) BERD and (D) thresholding. (E) Horizontal cross-section along the center of the cross. It is clear that using
BERD, the patterned light is much less prone to speckles and more evenly distributed, which is important for a consistent stimulation of
cells in the illuminated area

images using thresholding. In Figure 3E, we plotted the consistent and precise stimulation of cells in the
horizontal cross-section along the center of the cross for  illuminated area.

the two approaches. By binarizing the holograms using The flexibility of optogenetic stimulation using
BERD, the intensity distribution is less contaminated by =~ FSLM stems from the ease of updating the patterns of
speckles and more uniform, which is important for a  foci on the sample. The number, position and
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FIGURE 4 (A)Images of
generated foci by the SLM (1, 2,
4 and 8 foci). Scale bar is 20 pm.
(B) Intensity profile of individual
spot (gray trace) and the mean
intensity (solid black trace) with
increasing number of foci. Note

C

N

the changes in y-axis for 2, 4 and
8 foci. (C) Measured average
FWHM of the foci as a function of
number of foci. Error bars
represent standard deviation.
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arrangement of the foci can be controlled by simply
changing the displayed hologram on the FSLM. The foci
could be arranged arbitrarily in any position and
arrangement as specified by the user. Furthermore, by
precalculating the holograms, the holograms could be
stored in the FSLM and updated with the speed
depending on the refresh rate of the FSLM. Hence, the
number and arrangement of the foci can be dynami-
cally changed during a series of fluorescence acquisi-
tion. As we have shown in this section, hologram
binarization using BERD is superior to the simpler
method of phase thresholding and therefore exclusively
used for hologram generation throughout the presented
optogenetics experiments.

3.2 | Characterization of generated laser
foci using calculated laser generated
holograms

We characterized the foci generated by the FSLM for 1 to
16 foci. Figure 4A shows representative images of 1, 2,
4 and 8 foci taken at a fixed camera exposure time and
laser power. With increasing number of foci, the intensity
of each spot decreases, while the Gaussian intensity pro-
file and the full width at half maximum (FWHM) of each
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spot remains the same (Figure 4B). The measured
FWHM of each spot is 3.00 + 0.15 pm which remains
constant with increasing number of spots generated as
shown in Figure 4C. Figure 4D shows the intensity of
the spots as a function of the number of foci generated.
The intensity of each single spot is proportional to
n 1% where n indicates the number of foci used. The
slight nonlinear dependence of the spot intensity on the
number of foci could be attributed to combined effects
of the limited spatial frequency of the SLM and the con-
version of the complex-valued Fresnel holograms into a
binary phase hologram. Additionally, measurement arti-
facts could be present due to slight non-uniformity of
the collected signal depending on the position of the
light with respect to the camera sensor. Since any dif-
fused light background can reduce the threshold energy
needed to excite the light-sensitive cardiomyocytes, we
assessed if the background changes with increasing
number of foci. This was determined by measuring the
background of the images for different number of foci.
We found negligible changes in image background
when switching from single to multiple spots as shown
in Figure 4E. Relative percent differences of the back-
ground for multiple foci compared with 1 spot are on
average <2%. This indicates that most of the light at the
sample is confined in the laser foci and that no spurious
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(A) Number of spontaneous calcium peaks for HL1-ChR2 cells and unmodified HL1 cells imaged at varying Cal-630

excitation light intensity. (B) Spontaneous calcium traces of HL1-ChR2 cells for different Cal-630 excitation light intensities. The
photobleaching rate is fastest for highest Cal-630 excitation light intensity, 5.98 mW/cm?. (C) Calcium traces of unmodified HL1 cell
illuminated with a laser spot (Ispo; = 10.7 pW/ pm?, tpuise = 10 ms). (D) Calcium transients observed in a photostimulated ChR2 expressing
HL1 cell. The cell responds rapidly with each applied laser illumination. (E) Calcium traces for a HL1-ChR2 cell paced at different

photostimulation frequencies (0.5, 1 and 2 Hz)

diffused light background should affect the spatial selec-
tivity of the spot excitation.

To measure the accuracy and precision of the posi-
tioning of the foci on the sample with the FSLM system,
a calibration procedure was implemented where CGHs
were precalculated for a set of coordinates corresponding
to 40 points on the sample plane as seen in the camera.
The system then generates the foci at these points and
the positions of the foci were recorded. Based on these
positions, coordinate transformation using a 2D second
order polynomial fit was performed to correct for any dis-
crepancies. For 10 experiments, the positioning errors
obtained in x and y coordinates at the sample plane were
d,=01+18umandd, =12+ 1.9 pm.

3.3 | Evaluation of Cal-630 for calcium
imaging and its compatibility for ChR2
photostimulation

To evaluate the compatibility of the commercially avail-
able dye, Cal-630 as an optical readout for calcium imag-
ing, unmodified HL1 and HL1-ChR2 cells were stained
with this dye and imaged with varying Cal-630 excitation
light intensity. HL1 cells are known to express voltage-
gated calcium ion channels [34] and therefore exhibit

spontaneous action potentials [35]. During cardiac excita-
tion-contraction coupling, Ca®" in the cytosol increases
leading to the opening of voltage-gated calcium ion chan-
nels, influx of Ca®" and subsequent release of Ca** from
sarcoplasmic reticulum resulting to contraction [36].
Therefore, cardiac action potential is accompanied by
rapid increase in cytosolic Ca** which can be visualized
by calcium imaging. If the light spectral bandwidth (598-
613 nm) to excite Cal-630 also photoactivates ChR2, we
expect that the continuous illumination of the Cal-630
excitation light will clamp the membrane potential of the
cells to a depolarization state and will completely sup-
press or reduce occurrences of spontaneous action poten-
tial [37]. Hence, to confirm that Cal-630 can be used to
visualize action potential during optogenetic stimulation
with minimal cross-talk, we compared the number of
spontaneous calcium peaks for unmodified HL1 cells and
HL1-ChR2 cells. Figure 5A shows the number of
observed spontaneous calcium peaks for both cell lines.
For different intensities of Cal-630 excitation light (I,),
the number of spontaneous calcium peaks are not statisti-
cally different between unmodified HL1 and HL1-ChR2
cells (¢ test, p > 0.05). Changes in photobleaching rate
were observed for HL1-ChR2 calcium transients which
has a faster decay rate with higher Cal-630 excitation
light intensity as shown in Figure 5B.
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FIGURE 6 (A) A representative fluorescence image of a photostimulated cell and the corresponding cells evaluated for their excitability.

The circle depicts the location of the laser on one of the cells in the field of view. Outlined cells were evaluated for their response to the
photostimulation. Scale bar is 20 pm. (B) Box plot representation of the excitability of the cells as a function of photostimulation intensity for
1 Hz pacing frequency. Black circles and their error bars are the mean excitability and the standard error of mean for three dishes,
respectively. (C) Schematic of the calcium trace indicating the amplitude and the calcium transient duration (CTD). (D) Box plot of the
amplitude of the calcium transients and (E) CTD at 50% of the peak measured for paced and spontaneous calcium transients. Statistical
significance was tested using unpaired Student's ¢-test, not significant (ns), **p < 0.01

We further confirmed that the blue light photo-
stimulation (pulse duration fpuse = 10ms, Igpo =
10.7 pW/pm?) does not elicit calcium transient response
on unmodified HL1 cells and any calcium transient activ-
ity from HL1-ChR2 are due to the photostimulation of
ChR2. As shown in Figure 5C, the calcium transients
observed from unmodified HL1 cells occur independently
from blue light stimulation. In contrast, calcium tran-
sients observed from HL1-ChR2 cells can be modulated
with the presence of blue laser spot as shown in
Figure 5D. Calcium transients rise rapidly after each
photostimulation pulse and the cells' calcium activity
return to their spontaneous activity after the blue laser
spot was switched off. We observed that the
photostimulated HL1-ChR2 cells act as a pacemaker to
electrically coupled neighboring cells within the field of
view and their electrical activity can be paced with the
single micron-sized laser spot. Furthermore, single spot
stimulation at this intensity shows efficient light pacing
and ChR2-expressing cardiomyocytes can be paced reli-
ably from 0.5 up to 2 Hz as shown in Figure 5E.

3.4 | Excitability of electrically-coupled
cardiomyocytes as a function of a single
spot photostimulation intensity

To determine the excitability of the cardiac syncytium as
a function of laser intensity, we photostimulated a single
HL1 cell using a generated laser spot with the
holographic system and evaluated the excitability of the
neighboring cells. Figure 6A depicts this experiment.
A cell in the middle of the field of view was
photostimulated and surrounding five cells were individ-
ually evaluated for each photostimulation intensity by
obtaining the ratio of the number of calcium peaks to the
number of photostimulation pulses applied. Experiments
were performed on three dishes and five regions per dish
were evaluated for each intensity. We calculated the
mean value for all the cells evaluated in all samples.
Figure 6B shows the dependence of the excitability of the
syncytium as a function of laser spot intensity. The excit-
ability increases as a function of the photostimulation
intensity. For the lowest intensity Lo = 0.36 pW/pm?,
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FIGURE 7
image series of photostimulated cells

(A) Representative

using two holographically generated
foci with gap distances of 100 pm and
(B) 200 pm. Laser spot locations are
marked with circles in left images.

Plots show the corresponding
calcium traces for the cells marked in
the middle. Scale bars are 50 pm. (C)
Box plot of the excitability using
single and dual spot excitation
(Iperspot = 2.05 pW/pm?) as a function
of spot distance. Black circles and the
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the mean excitability (black circles) is ~7%, indicating
that the intensity of the photostimulation spot is not suf-
ficient to pace the cardiomyocytes and that any calcium
transients observed are due to their spontaneous electri-
cal activity. Using higher laser intensities, the excitability
increases to 43% (Igpot = 34 pW/ pm?) and 86%
(Ispor = 10.7 pW/pm?), respectively.

Furthermore, we quantified the amplitude of the cal-
cium peaks as well as the calcium transient duration
(CTD) (full width of half maximum of the calcium signal)
as schematically described in Figure 6C for the calcium
traces of light-paced and spontaneous transients of HL1-
ChR2 cells. No significant difference (unpaired Student's
t test, p > 0.05) was observed between the mean ampli-
tude for paced cells at 1 Hz photostimulation frequency
(0.76 + 0.53 AF/F,), compared with spontaneous calcium
transients (0.55 + 0.30 AF/F,) (Figure 6D). CTDs for
paced cells are on average shorter at 0.46 + 0.19 s com-
pared with spontaneous transients at 1.28 +0.79 s

Spot distance [um]

(Figure 6E). This shows that the applied single
photostimulation spot has no significant effect on the cal-
cium amplitude but can alter the CTD of the HL1-ChR2
cells. Furthermore, these changes in calcium transient
properties can be reported by Cal-630, demonstrating its
suitability to quantify the calcium response of
cardiomyocytes during optogenetic stimulation.

The holographic setup can also be used to arbitrarily
target any optogenetic cell in a functional syncytium, trig-
ger light pacing and initiate electrical conduction from this
location. A single spot was generated and directed with
the FSLM to the leftmost cell in the field of view. By
detecting the calcium trace on the electrically coupled cells
from the photostimulated cell, we can estimate the con-
duction velocity for the region. Figure S1A shows an
image wherein the conduction of electrical activity occurs
from a single, photostimulated cell to a distal cell of about
200 pm away from the site of the irradiation. The calcium
traces of the evaluated cells 1-7 are depicted in Figure S1B

95UB01 SUOWIWIOD aA11e81D) 8|qeotjdde ay) Aq peusenob aJe sepiie VO ‘88N Jo s9|nl Jo) AkeldTauljuO AB|1MW UO (SUONIPUCD-pUe-SWBIAL0D A 1M ATeIq 1julUO//SANL) SUOIPUOD Pue SWie | 8y} 89S *[£202/90/8Z] Uo ARiqisulluo A8|im ‘Auewses aueiyooD Ad ZGE00TZ0Z 01 (/Z00T 0T/I0p/Woo A8 i Aleiqijpul|uoj/Sdiy Woly pepeojumod */ ‘ZZ0 ‘890v98T



JUNGE ET AL.

OURNAL OF

11 of 14
PHOTONICSJ—

where the calcium rise is delayed the further it is from the
laser spot. From these calcium traces, the conduction
velocity can be estimated for this particular region to be
approximately 0.6 mm/s, slower than conduction velocity
of HL1 cells reported in literature [38]. However, we also
observed that conduction velocities can highly vary
depending on the confluency of the cells.

3.5 | Enhanced excitability with dual
spot excitation

We then explored the potential of the holographic system
for parallel, dual spot photostimulation. In this scenario,
both photostimulated cells will act as efficient pace-
makers to electrically coupled cells for high intensities as
observed in our single spot photostimulation experi-
ments. Furthermore, within a cardiac syncytium, these
pacemakers will be sources of propagating electrical
wavefronts via connecting gap junctions between cells.
To be able to observe any significant effects in excitability
due to the dual spot photostimulation protocol, we opted
to use photostimulation parameters which yielded sub-
optimal excitability (Ipor = 2.05pW/pm®> and
tpuise = 10 ms). By evaluating the excitability of the cells
between the two photostimulated cells at varying gaps
between the spots, we can also determine if these
changes in excitability are spot distance dependent and
also interpret how these changes in excitability might be
related to wavelength of the propagating electrical
wavefronts from the two photocurrent sources.

Representative time series images of cells stimu-
lated using dual spot stimulation are shown for
100 pm (Figure 7A) and 200 pm (Figure 7B) spot dis-
tances. In both cases, the calcium traces show that the
evaluated cells in the middle of the spots exhibit 1:1
excitability with the applied photostimulation pulse.
Other cells in the field of view also showed paced cal-
cium transients in response to the two photostimulated
cells. Therefore, dual spot stimulation with the men-
tioned photostimulation parameters can also pace cells
at these spot distances.

We summarize the excitability for single and dual
spot stimulation in Figure 7C. Single spot stimulation
with laser intensity of 2.05 pW/pm?® exhibited <50%
mean excitability. However, with dual spot stimulation,
the excitability was enhanced to 85 + 5% (50 pm dis-
tance, 2.05 yW/um? per spot). We tested the statistical
difference between single spot, I, = 2.05 pW/ pm? and
dual spot for all gap distances using unpaired Student's ¢
test to determine if this enhancement in excitability is
significant. The excitability values obtained for all gap
distances were statistically different from single spot,

Ipor = 2.05 pW/pm” as indicated by a (p <0.05) and Aa
(p<0.01) in Figure 7C. The enhanced excitability per-
sisted up to spot distance of 300 pm (75 +9%) and only
slightly decreased when changing the distance between
the spots to 400 pm (63 +11%) although this change is
not statistically significant. The mean excitability for each
spot distance did not correspond to a significant statisti-
cal change as tested using one-way ANOVA. For dis-
tances further than 400 pm, the spots will be significantly
outside our field of view and would be difficult to ensure
that cells are illuminated by the spots.

We also compared the excitability values obtained
using dual spot stimulation to a single spot with inten-
sity of 4.10 yW/pm? corresponding to the cumulative
intensity of the dual spots. Using single spot,
Ipor = 4.10 pW/ pum?, the excitability of the cells were
40 + 7%. Except for gap distance of 300 pm, the excit-
ability values for dual spot stimulation were still sta-
tistically different from the values obtained using
single spot, I = 4.10 pW/pm? as indicated by
* (p <0.05) and ** (p <0.01). Overall, our experi-
ments show that dual spot stimulation enhances the
excitability of the optogenetic cells even for spot dis-
tances up to 400 pm.

4 | DISCUSSION

Optogenetics represents a powerful tool for pacing and
inhibition towards new understanding of electrophysiol-
ogy in a functional syncytium. In this study, a holo-
graphic-based optogenetic setup with an optical readout
was designed and built for parallel and flexible targeting
of single cells expressing ChR2. The binary phase ferro-
electric SLM and driver used in this study require the
preparation and upload of holograms prior to the experi-
ments but can achieve 100x faster refresh rate than the
traditional liquid crystal SLMs. Other available driver
versions of FSLM allow for online control of the dis-
played holograms at lower refresh rates around several
hundred frames per second and would require a more
complicated software interfaced with OpenGL by
Psychtoolbox or comparable software. In comparison,
acousto-optical deflectors can be operated at MHz
switching rates [16] but cannot truly simultaneously
stimulate several cells. Liquid crystal SLMs have slower
switching rates but projection of multiple holographic
spots generated by this SLM can also be time-gated with
DMDs for faster rate of selective switching of light pat-
terns [39]. In most optogenetic applications especially in
cardiac systems, DMDs have been used for binary ampli-
tude modulation [18-20,37,40-42]. However, for focus-
ing inside the biological tissue using techniques such as
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digital phase conjugation or adaptive optics, ferroelectric
SLMs exhibit twice higher signal to background noise
ratio compared with binary amplitude-based DMDs
[25,43]. For applications, such as stimulation beyond the
epicardial layers, this would be extremely useful espe-
cially in a strongly scattering cardiac tissue. Future con-
figurations could also include using holographic fiber-
endoscopy [44] in a catheter format to be inserted into a
heart chamber for targeted optogenetic stimulation [45].
We find that for the Fresnel holograms used in our
setup, binarization using BERD is superior to phase
thresholding. Previous study using FSLMs used random
superposition and phase thresholding for hologram gen-
eration [26] is not readily comparable to our study since
it used Fourier holograms which cannot be binarized
easily without a random phase distribution in the sam-
ple plane.

As an optical readout, chemical calcium indicators
have been shown to robustly detect changes in intracel-
lular calcium in cardiomyocytes. In optogenetic stimula-
tion, brief photostimulation induces contraction by a
sequence of events. Photostimulation of ChR2 leads to
instantaneous depolarization and opening of voltage-
gated Ca”" channels followed by transmembrane inflow
of Ca*" leading to Ca®' release from the sarcoplasmic
reticulum stores and subsequently resulting in a global
wave of Ca*" [46]. Hence, calcium imaging have been
shown to be a sufficient alternative readout to mem-
brane potential imaging [47]. As a chemical calcium
dye, Cal-630's absorption is well separated from ChR2
absorption which makes it a spectrally compatible indi-
cator to detect ChR2 excitation. Calcium chemical dyes
such as Rhod-4, (Aexc/Aem = 523 nm/551 nm) [48] and
CaSiR-1 (Aexc/Adem = 620 nm/664 nm) [49] have both
been reported for crosstalk-free optical detection while
stimulating ChR2 and its variants [50,51]. One drawback
of certain calcium dyes compared with genetically
encoded calcium indicators is the sequestration of the
signals to subcellular organelles as reported by others
[52]. Within the duration of our experiments, typically
around 30 min, we did not observe compartmentaliza-
tion of the Cal 630 dye within the intracellular organ-
elles. In comparison, voltage imaging imposes stringent
requirements in the imaging system (e.g., intense light
sources and sensitive camera) since any emission only
comes from the plasma membrane where the voltage-
sensitive dye is localized to be able to properly report
membrane voltage changes [53,54]. Nonetheless, with
state-of-the-art voltage-sensitive dyes, several groups
have reported successful membrane voltage imaging
combined with optogenetics using dyes such as BeRST1
[55], Pittsburg-I (PGH1) [33] and the ANNEPS-based
red-shifted versions di-4-ANBDQBS [50] and di-4-

ANBDQPQ [11,18,19]. As shown in our study, Cal-630
provides low background and large fluorescence change
in response to intracellular calcium changes in cardiac
cells upon photostimulation. Modest photobleaching was
observed in our experiments which we found to be
largely dependent on the intensity of the imaging light
used. Thus, Cal-630 is an excellent optical read-out for
ChR2 optogenetic stimulation.

Few pacemaker cells control the regular beating of
the heart. In a cardiac network, electrotonic interac-
tions occur which allow the spread of action potential
from a few pacemaker cells to neighboring
cardiomyocytes. It is hypothesized that gap junctions
mediate the conduction of electrical activity such that
action potential can be rapidly transmitted throughout
the syncytium [56]. HL1 cells are known to express
connexins 40, 43, 45 which are abundant in gap junc-
tions [38]. In this study, the activity of a cardiac net-
work was investigated in response to a single localized
spot stimulation. Despite the rather small laser spot
size, 3 pm FWHM, surrounding non-illuminated cells
within a 200 pm region are excited which indicates
action potential coupling with the photostimulated
HL1-ChR2 cells. However, we also observe some cells
stained with calcium dye in each region which are
unresponsive to light stimulation. This could indicate
heterogeneity in the cardiac properties of the HL1 cells
[38] as well as in the expression level of ChR2 in the
individual cells.

The ability of the system to arbitrarily position stimu-
lation at any location allows us to test different protocols
to probe cell to cell coupling interactions in the syncy-
tium. Based on the excitability measurements we
obtained for single spot excitation, the intensities of 2
and 4 pW/um? have an excitability of <50%. But exciting
a cardiac network with dual spot compared with single
spot stimulation resulted in a marked enhancement in
mean excitability. We reasoned that if the two photocur-
rent sources act independently, then the excitability
would remain unchanged compared with single spot
stimulation. However, if electrotonic conduction due to
sub-threshold changes in membrane potential induced by
the dual spots have occurred, we would expect that at a
certain range of spot distances, a decay in excitability
would be observed due to photocurrent source-sink mis-
match [56,57]. We observed though that increased excit-
ability persisted even up to distances of 400 pm.
Although excitability decreased from 75% to 62.5% at
400 um, the gap between the foci is not sufficient to
completely abolish the enhanced excitability. We initially
considered the possibility that increase in diffused back-
ground light could have occurred when dual spots are
generated. In this scenario, the increase in excitability of
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the cardiac network with dual spot stimulation could be
explained by reduction of the spot excitation threshold
needed to efficiently pace the cardiac cells. However, the
relative change in diffused background light for two foci
compared with single spot has been negligible as shown
in our measurements. To further understand the mecha-
nism behind this enhancement, future studies will
involve imaging the electrical activity at larger field of
view to observe excitability at larger spot distances during
parallel stimulation.

A limitation of our study is that we did not fully cap-
italized on the speed of the FSLM. However, we expect
that our system could have potential applications in
probing the dynamics of electrical wavefronts in other
cardiac systems which have faster electrical wavefront
dynamics. For such experiments, a larger field of view
would be recommended for optical mapping of the
wavefronts in the cardiac monolayer. It has been pro-
posed that with an optogenetic cardiac system, one can
use this approach to design protocols to treat arrhythmia
[58]. Burton et al. have demonstrated that optogenetics
can be used to control chirality of macroscopic spiral
waves using patterned light [20]. Studies using parallel
light actuation combined with imaging have contributed
to our understanding in designing effective strategies to
effectively extinguish fibrillation in abnormal cardiac
models [37]. Conduction blocks using patterned light to
defibrillate whole mouse hearts [18] or in ChR2
expressing cardiomyocyte monolayers [41,42] show
promise in using novel light patterns for low-energy
defibrillation. Precise spatio-temporal control of the
light foci as demonstrated in our study can also be intro-
duced in the path of the electrical wavefronts to perturb,
initiate or block spiral waves in a syncytium in diseased
and normal cardiac cell models.

5 | CONCLUSION

This study demonstrates an all-optical ferroelectric SLM
holographic-based system for optogenetic stimulation
and imaging of optical read-out in a cardiac syncytium.
We show that calcium imaging with Cal-630 enables
robust imaging of calcium transients during optogenetic
stimulation. Localized holographic single spot stimula-
tion using a fast ferroelectric SLM is sufficient to trigger
cardiac action potentials in a group of cells. The universal
control and shaping of light permits us to create multiple
origins of activation which increased the excitability of
the syncytium compared with single spot stimulation.
Overall, our study shows the potential of an all-optical
optogenetic system in quantifying cardiac electrophysiol-
ogy of a functional syncytium.
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