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Intracellular calcium transients evoked by pulsed infrared
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Non-technical summary We have investigated the mechanisms underlying the response of cells
to pulsed infrared radiation (IR, ~1862 nm) using the neonatal rat ventricular cardiomyocyte
as a model. Fluorescence monitoring of the intracellular free calcium (Ca®*) demonstrated that
infrared irradiation induced rapid (millisecond time scale) intracellular Ca®* transients in the
cells. The results showed that the Ca’* transients were sufficient to elicit contractile responses
from the cardiomyocytes and could be ‘paced’ or entrained to the pulsing frequency of the IR.
Pharmacological results strongly implicate mitochondria as the primary intracellular organelles
contributing to the IR-evoked Ca?* cycling.

Abstract Neonatal rat ventricular cardiomyocytes were used to investigate mechanisms underlying
transient changes in intracellular free Ca®* concentration ([Ca®*];) evoked by pulsed infrared
radiation (IR, 1862 nm). Fluorescence confocal microscopy revealed IR-evoked [Ca*"]; events
with each IR pulse (3—4 mspulse™!, 9.1-11.6 ] cm 2 pulse™!). IR-evoked [Ca*"]; events were
distinct from the relatively large spontaneous [Ca*"]; transients, with IR-evoked events exhibiting
smaller amplitudes (0.88 AF/F, vs. 1.99 AF/F,) and shorter time constants (r =0.64s vs.
1.19 s, respectively). Both IR-evoked [Ca®"]; events and spontaneous [Ca’"]; transients could be
entrained by the IR pulse (0.2—1 pulse s™!), provided the IR dose was sufficient and the radiation
was applied directly to the cell. Examination of IR-evoked events during peak spontaneous [Ca**];
periods revealed a rapid drop in [Ca*"];, often restoring the baseline [Ca®*]; concentration,
followed by a transient increase in [Ca®* ;. Cardiomyocytes were challenged with pharmacological
agents to examine potential contributors to the IR-evoked [Ca*"]; events. Three compounds
proved to be the most potent, reversible inhibitors: (1) CGP-37157 (20 uM, n= 12), an inhibitor
of the mitochondrial Na™/Ca*" exchanger (mNCX), (2) Ruthenium Red (40 uM, n=13), an
inhibitor of the mitochondrial Ca®* uniporter (mCU), and (3) 2-aminoethoxydiphenylborane
(10 uM, n = 6), an IP; channel antagonist. Ryanodine blocked the spontaneous [Ca*"]; transients
but did not alter the IR-evoked events in the same cells. This pharmacological array implicates
mitochondria as the major intracellular store of Ca** involved in IR-evoked responses reported
here. Results support the hypothesis that 1862 nm pulsed IR modulates mitochondrial Ca*"
transport primarily through actions on mCU and mNCX.
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Introduction

Intracellular Ca*" signalling plays a fundamental role
in virtually all excitable cells, and is perhaps most
clearly demonstrated by the control of synaptic release
in neurons and by active contraction in cardiomyocytes.
The importance of excitability to therapeutics and basic
science has motivated examination of chemical, electrical
and optical stimuli in the hope of identifying effective
means to extrinsically manipulate cells. Recent evidence
suggests that short pulses of infrared radiation (IR)
evoke controllable cytosolic [Ca®*] transients (Smith et al.
2001; Tseeb et al. 2009). In fact, IR has been shown to
excite cells under a variety of conditions, both in situ
and in vivo. Long-wavelength, pulsed IR laser radiation
(~1800-2120 nm), in vivo, evokes responses in rat sciatic
nerve (Wells et al. 2005), auditory nerve (Izzo et al.
2006), quail embryo hearts (Jenkins et al 2010) and
vestibular hair cells (Rajguru et al. 2011); and pulsed IR
(750-850 nm), in vitro, evokes responses in HelLa cells
(Smith et al. 2001), pyramidal neurons (Hirase et al.
2002), PC12 cells (Smith et al. 2006), neonatal cardio-
myocytes (Smith et al. 2008) and astrocytes (Zhao et al.
2009). Whether an IR-evoked Ca?* signal led to excitation
or some other key signal was at play is not known. The
present study was designed to examine the origin(s) of
pulsed, 1862 nm, IR-evoked [Ca’"] transients and IR
excitability with specific attention to responses in isolated
cardiomyocytes.

Early work in optical radiation of excitable cells
attributed responses to depolarization caused by light
interaction with intracellular chromophores (Arvanitaki
& Chalazonitis, 1961). Results using direct and indirect
pulsed lasers suggest that thermal effects are very
important (Wells et al. 2007; Tseeb et al. 2009), and
override effects of pressure, electric fields or photo-
chemistry (Wells et al. 2007). Studies using IR at 780 nm,
identified IR-evoked release, and subsequent Ca’>" wave
propagation’ as the primary observable cellular response
(Smith et al. 2001; Iwanaga et al. 2006). The probability
of [Ca*"]; wave propagation was unaffected by removal of
extracellular Ca** and was decreased by the application of
thapsigargin, a sarco/endoplasmic reticulum Ca**-ATPase
(SERCA), inhibitor, indicating an intracellular release
origin and a subsequent role for endoplasmic reticulum
(ER) in the amplification of the [Ca®*]; signal (Iwanaga
et al. 2006). Furthermore, focusing the IR to subcellular
regions distinguished between IR stimulation of the
cytoplasm and IR stimulation of the plasma membrane.
The former evoked membrane hyperpolarizations and
the latter evoked transient depolarizations followed by
slower repolarizations (Ando et al. 2009). While the hyper-
polarization effects were attributed to a secondary effect of
the [Ca”"]; release on Ca* -activated potassium channels,
the depolarization was hypothesized to have resulted from
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direct IR-induced membrane perforations. Responses to
heat pulses in the absence of direct IR have also been
investigated previously in HeLa cells (Tseeb et al. 2009).
Heat pulses were applied using 1064 nm pulsed IR applied
to aluminium nanoparticles adjacent to the cell. Because
heat-pulse evoked [Ca’"]; transients were blocked by
thapsigargin (Tseeb et al. 2009), it was suggested that
the heat pulse stimulus resulted in SERCA uptake into
ER. As addition of histamine, an inositol trisphosphate
(IP3)-channel antagonist, blocked [Ca’*]; release, it was
further hypothesized that rapid cooling led to IP5-channel
release from ER, resulting in a [Ca*"]; ‘overshoot’ or trans-
ient increase.

The present study examines mechanisms underlying
[Ca**]; transients evoked by direct application of 1862 nm
pulsed IR. Cardiomyocytes were identified as a model
cell line for their vigorous (up to 1 um [Ca*"]; during
spontaneous transients), easily imaged Ca*" induced Ca**
release (CICR) associated with excitation—contraction
coupling (ECC) (Cannell et al. 1987; Bers, 2008). Neonatal
rat ventricular cardiomyocytes, specifically, were chosen
to facilitate maintenance in culture. As stimulation of
cardiomyocytes with IR near 1862nm has not been
previously reported, initial experiments were performed
to determine the viability of the approach as well as
the radiant energy threshold required to evoke [Ca’"];
events. IR-evoked [Ca’"]; events were subsequently
compared to spontaneous [Ca?']; transients. Finally,
key contributors to the IR-evoked [Ca*"]; events were
examined pharmacologically.

Methods
Cardiomyocyte isolation and culture

All animal procedures were approved by the University
of Utah Institutional Animal Use and Care Committee
and comply with policies and regulations of The
Journal of Physiology (Drummond, 2009). Rat ventricular
cardiomyocytes were harvested from 1-2day post-
natal Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA) following an established protocol
and using a neonatal cardiomyocyte isolation kit
from Worthington Biochemical (Lakewood, NJ, USA).
Briefly, neonatal rats were anaesthetized with isofluorane
inhalation and killed by decapitation. Hearts were
immediately and aseptically removed. Ventricles were
separated from the atria and collected in Ca’"- and
magnesium-free Hanks’ balanced salt solution (HBSS).
Ventricles were finely minced and digested in 50 g ml™"
trypsin at 4°C overnight. Further digestion was performed
the following day with collagenase (1500 units) in
Leibovitz L-15 medium. Cell suspensions were triturated,
filtered, centrifuged and resuspended in culture medium

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.6

(Dulbecco’s modified Eagle’s medium (DMEM)-F12
supplemented with 10% equine serum, 1% L-glutamine,
20 units ml™! penicillin, and 20 mgml~! streptomycin).
Myocytes were enriched by depleting the fibroblasts
through 30-45 min of differential pre-plating at 37°C
(adapted from Fink et al. 2000). Non-adherent cells
(myocytes) were pelleted, re-suspended, and plated in
culture medium on poly-DL-lysine (P4158, Sigma-Aldrich
Corp., St Louis, MO, USA) coated polystyrene culture
dishes at a density of ~25,000 cellscm™. Dishes were
maintained in an incubator at 37°C with 5% CO,. Medium
was refreshed every 3—4 days. Cells used in experiments
were taken 7-21 days post-isolation.

Fluo-4 AM loading and Ca?* imaging

Prior to cell use, culture medium was replaced with
modified Tyrode solution consisting of 140 mM NaOH,
10 mM glucose, 10 mM Hepes, 4 mm KCl, 1 mm MgCl,,
and 1.8 mm CaCl, (pH adjusted to 7.4 with NaOH). Cells
were loaded for 45 min at 37°C with 4-6 uM Fluo-4 AM
(Invitrogen, Carlsbad, CA, USA) dye containing 0.1%
Pluronic F-127 (Invitrogen). Following dye loading, cells
were washed with fresh modified Tyrode solution and
further incubated for 15 min at room temperature to allow
for full acetoxymethyl (AM) ester cleavage.

Imaging was performed at room temperature on a
confocal microscope (FV 1000, Olympus America, Centre
Valley, PA, USA) with a water-immersion objective (40x
LUMPIanFL N, Olympus America). Time-series scans,
with 256 x 256 pixels frame™' resolution, were taken in
roundtrip scanning mode with a pixel dwell time of 0.5 us
thereby achieving a frame rate (0.129 s or less with region
of interest (ROI) specification) sufficient to resolve the
IR-evoked [Ca?*"]; transient events. An argon laser was
used for excitation (488 nm, 3% power) and emissions
were collected between 500nm and 600 nm. Image
sequences were collected and converted into individual
TIFF files with the Fluoview imaging software (Olympus)
along with the imaging parameters file.

Pulsed infrared stimulation

A Capella pulsed IR laser source (Lockheed Martin
Aculight, Bothell, WA, USA) coupled to a low-OH,
400 um diameter optical fibre (Ocean Optics, Dunedin,
FL, USA) was used to deliver the IR to the cardio-
myocytes. The output fibre was mounted into a micro-
manipulator and visually positioned within 300 ;um of the
targeted myocytes by observing the fibre-delivered pilot
light illumination (visible red) of the cells with the micro-
scope in transmission illumination mode. The output
wavelength and power percentage were set to 1862 nm
and 100%, respectively, for all experiments. The choice
of 1862 nm derives from earlier work demonstrating the
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promise of this approximate wavelength (1.87 um) in
rat sciatic nerve (Wells et al. 2007). The same wave-
length has also been shown to safely stimulate cochlear
spiral ganglion at 200 Hz for up to 10 h in cat cochleae
(Rajguru et al. 2010). Activation threshold analysis was
performed post hoc through analysis of cell exposure
data with pulse widths ranging from 1.75 ms pulse™ to
4.0 ms pulse™!. This corresponded to calculated radiant
exposures, assuming a spot size diameter of 400 um, of
5.1Jcm™? to 11.6 ] cm™2. For all other experiments, pulse
widths of 3—4 ms (9.1-11.6 ] cm™2) were applied. Radiant
energy output at the fibre tip was measured using a 3Sigma
meter with a PS19Q sensor (Coherent, Santa Clara, CA,
USA). Triggering of pulse delivery was accomplished either
manually or automatically (0.25-1 pulsess™!) using the
internal clock of the laser source. For manually triggered
pulsing, the keyboard-activated, software-triggered TTL
output from the FV1000 microscope was used as the
external TTL input to the laser.

Pharmacological studies

2-Aminoethoxydiphenylborane (2-APB; 10 uMm), 7-
chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiaze

pin-2(3H)-one (CGP-37157; 20 uMm) and ryanodine
(100 um) from Tocris Bioscience (Ellisville, MO, USA)
were dissolved in dimethylsulfoxide (DMSO) at 1000
times the final-dose concentrations, aliquoted into
single-dose containers, and stored at —20°C until use. In
addition, Ruthenium Red (40 uM, Sigma-Aldrich) was
prepared fresh on the day of the experiment in modified
Tyrode solution in concentrations 1000 times the final
dose. Prior to application, all drugs were diluted in
0.5 ml modified Tyrode solution. Final drug delivery was
accomplished through pipettes that were positioned over
the cell(s). Fluorescence recordings in the presence of
the drugs were taken roughly 10-15 min post-addition.
Following drug treatment, cells were washed four times
thereby replacing the entire dish volume with drug-free
Tyrode solution for a total of roughly 12ml of wash
solution.

Image processing

Post-processing of the image sequences was performed
using a custom-coded program (Igor Pro, WaveMetrics,
Lake Oswego, OR, USA). Relative fluorescence intensities
were averaged over each region of interest (ROI) for
each frame. All fluorescence intensities were reported
as AF/F, where AF=F,—F,, F, is the recorded
(absolute) intensity value, and F, is the average base-
line intensity of the cell during quiescence (no IR
stimulation and cell resting periods). Firing rates for cells
during synchronization experiments were calculated as
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Figure 1. IR - evoked vs. spontaneous Ca?* release

A, fluorescence images of a fluo-4 AM (4 um) loaded neonatal
cardiomyocyte during rest (i), spontaneous [Ca2*]; transient (i),
IR-evoked [Ca®t]; increase (i) and a Ca®* spark event (iv). White
scale bars are 20 um in length. [CaZt]; fluorescence intensity plots
for each of the boxed, regions of interest (ROIs) in the cells (top/blue
and a bottom/red rectangles). Markers indicate the corresponding
image locations on the fluorescence traces. B, averaged transient
data for the cell from A were plotted and fitted with a double
exponential rise and exponential decay. C, average transient data
scaled to show temporal differences. D, similar fits were performed
and aggregated for 21 cells. Curves could be fitted with similar rise
time constants but the time constant for exponential decay (z) of the
IR-evoked events ('IR’, T = 0.64 & 0.14 s) was roughly half that of
the spontaneous response ('S’, r = 1.19 £ 0.25 s). IR evoked [Ca?t];
event amplitudes (0.88 + 0.23 AF/Fp) were also less than half that
of spontaneous [Ca%*]; transient amplitudes (1.99 = 0.34 AF/Fo).
Note: errors are reported as 1 S.E.M.
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‘instantaneous’ firing frequencies. These were generated
as the reciprocal of the inter-spike interval between
the transient of interest and the subsequent transient.
Peaks for transient probability data were determined by
thresholding at a level five times the standard deviation of
the baseline noise.

IR-triggered versus spontaneous fluorescence peak
height comparisons were performed using cells with
sufficiently slow (typically <0.5 Hz) spontaneous [Ca®*];
transient (‘transient’) rates or with quiescent cells (no
spontaneous transients) so that IR-triggered release could
be clearly resolved from spontaneous release. DC drifts
were removed through subtraction of a linear fit calculated
from points in transient-free areas at the start and
end of each set. IR-triggered peaks were subsequently
identified by thresholding within a 1 s range of the trigger.
Spontaneous peaks were identified through thresholding
in regions outside of the IR pulsing periods.

Statistics

Summarized results are expressed as means and standard
deviation (S.D.). Student’s ¢ test for paired data was used
to compare the differences between groups of data with
P < 0.05 considered to be statistically significant. Error
bars in figures are representative of £1 standard error of
the mean (S.E.M.).

Results

IR stimulation of sufficient intensity (>8.3Jcm™?)
consistently evoked transient [Ca®"]; increases in viable
cardiomyocytes. As shown in Fig. 1, the IR-evoked [Ca®*];
events (Fig. 1Aiii) were distinguished from spontaneous
[Ca**]; transients (Fig. 1Aii and Supplemental Material
Movie 1) by their smaller amplitude and shorter time
course. Another distinguishing feature of IR-evoked
[Ca’**]; events was the spatial uniformity and temporal
synchrony of release across the cell body for IR-evoked
events (Fig. 1Aiii), vs. the local [Ca’"]; ‘spark’ release
and [Ca’"]; waves associated with spontaneous trans-
ients (Fig. 1Aiv). IR pulses evoked [Ca’']; events where
the fluorescence increased above the background level
(Fy) by 0.88 AF/F, and recovered to the background
level with a time constant of 0.64s. This increase was
sufficient to consistently induce contractile responses
(Supplemental Material, Movie 2) in the cardiomyocytes.
Within individual cells, differences in amplitude (Fig. 1B)
and recovery time course (7, Fig. 1C) for IR-evoked events
vs. spontaneous transients were statistically significant
(P < 0.05, ttests, n = 21). Overall the IR-evoked events
exhibiting lower amplitudes (0.88 AF/F, (s.D. 1.1) vs. 1.99
(s.D.1.6) AF/F,) and faster recovery time constants (0.66 s
(s.D. 0.67) vs. 1.19s (s.D. 1.2)) compared to spontaneous
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transients (Fig. 1D). Experimental limitations prevented
us from quantifying fast onset kinetics of [Ca®t];
transients.

Responses to individual IR pulses were dose dependent.
As the IR energy per pulse was increased, the probability
of evoking a [Ca®*]; event for each IR pulse increased.
One representative example is shown in Fig. 2A where the
baseline [Ca®"]; and the probability of evoking a [Ca®"];
event both increased with IR dose. Fig. 2B provides the
dose-response curve for a population of cells (indicated
in parentheses), showing a half-maximal activation
occurring at 6.3 ] cm™? pulse”! and maximal activation
at exposures greater than 8.3Jcm 2 pulse™! (Fig.2B).
Comparison of IR-evoked [Ca®"]; event amplitudes did
not reveal any statistically significant correlation to the
level of IR exposure. Changes in background [Ca®"];
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Figure 2. Activation thresholds for IR-evoked Ca?t release

A, fluorescence intensity trace for a single neonatal cardiomyocyte
exposed to varying radiant energy (RE) levels of IR. Release exhibited
an all-or-nothing activation dependence with no consistent
amplitude variability with RE. B, probability of [CaZt]; event (Pevent)
for each IR pulse (number of cells per point in parentheses) as a
function of pulse RE. Data indicated that the activation threshold for
IR-evoked release occurred in a sigmoidal fashion with RE with a
half-maximal probability of activation occurring at 6.3 J cm~2 and
maximal probability at REs >8.3 J cm~2. Error bars indicate £1 s.E.M.
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were sometimes observed at the higher radiant energy
exposures (i.e. Fig. 24, 9.1] cm™?).

IR-evoked  [Ca*"]; increases often triggered
spontaneous transients, or led to trains of spontaneous
transients, presumably through ryanodine receptor (RyR)
mediated CICR. For quiescent cells, these transients
could be entrained to the stimulation frequency of the
laser, on a pulse-by-pulse basis, at rates of 1 Hz and
below. Figure 3A shows one example of a quiescent cell
that generated ‘paced’ [Ca’"]; transients, triggered by
individual IR pulses at 0.75 Hz and 10.3 ] cm™? pulse™.
Following stimulation, spontaneous transients would
frequently occur for several seconds, most probably due
to an IR-evoked increase in the background intracellular
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Figure 3. Quiescent cell responses

A, top trace shows the [Ca2™]; fluorescence response for an isolated
cardiomyocyte exposed to internally triggered IR (0.75 pulses s—7,
10.3J cm=2). A close up (inset) shows the [Ca%t]; transients follow
IR stimulation in a one-to-one fashion and the instantaneous firing
rate (blue/bottom trace) immediately syncs to that of the laser. B,
following stimulation, spontaneous transients would frequently
continue for several seconds. An example of this behaviour is shown
here for a quiescent cell that was stimulated with three 11.6 J cm—2
IR pulses to initiate a brief period of spontaneous beating.
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Figure 4. Spontaneously beating cell responses

A, the IR (1862 nm, 0.75 Hz, 9.1 J cm~2)-evoked [Ca2™]; response
depended on the timing of the IR pulse relative to the spontaneous
Ca’* release. As shown during pulses 1-4 (dashed lines), application
during a spontaneous [Ca2*]; transient resulted in abrupt [Ca2t];
drops. Application during baseline [CaZt]; periods (pulses 5-7)
resulted in transient [Ca?*]; increases. B, a close-up view of pulses 1
and 2 reveals that, following the IR-evoked [Ca?t]; drop, there is a
subsequent rise, similar to the [Cat]; transients witnessed during
baseline [Ca2™]; periods. C, the overall [Ca%*]; kinetics could still be
entrained to the pulse frequency of the laser (on-period is in shaded
grey area, red/top trace is the fluorescence intensity, bottom/blue
trace is the instantaneous spike frequency). As seen in the inset,
while the subthreshold transients could trigger the onset of a
spontaneous transient, it would be truncated by the subsequent IR
pulse, thereby maintaining pulse synchrony.
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[Ca’t];. An example of this behaviour is shown in
Fig. 3B for a quiescent cell that was stimulated with three
11.6J cm™2 IR pulses to initiate a train of spontaneous
[Ca®*]; transients.

Application of pulsed IR during a period of a
spontaneous [Ca’*]; transient did not alter the IR-evoked
[Ca®*]; event, but did reveal a fast component that was
not observable for stimuli delivered at resting [Ca**];.
Figure4 is a representative record showing very fast
reductions in [Ca*"]; immediately upon application of
the IR pulse, followed by the IR-evoked [Ca?*]; event
described above. The IR-evoked [Ca®* ]; increases were the
same for all pulses (Fig. 44, 1-7), but preceded by a rapid
decrease in [Ca*"]; when tested during elevated [Ca*"];.
The decrease rapidly restored [Ca®*]; to approximately
the baseline level (Fig.4B, vertical dashed lines), just
prior to the appearance of the IR-evoked event (Fig. 4B,
arrows). We were unable to resolve the time course of the
fast transient due to limitations of the instrumentation,
but the response was clearly faster than the sampling
rate of 129 ms. Since the fast IR response reset the
[Ca**]; to roughly the baseline level, it also altered the
timing of spontaneous transients. One example of this is
shown in Fig.4C as the instantaneous spike frequency
(Fig. 4C, blue trace) synchronized to the 0.75Hz laser
pulse frequency (Fig.4C, dashed line) for the duration
of the IR pulsing. The inset highlights a representative
epoch where relatively small IR-evoked events entrained
the spontaneous timing by truncation of spontaneous
[Ca*"]; transients. Finally, in a small subset of cells (<5%),
IR stimulation did not result in observable pulse-for-pulse
[Ca’*]; events. In these cases, laser stimulation would
increase the spontaneous [Ca’"]; transient frequency
without a detectable IR-evoked [Ca?*]; event (not shown).

Myocytes were challenged with pharmacological agents
to identify the potential intracellular contributors to
the IR-evoked response. The application of Ryanodine
(100 uM) did not eliminate the IR-evoked response
(n=238). While Ryanodine did not block the transient
altogether, it did significantly (P < .02, t test) decrease the
IR-evoked [Ca®*]; event amplitude from 0.90 AF/F, (s.D.
0.34) to 0.25 AF/F, (s.n. 0.18, n=238) for the pre-drug
treated cells versus the ryanodine-treated cells, respectively
(Fig. 5A).

Three compounds did prove to be potent inhibitors
of the IR-evoked [Ca®']; response: (1) CGP-37157
(20 uM, n=12, k=12 blocked), a known inhibitor
of mitochondrial Na*/Ca’>" exchanger (mNCX), and
(2) Ruthenium Red (40um, n=13, k=10) an
inhibitor of the mitochondrial Ca’* uniporter (mCU),
and (3) 2-aminoethoxydiphenylborane (2-APB; 10 uM,
n=6cells, k=4), an IP; channel antagonist. Example
washout data for these three compounds are shown in
Fig. 5C and D. The results show the pre-drug [Ca®*];
response, the response following 10-15 min exposure to

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Figure 5. Pharmacology

Representative data for application of ryanodine (100 M,

n = 6 cells), an RyR channel antagonist (at this concentration) (A),
CGP-37157 (20 um, n = 12), a known inhibitor of mNCX (B),
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the drug, and the response after 4x washout of the
drug. In the case of CGP-37157 and Ruthenium Red, the
washout IR-evoked event was often diminished relative
to the pre-drug response. Additionally, in some sets,
negative transients were witnessed (examples in Figs 2A
and Fig. 5B) that could potentially be undersampled fast
negative transients similar to those shown in Fig. 4B but
occurring during baseline [Ca**]; phases thereby resulting
in a drop below the initial baseline fluorescence.

Discussion
IR-evoked [Ca?t]; transients

Pulsed IR in the 1862nm wavelength range was
demonstrated to be effective at stimulating neonatal
rat ventricular cardiomyocytes. The IR-evoked response
included [Ca®*]; events and observed mechanical contra-
ctions (Supplemental Material, Movie 2). IR-evoked
[Ca’*]; events were distinguishable from spontaneous
[Ca®t]; transients and Ca’" sparks associated with
spontaneous beating in their decreased amplitude, faster
recovery time constant, and uniformity of release
throughout the cell (Fig. 1 and Movie 1). These factors
were initial indications of [Ca’*]; release distinct from
sarcolemmal L-type Ca*" channel currents and RyR
channel release from SR. Upon fitting the exponential
decay of both types of transients, the IR-evoked decay
occurred at a statistically significant, faster rate than the
spontaneous one (t = 0.66 s vs. 1.19 s). As the rate of Ca’*
uptake kinetics has been previously reported to have a
direct correlation to the peak level of the spontaneous
[Ca?*]; transient (Bers & Berlin, 1995), the faster recovery
of IR-evoked events vs. spontaneous transients suggests
another mechanism is decreasing v during stimulation.
We speculate that this change in 7 results from the recently
depleted source of the IR-evoked release providing an
up-regulated sink for Ca’** uptake relative to standard
conditions.

Energy dependence of IR-evoked response

The IR-evoked response exhibited a direct energy
dependence with a threshold of ~6.3Jcm™2 for
half-maximal activation and greater than 8.3 Jcm™? for
maximal activation (Fig.2). This is significantly higher
than that reported to excite action potentials in rat sciatic

Ruthenium Red (40 um, n = 13) an inhibitor of mCU (C), and 2-APB
(10 um, n = 6), an IP3 channel antagonist (D). Each graph is a
composite of the pre-drug cell [Ca2*]; fluorescence response
(‘control’), the response following 10-15 min exposure to the drug
("drug’), and the response after 4x washout of the drug. (‘washout’)
as labelled in A.
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nerve (0.312-1.22 J cm™2) (Wells et al. 2005) and auditory
cells (1.6-15.1mJcm™2) (Izzo et al. 2006). However,
the average power for maximal activation in this study
(10.38 mW) was similar to that previously reported
(15-30 mW) for 780 nm pulsed IR stimulation of cardio-
myocytes (Smith et al. 2008). As prior studies have strongly
implicated thermal activation in the response of other cells
to pulsed IR lasers (Wells et al. 2007; Tseeb et al. 2009), the
sigmoidal activation curve (Fig. 2B) was not surprising.
However, once threshold was attained, there was no
consistent, empirical difference in the magnitude of the
[Ca®*]; events. This result excludes passive, intracellular
protein buffers as the principle effectors in that they
would expectedly exhibit wider activation with energy,
as opposed to the all or nothing responses witnessed
here. In addition to IR-evoked [Ca’*]; events, there was
a noticeable baseline increase in [Ca*"]; at higher radiant
energy levels. This did not fluctuate with the IR pulse
frequency and is presumably due to the increased Ca**
load imposed on [Ca®"]; regulatory mechanisms.

Quiescent cell response

As with IR stimulation of other cell types (Izzo et al. 2006;
Wells et al. 2007; Rajguru et al. 2011), we found that
IR-triggered events could be ‘paced” or synchronized to
the IR stimulus. In quiescent cells the [Ca*"]; response
immediately matched the IR stimulus with a one-to-one
correspondence of [Ca”"]; events to IR pulses (Fig. 3A).
There were occasional ‘missed’ transients attributed to
incomplete Ca’" loading. IR-evoked events would also
periodically trigger the larger spontaneous [Ca®*]; trans-
ients (Fig. 3A. large transients, Fig. 3 B) typically associated
with ECC in cardiomyocytes. Given the CICR under-
pinnings of ECC, this is not a surprising result. The failure
to evoke a spontaneous [Ca’"]; event for each IR evoked
event is likely attributable to the immaturity of the CICR
system in neonatal myocytes which lack the highly-ordered
T-Tubule networks present in their adult counterparts
(Korhonen et al. 2009).

Spontaneously beating cell response

In spontaneously beating cells, the IR response was more
complex. Application of pulsed IR during a period of a
spontaneous [Ca®*]; transient did not alter the IR-evoked
[Ca**]; event, but did reveal a fast component that was
not observable for stimuli delivered at resting [Ca*"];.
IR triggered an abrupt cessation of the spontaneous
[Ca®t]; transient and a rapid decrease in the [Ca®'];
signal, often returning it close to baseline [Ca**]; levels.
Following this drop, a small transient rise, identical to
the IR-evoked [Ca’']; rise occurred (Fig.4B, arrows).
These results indicate that the magnitude of the Ca®*
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clearance (negative response) was highly dependent on
the cytosolic [Ca®t];. This raised the possibility of the
participation of mCU which has been estimated to have
a [Ca*"]; threshold of 500 nM required for initiation of
Ca?* influx (Miyata et al. 1991). As the resting [Ca®*];
in neonatal cardiomyocytes has been estimated to be
~100nM (Bers, 2001), increasing the open probability
of mCU during baseline [Ca*"]; periods would have a
much smaller effect on [Ca’*]; than would a similar
increase during spontaneous [Ca*"]; transient periods, as
is consistent with our data. As a result, this negative trans-
ient might be present during IR-evoked events in base-
line [Ca®*]; periods but might not be readily discernable
from the baseline noise or resolvable with our 129 ms
sampling rate. Supporting this notion, we did occasionally
detect IR-evoked negative [Ca®*]; transients during base-
line [Ca®*]; periods (examples in Fig.2A, Fig.5B). IR
interaction with mitochondria would also concomitantly
result in increased activity of mNCX, possibly explaining
the IR-evoked transient increases in [Ca’*]; that occur
during stimulation in both spontaneous [Ca’"]; trans-
ient and rest periods. Despite the increased complexity
of the spontaneous cell response, the timing dependent
behaviour still allowed these cells to be paced by IR (as
shown in Fig. 4C) by truncating, or phase-advancing, the
spontaneous [Ca?"]; transients.

In a third, smaller subset of spontaneously beating cells,
the IR did not generate observable [Ca®*]; events but did
slowly increase the rate of spontaneous firing evidence that
IR-evoked [Ca*"]; changes were present. For some cases,
we speculate that responses might have been primarily
due to heating and indirect/partial illumination of the cell
with IR. This idea is corroborated by experimental data
showing differences between indirect heating and direct
IR stimulation (Rajguru et al. 2011).

Pharmacological studies

Given its prominent role in CICR in cardiomyocytes
and its thermosensitivity (Feliciano Protasi et al. 2004),
it might be anticipated that the source for IR-evoked
[Ca®*]; release would be from SR through RyR channels.
To test that hypothesis, we applied ryanodine to the
cells at the 100 uM concentration that is known to
block these channels in cardiomyocytes (Meissner, 1986).
Surprisingly, it did not entirely block the [Ca®*]; response
but instead only diminished its amplitude (Fig.5A),
suggesting an indirect contribution of RyR release to the
overall IR-evoked [Ca*"]; response.

Pharmacological compounds were applied to evaluate
the role of mitochondria in IR-evoked [Ca**]; responses.
Both CGP-37157 (a specific inhibitor of mNCX) and
Ruthenium Red (an inhibitor of mCU) reversibly blocked
the IR-evoked response (Fig.5B and C). Although

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.6

washout of the drugs did not restore the full amplitude of
the IR-evoked [Ca®"]; response, this could be attributable
to residual effects due to an inability to completely wash
the drug out of the cytoplasm as has been shown with
other compounds in cardiomyocytes (Escobar et al. 2004).
Opverall, these results implicate mitochondria as the major
intracellular store of Ca*" involved in IR-evoked cyto-
solic changes in [Ca®"];. The results are also consistent
with prior work demonstrating the strong buffering
capabilities of myocytes and beat-to-beat fluctuations of
mitochondrial Ca’*t (Robert et al. 2001; Seguchi et al.
2005). Mitochondrial Ca?* flux is also consistent with the
spatial homogeneity of IR-evoked [Ca’*]; events in that
neonatal cardiomyoctes have been shown to form an inter-
connected ‘mitochondrial reticulum’ spanning the cell
(Griffiths et al. 2010). Furthermore, the high K4 of mCU
Ca?* activation would create a concentration dependence
consistent with results in Fig. 4.

Evidence in HeLa cells (Tseeb et al. 2009) indicated 1P;
receptors play a role in heat pulse-evoked [Ca*"]; events.
Since IP; coupling to ECC has been demonstrated in
adult ventricular cardiomyocytes (Domeier et al. 2008), we
examined the effects of 2-APB, an IP;-channel antagonist.
Results were positive and suggest the involvement of the
IP; in IR-evoked [Ca’"]; events (Fig.5D). In light of
the mitochondrial response, this 2-APB result might be
a secondary effect of the drug given that high 2-APB
concentrations has been reported to inhibit mitochondrial
Ca’" efflux in Jurkat T-cells (Prakriya & Lewis,
2001).

A second possibility for the effect of 2-APB, which is
consistent with the mitochondrial results, might involve
[Ca®T]; microdomain formation. Evidence in HeLa cell
clones has shown that high [Ca®t]; microdomains are
created from Ca*" release through IP; channels that were
proposed to be juxtapositioned to mCU channels (Rizzuto
et al. 1993). This has been postulated as a means of
activating mCU 1in spite of its high K4 (Miyata et al.
1991; Griffiths et al. 2010) and might explain sensitivity
to 2-APB in the present study. Ultrastructural, Ca®"
buffering, and mitochondrial Ca?* imaging studies have
all supported the hypothesis of Ca’* communication
between SR and mitochondria in gaps smaller than 15 nm
(Sharma et al. 2000; Szalai et al. 2000; Parfenov et al.
2006; Lukyanenko et al. 2009). However, to date, all
evidence has indicated transmission from RyR channels
(not IP; channels) to mCU. In the context of our results,
the microdomain formation during spontaneous [Ca®*];
transients would support the hypothesis of mCU under-
lying the timing-dependent IR-evoked [Ca®*t]; response
and overall mitochondrial activation. A caveat is that, to
our knowledge, the relative spatial proximity of RyR and
mitochondria in neonatal cardiomyocytes is unknown.
It is also possible, given the presence of IP; receptors
in cardiomyocyte SR (Domeier et al. 2008), that there
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is a Ca’* communication between IP; channels and
mitochondria.

Mitochondrial involvement in the IR-evoked response

Taken as a whole, these data point strongly towards
mitochondria as the primary facilitator of IR-evoked
[Ca’*]; events in neonatal cardiomyocytes. The specific
involvement of both mCU and mNCX implies that
the cellular response to IR results from either (1) a
whole organelle/mitochondria effect that simultaneously
activates and/or increases the rate constants of both
channels or (2) a direct effect of IR on the mCU (or
possibly rapid mode of Ca®* uptake into mitochondria)
thereby inducing rapid Ca®* uptake that subsequently
results in an mNCX Ca?* efflux to restore the electro-
chemical equilibrium. Given the relative timing of the
two effects (Fig.4A and B), as coarsely resolved by our
set-up, we would speculate that the latter case is the most
probable. Although, the recent identification of a Letml
Ca’*/H" antiporter in mitochondria that is sensitive to
both Ruthenium Red and CGP-37157 raises the additional
possibility of its involvement in the IR-evoked response as
well and merits further investigation (Jiang et al. 2009).
Results indicate an indirect contribution to release from
the RyR, through Ca** loading of the mitochondriaand/or
through CICR following mitochondrial Ca’* efflux. With
our current experimental setup, we were not able to
resolve the sequence of these processes. A future area of
exploration is to determine the underlying biophysical
mechanism(s) of IR-evoked uptake and release. Earlier
studies have pointed towards the prominent role of heating
in IR-evoked release (Wells et al. 2007; Tseeb et al.
2009). Our finding of preferential mitochondrial release
of Ca** suggests that there is a greater sensitivity for the
mitochondria relative to other intracellular Ca** stores. In
a historical context, this is not a surprising result as the role
of mitochondria as the primary chromophore in photo-
biological responses in cells has long been established
with the putative chromophore for longer wavelength
mitochondrial absorption being the enzyme cytochrome
c oxidase (COX) (Chance & Hess, 1959; Salet, 1972; Salet
et al. 1976, 1979; Lavi et al. 2010). While studies of
the effects of light radiation on mitochondria at other
wavelengths have demonstrated photochemical reduction
of COX (Karu et al. 2005) as well as mitochondrial
reactive oxygen species generation (Callaghan et al
1996; Grossman et al. 1998; Hockberger et al. 1999;
Alexandratou et al. 2002; Hirase et al. 2002; Lavi et al.
2003). In general the time course of these processes would
appear to be too slow to underlie the effects witnessed
in this study (Callaghan ef al. 1996; Alexandratou et al.
2002; Lavi et al. 2003; Karu et al. 2005). To our knowledge,
no data exist for mitochondrial absorption at the specific
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wavelength used in the present study (1862 nm). Over-
all, given the speed and reversibility of the IR-evoked
response as well as the broad effects on both mitochondrial
Ca?* uptake and release, conversion of the electromagnetic
energy in the IR to heat is the most likely effector.

TRP channel involvement

Yet another possibility for IR-triggered stimulation is
the involvement of transient receptor potential (TRP)
channels such as the thermosensitive TRPV subfamily.
Consistent with that hypothesis would be the generic
effects that both 2-APB and Ruthenium Red have been
shown to have in blocking such receptors (Szallasi &
Blumberg, 1999; Xu et al. 2005). Additionally, the baseline
increase in [Ca*"]; at high radiant energy levels (Fig. 2A)
is also compatible with such temperature-dependent
activation. However, removal of extracellular Ca** did
not affect the generation of Ca’** waves resulting from
IR (780nm) stimulation of HeLA cells, making TRP
channel involvement unlikely in that case (Smith et al.
2001). Additionally, unlike the mitochondrial-activation
hypothesis, TRP channel involvement does not account
for the effects of CGP-37157. Consequently, given
all three compounds have demonstrated inhibition of
mitochondrial Ca?* flux, IR-evoked mitochondrial mCU
and mNCX activation is the most viable hypothesis
for the rapid [Ca’']; transients. However, given the
thermosensitivity of TRP channels and the known bulk
temperature changes related to IR stimulation, we would
expect a pronounced contribution from TRP channels
in cells in which these are highly expressed. Further
investigation of potential sarcolemmal contributors is
warranted.

Conclusions

With the recent prominence that mitochondrial Ca*"
storage and release has assumed in biophysical studies of
cardiomyocytes, IR-based stimulation of mitochondrial
Ca?* cycling might provide a valuable tool for studying
its role in ECC and [Ca’"]; buffering. As we are not
aware of any available mNCX agonist or stimulation
approach, this technique could provide the first direct
mechanism for enhancing mNCX activation. Additionally,
IR has the potential to supplement the existing agonists
of mCU activity (Nicchitta & Williamson, 1984; Montero
et al. 2004). Furthermore, as respiration in mitochondria
has been linked to mitochondrial calcium cycling
(McCormack & Denton, 1993), IR stimulation at 1862 nm
wavelength could potentially provide an exogenous
approach for controlling the oxidative metabolism in cells
as has been reported for irradiation at lower wavelengths
(Yu et al. 1997). A valuable feature of IR stimulation is
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that activation can be accomplished without the need
for permeabilizing the cell membrane or piercing the
cell with a micropipette. However, prior to use in these
applications, the biophysical underpinnings may need
to be elucidated, including the roles of RyR and IP;
receptors in IR-evoked release. Furthermore, because of
the heterogeneous, constantly evolving nature of cytosolic
Ca?* signals in the neonatal cardiomyocyte (Escobar et al.
2004), conclusions drawn from this work are difficult to
extrapolate to adult cardiomyocyte function or to other
cell lines. Future experiments will need to focus on the
more stable properties of the adult cardiomyocytes for
a better understanding of relative contributions of all
cellular components to IR-triggered events.
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