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SUMMARY

The mammalian heart beats incessantly with rhythmic mechanical activities gener-
ating acids that need to be buffered to maintain a stable intracellular pH (pH;) for
normal cardiac function. Even though spatial pH; non-uniformity in cardiomyo-
cytes has been documented, it remains unknown how pH; is regulated to match
the dynamic cardiac contractions. Here, we demonstrated beat-to-beat intracel-
lular acidification, termed pH; transients, in synchrony with cardiomyocyte
contractions. The pH; transients are regulated by pacing rate, CI /HCOj3" trans-
porters, pH; buffering capacity, and B-adrenergic signaling. Mitochondrial
electron-transport chain inhibition attenuates the pH; transients, implicating
mitochondrial activity in sculpting the pH; regulation. The pH; transients provide
dynamic alterations of H* transport required for ATP synthesis, and a decrease in
pH; may serve as a negative feedback to cardiac contractions. Current findings
dovetail with the prevailing three known dynamic systems, namely electrical,
Ca?*, and mechanical systems, and may reveal broader features of pH; handling
in excitable cells.

INTRODUCTION

The heart has the most extraordinary metabolic demands per gram of tissue among excitable cells because
of the constant mechanical work (Doenst et al., 2013; Wang et al., 2010). ATP powers cardiac contraction.
The production of ATP generates H" and CO, in aerobic reactions and lactic acid in anaerobic metabolism,
yielding acidic products that alter intracellular pH (pH;). pH; is a crucial regulator of cellular structure and
function(Casey et al., 2010; Cordat and Casey, 2009). Cells employ mobile HCO3’, less mobile protein
buffers and H"-equivalent transporters to maintain a stable pH; (Casey et al., 2010; Roos and Boron,
1981). In the absence of H* regulatory mechanisms, large pH; swings ensue(Vaughan-Jones et al., 2009;
Wang et al., 2014), resulting in untoward accumulation of intracellular H* (Casey et al., 2010; Vaughan-Jones
et al., 2009). An unregulated decline of pH; in the heart leads to reduced contractility, deranged Ca®*
signaling, and arrhythmias(Vaughan-Jones et al., 2009). Thus, the precise homeostatic control of cardiac
pH is critical for normal cardiac function.

Studies have shown that acid-extruders, such as Na*/H" exchanger (NHE) and Na*-HCO3™ cotransporter
(NBC), as well as acid-loaders, like CI7/HCO3 (CBE) and CI7/OH™ (CHE) exchangers, mediate cardiac
pH; regulation(Vaughan-Jones et al., 2009). Methods for cardiac pH; measurement have continued to
evolve since the early 1960s ranging from the use of open-tipped glass micropipette electrodes, 5,5
dimethyl-2,4-oxazolidinedione (DMO), isotopes, pH-sensitive microelectrodes, nuclear magnetic reso-
nance, and fluorescent dyes (Bers and Ellis, 1982; Blank et al., 1992; Ellis and Thomas, 1976a; 1976b; Hun-
jan et al., 1998; Kirschenlohr et al., 1988; Lavallee, 1964; Schroeder et al., 2010; Valkovic et al., 2019; Wad-
dell and Bates, 1969). Cardiac pH; was documented to range between 7 and 7.3 when HCO3™ was used as
the buffer. Due to the relatively large size of cardiomyocytes, compartmentalization of cellular activities
causes spatial pH; non-uniformity, and a pH; gradient of up to ~0.1 unit was previously reported (Swie-
tach and Vaughan-Jones, 2005b; Vaughan-Jones et al., 2006), suggesting that there exists a relatively
weak coupling of pH; and H*-equivalent transporters with local regulatory mechanisms of pH;. A recent
study using confocal line-scan mode recorded ~3.6 nM proton concentration changes in the cytosol,
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Swietach, 2016). However, it remains unknown how the pH; is regulated to match the beat-to-beat
contraction of the heart.

We hypothesize that cardiac pH; may experience beat-to-beat changes resulting from the burst of myofilament
ATPase activity and rhythmic metabolic events, dampened by endogenous pH; buffering. Results from simulta-
neous measurement of pH; and sarcomere lengths demonstrate unequivocally that cardiac pH; experiences
beat-to-beat dynamic changes, termed"pH; transients." The pH; transients are coupled to cardiomyocyte
contraction and regulated by pacing rate, sarcolemmal CI7/HCO3" transporters, pH; buffering capacity, and
B-adrenergic signaling. Inhibiting the mitochondrial electron transport chain (ETC) activities attenuates the
pH; transients suggesting the possible contributions of mitochondria in generating pH; transients. Indeed, the
beat-to-beat dynamic changes in pH; during cardiac contraction reflect a rhythmic metabolic status in cardio-
myocytes. We propose that temporal pH; acidification may provide a transient increase in the driving force
for H* transport to enhance mitochondrial ATP synthesis during cardiac contraction to meet the increased en-
ergy demand. Moreover, a decrease in pH; may serve as a negative feedback to control the cardiac contraction
due to the inhibitory effects on the contractile machinery by low pH;. Our findings reveal a dynamic pH; regula-
tory system in the heart that dovetails with the prevailing dynamic electrical, Ca?*, and mechanical regulatory
systems and have critical physiological and disease ramifications.

RESULTS
Intracellular pH in cardiomyocytes experiences dynamic beat-to-beat changes

Simultaneous pH; and sarcomere lengths were measured and quantified in single ventricular cardiomyo-
cytes during the contraction—relaxation cycle. To ensure that the changes in fluorescence signals were
not due to motion artifacts, we positioned the relaxed cardiomyocyte within the imaging frame to capture
the fluorescence signals from the whole cells. Moreover, two different fluorescent indicators including
pHrodo green, an intensity-based pH dye, and SNARF-1, a ratiometric pH dye, were used to verify the re-
sults. Indeed, the pH; in cardiomyocytes experiences dynamic beat-to-beat changes coupled with the
contraction, termed pH; transients (Figures 1A, and S2). Mouse and rabbit left ventricular myocytes were
loaded with pHrodo green dye, bathed in HCO3™-buffered Tyrode's solution and paced at 0.5 Hz (Figure TA.
Left: rabbit; Right: mouse). A significant acidification of pH; was observed in response to each sarcomere
contraction. For comparisons of the time courses of the pH; and sarcomere contraction, ten cycle average
traces of simultaneous pH; and sarcomere length were overlayed and shown in the lower panel.

To further ensure that the pH; transient observed was not due to motion artifacts or dependent on a specific pH
dye, SNARF-1, a ratiometric dye was used to verify the findings. The major advantage of the ratiometric dye is the
fact thatitis less prone to motion artifacts from cell contractions. Similar dynamic beat-to-beat pH; changes were
observed using SNARF-1 (Figure 1B. Left: rabbit; Right: mouse; and Figure S2). The baseline pH; is summarized in
Figure 1C, together with the absolute pH; transient amplitude (ApH)) in Figure 1D. The baseline pH; measured in
mouse and rabbit cardiomyocytes using pHrodo green and SNARF-1 was similar; however, the pH; transient
amplitude in the mouse was significantly smaller than that in the rabbit cardiomyocytes (Figure 1D). Thus, we
choose rabbit cardiomyocytes and use pHrodo green for subsequent studies.

We further measured pH; and sarcomere length at physiological temperature (36°C) and pacing rate (1 Hz)
in rabbit ventricular myocytes shown in Figure 1E. The baseline pH; is significantly lower compared to that
at RT (Figure 1F), and the absolute amplitude of pH; transient at physiological temperature is significantly
larger than that at RT (Figure 1G).

We analyzed the kinetics of the beat-to-beat pH; changes in rabbit cardiomyocytes recorded at RT. The
time-to-peak of the pH; transient was 489 + 28 ms (N =7, n = 21. N represents animal numbers, while n
represents cell numbers), while the time to the peak velocity was 112 + 16 ms (n = 21). The recovering
phase of the pH; transient was fitted with a single exponential function with a time constant of 293 +
24 ms (N =7, n = 21). Additionally, the time-to-peak of the contraction (time to the maximum contraction
or the shortest sarcomere length) was 524 4+ 24 ms (N = 7, n = 21), which is not significantly different from
that of the pH; transient (489 + 28 ms). In contrast, the time-to-peak contraction velocity (time to the
maximum sarcomere contraction speed) was 45 + 3 ms (N = 7, n = 21), which was significantly shorter
than that of the pH; transient (p = 0.00034). The relaxation phase of the contraction was well fitted by a sin-
gle exponential function with a time constant of 203 + 19 ms (N =7, n = 21), which was significantly smaller
than that of the pH; transient (293 + 24 ms) (p = 0.0057). The kinetic analyses support the coupling of the
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Figure 1. pH; transients in rabbit and mouse ventricular cardiomyocytes recorded at RT and 36°C

(A) Representative traces of pH; in rabbit (left) and mouse (right) ventricular myocytes in parallel with the sarcomere length
measurement at RT. Cardiomyocytes were paced at 0.5 Hz with pHrodo green loading. The averaged traces of pH; and
sarcomere shortening are overlapped and shown in the lower panel.

(B) Representative traces of pH; in rabbit (left) and mouse (right) ventricular myocytes in parallel with the sarcomere length
measurement at RT. Cardiomyocytes were paced at 0.5 Hz with SNARF-1 loading. The averaged traces of pH; and
sarcomere shortening are overlapped and shown in the lower panel.

(C) Comparisons of the baseline pH; measured at RT in rabbit (n = 14 and 16 for pHrodo green and SNARF-1, respectively)
and mouse cardiomyocytes (n = 13 and 14 for pHrodo green and SNARF-1, respectively). Animal numbers (N) are shown in
the bar graphs.

(D) Comparisons of the absolute pH; transient amplitudes (ApH;) in cardiomyocytes using pHrodo green (rabbit: n = 9,
mouse: n=9; *p =0.010), and SNARF-1 (rabbit: n = 12, mouse: n = 10; **p = 0.012; ***p = 0.028, ****p = 0.021) at RT (one-
way ANOVA combined with Tukey’s post hoc analyses), where n represents cell numbers.

(E) pH; measurement in rabbit ventricular myocytes using pHrodo green with simultaneous sarcomere length
measurement paced at 1 Hz at 36°C.

(F and G) Comparisons of baseline pH; (F, n = 14 and 13 for RT and 36°C, respectively; *p = 0.00069) and ApH; (G, n =9 and
13 for RT and 36°C, respectively; *p = 0.0014) in rabbit ventricular myocytes (two-sample t test). Data are represented as
mean + SEM.

See also Figures S2 and S3.

pH; transient to the sarcomere contraction with a similar time-to-peak. However, the nearly 50% slower
decay for the pH; transient versus relaxation supports the notion that the signal is not likely a motion arti-
fact. Indeed, if the pH; transients reflect rapid ATP consumption, it is probable that the pH; recovery may
take longer than relaxation. In mouse cardiomyocytes, the time-to-peak of the pH; transient was 170 +
16 ms (N = 6, n = 15), which is significantly smaller than that of rabbit (p = 1.7 x 10~%); the time constant
of mouse pH; transient recovering phase was 143 £ 15 ms (N = 6, n = 15), which is also significantly smaller
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than that of rabbit (p = 0.000052). The differences in the kinetics may be related to differential myosin sub-
types in adult rabbit (B-myosin) and mouse (a-myosin) cardiomyocytes.

We did not find significant differences in the pH; transients between the male and female mice (Figure S3A).
In both mouse and rabbit atrial myocytes, the baseline pH; is significantly lower than that in left ventricular
myocytes, and the absolute amplitude of pH; transients is larger than that in left ventricular myocytes
(Figure S3B). We further examined the rabbit left and right ventricular myocytes, and we did not find sig-
nificant differences in baseline pH; and pH; transients between rabbit left and right ventricular myocytes
(Figure S3C).

Inhibition of cardiac contraction reduces the intracellular pH transient

To generate a cardiac contraction, coupled electrical and mechanical activities, as well as Ca®* signaling
and myofilament ATP hydrolysis, are required. ATP hydrolysis results in the acidification of pH;. Moreover,
mechanical activities alter the metabolic states of cardiomyocytes and activate mechanosensitive ion
channels and transporters. These events are also expected to change the pH;.

To decipher the underlying mechanisms for the observed beat-to-beat pH; transients, we separate myofil-
ament ATP consumption from ionic fluxes and other cellular events by taking advantage of a myosin
ATPase inhibitor blebbistatin (BLEB, 25 uM) (Kovacs et al., 2004). Figure 2A shows that BLEB reduces the
sarcomere contractions and causes a significant reduction of pH; transient accompanied by an acidification
of baseline pH;. Example traces before (control), during (BLEB), and after (washout) of BLEB are shown in
the right three panels in Figure 2A. Summary of the changes in baseline pH; and the absolute amplitude of
pH; transients are shown in Figure 2C. Upon washout, the baseline pH; and pH; transients recovered slowly
accompanied by partial recovery of the sarcomere contraction, suggesting partially reversible inhibitory
effects of BLEB.

To further investigate the contraction-coupled pH; transients, we applied another excitation—contraction
(E-C) uncoupler, 2,3-butanedione 2-monoxime (BDM, 10 mM), to inhibit the contraction of cardiomyocy-
tes(Backx et al., 1994). BDM significantly inhibited the contraction of cardiomyocytes as well as the pH;
transients (Figure 2B), but did not significantly affect the baseline pH; (Figure 2D). Example traces before
(control), during (BDM), and after (washout) BDM application are shown in the right three panels. The effect
of BDM was reversible upon washout. We further tested the inhibitory effect of BDM in physiological con-
ditions, and the results are similar to those obtained at RT as shown in Figure S4.

The observed significant reduction of pH; transients suggests that the pH; transient is coupled to the
contraction of cardiomyocytes, and may result, in part, from the myofilament ATP hydrolysis.

Regulation of intracellular pH transients by intracellular pH buffering capacity

pH; in cardiomyocytes is tightly regulated in normal cardiac function. However, in the pathological con-
dition such as ischemia, the pH; falls significantly in the infarcted myocardium (Vaughan-Jones et al.,
2009). Moreover, respiratory or metabolic acidosis or alkalosis results in significant alterations in systemic
pH as well as cardiac pH; (Walley et al., 1990). To test the cellular mechanisms underlying the pH; tran-
sients, we kept extracellular pH (pH,) constant, but altered the pH; by including sodium acetate or NH,4Cl
in the bath solutions as previously described (Roos and Boron, 1981; Sirish et al., 2017; Thomas, 1984).
We recorded pH; transients and sarcomere lengths during the application of NH4Cl and acetate as
shown in Figure 3. Perfusion by NH4Cl containing solutions significantly increased the baseline pH;
and enhanced the sarcomere contraction, but reduced the pH; transients (Figures 3A and 3C). In
contrast, inclusion of acetate significantly decreased the baseline pH;, reduced the contraction but
increased the pH; transients (Figure 3B and 3D). These findings demonstrate that amplitudes of pH; tran-
sients are decoupled from the sarcomere contraction when the baseline pH; was altered, likely as a result
of endogenous pH; buffering capacity changes. Indeed, pH; is critical in modulating the pH; transients,
providing an important regulatory mechanism of pH; transients in physiological and pathological
conditions.

Regulation of intracellular pH transients by extracellular HCO3;™ and CI’

The pH; in cardiomyocytes is tightly regulated by a group of ionic transporters, including acid-extruders
and acid-loaders. NHE and NBC mediate acid extrusion, while CBE and CHE mediate acid loading
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Figure 2. Reduction of pH; transients by the inhibition of cardiomyocyte contractions
(A) Inhibition of the contraction by 25 uM BLEB reduced the pH; transients.
(B) Inhibition of the contraction by 10 mM BDM abolished the pH; transients. The right three panels in A and B showed three fragments of the time course at

three conditions as shown on the top.
(C) Comparisons of baseline pH; (*p = 0.0074, n = 6, paired sample ttest) and ApH; (**p = 0.0009; n = 6, paired sample t test) in the absence and presence of

25 uM BLEB.

(D) Comparisons of baseline pH; and ApH; in the absence and presence of 10mM BDM (**p = 0.0055, n = é; paired sample ttest). The open circles represent
the individual data points, and the filled circles and the error bars represent Mean + S.E.M. N and n represent the animal numbers and cell numbers,
respectively.

See also Figure S4.

(Vaughan-Jones et al., 2009). Because of the acidification of pH; transients during cardiac contractions,
we hypothesize that acid loaders might play important roles in the regulation of pH; transients. We, there-
fore, tested the effects of CI~ and HCOg3™ on cardiac pH; and contractions. We compared the effects of
HEPES-buffered with that of HCO3™-buffered Tyrode’s solutions as shown in Figure 4A. After switching
the perfusate from HCO3™- to HEPES-buffered solution, the baseline pH; increased significantly, accompa-
nied by an enhancement of the contraction. However, the amplitude of the pH; transient was significantly
reduced (Figure 4A). The exposure to the HEPES-buffered solution gradually reduced the contraction and
pH; transients (Figure 4D). This observation supports the significant role of HCO3™ and HCO3 transporters
in regulating the baseline pH;, pH; transients, and contractions. The acute alkalinization induced by HEPES-
buffered solution is likely due to intracellular HCO3™ combining with a proton and leaving the cell as CO,.
The baseline alkalinization decreases the intrinsic buffering capacity in HEPES-buffered solution (Leem
et al., 1999); however, the pH; transients were reduced likely as a result of the smaller contraction.

As CBE functions as an acid-loader, we predict that the reduction of extracellular CI~ will reverse the direc-
tion of CI7/HCO3" exchange and increase the baseline pH;. Thus, we tested the effects of extracellular CI~
on the pH; transient and contractions (Figure 4B). To reduce the Cl~ concentration, NaCl was replaced by
an equal concentration of Na-Glutamate in HCOj3™-buffered solution. After switching the perfusate from

iScience 25, 103624, January 21, 2022 5
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Figure 3. Regulation of pH; transients by alterations of pH;

(A) Effects of cellular alkalization by perfusing solutions containing 10 mM ammonium.

(B) Effects of cellular acidification by perfusing solutions containing 20 mM acetate. The right three panels in A and B showed three fragments of the time
course at three conditions as shown on the top.

(C) Comparisons of baseline pH;, ApH; and sarcomere fractional shortening (FS) in the absence and presence of 10 mM ammonium (*p = 0.00072, **p =
0.00078, ***p = 0.0042, n = 7; paired sample t test).

(D) Comparisons of pH;, ApH; and FS in the absence and presence of 20 mM acetate (*p = 0.036, **p = 0.00098, ***p = 0.000028, n = 11; paired sample t test).
N and n represent animal numbers and cell numbers, respectively. Data are represented as mean + SEM.

high CI~ (130 mM) to low CI~ (10 mM) solution, the baseline pH; increased significantly, accompanied by a
slight reduction in contractions. Additionally, the pH; transient was significantly reduced (Figures 4B and
4E). The findings support the roles of CI7/HCO3™ exchangers in the regulation of baseline pH; and pH; tran-
sients, consistent with the results shown in Figures 3A and 4A. We further tested the role of NHE, an acid
extruder, on pH; transients using 10 uM EIPA, a specific inhibitor of NHE(Masereel et al., 2003). EIPA did not
alter the baseline pH; or pH; transients significantly, suggesting negligible contributions from NHE at phys-
iological pH; (Figures 4C and 4F).

Regulation of intracellular pH transients by the beating rate of cardiomyocytes

The mechanical activities of cardiomyocytes are fueled by cardiac metabolism, which may contribute to the
pH; transients. Heart rates significantly alter cardiac metabolic demand and affect cardiac contractions. As
pHi transients are linked to the contraction, we reason that the beating rate of cardiomyocytes may alter the
myofilament ATPase activity as well as the pH; transients. We recorded pH; transients from cardiomyocytes
paced at0.1,0.5, 1,2, and 4 Hz (Figure 5A). As the beating rate was increased, the sarcomere length in dias-
tole shortened. The amplitude of contractions was reduced and the corresponding pH; transient was
decreased with increasing pacing rates (Figure 5B). The relationship between the time-averaged sarco-
mere length and the time-averaged pH; at different pacing rates is shown in Figure 5C. The time-averaged
sarcomere lengths represent the shortening of the myocytes during contraction as well as the diastolic

6 iScience 25, 103624, January 21, 2022



iScience ¢? CellPress
OPEN ACCESS

B o . e ~_HCOy HEPEs HCO, (Washout)
pH; ‘:‘(FM 4, loa pH, | | pH,
7.4 . . E 1 pH, ]
- 7.2 oot e pE or 2 = ~ -
L 7"HCOS‘—M HCOs | % 1 Sarcomere length
i L1.6
648-\\“ML‘M\M\M\\H\‘J‘\m‘”M H\“M —
6.6 W) M\M \“HHH:“‘H‘MM\HMHW\ﬂHh_1'2_1 ] 1 ]
6.41  Sarcomere length Sarcomere length ] | Sarcomere length
0 50 109I__150 200 250 300 70 72 74 76 78 80 184 186 188 190 192 194 310 3‘i2 31‘4 3‘i6 318 320
ime (S = = =
5 . Time (s) v 130 mM ClI fomMCl 130 mM CI* (Washout)
7.4] am ] P i B PH
s M 12 =
s - 1S0I0M. GGt —o0.00M 7 - Sarcomere length Sarcomere length Sarcomere length
T e 162 ] ]
6.8 il I :M\“\H“H“m\! | | @
U R 1.2 g
6.6 Sarcomere length
0 60 12[9 180 240 300 40 42 44 46 48 50180 182 184 186 188 190 300 302 304 306 308 310
Ime
. (s) . Control 10 uM EIPA Washout
pH; pHi pH, pH;
7.24 ey 2AE T ooy 1. ) i =
- W ~
:g_ . | Control 10 uM EIPA o 2 %_) Sarcomere length | Sarcomere Length | Sarcomere Length
g ‘\“N\\‘L A u\Hmhh;”Mme;MHL\HMm 16
6.8
Sarcomere length
v T r T 1.2 T T T T
0 60 120 180 240 16 18 20 22 24 26 206 208 210 212 214 216 256 258 260 262 264 266
Time (s)
D E F

85 o —— 8 . —t 008
0.1 ] 0.06 g——=° 75 O\O
& 008 75 S % 0.06
_75 3 -~ 0.04 - 3
s s £l =" g T’ T b
<004 = < b

0.02 6.5 0.02

p!

6.5 N=4 0.03 N=4 - N=3 N=3 ) N=3 . N=3

8 HCO, HEPES HCOy HEPES High CI Low CI 0 High CI Low CI Control EIPA Control EIPA

Figure 4. Effects of sarcolemma H*-equivalent transporter activities on baseline pH; and pH; transients

(A) The time course of pH; measurement when the cell was perfused with Tyrode’s solutions either using HCO3™ or HEPES as pH buffer (left).

(B) The time course of pH; measurement when the cell was perfused with Tyrode’s solutions containing higher (130 mM) and lower (10 mM) CI~ (left).

(C) The time course of pH; measurement when the cell was perfused by Tyrode’s containing 10 uM EIPA (left). The right three panels in A, B, and C showed
three fragments of the time course at three conditions as shown on the top of the panel.

(D) Comparisons of baseline pH; and ApH; of A (*p = 0.0039, n = 8; **p = 0.0039, n = 9; paired Wilcoxon signed-rank test).

(E) Comparisons of baseline pH; and ApH; of B (*p = 0.022, n = 6; **p = 0.0046, n = 9; paired sample t test).

(F) Comparisons of baseline pH; and ApH; of C (n = 5). N and n represent animal numbers and cell numbers, respectively. Data are represented as

mean + SEM.

sarcomere lengths as the relaxation is incomplete at higher rates (Figures 5A and 5C). Hence, the time-
averaged sarcomere lengths reflect the averaged force, an index of ATP consumption rate (Brandes and
Bers, 1996, 1997). With higher pacing rates, the time-averaged sarcomere length became shorter, consis-
tent with higher averaged ATP consumption (and protons produced) and the lower averaged pH; (Fig-
ure 5C). Figure 5D quantifies the amplitude of the steady-state sarcomere shortening (ASarcomere length)
including the residual diastolic shortening against the amplitude of the pH; transients (ApH,). Similar to Fig-
ure 5C, the plot in Figure 5D also accounts for the progressive diastolic shortening at higher frequency.
However, ApH; was reduced with increased ASarcomere length (including the residual diastolic shortening)
at higher pacing frequencies with increased ATP consumption. This suggests that the higher averaged ATP
consumption may not be the sole mechanism underlying the generation of pH; transients. To support the
physiological relevance and significance, we performed the pacing experiment at 36°C, and similar results
were obtained shown in Figure S5. To exclude the time-dependent effects, cells were returned to the lower

iScience 25, 103624, January 21, 2022 7




¢? CellPress iScience
OPEN ACCESS

A S _05Hz _ 1Hz . 4Hz
7.4
24 e i - - \ o “ Rufl: s qrama
724!l 1y yyvyyyylr NUUUY (AVRVATRTAVRAVATRVAN
-70 01 2 OE pH pH, pH,
T 7.0 : J i J ]
(o8 ”H” H ‘.g) ) ) ) ) Sarcomere length Sarcomere length
o[ EhAnnnnnA -
L _] V v
6.61 Sarcomere length - Sarcomere length
0 120 240 360 480 600 195 200 205 210 335 340 345 350 565 570 575 580
Time (s) Time (s) Time (s) Time (s)
B c D
0.06 a .
3 0.1 Hz 0.1
L O‘ o} ¢ :'Q:_ 7.26 0_5 b— 0.041 O OO5
o) ‘ I
0.04/ o 8 1 o I - L L
3 o @ 2] | Q
T o) © 44 8
S S 72 O Ses 5
0.021 o 8 7 ' o
O O
£ N=3 N=3
3113[[3|[3][3]| F,,l | . . ‘ Sz
0 1.5 1.6 1.7 1.8 0.3 0.4 0.5 0.6
AHz 05Hz 1Hz 2Hz 4H .
faltes Eeotes 12 st Time-averaged length (um) ASarcomere length(um)

(Including the residual diastolic shortening)

Figure 5. Increasing the pacing rate reduced the pH; transients

(A) The time course of pH; measurement was shown on the left, and the right three panels showed three fragments of the time course at three pacing rates.
(B) Comparisons of ApH; at different pacing rates (The p values for a: 0.018; b: 0.0087; c: 0.01. n = 6, one-way repeated measures ANOVA combined with
Tukey's post hoc analyses). Animal numbers (N) are shown in the bar graphs.

(C) The relationship between the time-averaged sarcomere length and the time-averaged pH; during pacing at different pacing rates (n = 6).

(D) The relationship between ApH; and ASarcomere length (including the residual diastolic shortening) at different pacing rates (n = ). N and n represent
animal numbers and cell numbers, respectively. Data are represented as mean + SEM.

See also Figures S5 and Sé.

pacing rate after pacing at high rates. There was a significant recovery of the baseline pH; and pH; transients
upon returning to the lower pacing rate (Figure Sé).

Activation of B-adrenergic signaling increases the intracellular pH transient

Acute activation of B-adrenergic signaling induces positive inotropic effects on cardiac myocyte contrac-
tion. Submicromolar isoproterenol was previously documented to be effective to increase intracellular
Ca?* levels (Zou et al., 2001). Figure 6A shows the effects of 50 nM isoproterenol on the contraction and
pH; transients. Isoproterenol stimulated a brief transient alkalization of baseline pH; and a more gradual
rise in the amplitude of contraction and pH; transients. Figure 6C shows significant increases in both myo-
cyte contractions and pH; transients after isoproterenol stimulations. The findings reflect the increase in
averaged force and thus, an index of energy consumption rate and pH; transients. In contrast, Ca®* channel
blocker, verapamil, has negative inotropic effects on cardiac contractions (Bell and McDermott, 1995; Ka-
naya et al., 2006). We further tested the effects of verapamil on cardiac contractions and pH; transients. Fig-
ures 6B and 6D demonstrate the inhibitory effects of 2.5 uM verapamil on the contraction, with reduced pH;
transients and elevated baseline pH; in rabbit cardiomyocytes.

Inhibiting mitochondrial electron transport chain reduces the intracellular pH transients
Mitochondria are the powerhouse for cardiomyocytes, and the generation of an H* gradient across
the inner mitochondrial membrane is essential for ATP synthesis. We hypothesize that in addition
to beat-to-beat ATP hydrolysis and energy consumption, the pH; transients may also be coupled to
the mitochondrial H* transfer driving the mitochondrial ATP synthesis. Therefore, we applied different
inhibitors to probe the functional impacts of the mitochondrial ETC on the baseline pH; and pH;
transients.
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Figure 6. Activation of B-adrenergic signaling by isoproterenol increased the pH; transients

(A) The time course of pH; measurement with the perfusion of Tyrode's solutions containing 0.05 pM isoproterenol (Iso) was shown on the left, and the right
three panels showed three fragments of the time course at three conditions.

(B) The time course of pH; measurement with the perfusion of Tyrode’s solutions containing 2.5 pM verapamil was shown on the left, and the right three
panels showed three fragments of the time course at three conditions.

(C) Comparisons of baseline pH; (*p = 0.0024, n = 18), ApH; and sarcomere fractional shortening (FS) (**p = 0.00084, n = 18; ***p = 0.0000076, n = 18) in the
absence and presence of 0.05 uM of isoproterenol (paired sample t test).

(D) Comparisons of baseline pH; (*p = 0.035, n = 8), ApH; and FS (**p = 0.00010, n = 8; ***p = 0.00000017, n = 8) in the absence and presence of 2.5 uM of
verapamil (paired sample t test). N and n represent animal numbers and cell numbers, respectively. Data are represented as mean + SEM.

Rotenone and antimycin A (Wiersma et al., 2019), which inhibit complex | and Ill, respectively, reduce pro-
ton pumping out of the matrix, which is expected to cause cytosolic alkalinization. Indeed, either inhibitor
acutely alkalinized the baseline pH;, reduced the pH; transient, and increased contractions (Figures 7A,
7B, 7D, and 7E). The increased contractility likely results from pH; alkalization, and as the alkalinization sub-
sided contractility declined. Finally, we examined the effect of 2-[2-[4-(trifluoromethoxy) phenyl]
hydrazinylidenel-propanedinitrile (FCCP) (Bassani et al., 1992; Neary et al., 2014; Thai et al., 2018), a proto-
nophore and an uncoupler of the ETC on pH;. Although FCCP initially allows mitochondrial H* entry (tran-
siently alkalinizing the cytosol), the uncoupling results in ATP synthase reversal as a major futile ATPase that
generates acid decreasing the pH;. Indeed, FCCP acidified baseline pH;, abolished contractions, and
hence abolished the pH; transient associated with the contraction (Figures 7C and 7F). A summary diagram
in Figure 7G illustrates the beat-to-beat pH; regulatory system that dovetails with the prevailing dynamic
electrical, Ca?*, and mechanical regulatory systems.

DISCUSSION

Cardiac function is shaped by three tightly coupled dynamic systems, including electrical excitation, Ca?*
signaling, and mechanical contraction. Our study identifies a dynamic beat-to-beat pH; system in the heart,
that is tightly coupled with the other three dynamic systems due to the exquisite effects of pH; on cardiac
excitability, Ca’* signaling, and contractions(Vaughan-Jones et al., 2009).
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Figure 7. Inhibition of mitochondrial ETC reduced the pH; transients

(A-C) Time courses of pH; measurement when the cell was perfused by Tyrode's containing 2 pM rotenone (A, left), or
containing 4 pM antimycin A (B, left), or containing 4 uM FCCP (C, left). The right three panels showed three fragments of
the time course at three conditions as shown on the top.

(D) Comparisons of baseline pH; (**p = 0.000083, n = 11, paired sample t test) and ApH; of A (*p = 0.0078, n = 9; ApH;:
0.046 + 0.008 in control vs 0.038 + 0.006 with rotenone, paired Wilcoxon signed-rank test). After washout, ApH; =
0.045 + 0.007, and is not statistically different compared to control (p = 0.86).

(E) Comparisons of baseline pH; (**p = 0.00056, n = 17, paired sample t test) and ApH; of B (*p = 0.00031, n = 15. ApH;:
0.046 £ 0.007 in control vs 0.037 £ 0.006 with antimycin A, paired Wilcoxon signed-rank test). After washout, ApH; =
0.045 + 0.005, and is not statistically different compared to control (p = 0.67).

(F) Comparisons of baseline pH; (**p = 0.0002, n = 7, paired sample t test) and ApH; of C (*p = 0.016, n = 7, paired
Wilcoxon signed-rank test. ApH;: 0.057 + 0.006 in control vs 0.003 + 0.002 with FCCP). After washout, ApH; = 0.055 +
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Figure 7. Continued

0.005, and is not statistically different compared to control (p = 0.63). N and n represent animal numbers and cell
numbers, respectively. Data are represented as mean + SEM.

(G) A summary diagram (created using BioRender.com) showing the beat-to-beat pH; regulatory system that dovetails
with the prevailing dynamic electrical, Ca®*, and mechanical regulatory systems. SR: sarcoplasmic reticulum; RYR:
ryanodine receptor; SERCA: sarcoplasmic reticulum Ca®" ATPase; PMCA: plasma membrane Ca®*-ATPase; NCX:
Na*/Ca?* exchanger; AP: action potential; CBE: CI"/HCOj3 exchanger; E,: membrane potential; ETC: electron transport
chain.

Cardiac intracellular pH is tightly and dynamically regulated

pH; governs the ionization states of all weak acids and bases in the cell and plays critical roles in cellular
function. Under physiological conditions, pH; is relatively acidic compared to pH, (~7.3-7.4) (Casey et al.,
2010). Cardiomyocytes are vulnerable to pH; changes as the molecules participating in the regulation of
cardiac excitability and contractility such as ion channels, transporters, and contractile proteins are exqui-
sitely sensitive to pH; (Sirish et al., 2017; Thorsen et al., 2017; Vaughan-Jones et al., 2009; Wang et al.,
2014). In pathological conditions such as myocardial ischemia, a large fall of pH; (~6.5) occurs, resulting
in depressed cardiac contractility, abnormal intracellular Ca®* signaling, and arrhythmias (Garlick et al.,
1979, Steenbergen et al., 1977, Vaughan-Jones et al., 2009). The mammalian heart beats incessantly
with rhythmic and robust electrical and mechanical activities consuming ATP and generating acids.
Even though the intrinsic and HCO3™ mobile buffering capacity in cardiomyocytes is strong, there remain
pH; fluctuations and non-uniformity in cardiomyocytes. Fluctuations of pH; may occur during changes in
cardiac workload and heart rate (Bountra et al., 1988; Elliott et al., 1994; Vaughan-Jones et al., 2009). Pre-
vious studies demonstrate that there is a significant spatial non-uniformity in pH; of cardiomyocytes,
attributed to the low intracellular H* mobility (Swietach et al., 2005; Swietach and Vaughan-Jones,
2005a; 2005b; Vaughan-Jones et al., 2002; Vaughan-Jones et al., 2006). The heterogeneity of pH; in car-
diomyocytes suggests local regulatory machinery and spatial control of pH;.

Cardiac pH; measurement and regulation have been extensively investigated over the past several de-
cades since the 1960s (Bers and Ellis, 1982; Blank et al., 1992; Ellis and Thomas, 1976a; 1976b; Hunjan
et al., 1998; Kirschenlohr et al., 1988; Lavallee, 1964; Schroeder et al., 2010; Valkovic et al., 2019; Waddell
and Bates, 1969). However, to eliminate the motion-induced instability for recordings by microelectrodes
or reduce the motion distortion in confocal microscopic imaging, previous studies were performed mostly
using quiescent cardiac tissues and cardiomyocytes. Furthermore, low temporal resolution limited the
capture of the fast pH; changes. A recent study explored the nuclear proton dynamics in rat cardiomyo-
cytes and showed a ~3.6 nM increase in proton concentration (from 95.3 + 0.002 to 99.0 + 0.01 nM) in
the cytosol along the long axis of the cell during contraction, and the index of contraction was shown by
the width changes of the fluorescence signals. This measurement was performed using confocal line scan
mode and the contraction of the cardiomyocytes was not directly quantified. The authors concluded that
the small proton concentration change may result from acid-yielding ATP hydrolysis during cardiomyo-
cyte contractions (Hulikova and Swietach, 2016).

Our study directly quantifies simultaneous changes of sarcomere length and pH; during the cardiac
cycle and documents a significantly larger increase in free H* concentration at RT and physiological
conditions (36°C with 1 or 2 Hz pacing). The average value of pH; transient amplitudes in rabbit car-
diomyocytes is ~0.055 unit at RT or ~0.12 at 36°C, which corresponds to a free H" concentration in-
crease of ~10 nM at RT or ~30 nM at 36°C from baseline pH; of 7-7.2. The proton buffering power in
cardiomyocytes is in the order of 20-90 mM per pH unit (Crampin et al., 2006). If we use a median
value of 50 mM per pH unit for the calculation of the total H" release using the method previously
reported(Hulikova and Swietach, 2016), 10 and 30 nM changes in free H" concentrations represent
2 and 6 mM changes in total H" concentrations, respectively. A previous study has shown that cooling
from 37 to 27°C decreases both the intrinsic buffer power and acid extrusion from the cell, and the
resting pH; is ~0.1 pH units lower at 37°C(Ch’en et al.,, 2003). Our resting pH; values measured at
36°C (6.97 £ 0.05, n = 13) and RT (7.17 + 0.02, n = 14) are consistent with this previous finding
(Ch'en et al., 2003). However, the absolute amplitude of pH; transients is significantly larger at 36°C
(0.12 £+ 0.01, n = 13) than that at RT (0.055 + 0.005, n = 9), suggesting that the buffering power
is not the only regulatory factor for the pH; transients.
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To ensure that the recorded pH transients were not due to motion artifacts, we agonize over several
important features in our recordings. First is to position the cells completely within the imaging frame
during the recordings to capture fluorescence signals from the entire cell. Next, we use two different
fluorescence indicators including pHrodo green and SNARF-1, a ratiometric dye, to directly verify the re-
sults. Additionally, we analyzed the time course of pH; transients and sarcomere contraction to compare
the kinetic parameters and coupling. The time to peak contraction velocity for sarcomere contraction was
used to compare to the time to peak velocity of pH transients, revealing a significantly slower kinetics in
pH; transients than that of sarcomere contraction. Furthermore, data shown in Figure 3 provide clear ev-
idence that pH; transients can be decoupled with the sarcomere contraction. Specifically, the decreased
pH; transients were accompanied by enhanced contractions (Figure 3A) or vice versa (Figure 3B). More-
over, the immediate effect of the inhibition of ETC is the enhancement of contractions. However, this is
accompanied by reduced pH; transients (Figure 7A and 7B), illustrating the decoupled changes of con-
tractions and pH; transients, and providing further evidence that the pH; transient does not result from
the motion artifacts.

The differences of the pH; transient amplitude between rabbit and mouse cardiomyocytes may result from
the differential fractional shortening (FS) with significantly higher FS in rabbit cardiomyocytes (rabbit: 17 +
1%, n = 19; mouse: 8 + 2%, n = 12. p = 0.000022), as well as differences in the metabolic demands for car-
diomyocyte contractions in rabbits and mice. The faster kinetics of pH; transients in mouse cardiomyocytes
may be due in part to the higher velocities of mouse a-myosin compared to rabbit B-myosin (Malmqvist
et al., 2004).

The differences in baseline pH; and pH; transients between atrial and ventricular myocytes may result from
distinct expression levels of H"-equivalent transporters, metabolic profiles, and pH; buffering capacity,
which need to be further investigated.

Actions of 2,3-butanedione 2-monoxime and blebbistatin on intracellular pH transients

Both BDM and BLEB inhibit myofilament force production by binding to myosin. BLEB is a more specific
inhibitor and binds to the motor domain of myosin Il, while BDM s less specific with low affinity due to
its inhibition of other myosins and its interactions with other proteins (Bond et al., 2013). Our results
show that both inhibitors significantly reduce pH; transients with simultaneous inhibition of contractions.
BDM effect is reversible, while the BLEB effect is only partially reversible. However, the baseline pH; de-
creases during the application of BLEB while the baseline pH; remains the same upon the application
of BDM, suggesting different mechanisms of BLEB and BDM in altering the ATP hydrolysis and metabolic
status of cardiomyocytes. The effects of BLEB and BDM on pH; demonstrated in our study suggest that al-
terations in pH; need to be carefully considered in the result interpretations when these reagents are used
in studies of E-C coupling.

Regulation of intracellular pH transients

The proton buffering capacity of the cell is governed by the protonated states of the buffers. In turn, the
pH; alters the protonated states of the buffers depending on the pK,. The intrinsic buffer capacity varied
inversely with pH;, while the CO,/bicarbonate buffering capacity increases monotonically with pH;. As a
result, the total buffering capacity increases with a rise of pH; in CO,/HCOj3-buffered conditions (Leem
et al,, 1999). In our studies, we used CO,/bicarbonate-buffered solutions during pH recordings. We
demonstrate that the amplitudes of pH; transients are significantly regulated by pH;, with decreased
pH; transients by increased pH; and vice versa (Figure 3). This highlights the effect of pH; buffering ca-
pacity on pH; transients. Lower extracellular CI~ also causes intracellular alkalinization resulting in
reduced pH; transient, but the contraction is slightly inhibited, which needs to be further investigated.
The alkalinization caused by lower extracellular CI™ in our experiment is faster than that in sheep Purkinje
fibers (Vaughan-Jones, 1979), which may result from the relatively slower solution penetration of Purkinje
fibers and different recording methods. These results support the critical roles of membrane CI7/HCOs3"
exchangers in the regulation of pH; transients. CI”/HCOj3™ exchangers may regulate pH; transients by
altering the baseline pH; and the buffering capacity. On the other hand, inhibition of NHE did not signif-
icantly affect the pH;, suggesting that NHE is not activated with neutral pH; and, therefore, has no effects
on pH; transients.
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A previous study using ion-selective microelectrodes reported that the increase in pacing rate causes the
fall of baseline pH; in sheep Purkinje fibers suggesting frequency-dependent intracellular acidosis (Boun-
tra et al., 1988). Our data show cellular acidosis with higher pacing rates in rabbit ventricular myocytes
consistent with the previous findings (Figures 5 and S5). However, the increase in pacing rates reduces
the contraction amplitude and in turn, the pH; transients. The increase in intracellular Ca?* and Na™* con-
centrations with higher pacing rates may affect the cell contraction. In addition, higher pacing rates
reduce the time-averaged sarcomere length suggesting increased force and more ATP hydrolysis. The
time-averaged sarcomere length represents cardiomyocyte shortening during a contraction that includes
the diastolic sarcomere lengths, which reflects the averaged force and is an index of ATP consumption
rate. We further evaluated the relationship between the amplitude of pH; transients with the delta sarco-
mere length including the residual diastolic shortening (delta sarcomere length plus diastolic sarcomere
length changes) (Figure 5D). Specifically, even though the delta sarcomere length is shorter at higher
pacing frequency, the residual diastolic shortening is actually larger which indicated the higher ATP con-
sumption rate. In this case, we observed an inverse relationship, that is, the amplitude of pH; transients is
reduced at higher pacing frequency, suggesting that ATP hydrolysis may not be the sole mechanism un-
derlying the generation of pH; transients. A possible factor that may affect the pH; is the breakdown of
phosphocreatine to restore ATP at higher pacing rate with increased workload (Zervou et al., 2016). The
effect of increased pacing rates on pH; transients is opposite to the effect of B-adrenergic signaling stim-
ulation. The underlying mechanisms may involve different posttranslational modifications in the cellular
calcium handling, sarcomeric proteins, rate-limiting steps in the SERCA transport cycle, and altered pH;
and mitochondrial function. Additionally, the biological function of isoproterenol on cardiomyocytes may
not be limited to increased contractility. Isoproterenol also alters intracellular signaling by activating
different protein kinases which may contribute to pH; regulation. These will be further investigated in
our future studies.

Role of mitochondria in generating intracellular pH transients

Mitochondria govern the metabolic and energetic status of cardiomyocytes. ETC in the inner membrane
of mitochondria plays critical roles in ATP synthesis through oxidative phosphorylation. The central role
of ETC is to establish the proton-motive force by generating an H* gradient across the inner membrane
(Santo-Domingo and Demaurex, 2012). As the mitochondrial outer membrane is freely permeable to H*,
we expect a rapid equilibrium of H* with the mitochondrial intermembrane space. We demonstrate that
the inhibition or uncoupling of ETC reduces or abolishes pH; transients suggesting the possible contri-
butions of mitochondria in the generation of pH; transients. The inhibition of H* pumping into the intra-
membranous space causes cytosolic alkalinization and reduces the pH; transients. The partial recovery
phase from the rapid alkalinization caused by rotenone and antimycin A may stem from the compensa-
tory mechanisms in the mitochondrial ETC. The mitochondrial uncoupler FCCP causes an increase of the
respiration rates and cytosolic acidification with thermodynamically unrestrained H* pumping and
possibly with the reverse-mode of ATP synthase which hydrolyzes ATP to generate acid, resulting in
the cessation of pH; transients and contractions. The elevation of mitochondrial Ca?* is essential for con-
trolling the ATP production to match cardiac demands during contractions (Bell et al., 2006; Dedkova
and Blatter, 2013; Lu et al., 2013; Robert et al., 2001). Thus, pH; transients in cardiomyocytes may report
the dynamic beat-to-beat oscillations of mitochondrial H" transfer and bioenergetics that couple with
the mitochondrial Ca?* and mechanical signaling. The pH; transients may provide a transiently increased
H™ driving force to enhance the ATP synthesis during cardiomyocyte contractions to meet the increased
energy demand for contractions, suggesting a rhythmic metabolic status in cardiomyocytes. Taken
together, H" transport across the mitochondrial inner membrane may play critical roles in the generation
of pH; transients in cardiomyocytes.

Physiological implications and future studies

Our study has important physiological implications. The pH; transients in cardiomyocytes suggest the beat-
to-beat dynamic regulation of mitochondrial function for ATP synthesis and myofilament ATP hydrolysis
synchronize the energy production and consumption for contractions. Additionally, the acidification
caused by pH; transients during contractions may provide a negative feedback to the contractile elements,
and facilitate the relaxation of cardiomyocytes due to the reduced cardiac contractility by low pH; (Harrison
etal., 1992; Orchard and Kentish, 1990; Vaughan-Jones et al., 2009). The effects of mitochondrial inhibitors
are statistically significant; however, the biological relevance needs to be further investigated. In addition,
many aspects of the cell function may affect the pH;. Therefore, future experimental and computational
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studies are required to further test the mechanisms of mitochondria and other cellular processes in the
generation of pH; transients, including real-time measurement of ATP production and consumption in car-
diomyocytes as well as mathematical pH; modeling.

Limitations of the study

ATP hydrolysis is accompanied by the release of H" with a stoichiometry coefficient less than 1 depending
on pH; and intracellular cation concentrations (Kushmerick, 1997); ATP synthesis also needs the proton
transfer by mitochondrial ETC, and each ATP generated requires the transport of an estimated 4 protons
(Turina et al., 2003). Therefore, ATP consumption and production will affect the total H* concentrations in
cytosol, and they are one of the important mechanisms for dynamic pH; regulation. Due to the complexity
of the pH; regulation system in the cells involving H* generation and buffering, H* transport, Ca®* buffering
and signaling, and other metabolic activities, it is difficult to quantitatively correlate pH; transients with the
ATP consumption and production in this study.

Additionally, although we optimized the experimental condition to load the dye to the cytosol, due to the
dyes' intrinsic properties, we could not rule out the effects of the dye loading into intracellular organelles
which may affect our results. To this end, saponin treatment was performed to quantify the dye loading,
demonstrating specific cytosol loading in our experiments. Secondly, the fluorescent dye may be subjected
to photobleaching and leakage, which may cause the baseline pH drift. To circumvent this effect, we have
conducted control experiments to record the baseline signals which have been used for the correction of
the pH measurement (Figure S1).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

pHrodo™ Green AM ThermoFisher Scientific P35373
Carboxy SNARF®-1 AM ThermoFisher Scientific C1272
(+)-Blebbistatin Abcam Ab120425
2,3-Butanedione monoxime Sigma-Aldrich, USA BO753
(-)-Isoproterenol hydrochloride Sigma-Aldrich 16504
5-(N-Ethyl-N-isopropyl) amiloride Sigma-Aldrich A3085
Rotenone Sigma-Aldrich R8875
Antimycin A Sigma-Aldrich A8674
2-[2-[4-(trifluoromethoxy) phenyl] Sigma-Aldrich C2920
hydrazinylidene]-propanedinitrile (FCCP)

Verapamil hydrochloride Sigma-Aldrich V4629
Collagenase type Il Worthington, USA LS004176
Protease type XIV Sigma-Aldrich P5147

Ketamine hydrochloride injection (100mg/ml)
Xylazine sterile solution (20mg/ml)

Heparin (1000 USP units/ml)

Fetal bovine serum

Penicillin-Streptomycin

Novolin R human insulin

Bovine serum albumin

Other salt and chemicals

Akorn Inc., USA

Akorn Inc., USA
Fresenius Kabi USA, LLC
ThermoFisher Scientific
ThermoFisher Scientific
Novo Nordisk USA
Sigma-Aldrich
Sigma-Aldrich

NDC 50989-161-06
NDC59399-110-20
NDC63323-540-57
10437028
15-140-122

NDC 0169-1833-11
A9418

https://www.sigmaaldrich.com

Experimental models: organisms/strains

New Zealand white rabbits
C57BL/6J mice

Western Oregon Rabbit Company

The Jackson Laboratory

2495 Rosecrest Dr, Philomath, OR 97370, USA
https://www.jax.org

Software and algorithms

lonWizard (64-bit) 7.2.7.138
GraphPad Prism 9
Origin Pro 2021

BioRender

lonOptix
GraphPad Software

OriginLab Corp., Northampton, MA

BioRender

https://www.ionoptix.com
https://www.graphpad.com
https://www.originlab.com

https://www.biorender.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Xiao-Dong Zhang (xdzhang@ucdavis.edu).

Materials availability

All unique reagents generated in this study are available from the Lead Contact with a completed Materials

Transfer Agreement.

Data and code availability

The data supporting the current study have not been deposited in a public repository because they are only
used for the publication of this manuscript. This paper does not report original code. Any additional
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information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal care and procedures were performed in accordance with the protocols approved by the Institu-
tional Animal Care and Use Committee of the University of California, Davis, and per National Institutes of
Health guidelines. Male and female animals were used. All experiments described in the study were con-
ductedin a blinded fashion with different investigators for animal handlings, cardiomyocyte isolations, data
collection and analysis. The cardiomyocytes used for each experiment were isolated from ~68 rabbits (New
Zealand White rabbits, male, 3-6 months of old with 2-5 kg of body weight, Western Oregon Rabbit Com-
pany, Philomath, OR, USA) and ~21 mice (C57 BL/6J, male and female, 10-16 weeks old, Jackson Labora-
tory, Bar Harbor, ME, USA) depending on the sample size, and randomly assigned to the experimenters.

METHOD DETAILS

Cell isolation and chemicals

The chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless specifically indicated. Bleb-
bistatin was purchased from Abcam (Abcam, Cambridge, UK). Rabbit and mouse cardiomyocytes were iso-
lated using the method we reported(Bartos et al., 2017; Hegyi et al., 2015; Jian et al., 2016; Kim et al., 2013;
Sirish et al., 2017). Rabbit cardiomyocytes were isolated from hearts excised from New Zealand White rab-
bits. Briefly, rabbits were administered heparin at 400 USP units per kg subcutaneously 15-30 min before
surgery. The animal was anesthetized with isoflurane inhalation (3-5%). The heart was excised and washed
in a cold perfusion solution containing (in mM): 140 NaCl, 5.4 KCl, 1 MgCly, 5 Glucose, 5 HEPEs (free acid), 5
HEPEs (sodium salt), and pH 7.4, supplemented with 40 units of Novolin R human insulin, 50,000 units peni-
cillin, and 50,000 micrograms of streptomycin per litter, and was then cannulated and mounted on a Lan-
gendorff apparatus. The heart was initially perfused with perfusion solution with added 2800 USP heparin
per litter for 5 min to clear the blood. The heart was then perfused with perfusion solution with added colla-
genase type Il (1 mg/ml Worthington Biochemical Corporation, Lakewood, NJ, USA), protease Type XIV
(0.04 mg/ml, Sigma Aldrich, St. Louis, MO, USA), 5 mM taurine, and 0.02 mM CaCl, under constant flow
(3-6 ml/min/gram heart weight) until it loses most of its integrity (typically 25-30 min). The temperature
of the perfusion solutions was kept at 37°C. The heart was then removed from the perfusion system, and
the digestion was stopped by incubation of the heart in perfusion solution with added 10% fetal bovine
serum (FBS) and 0.02 mM CaCl,. The ventricles and atria were minced and pipetted in the solution to
liberate individual ventricular and atrial myocytes as needed. Cells were filtered through nylon mesh,
and stored in perfusion solution with added 0.125 mM CaCl, at room temperature for experimental use.
Isolation of mouse cardiomyocytes followed the conventional enzymatic dissociation methods we reported
(Jian et al., 2016; Sirish et al., 2017). Mice were anesthetized by intraperitoneal injection of 80 mg/kg of ke-
tamine and 5 mg/kg of xylazine. Intraperitoneal administration of 300 USP units of heparin was performed
10-15 minutes before the surgery. Mice were exsanguinated by rapid heart excision. The excised heart was
quickly immersed in the perfusion solution containing (in mM): 113 NaCl, 4.7 KCI, 1.2 MgSQy, 0.6 NayHPOy,
0.6 KH,PO4, 12 NaHCO3, 10 KHCO3, 30 Taurine, 10 Hepes, and 10 glucose, and pH = 7.4. After trimming off
the associated tissues, the heart was cannulated on a Langendorff apparatus and first perfused with perfu-
sion solution. After 3 min, the heart was perfused with perfusion solution with added collagenase (1 mg/mL,
type Il, Worthington Biochemical Corporation, Lakewood, NJ, USA). The perfusion pressure was moni-
tored, and the flow rate was adjusted to maintain the initial perfusion pressure at = 60 mmHg. The tem-
perature of the perfusion solutions was kept at 37°C. After 15 to 20 min of collagenase digestion, the heart
was then removed from the perfusion apparatus and transferred to petri dish containing perfusion solution
with the addition of 10% FBS. The ventricles and atria were minced and pipetted to obtain ventricular and
atrial myocytes, respectively. Cells were harvested by filtering through nylon mesh, and the Ca?* concen-
tration in the cell storage solution was restored stepwise using solutions containing 0.2, 0.5, or 1 mM Ca®*
(in mM): 133.5 NaCl, 4 KCI, 1.2 NaH,POy, 10 HEPES, 1.2 MgSQy, 10 glucose, 20 taurine, 0.2 (or 0.5, or 1)
CaCly, pH = 7.4, supplemented with bovine serum albumin (1 mg/ml). Cardiomyocytes were maintained
in the cell storage solution containing 1 mM Ca®* at room temperature until ready for experiments.

Measurement of pH; and sarcomere length

We used lonOptix contractility (lonOptix LLC., Westwood, MA, USA) system(Jian et al., 2014; Sirish et al.,
2017) to measure single cardiomyocyte contraction and pH;. Cardiomyocytes were loaded with SNARF-1
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AM (ThermoFisher Scientific, Waltham, MA, USA) or pHrodo green (ThermoFisher Scientific, Waltham, MA,
USA) before pH; measurement. For pH; measurement, cardiomyocytes were first incubated for 5 minutes in
Ca**free Tyrode's solution containing (in mM): 120 NaCl, 24 Na-Glutamate, 4 KCI, 1 MgCl,, 10 Glucose,
0.33 NaH,PQOy, 10 HEPES, and pH 7.4, with added either 5 uM SNARF-1 AM or 5 uM pHrodo greenfor
dye loading. After removing the loading solution, cardiomyocytes were washed twice using Tyrode's solu-
tion and resuspended with Tyrode's solution for pH measurement. To reduce the effects of photobleaching
and dye leakage of pHrodo green on the measurement with longer duration, we recorded on pHrodo
green loaded cardiomyocytes without any interventions for ~10 mins with pacing and without pacing,
and the photobleaching process of the fluorescencent signal was well fitted by a linear equation (Figure S1).
The slope resulting from the linear fitting was used to correct the pH measurement to minimize the effects
of photobleaching and dye leakage by subtracting the slope factor.

Cardiomyocytes were seeded in a chamber with two field stimulation electrodes connected to a Myopacer
(lonOptix LLC., Westwood, MA, USA). The chamber was mounted on the stage of the Zeiss Axio Observer
A1 inverted fluorescent microscope imaged by using a 63x or 40X oil lens. The chamber was perfused
continuously during recordings. Cardiomyocytes were paced with a square bipolar pulse with 2 ms width
and 10 V amplitude at different frequencies ranging from 0.1 Hz to 4 Hz. The measurement was performed
at room temperature (RT, 20-22°C) and 36°C. The temperature control was achieved by using Warner
TC-344C temperature controller (Warner Instruments, Holliston, MA, USA). The signals were acquired by
lonWizard 7 software.

For the measurement of pH;, a xenon lamp was used as an excitation light source. For SNARF-1 measure-
ment, the dye loaded cardiomyocytes were excited by a selected wavelength of 550 + 10 nm as previously
reported(Buckler and Vaughan-Jones, 1990), and the emitted fluorescent light was split by a 605 nm long-
pass dichroic mirror with the shorter wavelengths through a band-pass filter of 585 + 10 nm, and the
longer wavelengths through a band-pass filter of 630 &+ 15 nm to two photomultipliers, respectively. For
pHrodo green measurement, the dye loaded cardiomyocytes were excited by a selected wavelength of
500 + 10 nm, and the emitted fluorescent light was filtered using a band-pass filter of 535 + 15 nm and
collected by a photomultiplier. The contraction was measured using a high-speed camera (MyoCam-S,
240 to 1000 frames/s) to record the sarcomere movement. The sarcomere pattern was used to calculate
the sarcomere length using an FFT algorithm.

The solutions for pH measurement include Tyrode’s solution buffered by HEPES containing (in mM):
120 NaCl, 24 Na-Glutamate, 4 KCI, 1 MgCly, 2 CaCl,, 10 Glucose, 0.33 NaH,PO,, 10 HEPES, and pH 7.4,
and Tyrode's solution buffered by HCOj3™ containing (in mM): 120 NaCl, 4 KCI, 2 CaCl,, 0.33 NaH,POy,,
1 MgCly, 10 Glucose, 24 NaHCO3, gassed by 5% CO, and 95% O,. To reduce the CI™ concentration,
NaCl was replaced by an equal concentration of Na-Glutamate. To test the effects of ammonium and ac-
etate, 10 mM NH,Cl or 20 mM sodium acetate was added to the NaHCOg3-buffered Tyrode's solution, and
the osmolarity of the control solution was balanced by adding equal molar of D-mannitol. For the solution
with 20 mM sodium acetate, 10 uM 5-(N-Ethyl-N-isopropyl) amiloride (EIPA, a specific inhibitor of sodium-
proton exchanger, NHE) was added before use to inhibit the NHE activation during recording. If not indi-
cated, the recordings were all performed in HCO3™-buffered Tyrode’s solution. The calibration solutions
contained (in mM): 140 KCI, 1 MgCl,, 20 HEPES (or MES at pH 5.5), with pH 5.5, 6.5, 7.5, 8.5. Nigericin, a
K*/H" antiporter ionophore, (10 uM) was added to the calibration solution before use.

The SNARF-1 emission ratio (Fsgo/Fea0) was converted to a pH; value using standard calibration(Blank et al.,
1992, Buckler and Vaughan-Jones, 1990; Niederer et al., 2008; Sirish et al., 2017). The pHrodo green inten-
sity was converted to a pH; value using the calibration method provided by the manufacturer. The calibra-
tion was performed by measuring the SNARF-1 emission ratios and pHrodo green intensities when the cells
were perfused by calibration solutions with four different pH values of 5.5, 6.5, 7.5, and 8.5 (Figure S2). For
pHrodo green calibration, the fluorescence intensity signals were normalized by the peak intensity at pH
5.5, and pH recordings performed on each cardiomyocyte were completed by perfusion using pH 5.5 cali-
bration solution to acquire the peak fluorescence intensity value for normalization and proper calibration
for each cardiomyocyte. The normalized intensities at calibration solutions were fitted by a sigmoidal func-
tion to obtain the standard calibration curve for pHrodo green (Figure S2B). The representative pHrodo
green and SNARF-1 fluorescence signals recorded in rabbit cardiomyocytes are shown in Figures S2A
and S2C. The representative calibration trace and calibration curve for SNARF-1 are shown in Figure S2D.
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Ten cycles of the pH; transients and sarcomere shortening traces were averaged and used for analyses. The
representative traces shown in the figures were chosen to represent the mean values of the experimental
group if applicable.

To ensure that the changes in fluorescence signals were not due to motion artifacts introduced by cell con-
tractions, we positioned the relaxed cell completely within the imaging frame using either 63X or 40x ob-
jectives depending on the cell size. After each measurement, the cardiomyocyte was moved away from the
imaging frame for recording background fluorescence signals, and background fluorescence signals were
subtracted for each channel during the data analysis. For pacing experiment, we did not count the cardi-
omyocytes that have less than 50% of averaged normal fractional shortening at lowest pacing rate.

To quantify the cytosolic dye loading, the loaded cells were perfused by Tyrode's solution containing
50 pg/ml saponin. Only (10.5 + 1.4)% (pHrodo green, n = 7), (7.5 + 1.5)% (SNARF-1/F580, n = 8), (8.1 +
1.6)% (SNARF-1/F640, n = 8) fluorescence signals remained after saponin treatment, suggesting predom-
inant cytosolic dye loading. The intrinsic fluorescence signals of cardiomyocytes were measured before the
loading of the dye, and the ratios of the intrinsic signals to the dye signals were quantified and are less than
one percent (pHrodo green: (0.78 + 0.35)%; SNARF-1 F580: (0.92 + 0.27)%, F640: (0.62 + 0.27)%). The
intrinsic fluorescence signal is subtracted from the dye signals.

QUANTIFICATION AND STATISTICAL ANALYSIS

We estimate a sample size of 5 per experiment to detect at least 15% difference before and after the
change of the conditions with alpha=0.05 for a two-tailed test to give the power of the study >0.95,
assuming the standard deviation of the differences to be 5% (SigmaStat, Systat Software Inc.). No data
were excluded. Data are presented as mean + S.E.M. Shapiro-Wilk test was used for normality test. Sta-
tistical comparisons were achieved by one-way ANOVA combined with Tukey's post hoc analyses among
three or more groups, or paired sample t-test (two-tailed) or two-sample t-test when the data follow a
normal distribution, if comparing the effects before and after the application of drugs on the same cell.
If the data did not follow a normal distribution or with small sample number, non-parametric paired Wil-
coxon signed-rank test was used. Statistical significance was set at p < 0.05. The statistical analyses were
performed using Origin Pro 2021 (OriginLab, Northampton MA, USA) and GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA).
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