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Electrophysiological effects of hydrogen sulfide on guinea pig papillary
muscles in vitro
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Abstract: The cardiac electrophysiological effects of hydrogen sulfide (H,S) were examined in guinea pig papillary muscles in vitro
using intracellular microelectrode technique. The results obtained were as follows: (1) the duration of action potential (APD) in the
normal papillary muscles was decreased by NaHS (H,S donor, 50, 100, 200 umol/L) in a concentration-dependent manner; (2) in
partially depolarized papillary muscles, 100 pumol/L NaHS not only reduced APD, but also decreased the amplitude of action potential
(APA), overshoot (OS) and maximal velocity of depolarization at phase 0 (V,__); (3) pretreatment with ATP-sensitive K* (K ) channel
blocker glibenclamide (20 pmol/L) partially blocked the effects of NaHS (100 umol/L); (4) pretreatment with L-type Ca*" channel
agonist Bay K8644 (0.5 umol/L) also partially blocked the effects of NaHS (100 pmol/L); (5) pretreatment with Ca*-free Krebs-
Henseleit solution containing glibenclamide (20 umol/L) completely blocked the effects of NaHS (100 umol/L); (6) APD in the normal
papillary muscles was increased by DL-propargylglycine (PPG, an inhibitor of cystathionine y-lyase, 200 umol/L). All these results
suggest that the electrophysiological effects of H,S on papillary muscles in our study are due to an increase in potassium efflux through
the opening of K channels and a decrease in calcium influx. Endogenous H,S may act as an important regulator in electrophysiological
characters in papillary muscles.
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Hydrogen sulfide (H,S) was only recognized as a kind of  bition of the respiratory system*<l, But increasing lines of
toxic gas in contaminated environments with a strong odor  evidence proves that H,S might be the third endogenous
of rotten eggs for a long time, and its major effects were  signaling gasotransmitter, besides nitric oxide (NO) and
the intoxication of the central nervous system and the inhi-  carbon monoxide (CO), and has important physiological
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functions®!,

Endogenous H,S may be generated by two pyridoxal-5’-
phosphate-dependent enzymes — cystathionine 3-synthase
(CBS) and cystathionine y-lyase (CSE) in mammalian tis-
sues which use L-cysteine as the main substrate®”. The
expressions of these two enzymes are tissue-type specifictl.
H,S is directly produced in myocardial tissues, arterial and
venous tissues by CSE®, DL-propargylglycine (PPG)
is a specific inhibitor of CSE, which can suppress endo-
genous H,S production®Y,

H,S has vasorelaxant function and the underlying mecha-
nism is being studied. In vascular smooth muscle cells
(VSMCs), the opening of ATP-sensitive potassium (K x)
channels and the entrance of extracellular calcium were
reported to be involved in H,S actions, while cGMP and
Ca?*-dependent potassium channel pathways were not in-
cluded®?, H,S is the first identified gaseous opener of
K channels in VSMCsPl. K . channels are widely dis-
tributed in the myocardium and opening of them is an im-
portant endogenous cardioprotective mechanism®!, H.,S
plays a negative inotropic role in the heart and could be
endogenously produced by the cardiac tissues as a physio-
logical cardiac function regulator, which is mediated by
K, channel pathway®. In addition, our laboratory demon-
strated that H,S could facilitate carotid sinus baroreflex
through the opening of K, channels and further closing
calcium channel®¥, Therefore, H,S also palys an impor-
tant role in the modulation of blood pressure. The present
study was undertaken to investigate the electrophysiologi-
cal effects of H,S on guinea pig papillary muscles in vitro
and the underlying mechanism(s).

1 MATERIALS AND METHODS

1.1 Electrophysiological measurement

Guinea pigs of either sex (weighing 300-400 g, provided
by the Experimental Animal Center of Hebei Province) were
killed with a single blow on the head and the hearts were
removed and placed in cold (0-4 °C) Krebs-Henseleit (K-
H) solution. The papillary muscles were cut from the right
ventricle and then pinned on a thin silicon disc at the bot-
tom of a perfusion chamber. The preparation was per-
fused (4 mL/min) with K-H solution of the following com-
position (in mmol/L): NaCl 118.0, NaHCQO, 25.0, KCl 4.7,
MgSO, 1.6, CaCl, 2.5, KH,PO, 1.2 and glucose 11.1 at
(35.0£0.5)°C. K-H solution was saturated by a mixture of
95% O, and 5% CO, and pH was 7.39+0.03. The papil-
lary muscles were paced by square pulse (1 Hz, 1 ms, 1.5
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times threshold) provided by a simulator (SEN-3201, Nihon
Kohden). The transmembrane action potentials (APs) were
recorded by 3 mol/L KCI-filled micropipettes (a tip resis-
tance of 10-20 MQ) coupled to a high input impedance
amplifier (MEZ 8201, Nihon Kohden). The amplified sig-
nals were fed to an A/D converter and processed by a
microcomputer. Resting potential (RP), overshoot (OS),
amplitude of AP (APA), maximal rate of depolarization at
phase 0 (V,,.), duration of AP (APD), 50% of APD (APD,)
and 90% of APD (APD,,) were analyzed, and plateau pe-
riod duration (PPD) was calculated from regression analy-
sis of repolarization at phase 2 and phase 31561,

1.2 Experimental protocols

1.2.1 Electrophysiological effects of H,S on normal
papillary muscles

APs were recorded after equilibrium for 1 h. After recor-
ding of 3 control APs, NaHS (50, 100, 200 pmol/L) were
applied respectively. APs were then recorded at 5, 10, 15,
20, 25, 30, 35, 40, 45, 50, 55 min after application of
NaHS. The preparation was washed with K-H solution to
observe the recovery of AP.

1.2.2 Electrophysiological effects of H,S on partially
depolarized papillary muscles

The preparations were equilibrated for 1 hin the normal K-
H solution. Then slow response AP was induced in the
papillary muscles by exposing the preparation to K-H solu-
tion containing KCI (18 mmol/L) and isoprenaline (1.5 pmol/
L). After recording of 3 control APs, NaHS (100 umol/L)
was administered and APs were recorded.

1.2.3 Effects of K,;, channel blocker glibenclamide
(Gli) on H,S-induced changes of AP in papillary muscles
The effects of NaHS (100 pmol/L) alone were observed.
Then after pretreatment with Gli (20 pmol/L) for 20 min,
NaHS (100 pmol/L) was added and APs were recorded.

1.2.4 Effects of L-type calcium channel agonist Bay
K8644 on H,S-induced changes of AP in papillary
muscles

The effects of NaHS (100 pmol/L) alone were observed.
Then after pretreatment with Bay K8644 (0.5 pumol/L) for
15 min, NaHS (100 pmol/L) was added and APs were
recorded.

1.2.5 Effects of H,S on AP in normal papillary muscles
superfused with Ca?*-free K-H solution containing Gli
The effects of NaHS (100 pumol/L) alone were observed
firstly. Then after superfusion with Ca?*-free K-H solu-
tion instead of the normal K-H solution for 50 min, the
preparation continued to be exposed to Ca*-free K-H so-
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lution containing Gli (20 pmol/L) for 20 min. And then
NaHS (100 pmol/L) was added and APs were recorded.

1.2.6 Electrophysiological effects of CSE inhibitor PPG
on normal papillary muscles
APs were recorded after equilibrium for 1 h. After recor-
ding of 3 control APs, PPG (200 umol/L) was applied.
APs were then recorded at 5 min interval lasting for 150
min after application of PPG.

1.3 Biochemicals and reagent

NaHS, Bay K8644 and PPG were purchased from Sigma.
Gli was purchased from Tianjin Institute of Medical and
Pharmaceutical Industry. NaHS was used as a donor of
H,S. NaHS was employed in these experiments for a bet-
ter definition of H,S concentration in solution than bub-
bling H,S gas. NaHS dissociates to Na* and HS- in solution.
Thereafter HS- associates with H* and produces H,S.
Approximately one-third of H,S in aqueous solution exists
in the undissociated form (H,S), whilst the remaining two-
thirds of H,S exists as HS- which is in equilibrium with
H,SM. Gli was initially dissolved in dimethylsulfoxide
(DMSO, 100 pmol/L). The final concentration of DMSO
in the K-H solution was 0.04% (V/V). Bay K8644 was
dissolved in 99% ethyl alcohol. PPG was dissolved in
distilled water.

1.4 Statistics

All data were presented as meanstSEM. The differences
of the parameters between before and after chemical
application were analyzed by paired Student’s t test. Dif-
ferences between groups were assessed by one-way
ANOVA and unpaired t test. Statistical significance was
set at P<0.05.

2 RESULTS

2.1 Effects of H,S on AP in normal papillary muscles
Compared with that in the control group, PPD, APDy,,

APD,, and APD were decreased by NaHS (50-200 pmol/
L) in a concentration-dependent manner. The effects oc-
curred after 5-20 min of superfusion of NaHS and reached
the peak within 30-45 min. NaHS (50, 100 umol/L) sig-
nificantly decreased PPD, APD,,, APDy, and APD (P<
0.05, P<0.01) but had no significant effect on the other
parameters of AP (P>0.05). High concentration of NaHS
(200 pmol/L) decreased not only PPD, APDg, APD,, and
APD (P<0.001), but also APA (P<0.05) (Table 1, Fig.1A).

N
e ]
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Fig.1. Effects of NaHS on the action potential in normal and
partially depolarized guinea pig papillary muscles. A: Normal
papillary muscle. a: control; b: 50 umol/L NaHS; ¢: 100 umol/L
NaHS; d: 200 pmol/L NaHS. B: Partially depolarized papillary
muscle. a: control; ¢: 100 umol/L NaHS. The recordsin A or B
were from the same cell. Similar results were obtained in others
cells.

2.2 Effects of H,S on AP in partially depolarized
papillary muscles

In partially depolarized papillary muscles induced by high
K*, NaHS (100 pmol/L) not only decreased PPD, APDy,,
APD,, and APD (P<0.05, P<0.01), but also reduced APA,
OSand V,,, (P<0.01, P<0.001) (Table 2, Fig.1B).

Table 1. Effects of H,S on the parameters of action potential in guinea pig papillary muscles

Group RP (mV) OS(mV) APA(MV) V. (VIs) PPD (ms) APDg, (ms)  APDy, (ms) APD (ms)
Control 842423 349438 1190431 185.9+142  1206+3.1 157.2+3.8 179.3+3.6 190.1+4.1
NaHS50 umol/L ~ -83.9+2.0 35.0+3.6 1188+29  189.5+180  109.9+3.3" 1447439  167.6+2.9" 179.244.6"
NaHS 100 pmol/L  -83.3+2.7 34.6+29 1179+28  184.9+131 97.2+3.8™"  129.0+45™* 153.8+4.1"**" 166.2+3.7"*
NaHS 200 ymol/L  -84.1+1.8 32.1+2.6 116.3+2.3"" 181.8+17.8 7174367+ 0831427+ 122.8+3.8""+** 135,243,657+
Washout -83.8+1.6 352440 1192438  188.8+19.2  1225+45 159.545.4 181.5+4.3 191.7+4.9

RP, resting potential; OS, overshoot; APA, amplitude of action potential; V,,,,, maximal rate of depolarization at phase 0; PPD, plateau

period duration; APD, duration of action potential; APD,,, 50% of APD; APDy,, 90% of APD. “P<0.05, “P<0.01,

*kk

P<0.001 vs control;

*P<0.05, **P<0.01, **P<0.001 vs NaH$ (50 umol/L); *P<0.05 vs NaHS (100 pmol/L). n=6.



218 Acta Physiologica Sinica, April 25, 2007, 59 (2): 215-220
Table 2. Effects of H,S on the parameters of action potential in partially depolarized papillary muscles
Group RP (mV) OS(mV) APA(MV) V., (Vis) PPD (ms) APD,, (ms)  APDg, (ms)  APD (ms)
Control -55.7+2.3 35.8+3.1 91.3+2.8 31.845.1 98.2+4.2 130.145.6 142.3+5.4 154.545.3
NaHS -54.6+2.7 25.9+3.8™" 80.4+2.1"  17.5+4.5"  78.4+4.3"  106.3+5.7" 119.0#6.2"  127.9+4.9"
Washout -56.1+2.6 36.2+4.1 92.2+3.7 28.3+5.7 96.2+4.9 127.746.1 140.446.7 154.346.2

ek

"P<0.05, "P<0.01, ""P<0.001 vs control. n=6.

2.3 Effects of Gli on H,S-induced changes of AP in
papillary muscles

PPD, APD,, APD,, and APD were significantly decreased
by NaHS (100 pumol/L) compared with that in the control
group (P<0.01). K, channel blocker Gli (20 umol/L)
alone had no significant effect on AP (P>0.05). After pre-
treatment with Gli, the electrophysiological effects of NaHS
(100 pmol/L) were partially inhibited. PPD, APD,,, APDy,
and APD were significantly different from those in the
control group (P<0.05, P<0.01) and those in NaHS group
(P<0.05, P<0.01) (Table 3).

2.4 Effects of Bay K8644 on H,S-induced changes
of AP in papillary muscles

L-type calcium channel agonist Bay K8644 (0.5 pmol/L)
markedly increased PPD, APDs,, APDy, and APD (P<
0.05, P<0.01, P<0.001), but had no significant effect
on RP, OS, APA and V. (P>0.05). After pretreatment
with Bay K8644, the electrophysiological effects of NaHS
(100 pmol/L) were partially inhibited. PPD, APDq,,

APD,, and APD were significantly different from those
in the control group (P<0.05, P<0.01, P<0.001) and those
in NaHS group (P<0.05, P<0.01, P<0.001) (Table 4).

2.5 Effects of H,S on AP in normal papillary muscles
superfused with Ca?-free K-H solution containing Gli
Superfusion with Ca?*-free K-H solution instead of the nor-
mal K-H solution significantly shortened PPD, APD,, APDy,
and APD (P<0.001), and decreased OS and APA (P<0.05).
After pretreatment with Ca?*-free K-H solution containing
Gli (20 umol/L), the electrophysiological effects of NaHS
(100 pmol/L) were completely inhibited. PPD, APDy,,
APD,, and APD were not significantly different from those
in Ca?*-free K-H solution (P>0.05) (Table 5).

2.6 Effects of PPG on AP in normal papillary muscles
PPG (200 pmol/L) significantly increased PPD, APD.,
APD,, and APD (P<0.01), but had no significant effect on
the other parameters of AP (P>0.05). The effects oc-
curred after 30-40 min of superfusion of PPG and reached
the peak within 90-120 min (Table 6).

Table 3. Effects of Gli (20 umol/L) on H,S-induced changes of action potential in guinea pig papillary muscles

Group RP (mV) OS (mV) APA (mV) Vs (V/S) PPD (ms) APD, (ms)  APDg, (ms) APD (ms)
Control -82.1+3.1 36.7+2.5 118.8+2.4 176.3+153 77.6+2.6 105.2+3.1 131.3+3.3 143.1+3.5
NaHS -80.7+3.2 35.842.8  116.4+2.7 173.9+18.2  55.4+3.2" 78.6+4.0"  105.1+5.1" 118.0+4.6™
Gli -82.2+2.9 35.5+3.1 117.8+2.9 175.3+20.1  78.4+3.3""  106.3%4.2"" 131.6+5.3"*  143.0+4.8*"
Gli+NaHS -81.9+3.0 35.4+3.1 117.5+2.8 174.7+21.3 65.8+3.1™*  91.1+3.9""* 119.1+4.6™* 132.3+5.1""
Washout -81.8+2.2 36.2+3.8  118.1+3.3 177.4+22.3 79.6+3.4 107.7+4.3 132.345.1 144.5+4.9

“P<0.05, ""P<0.01 vs control; *P<0.05, **P<0.01 vs NaHS; *P<0.05, #P<0.01 vs Gli. n=6.

Table 4. Effects of Bay K8644 (0.5 pmol/L) on H,S-induced changes of action potential in guinea pig papillary muscles

Group RP (mV) OS (mV) APA(mMV) V.., (V/s) PPD (ms) APDg, (ms)  APDg, (MSs) APD (ms)

Control -83.3+2.3 337438 1169+26  223.0+23.1 92.644.7 123.345.1 154.1+4.9 169.7+4.3

NaHS 829437  33.1+42 1158+43  218.2+30.6 68.3+3.7" 94.1+4.5™ 126.3+3.1™ 141.0£2.8™

Bay K8644  -83.1+43 342452 1174433 2358+400 106.5+2.9"" 140.1+3.6™" 1717443  186.2+3.2"

Bay K8644 + -82.8+4.2 336149 1165+42  221.2+36.1 83243544 112.0444™ 45 143.0+£3.87 44 1573431700
NaHS

Washout -83.9+43 339451 118.0+48  228.1+24.8 93.5+3.8 1245+4.7 155.3+3.9 169.9+4.4

"P<0.05, "P<0.01, ""P<0.001 vs control; *P<0.05, *P<0.01, ***P<0.001 vs NaHS; #*P<0.01, ###P<0.001 vs Bay K8644. n=6.
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Table 5. Effects of H,S on the parameters of action potential in normal papillary muscles superfused with Ca?-free K-H solution
containing Gli (20 pmol/L)

Group RP (mV) 0S (mV) APA (MV) V. (VIs) PPD (ms) APD,, (ms)  APDgy, (ms) APD (ms)
Control -80.3x25  31.7+34 1119428 220.0+236  96.6+4.9 129.345.5 165.1+4.7 181.743.3
NaHS -79.943.7  31.1+40 1115435 21624326  70.3+3.7"  101.1#4.8" 137.3+4.17 153.5+4.8™
Ca?*-free -80.1+4.3  252+43.2" 103.4+3.8™ 216.9+379  205+£3.9”"" 381467  71.7+3.87""  84.243.37
Ca®*-free+Gli  -80.844.2  24.6+29™ 1035+4.1" 21524294  20.2+35""* 38.3x4.4™™"  72.0£3.6™"" 83.8£2.9™
Ca®*-free + Gli+ -81.8435  24.3#3.3" 1029+3.7" 21624352  20.0+3.6""* 37.9+4.0™"™" 7144377 827217
NaHS

Washout -80.9+3.3  31.9+46  112.3+38 22114345 975443 1305+4.8 167.3+4.9 183.9+4.0

“P<0.05, "“P<0.01, ""P<0.001 vs control; *P<0.05, ***P<0.001 vs NaHS. n=6.

Table 6. Effects of PPG (200 pmol/L) on the parameters of action potential in guinea pig papillary muscles

Group RP (mV) 0S (mV) APA(MV) V. (VIS) PPD (ms) APDg, (ms)  APDy, (ms)  APD (ms)
Control -78.0+2.6 31.6+2.4 109.442.9 196.2+20.3 101.6+4.1 134.3+5.2 160.5+5.9 174.7+5.5
PPG -81.5+3.1 30.6+3.9 112.043.0 198.5+21.1 110.2+4.2" 1447454 170.046.2"°  184.516.0"

"P<0.01 vs control. n=6.

3 DISCUSSION

The present study showed that H,S could concentration-
dependently decrease PPD, APD,,, APD,, and APD of AP
in the guinea pig papillary muscles. It has been widely
accepted that the APD is mainly dependent on PPD, which
is influenced by potassium efflux and calcium influx.
Therefore, any factor promoting potassium efflux or/and
inhibiting calcium influx may decrease PPD.

The slow response AP was induced in the papillary
muscles by exposure to K-H solution containing KCI (18
mmol/L) and isoprenaline (1.5 pmol/L). Under these
conditions, calcium currents play an important role in the
depolarization of AP, while both potassium currents and
calcium currents play important roles in the repolarization
of AP. H,S significantly reduced not only APA, OS and
V... DUt also PPD, APD.,, APD,, and APD of slow re-
sponse AP. It’s suggested that the decrease in calcium
influx may be related to the effects of H,S.

H,S is the first identified gaseous opener of K ., chan-
nels in VSMCs™ and K, channels widely distribute in
myocardium®9, Geng et al. recently reported that H,S
could be endogenously produced by heart tissues, as a
physiological cardiac function regulator, and mediated by
K> channel pathway®®. So we observed the effects of
K channel blocker Gli on H,S-induced changes of AP.
Gli could partially inhibit the electrophysiological effects of
H,S. The results indicate that the effects of H,S on APD
are in part due to the enhancement of potassium efflux
through the opening of K, channels.

In order to examine the effect of H,S on calcium influx,
we used the L-type Ca?* channel agonist Bay K8644. Bay
K8644 also partially inhibited the electrophysiological ef-
fects of H,S. The results indicate that the reduction of
calcium influx may also contribute to the effects of H,S.

Moreover, to further analyze the mechanisms involved,
we observed the effects of H,S on AP in the normal papil-
lary muscles in Ca*-free K-H solution containing Gli. Pre-
treatment with Ca?*-free K-H solution containing Gli com-
pletely blocked the effects of H,S. The results indicate
that the effects of H,S on APD are due to the changes of
potassium and calcium currents.

In addition, it was observed that high concentration of
H.,S (200 pumol/L NaHS) decreased APA, suggesting a pos-
sible inhibition of sodium channel or/and a reduction of
calcium influx by H,S.

The results so far only discussed the effects of exogenous
H,S. To determine the function of endogenous H.,S, PPG
(an inhibitor of CSE) was used in our experiment. Zhao et
al. reported that PPG might be membrane-permeable, and
that it had the potential to be used to study the physiologi-
cal function of endogenously produced H,St. In the
present study, after pretreatment with PPG (200 pmol/L),
PPD, APD,,, APD, and APD were significantly increased
compared with that in the control papillary muscles. These
results indicate that endogenous H,S generated by cardiac
tissues may play an important role in regulating AP in guinea
pig papillary muscles.

Recently, some reports indicated that H,S exerted car-
diovascular protective function. The reduced production
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of endogenous H,S is an essential factor in the development
of spontaneous hypertension®?. Moreover, Zhang et al. re-
ported that endogenous H,S was involved in the pathogenesis
of rat’s hypoxic pulmonary hypertension (HPH) and exog-
enously applied H,S could exert protective effect during HPH
1 In our research, H,S decreased calciuminflux, as a result,
intracellular Ca?* concentration declined and myocardial con-
tractility weakened. The negative inotropic role of H,S in the
heart, which was also observed by Geng et al.¥, may be one
of mechanisms by which H,S exerts protective effect during
spontaneous hypertension and HPH. In addition, we found
H,S decreased APD in papillary muscles, that is to say, H,S
could shorten the work time of papillary muscles and thus
exerted a cardioprotective function.

In summary, our observations demonstrate that H,S exhib-
its electrophysiological effects on guinea pig papillary
muscles. These effects may be attributed to an increase in
potassium efflux through the opening of K ,» channels and
a decrease in calcium influx. Endogenous H,S may act as
an important regulator in electrophysiological characters
of papillary muscles.
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