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BACKGROUND AND PURPOSE
The aim of this study was to clarify the mechanisms by which hydrogen sulphide (H2S) affects ion secretion across rat distal
colonic epithelium.

EXPERIMENTAL APPROACH
Changes in short-circuit current induced by the H2S-donor, sodium hydrosulphide (NaHS; 10 mmol·L-1), were measured in
Ussing chambers after permeabilization of the apical membrane with nystatin. Cytosolic Ca2+ concentration ([Ca2+]i) and Ca2+

in intracellular stores were measured with fluorescent dyes. Changes in mitochondrial membrane potential were estimated
with rhodamine 123.

KEY RESULTS
NaHS had a biphasic effect on overall currents across the basolateral membrane: an initial inhibition followed by a secondary
stimulation. Both a scilliroside-sensitive action on the Na+-K+-ATPase and modulation of glibenclamide-sensitive and
tetrapentylammonium-sensitive (i.e. ATP-sensitive and Ca2+-dependent) basolateral K+ channels were involved in this action.
Experiments with rhodamine 123 revealed that NaHS induced a hyperpolarization of the mitochondrial membrane. NaHS
evoked a biphasic change in [Ca2+]i, an initial decrease followed by a secondary increase, known to be mediated by the
release of stored Ca2+. Initial falls in [Ca2+]i were not mediated by a sequestration of Ca2+ in intracellular Ca2+ storing
organelles, as the Mag-Fura-2 signal was unaffected by NaHS. Falls in [Ca2+]i were inhibited by 2′,4′-dichlorobenzamil, an
inhibitor of the Na+-Ca2+-exchanger, and attenuated in Na+-free buffer, suggesting a transient stimulation of Ca2+ outflow by
this transporter, directly demonstrated by Mn2+ quenching experiments.

CONCLUSIONS AND IMPLICATIONS
ATP-sensitive and Ca2+-dependent basolateral K+ conductances, the basolateral Na+-K+-pump as well as Ca2+ transporters were
involved in the action of H2S in regulating colonic ion secretion.

Abbreviations
[Ca2+]I, cytosolic Ca2+ concentration; Gt, tissue conductance; Isc, short-circuit current; TPeA, tetrapentylammonium

Introduction

Intestinal ion transport, which can be switched
from absorption into secretion of water and electro-
lytes (see Binder and Sandle, 1994), is not only con-
trolled by classical neurotransmitters or hormones,
but also by the so-called ‘gaso-transmitters’. Besides
nitric oxide, the prototype of this class of volatile

messenger molecules, more recently hydrogen sul-
phide (H2S), has been recognized and identified as
a transmitter. This gas is produced from cysteine
via the enzymes cystathionine-b-synthase and
cystathionine-g-lyase (Wang, 2002). In the circula-
tion, H2S is known as a gaso-transmitter inducing
vasodilatation, decreasing cardiac inotropy, and
inhibiting the proliferation of vascular smooth
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muscle (see Geng et al., 2007; Lefer, 2008). Further-
more, H2S donors have been shown to protect
against burn- and smoke-induced acute lung injury
in sheep (Esechie et al., 2009) and to exert antiin-
flammatory actions in a model of rat synovitis
(Ekundi-Valentim et al., 2010).

In the intestine, a seminal observation in this
field was the finding that enteric neurons express
the key enzymes for H2S production and that H2S
releasing drugs induce Cl- secretion in guinea pig
and human colon via excitation of submucosal
secretomotor neurons. Neuronal capsaicin-sensitive
cation channels, that is, transient receptor potential
vanilloid receptor type 1 (TRPV1) channels are
thought to be the primary target of H2S in these two
species (Schicho et al., 2006; receptor and channel
nomenclature follows Alexander et al., 2009).

In contrast, in rat colonic epithelium, where H2S
also induces a Cl- secretion, the neurotoxin, tetro-
dotoxin, only partially reduced the response in
short-circuit current (Isc), a measure of net charge
movement across the epithelium, which was
induced by sodium hydrosulphide (NaHS), an H2S
donor (Lee et al., 2006), indicating additional
epithelial sites of action (Hennig and Diener,
2009). Furthermore, cystathionine-b-synthase and
cystathionine-g-lyase immunoreactivity were found
within the colonic epithelium itself and isolated
colonic crypts responded with changes in the cyto-
solic Ca2+ concentration ([Ca2+]i) in the presence of
NaHS. The Isc response induced by NaHS was
triphasic: an initial rise in Isc (mediated by Cl- secre-
tion) was followed by a transient fall (assumed to
represent a transient K+ secretion), before the Isc
finally rose again to a long-lasting Cl- secretory
response. Also, the Ca2+ response was not monopha-
sic; it consisted of a transient decrease of [Ca2+]i

followed by a long-lasting increase mediated by a
release of stored Ca2+ via intracellular Ca2+ channels.
The Cl- secretory response was sensitive to serosal
administration of glibenclamide, a known inhibitor
of ATP-sensitive K+ channels (see Cook and Quast,
1990), as well as tetrapentylammonium, known as
an inhibitor of Ca2+-dependent K+ channels
(Maguire et al., 1999). This suggests that, as in
smooth muscle cells from rat aorta (Zhao et al.,
2001) or rat insulinoma cells (Yang et al., 2005),
NaHS stimulates both ATP-sensitive K+ channels and
Ca2+-dependent K+ channels, which would be con-
sistent with the observed increase in the cytosolic
Ca2+ concentration, measured in isolated rat colonic
crypts (Hennig and Diener, 2009).

In order to secrete Cl- across the apical mem-
brane, the basolateral membrane has to establish
the driving force for anion extrusion via anion
channels in the apical membrane. In the basolateral

membrane, K+ channels generate the driving force
for Cl- secretion by maintaining the negative mem-
brane potential, which is dominated by a K+ diffu-
sion potential (Strabel and Diener, 1995; Warth and
Barhanin, 2003), whereas the Na+-K+-ATPase has to
maintain the K+ concentration gradient between the
intra- and the extracellular space as prerequisite for
the establishment of the K+ diffusion potential. In
view of the extensive evidence for the stimulation of
ATP-sensitive K+ channels by H2S (see above), it
seemed to be of primary interest to investigate
potential effects of NaHS on the basolateral mem-
brane which dominates cellular K+ conductance of
the epithelium. The second question to be clarified
was the identification of the mechanism involved in
the early response of the cytosolic Ca2+ concentra-
tion, which is transiently decreased by NaHS, before
the secondary release of stored Ca2+ begins. To this
end, changes in Isc induced by the H2S-donor,
NaHS, were measured in Ussing chambers after per-
meabilization of the apical membrane with nysta-
tin. This ionophore forms pores in the apical
membrane and thereby bypasses this membrane.
Consequently, all changes in Isc induced by NaHS
can only result from changes in ion transport across
the non-permeabilized basolateral membrane
(Schultheiss and Diener, 1997). Changes of the cyto-
solic Ca2+ concentration were evaluated using
Fura-2; the Ca2+ concentration in intracellular stores
was measured with Mag-Fura-2; and changes in
mitochondrial membrane potential were estimated
with rhodamine 123.

Methods

Solutions
The standard solution for the Ussing chamber
experiments was a buffer solution containing
(mmol·L-1): NaCl 107, KCl 4.5, NaHCO3 25,
Na2HPO4 1.8, NaH2PO4 0.2, CaCl2 1.25, MgSO4 1 and
glucose 12. The solution was gassed with carbogen
(5% CO2 in 95% O2, v/v); pH was 7.4. In order to
apply a K+ gradient, the KCl concentration in this
buffer was increased to 13.5 mmol·L-1 at the
mucosal side while reducing the NaCl concentra-
tion in order to maintain isoosmolarity. For the
Na+-free solution, NaCl was replaced by N-methyl-
D-glucamine (NMDG+) chloride.

For the experiments carried out with isolated
crypts, the following buffers were used. The EDTA
solution for the isolation contained (mmol·L-1):
NaCl 107, KCl 4.5, NaHCO3 25, Na2HPO4 1.8,
NaH2PO4 0.2, glucose 12.2, EDTA 10 and 1 g·L-1

bovine serum albumin (BSA). It was gassed with
carbogen; pH was adjusted by Tris-base to 7.4. The
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isolated crypts were stored in a high potassium
Tyrode solution consisting of (mmol·L-1): K glucon-
ate 100, KCl 30, HEPES 10, NaCl 20, MgCl2 1, CaCl2

1.25, glucose 12.2, sodium pyruvate 5 and 1 g·L-1

BSA; pH was 7.4. For superfusion of the isolated
crypts during the imaging experiments, the follow-
ing buffer was used (in mmol·L-1): NaCl 140, KCl
5.4, CaCl2 1.25, MgSO4 1, HEPES 10, glucose 12.2;
pH was 7.4. For the Na+-free Tyrode solution, NaCl
was replaced by NMDG Cl.

Tissue preparation and crypt isolation
All animal care and experimental procedures were
approved by Regierungspräsidium Gießen, Gießen,
Germany. Wistar rats of both sexes were used with a
weight of 180–240 g. The animals had free access to
water and a standard rat diet until the day of the
experiment. Animals were killed by stunning fol-
lowed by exsanguination. The serosa and muscularis
propria were stripped away to obtain a mucosa-
submucosa preparation of the distal colon. The
distal colon was distinguished from the proximal
colon by the absence of palm leaf-like striae (Lind-
ström et al., 1979). Briefly, the colon was placed on
a small plastic rod with a diameter of 5 mm. A
circular incision was made near the anal end with a
blunt scalpel, and the serosa together with the
lamina propria was gently removed in a proximal
direction. Two segments of the distal colon of each
rat were prepared. In general, one tissue served to
measure the control response evoked by NaHS and
the other was treated with putative antagonists
before NaHS was applied. If the antagonist had to be
administered in a solvent, the control tissue was
pretreated with that solvent.

For the isolation of intact crypts, the mucosa-
submucosa was fixed on a plastic holder with tissue
adhesive and transferred for about 7 min to the
EDTA solution. The mucosa was vibrated once for
30 s in order to obtain crypts (Schultheiss et al.,
2002). They were collected in a high-K+ gluconate
Tyrode buffer.

Isc measurement
The mucosa–submucosa preparation was fixed in a
modified Ussing chamber, bathed with a volume
of 3.5 mL on each side of the mucosa. The tissue
was incubated at 37°C and short-circuited by a
computer-controlled voltage-clamp device (Ing-
enieur Büro für Mess- und Datentechnik Mussler,
Aachen, Germany) with correction for solution
resistance. Tissue conductance was measured every
minute by the voltage deviation induced by a
current pulse (�50 mA, duration 200 ms) under
open-circuit conditions. Isc was continuously
recorded on a chart recorder. Isc is expressed as

mEq·h-1·cm-2, that is, the flux of a monovalent ion
per time and area, with 1 mEq·h-1·cm-2 =
26.9 mA·cm-2.

Imaging experiments
Relative changes in the cytosolic Ca2+ concentration
were measured using Fura-2 (Molecular Probes,
Leiden, the Netherlands), a Ca2+-sensitive fluores-
cent dye (Grynkiewicz et al., 1985). The crypts were
pipetted into the experimental chamber with a
volume of about 3 mL. They were attached to the
glass bottom of the chamber with the aid of poly-L-
lysine (0.1 g·L–1; Biochrom, Berlin, Germany). The
crypts were incubated for 60 min with 2.5 mmol·L–1

Fura-2 acetoxymethylester (AM). Then the dye ester
not taken up by the cells was washed away. The
preparation was superfused hydrostatically through-
out the experiment with 140 mmol·L–1 NaCl Tyrode.
Perfusion rate was about 1 mL·min–1.

Changes in the cytosolic Ca2+ concentration were
monitored as changes in the Fura-2 ratio (R; emis-
sion at an excitation wave length of 340 nm divided
by the emission at an excitation wave length of
380 nm). Experiments were carried out on an
inverted microscope (Olympus IX-50; Olympus,
Hamburg, Germany), equipped with an epifluores-
cence set-up and an image analysis system (Till Pho-
tonics, Martinsried, Germany). Several regions of
interest, each with the size of about one cell, were
placed over an individual crypt. The emission above
420 nm was measured from the regions of interest.
Data were sampled at 0.2 Hz. The baseline in the
fluorescence ratio of Fura-2 was measured for several
minutes before drugs were administered. For the
Mn2+ quench experiments, the Fura-2 fluorescence
was measured at a single wavelength, 360 nm, i.e.
the isoemissive wavelength of this dye. In order to
quantify the Mn2+ quench, a sliding average over
five adjacent data points (i.e. over 25 s) was calcu-
lated; the slope of the curve was obtained by calcu-
lating the first time derivative of these data.

The Ca2+ concentration within intracellular
storing organelles (such as the endoplasmic reticu-
lum) was estimated with the fluorescent dye, Mag-
Fura-2 (Molecular Probes) as described previously
(Siefjediers et al., 2007). Mag-Fura-2 is a lower affin-
ity Ca2+ indicator which is able to measure Ca2+ at a
concentration of 3 mmol·L–1 and higher (Baylor and
Hollingworth, 2000). Most of the dye accumulates
in the intracellular organelles and little in the
cytosol (Hofer and Machen, 1993); its fluorescence
at an excitation wavelength of 340 nm increases,
when the Ca2+ concentration increases. Crypts
were incubated for 60 min with 2.5 mmol·L–1 Mag-
Fura-2 AM.
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In order to reveal changes in mitochondrial
membrane potential, the fluorescent dye rhodamine
123 was used (Krippeit-Drews et al., 2000). Its fluo-
rescence at an excitation wavelength of 480 nm
increases when the mitochondrial membrane
potential is depolarized. For these experiments,
crypts were incubated for 30 min with 26 mmol·L-1

rhodamine 123.

Data analysis
Values are given as means � SEM. When means of
several groups had to be compared, an analysis of
variance was performed followed by post hoc
Tukey’s-test. For the comparison of two groups,
either a Student’s t-test or a Mann–Whitney U-test
was applied. An F-test decided which test method
had to be used. Both paired and unpaired two-tailed
Student’s t-tests were applied as appropriate. P <
0.05 was considered to be statistically significant.

Materials
2′,4′-Dichlorobenzamil hydrochloride (DCB; from
Enzo, Lörrach, Germany), glibenclamide, and nys-
tatin were dissolved in dimethylsulphoxide (final
maximal concentration 0.5%, v/v). Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (3)
(FCCP) was dissolved in ethanol (final concentra-
tion 0.01%, v/v). Scilliroside (a generous gift from
Sandoz, Basel, Switzerland) was dissolved in metha-
nol (final concentration 0.25%, v/v). Mn2+ and tet-
rapentylammonium (TPeA) were added as chloride
salts. If not indicated otherwise, drugs were from
Sigma,(Taufkirchen, Germany).

Results

Effect of NaHS on currents across the
basolateral membrane
Previous experiments have revealed that NaHS
evokes a biphasic Cl- secretion (interrupted by a
negative Isc), which is sensitive to inhibitors of ATP-
sensitive and Ca2+-dependent K+ channels (Hennig
and Diener, 2009). In order to study the presumed
effects of the H2S donor on the basolateral mem-
brane, that is, the membrane with the highest cel-
lular K+ conductance, more directly, the apical
membrane was permeabilized by the ionophore,
nystatin (100 mg·mL-1 at the mucosal side), and a K+

current across basolateral K+ channels was driven by
a mucosal-to-serosal K+ gradient (98 mmol·L-1 NaCl/
13.5 mmol·L-1 KCl buffer at the mucosal and
107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl at the serosal
side of the tissue). Baseline Isc prior administration
of nystatin amounted 0.64 � 0.13 mEq·h-1·cm-2 (n =
7). In average, nystatin induced a maximal increase

in Isc to 19.3 � 1.56 mEq·h-1·cm-2 (P < 0.05 vs. base-
line; Figure 1). Administration of NaHS (10-2 mol·L-1

at the serosal side) during the plateau phase of the
nystatin-induced Isc caused a biphasic change in Isc:
an initial decrease followed by a secondary increase
(Figure 1). During the decreasing phase of the
NaHS response, Isc fell to a value of 0.78 �
0.14 mEq·h-1·cm-2 and increased again to 8.34 �
0.93 mEq·h-1·cm-2 during the secondary phase of the
response to the H2S donor. The concentration of
NaHS (10-2 mol·L-1) was chosen as a maximal effec-
tive concentration from our previous experiments
(Hennig and Diener, 2009). A ten times lower con-
centration of the donor (10-3 mol·L-1), which –
assuming a yield of NaHS to deliver H2S of about
30% (Lee et al., 2006) – should result in H2S concen-
trations much closer to the plasma concentrations
of this gasotransmitter (see Discussion), also
resulted in a biphasic change in the current across
the basolateral membrane (data not shown). This
response, however, exhibited greater variability; so
the concentration of 10-2 mol·L-1 was preferred in
order to obtain consistent results.

Under these conditions, two components con-
tribute to the nystatin-induced Isc: a stimulation of
the Na+-K+-pump (exchanging 3 Na+ against 2 K+

with each transport cycle) by the apical inflow of

Figure 1
Biphasic change in the overall current across the basolateral mem-
brane evoked by sodium hydrosulphide (NaHS) (10-2 mol·L-1 at the
serosal side; right arrow). The apical membrane was permeabilized
with nystatin (100 mg·mL-1 at the mucosal side; left arrow). The
serosal side was exposed to a 107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl
buffer solution, whereas the mucosal buffer was 98 mmol·L-1 NaCl/
13.5 mmol·L-1 KCl (white bar below trace), so that both basolateral
K+ channels as well as the Na+-K+-pump contribute to the nystatin-
induced short-circuit current (Isc), as indicated by the schematic
inset. Line interruptions are caused by omission of time intervals of
5–10 min in order to synchronize the tracings of individual records to
the administration of drugs. Values are given as means (symbols) �

SEM (grey shaded area), n = 7. For statistics, see text.
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Na+ via the nystatin pores, and a current across
basolateral K+ channels driven by the applied K+

gradient (Schultheiss and Diener, 1997). Cation sub-
stitution experiments were performed in order to
distinguish between these two components. In a
first attempt, the current across basolateral K+ chan-
nels was excluded by the omission of a K+ concen-
tration gradient, that is, the apical membrane was
permeabilized in the presence of a 107 mmol·L-1

NaCl/4.5 mmol·L-1 KCl buffer at both sides of the
tissues (Figure 2). Under these conditions, NaHS
(10-2 mol·L-1 at the serosal side) induced a similar,
biphasic change in Isc, that is, an initial inhibition
of Isc followed by a secondary increase (Figure 2A;
for statistics, see Table 1). Pretreatment with scilliro-
side (10-4 mol·L-1 at the serosal side), a potent
inhibitor of the rat Na+-K+-ATPase (Robinson, 1970),
strongly inhibited the nystatin-induced Isc under
these ionic conditions and suppressed the effect of
NaHS (Figure 2B), confirming that this Isc is carried
by the basolateral Na+-K+-ATPase.

In order to investigate the effects of NaHS on the
basolateral K+ conductance, tissues were permeabi-
lized in the presence of a mucosal-to-serosal K+ gra-
dient, but in the absence of mucosal Na+ in order to
prevent a contribution of the Na+-K+-pump to the
measured current (i.e. 98 mmol·L-1 NMDGCl/
13.5 mmol·L-1 KCl buffer at the mucosal and
107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl at serosal side
of the tissue). Again, NaHS (10-2 mol·L-1 at the
serosal side) biphasically modulated the nystatin-

induced Isc under these ionic conditions; that is, an
initial inhibition was followed by a secondary
increase (Figure 3A). Both the nystatin-induced Isc
as well as the response to NaHS were significantly

Figure 2
(A) Biphasic change in the current carried by the basolateral Na+-K+-pump evoked by sodium hydrosulphide (NaHS) (10-2 mol·L-1 at the serosal
side; right arrow). The apical membrane was permeabilized with nystatin (100 mg·mL-1 at the mucosal side; left arrow). The serosal and the
mucosal sides were exposed to a 107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl buffer solution, so that only the Na+-K+-pump can contribute to the
nystatin-induced short-circuit current (Isc) as indicated by the schematic inset. (B) Scilliroside (10-4 mol·L-1 at the serosal side; white bar)
suppresses the secondary stimulation of pump current by NaHS. Line interruptions are caused by omission of time intervals of 5–10 min in order
to synchronize the tracings of individual records to the administration of drugs. Values are given as means (symbols) � SEM (grey shaded area),
n = 8–9. For statistics, see Table 1.

Table 1
Effect of sodium hydrosulphide (NaHS) on currents across the baso-
lateral membrane carried by the Na+-K+-pump

Pump current in
the presence of
scilliroside Isc
(mEq·h-1·cm-2)

Pump current
without
scilliroside Isc
(mEq·h-1·cm-2)

Baseline 0.00 � 0.20* 1.74 � 0.20

Nystatin 2.96 � 1.03* 16.6 � 1.82

NaHS decrease 0.11 � 0.47 1.11 � 0.64

NaHS peak 2.36 � 2.41* 9.06 � 4.57

*P < 0.05 versus Isc in the absence of scilliroside.
Effect of NaHS (10-2 mol·L-1 at the serosal side) on the current
across the basolateral membrane carried by the Na+-K+-ATPase in
the absence (right) or presence (left) of scilliroside (10-4 mol·L-1

at the serosal side). The apical membrane was permeabilized
with nystatin (100 mg·mL-1 at the mucosal side). The serosal and
the mucosal side were exposed to a 107 mmol·L-1 NaCl/
4.5 mmol·L-1 KCl buffer solution. The maximal increase in Isc
induced by nystatin, the maximal decrease in Isc evoked by
NaHS within 20 min after administration of the drug and the
maximal increase (peak) evoked by NaHS within 5–20 min after
administration of the drug are given. Values are means � SEM,
n = 8–9.
ISC, short-circuit current.
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(P < 0.05) reduced, when the tissues were pretreated
with glibenclamide (10-3 mol·L-1 at the serosal side,
Table 2), which acts as a blocker of ATP-sensitive K+

channels (Figure 3B; see Cook and Quast, 1990).
A further basolateral K+ conductance, which

might be a target of NaHS, is that through Ca2+-
dependent K+ channels, as the H2S donor induces a
biphasic change in the cytosolic Ca2+ concentration,
that is, an initial fall followed by an increase
(Hennig and Diener, 2009). Therefore, tissues were
pretreated with TPeA (10-4 mol·L-1 at the serosal
side), a blocker known to inhibit preferentially Ca2+-
dependent K+ channels (Maguire et al., 1999). Under
these conditions, nystatin induced only a small
increase in K+ current across the basolateral mem-
brane (Table 3), emphasizing the prominent role of
Ca2+-dependent K+ channels for the overall K+ con-
ductance of this membrane (Schultheiss and Diener,
1997). When NaHS (10-2 mol·L-1 at the serosal side)
was administered, the typical initial fall in Isc
induced by the drug was preserved, whereas the
secondary rise in Isc was strongly reduced (Table 3),
suggesting that a stimulation of TPeA-sensitive K+

channels also contributes to this phase of the NaHS
response.

Effect of NaHS on mitochondrial
membrane potential
The stimulatory effect of H2S on ATP-sensitive K+

channels is well known (Zhao et al., 2001; Yang

et al., 2005), whereas the initial inhibition of this
conductance, as suggested by the glibenclamide-
sensitive initial fall in Isc, was unexpected. ATP-
sensitive K+ channels are inhibited by an increase in

Figure 3
(A) Biphasic change in the current across the basolateral K+ channels evoked by sodium hydrosulphide (NaHS) (10-2 mol·L-1 at the serosal side;
right arrow). The apical membrane was permeabilized with nystatin (100 mg·mL-1 at the mucosal side; left arrow). The serosal side was exposed
to a 107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl buffer solution, whereas the mucosal buffer was a 98 mmol·L-1 NMDGCl/13.5 mmol·L-1 KCl, so that
only basolateral K+ channels can contribute to the nystatin-induced short-circuit current (Isc) as indicated by the schematic inset. (B) Glibenclamide
(10-3 mol·L-1 at the serosal side; white bar) inhibits the secondary stimulation of Isc by NaHS. Line interruptions are caused by omission of time
intervals of 5–10 min in order to synchronize the tracings of individual records to the administration of drugs. Values are given as means (symbols)
� SEM (grey shaded area), n = 6–10. For statistics, see Table 2.

Table 2
Effect of sodium hydrosulphide (NaHS) on currents carried by baso-
lateral glibenclamide-sensitive K+ channels

Isc (mEq·h-1·cm-2) Isc (mEq·h-1·cm-2)
+ glibenclamide - glibenclamide

Baseline -1.16 � 0.41* -0.03 � 0.26

Nystatin 3.28 � 0.87* 6.46 � 1.29

NaHS decrease -0.40 � 0.31 0.21 � 0.54

NaHS peak 2.60 � 1.12* 6.17 � 1.30

*P < 0.05 versus Isc in the absence of glibenclamide.
Effect of NaHS (10-2 mol·L-1 at the serosal side) on the current
across the basolateral K+ conductance in the absence (- glib-
enclamide; right) or presence (+ glibenclamide; left) of glib-
enclamide (10-3 mol·L-1 at the serosal side). Tissues were
permeabilized with nystatin (100 mg·mL-1 at the mucosal side)
in the presence of 98 mmol·L-1 NMDGCl/13.5 mmol·L-1 KCl
buffer at the mucosal and 107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl
at the serosal side of the tissue. The maximal increase in Isc
induced by nystatin, the maximal decrease in Isc evoked by
NaHS within 20 min after administration of the drug and the
maximal increase (peak) evoked by NaHS within 5–20 min after
administration of the drug are given. Values are means � SEM,
n = 6–10.
ISC, short-circuit current.
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the cytosolic ATP concentration (Seino and Miki,
2003). The rate of ATP synthesis is strongly
dependent on mitochondrial membrane potential
(Duchen et al., 1993); a high rate of ATP synthesis
depolarizes the mitochondrial membrane potential
due to the reduction of the H+ gradient (Garlid and
Paucek, 2003).

Therefore, in order to (indirectly) estimate
whether this dual action of NaHS might be related
to alterations in the cellular ATP production,
changes in mitochondrial membrane potential were
measured with the fluorescent dye, rhodamine 123,
whose signal is quenched by this potential. For
these experiments, isolated colonic crypts were
used, which in our previous study (Hennig and
Diener, 2009) had shown to be much more sensitive
to NaHS compared with the thick mucosa–
submucosa preparations used in the Ussing
chamber. Therefore, the NaHS concentration was
reduced to 10-4 mol·L-1. However, in contrast to the
expectation of a mitochondrial depolarization,
which should result from an increase in ATP synthe-
sis, the administration of NaHS caused a prompt
decrease of the rhodamine 123 signal from 3.18 �
0.061 to 2.34 � 0.078 arbitrary units (P < 0.05,
n = 89; Figure 4), that is, a hyperpolarization. As a
control, the uncoupler of the oxidative phosphory-
lation, FCCP (10-6 mol·L-1), was administered,
which – as expected – caused an increase in the
rhodamine 123 fluorescent signal to 2.84 � 0.076
arbitrary units (P < 0.05 vs. the signal in the pres-

ence of NaHS). Consequently, it seems unlikely that
the unconventional inhibition of ATP-sensitive
basolateral K+ conductance, which is finally super-
imposed by the expected stimulation due to direct
interaction of H2S with the channel molecules
(Figure 3), might be caused by an increase in the
cytosolic ATP level, although this conclusion
remains speculative without determination of the
cytosolic ATP concentration.

Effect of intracellular Ca2+

In previous experiments (see also Figure 7B of the
present study), we observed that NaHS induces a
biphasic change in the cytosolic Ca2+ concentration,
that is, an initial fall followed by a secondary
increase mediated by a release of stored Ca2+, mainly
via ryanodine receptors (Hennig and Diener, 2009).
As such a change in the cytosolic Ca2+ concentration
would also affect the basolateral K+ conductance via
modulation of Ca2+-dependent K+ channels, we tried
to find out, which mechanism might underlie the
initial fall in [Ca2+]i, which is still completely
unexplained.

In a first attempt, we asked the question whether
an uptake of Ca2+ into Ca2+-storing organelles such
as the endoplasmic reticulum might be involved in
the early NaHS response. However, NaHS did not
affect, at all, the fluorescence signal of Mag-Fura-2, a

Table 3
Effect of sodium hydrosulphide (NaHS) on currents carried by baso-
lateral TPeA-sensitive K+ channels

Isc (mEq·h-1·cm-2) Isc (mEq·h-1·cm-2)
+ TPeA - TPeA

Baseline -1.89 � 0.62* 1.43 � 0.19

Nystatin -1.64 � 1.02* 6.83 � 1.29

NaHS decrease -4.55 � 1.19* -0.42 � 1.04

NaHS peak -3.81 � 1.61* 3.27 � 0.83

*P < 0.05 versus Isc in the absence of TPeA.
Effect of NaHS (10-2 mol·L-1 at the serosal side) on the current
across the basolateral K+ conductance in the absence (– TPeA;
right) or presence (+ TPea; left) of tetrapentylammonium
(10-4 mol·L-1 at the serosal side). Tissues were permeabilized with
nystatin (100 mg·mL-1 at the mucosal side) in the presence of
98 mmol·L-1 NNMDGCl/13.5 mmol·L-1 KCl buffer at the
mucosal and 107 mmol·L-1 NaCl/4.5 mmol·L-1 KCl at the serosal
side of the tissue. The maximal increase in Isc induced by nysta-
tin, the maximal decrease in Isc evoked by NaHS within 20 min
after administration of the drug and the maximal increase (peak)
evoked by NaHS within 5–20 min after administration of the
drug are given. Values are means � SEM, n = 7–8.
ISC, short-circuit current; TPeA, tetrapentylammonium.

Figure 4
Hyperpolarization of the mitochondrial membrane potential by
sodium hydrosulphide (NaHS) (10-4 mol·L-1; left arrow). Isolated
colonic crypts were loaded with rhodamine 123 as indicated by
the inset. At the end of the experiment, Carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (3) (FCCP; 10-6 mol·L-1; right
arrow) was administered. The rhodamine 123 fluorescence is given in
arbitrary units. Line interruptions are caused by omission of time
intervals of 5–10 min in order to synchronize the tracings of individual
records to the administration of drugs. Values are given as means
(symbols) � SEM (grey shaded area), n = 89. For statistics, see text.
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fluorescent dye, which accumulates in intracellular
Ca2+ stores (Figure 5A; see Hofer and Machen, 1993);
there was only a continuous fall in the Mag-Fura-2
signal, which was also observed in time-dependent
control experiments (Figure 5B).

Consequently, the fall in the cytosolic Ca2+ con-
centration should be caused by a stimulation of Ca2+

efflux. To test this hypothesis, the following
approach was used. The fluorescence of Fura-2 is
quenched by Mn2+. Mn2+ ions are accepted as sub-
strate by many Ca2+-transporting proteins (see
Parekh and Penner, 1997; Trepakova et al., 1999)
and lead, once within the cell, to a quench of the
Fura-2 fluorescence. When the Fura-2 fluorescence
was measured at an excitation wave length of
360 nm, that is, at the isoemissive wave length,
where the signal is not affected by the cytosolic Ca2+

concentration, the administration of Mn2+ (5
10-4 mol·L-1) caused a prompt fall in the Fura-2 fluo-
rescence signal (Figure 6). When subsequently NaHS
(10-4 mol·L-1) was administered, it caused a transient

increase in the Fura-2 signal (Figure 6A), which was
not observed in time-dependent control experi-
ments (Figure 6B). The slope, by which the Fura-2
signal changed, amounted to -3.31 � 0.27 units/5 s
before and 4.27 � 0.51 units/5 s (P < 0.05 vs. slope
in the absence of NaHS, n = 84) during the steepest
phase of the NaHS response. In contrast, in parallel-
performed time-dependent control experiments,
where no NaHS was administered, the maximal
change in the Fura-2 slope only amounted to 0.79 �
0.20 units/5 s (P < 0.05 vs. effect of NaHS, n = 72).
Consequently, NaHS transiently activates a Ca2+

(Mn2+) efflux pathway.
One prominent Ca2+ extruding mechanism at rat

colonic crypts is a Na+-Ca2+-exchanger (Seip et al.,
2001). Therefore, in a final set of experiments, we
tested whether a stimulation of this exchanger
might be responsible for the transient fall in the
cytosolic Ca2+ concentration induced by NaHS.
When NaHS (10-4 mol·L-1) was administered in the
presence of dichlorobenzamil (2.5 10-6 mol·L-1), a

Figure 5
(A) Sodium hydrosulphide (NaHS) (10-4 mol·L-1; arrow) does not affect the Mag-Fura-2 emission (in arbitrary units) at an excitation wavelength
of 340 nm (F 340 nm, i.e. the wavelength where the dye exhibits the strongest change in fluorescence in response to changes in the Ca2+

concentration). (B) Time-dependent control without administration of NaHS. Isolated crypts were loaded with Mag-Fura-2 (as indicated by the
inset). Values are given as means (symbols) � SEM (grey shaded area), n = 96–97.

Figure 6
(A) Mn2+ (5 10-4 mol·L-1 MnCl2; white bar) leads to a decrease in the Fura-2 signal (in arbitrary units) measured at an excitation wavelength of
360 nm (at which the Fura-2 signal is independent from the cytosolic Ca2+ concentration) at isolated colonic crypts (indicated by the schematic).
The administration of sodium hydrosulphide (NaHS) (10-4 mol·L-1; arrow) transiently reverses the Mn2+ quench, suggesting a stimulation of Ca2+

(Mn2+) efflux by NaHS. For statistics, see text. (B) Time-dependent control without administration of NaHS. Values are given as means (symbols)
� SEM (grey shaded area) of n = 12 cells measured synchronously.
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known inhibitor of this exchanger (see Seip et al.,
2001), the effect of the H2S donor was drastically
reduced (Figure 7A,B, Table 4), whereas in time-
dependent control experiments a stable baseline of
the Fura-2 ratio signal was measured (Figure 7C).
Surprisingly, both the initial decrease as well as the
secondary increase of the cytosolic Ca2+ concentra-
tion were inhibited, which might suggest non-

specific actions of DCB on transporters other than
the Na+-Ca2+-exchanger. However, when a different
approach was used to inhibit the Ca2+ extruding
action of the exchanger, that is, when the crypts
were superfused with a Na+-free solution, a similar
inhibition of both phases of the NaHS response was
observed (Table 4).

Discussion

In the intestine, the gaso-transmitter H2S is known
to exert several actions such as a relaxation of
smooth muscle from different species (Teague et al.,
2002), antinociceptive (Distrutti et al., 2006) or anti-
inflammatory effects (Fiorucci et al., 2007). A further
prominent action is the induction of anion secre-
tion (Schicho et al., 2006). This anion secretion
leads to an increase in Isc across the epithelium. Two
phases of the Isc increase induced by the H2S donor,
NaHS, can be distinguished in rat colonic epithe-
lium: an early one, transiently interrupted by a fall
in Isc, before the current increases again to reach a
long-lasting plateau (Hennig and Diener, 2009). The
present data suggest that, at the basolateral mem-
brane, three sites of action are involved in the
complex Isc pattern evoked by NaHS, that is: (i)
the basolaleral Na+-K+-ATPase; (ii) glibenclamide-
sensitive, ATP-sensitive K+ channels; and (iii) TPeA-
sensitive, Ca2+-dependent K+ channels.

One action of the H2S donor, NaHS, consists in a
biphasic modulation of the current across the baso-
lateral membrane carried by the Na+-K+-ATPase in

Figure 7
(A) Pretreatment with 2′,4′-dichlorobenzamil (DCB; 2.5.10-6 mol·L-1; white bar) prevents the changes in the Fura-2 ratio evoked by sodium
hydrosulphide (NaHS) (10-4 mol·L-1; arrow) in comparison with control crypts not pretreated with DCB (B). (C) Time-dependent control without
administration of NaHS. Isolated crypts were loaded with Fura-2 (as indicated by the schematic); given is the emission at an excitation wavelength
of 340 nm divided by the emission at an excitation wave length of 380 nm. Values are given as means (symbols) � SEM (grey shaded area),
n = 52–84. For statistics, see Table 4.

Table 4
Effect of sodium hydrosulphide (NaHS) on the cytosolic Ca2+

concentration

D Fura-2 ratio
Initial decrease

D Fura-2 ratio
Secondary peak

+ DCB -0.0577 � 0.00416* -0.0071 � 0.00103*

- DCB -0.200 � 0.0240 0.370 � 0.0446

NMDG Cl -0.0542 � 0.00696* 0.0842 � 0.00965*

NaCl -0.131 � 0.0203 0.247 � 0.0471

*P < 0.05 versus response to NaHS under control conditions (i.e.
without DCB or in the presence of Na+ respectively).
Effect of NaHS (10-4 mol·L-1) on the Fura-2 signal in the pres-
ence (+ DCB) or absence (- DCB) of DCB (2.5.10-4 mol·L-1;
upper two rows), or in the absence (NMDG Cl) or presence
(NaCl) of extracellular Na+ (lower two rows). The initial decrease
(middle column) was calculated as the minimum signal reached
within 4 min after administration of NaHS (10-4 mol·L-1),
whereas the secondary increase (right column) was calculated as
maximum within 15 min after administration of NaHS. Data are
given as change in the Fura-2 ratio (D Fura-2 ratio) compared
with the baseline just prior to administration of NaHS and are
means � SEM, n = 52–83.
DCB, 2′,4′-dichlorobenzamil.
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apically permeabilized epithelia (Figure 2A). A tran-
sient inhibition is followed by a secondary increase
in pump current. In order to confirm that this
current is indeed caused by this enzyme, scilliroside
was used, as the a1-isoform of the Na+-K+-ATPase in
rats is quite resistant to the classical Na+-K+-pump
inhibitor, ouabain (see Edwards and Pallone, 2007).
Pretreatment with this potent inhibitor of the rat
Na+-K+-ATPase (Robinson, 1970) suppressed the
action of NaHS (Figure 2B). Consequently, there
seems to be a biphasic modulation by H2S of the
pump activity, which finally maintains the K+

concentration gradient at the cell membrane and
thereby sets the fundamental driving force for active
ion transport. The mechanism of this modulation is
not known, but it is tempting to speculate that this
action may be related to a reduction of disulphide
bonds within the protein by H2S, which acts as
reducing agent (Reiffenstein et al., 1992), or a modi-
fication of free thiol groups. However, the Isc
response evoked by NaHS at rat distal colon was not
inhibited by the pretreatment of the tissue with
N-ethylmaleimide (NEM; 5·10-5 mol·L-1, unpub-
lished data), a drug assumed to block non-protein
SH-groups (Chávez-Pińa et al., 2010), suggesting
that the latter explanation is less probable.

Another site of action of H2S in the basolateral
membrane is the glibenclamide-sensitive K+ channel
(Figure 3) and such channels are considered to be
classical targets of H2S. An increase in this type of
cellular K+ conductance is known from vascular
smooth muscle cells and is assumed to be mediated
by a reduction of disulphide bonds within the
channel protein (Zhao et al., 2001). Obviously, an
increase in the open probability of the channels is
responsible for this response as observed in a rat
insulinoma cell line (Yang et al., 2005). ATP-
sensitive K+ channels serve to couple membrane
potential to the metabolic state of the cell. They are
octomers, composed of four channel-forming sub-
units (KIR6.1 or KIR2) and four regulatory subunits,
the sulphonylurea receptors (SUR1, SUR2A or
SUR2B; see Seino and Miki, 2003). Immunohis-
tochemically, KIR6.1 and SUR2A have been found in
human and rat small intestinal epithelium (Jöns
et al., 2006). Basolateral administration of a K+

channel opener such as pincacidil, which stimulates
ATP-sensitive K+ channels, evokes an increase in Isc
across rat colon (Hennig and Diener, 2009), suggest-
ing the presence of this type of cation channel in
the rat colonic epithelium, although molecular or
immunohistochemical evidence is still missing. Sur-
prisingly, the effect of NaHS on the current carried
by ATP-sensitive K+ channels was also biphasic: that
is, the expected activation was preceded by a tran-
sient inhibition (Figure 3).

ATP-sensitive K+ channels are inhibited by an
increase in the cytosolic concentration of ATP,
which binds to the regulatory nucleotide binding
site of the respective SUR subunits (Seino and Miki,
2003), so it might be hypothesized that the para-
doxical, transient inhibition of the glibenclamide
ATP-sensitive K+ conductance might be caused by an
increase in the ATP concentration within the cell. A
high rate of ATP synthesis is known to depolarize
the mitochondrial membrane potential due to the
reduction of the H+ gradient (Garlid and Paucek,
2003). However, the fluorescence signal of the fluo-
rescent dye, rhodamine 123, which incorporates
into the inner mitochondrial membrane and whose
fluorescence is quenched by this potential, was
reduced (and not enhanced) by NaHS, whereas a
typical uncoupler of phosphorylation such as FCCP,
a protonophore, which dissipates the H+ gradient
at this membrane, evoked the opposite signal
(Figure 4). H2S is known to inhibit mitochondrial
respiration, probably at the level of the cytochrome
C oxidase, that is, the complex IV of the mitochon-
drial electron transport chain; this action is thought
to be the reason for the protective effect of H2S on
the myocardium after ischemia/reperfusion damage
(Elrod et al., 2007). This inhibition probably under-
lies the observed hyperpolarization of the inner
mitochondrial membrane (Figure 4). Consequently,
the unexpected inhibition of ATP-sensitive basolat-
eral K+ conductance, finally superimposed by the
expected stimulation (Figure 3), is probably not
related to an increase in the cytosolic ATP level, at
least not on the level of the mitochondrial ATP
production. Alternatively, a reduction in ATP degra-
dation, for example, by the transient reduction in
Na+-K+-pump activity, might cause an increase in the
local concentration of ATP near the basolateral
membrane and thereby transiently inhibit ATP-
sensitive K+ channels.

At first glance, an alternative explanation for the
hyperpolarizing action of H2S at the mitochondrial
membrane potential might be thought. ATP-
sensitive K+ channels are also found in the inner
mitochondrial membrane (Inoue et al., 1991); as
found with their counterparts in the cell membrane,
they might also be activated by H2S, too. However,
as the K+ concentration in the mitochondrial matrix
and in the inter-membrane space are approximately
equal (Garlid and Paucek, 2003), their activation
would tend to depolarize the inner mitochondrial
membrane.

In the basolateral membrane, apart from the
ATP-sensitive K+ conductance, the dominant Ca2+-
dependent K+ conductance was also modulated in a
biphasic manner by NaHS (Table 3). This response
is paralleled by changes in the cytosolic Ca2+
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concentration (Figure 7B): a transient fall, which
will lead to a decrease of basolateral K+ conductance,
and a secondary rise, which will then increase the
basolateral K+ conductance. The mechanism of the
secondary increase has recently been shown to be
independent from extracellular Ca2+, but related to a
release of Ca2+ from intracellular Ca2+ storing
organelles via ryanodine receptors (Hennig and
Diener, 2009), which are expressed by rat colonic
epithelium (Prinz and Diener, 2008). In the present
study, we focused on the pathways involved in the
initial fall of the cytosolic Ca2+ concentration
induced by the NaHS. The administration of NaHS
to isolated colonic crypts transiently reversed the
quench of the Fura-2 signal induced by Mn2+

(Figure 6A). Mn2+ ions are substrates for many Ca2+

transporters and reduce, once within the cytoplasm,
the Fura-2 signal (cf. the rapid fall of the Fura-2
fluorescence in Figure 6). Consequently, these data
suggest a transient stimulation of Ca2+ (Mn2+)
outflow by NaHS. The change in the cytosolic Ca2+

concentration could be inhibited by two different
strategies to inhibit the Na+-Ca2+-exchanger in the
cell membrane. Both DCB, a blocker of this
exchanger (Seip et al., 2001), as well as the substitu-
tion of Na+ by the impermeant cation, NMDG+,
inhibited the action of NaHS on the Fura-2 signal
(Figure 7A, Table 4), suggesting a transient stimula-
tion of Na+-Ca2+-exchange by H2S.

Another possible pathway to decrease the cyto-
solic Ca2+ concentration is the sequestration of Ca2+

into intracellular Ca2+ storing organelles such as the
endoplasmic reticulum. However, the fluorescence
signal of Mag-Fura-2, a low Ca2+ affinity fluorescent
dye which accumulates in these organelles, was
unaltered by NaHS (Figure 5). However, it might be
possible that a part of the cytosolic Ca2+ is taken up
into the mitochondria due to the observed hyper-
polarization (Figure 4), which would in addition
contribute to the decrease in the cytosolic Ca2+ level.

These observations about the mechanism of the
prosecretory action of H2S differ from the data
obtained from guinea pig and human colon, where
neuronal capsaicin-sensitive cation (TRPV1) chan-
nels are thought to be the primary target of H2S
(Schicho et al., 2006). In these tissues, H2S excites
afferent nerves (shown with extracellular record-
ings) that are thought to release substance P, which
finally leads to the activation of cholinergic secreto-
motor neurons as shown by experiments with spe-
cific inhibitors (Krueger et al., 2010). Also in rat
colon, a part of the secretory response evoked by
NaHS is inhibited by the neurotoxin, tetrodotoxin
(Hennig and Diener, 2009), but there is a clear epi-
thelial component, as can be seen from the increase
in the cytosolic Ca2+ concentration of isolated

colonic crypts free of any neuronal cells. The reason
for this discrepancy is unclear, but may of course
represent species difference. On the other hand, we
used a relatively high concentration (10-2 mol·L-1)
of NaHS, which should result in H2S concentrations
even higher than in the colonic lumen, which are
estimated to be in the range of up to 10-3 mol·L-1

(Krueger et al., 2010), in order to obtain a consistent
induction of all phases of the Isc response (see
Results). Thus, there is the possibility that a high
concentration of 10-2 mol·L-1 NaHS might – in addi-
tion to the clear neuronal effects –also stimulate
tetrodotoxin-resistant responses in human or
guinea pig colon.

What are the functional implications of the
present results? H2S is considered as a gaseous neu-
rotransmitter used by enteric neurons to modulate
gastrointestinal functions (Schicho et al., 2006;
Krueger et al., 2010). As shown here, this gaso-
transmitter affects key processes for ion transport
within the epithelium such as the cytosolic Ca2+

concentration, the activity of the Na+-K+-pump, that
is, the ‘motor’ for all active transport processes, as
well as the cellular K+ conductance, which deter-
mines the height of the membrane potential. Fur-
thermore, organosulphur compounds from dietary
compounds such as garlic are known to be con-
verted to H2S in a glutathione-dependent manner
inside the body; this may be the reason for the
cardioprotective effect of garlic (Benavides et al.,
2007). If this process is to start during intestinal
absorption, it is possible that organosulphur com-
pounds could also exert actions on the intestinal
epithelium, such as protective action against
ischaemic damage due to the observed mitochon-
drial hyperpolarization (Figure 4). A further poten-
tial source of H2S in vivo is sulphate-reducing
bacteria (such as Desulfovibrio or Desulfomonas
species). They are able to reduce SO4

2-, contained in
food or in intestinal secretions, to sulphides includ-
ing H2S (Florin et al., 1991), and thereby contribute
to a permanent exposure of the epithelium, espe-
cially of the colon, to H2S, with its pronounced
effects on epithelial ion transport. Plasma levels of
H2S have been reported in the range of 50–160
10-6 mol·L-1 (Zhao et al., 2003). The local concentra-
tion in the vicinity of the intestinal epithelium is
unknown, but the production rate has been mea-
sured for rat ileum to be in the range of 12
10-9 mol·min-1·g-1 tissue (Zhao et al., 2003). It has
been reported that patients with ulcerative colitis
have an increased number of sulphate-reducing bac-
teria (Roediger et al., 1993), which produce sul-
phides including H2S from SO4

2- in the diet or
S-containing amino acids. Consequently, the ability
of H2S to modulate basolateral K+ channels and
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thereby determine the driving force for epithelial
secretion may also play a role in the pathogenesis of
gastrointestinal diseases.
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