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Impaired relaxation of stomach smooth muscle in mice lacking
cyclic GMP-dependent protein kinase I
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1 Guanosine 3', 5'-cyclic monophosphate (cyclic GMP)-dependent kinase I (cGKI) is a major
receptor for cyclic GMP in a variety of cells. Mice lacking ¢cGKI exhibit multiple phenotypes,
including severe defects in smooth muscle function. We have investigated the NO/cGMP- and
vasoactive intestinal polypeptide (VIP)/adenosine 3’, 5'-cyclic monophosphate (cyclic AMP)-
signalling pathways in the gastric fundus of wild type and cGKI-deficient mice.

2 Using immunohistochemistry, similar staining patterns for NO-synthase, cyclic GMP- and VIP-
immunoreactivities were found in wild type and cGKI-deficient mice.

3 In isolated, endothelin-1 (3 nM—3 uM)-contracted, muscle strips from wild type mice, electrical
field stimulation (1-16 Hz) caused a biphasic relaxation, one initial rapid, followed by a more
slowly developing phase. In preparations from cGKI-deficient mice only the slowly developing
relaxation was observed.

4 The responses to the NO donor, SIN-1 (10 nM—100 uM), and to 8-Br-cyclic GMP (10 nmM—
100 uM) were markedly impaired in strips from cGKI-deficient mice, whereas the responses to VIP
(0.1 nMm—1 uMm) and forskolin (0.1 nM—1 uM) were similar to those in wild type mice.

5 These results suggest that cGKI plays a central role in the NO/cGMP signalling cascade
producing relaxation of mouse gastric fundus smooth muscle. Relaxant agents acting via the cyclic
AMP-pathway can exert their effects independently of cGKI.

British Journal of Pharmacology (2000) 129, 395-401
Keywords: cyclic GMP; enteric nervous system; nitric oxide; non-adrenergic non-cholinergic (NANC); vasoactive intestinal

polypeptide
Abbreviations: cGKI,

cyclic GMP-dependent protein kinase I

EFS, electrical field stimulation; FITC, fluorescein

isothiocyanate; IBMX, 3-isobutyl-1-methylxanthine; IR, immunoreactive; L-NOARG, NS-nitro-L-arginine;
NANC, non-adrenergic non-cholinergic; NO, nitric oxide; NOS, nitric oxide synthase; ODQ, 1H-[1,2.4]-
oxadiazolo[4,3-a]quinoxalin-1-one; sGC, soluble guanylate cyclase; SIN-1, 3-morpholino-sydnonimin; VIP,

vasoactive intestinal polypeptide

Introduction

Nitric oxide (NO) or a NO-related compound has been
demonstrated to be an important physiological mediator of
non-adrenergic non-cholinergic (NANC) relaxation of gastro-
intestinal smooth muscle (Sanders & Ward, 1992; Stark &
Szurszewski, 1992). In the gut, NO seems to produce its effects
both via direct activation of potassium ion channels and by
stimulation of soluble guanylate cyclase (sGC; Sanders &
Ward, 1992; Shuttleworth et al., 1993; Young et al., 1993; Koh
et al., 1995). Activation of sGC leads to generation of
guanosine 3',5-cyclic monophosphate (cyclic GMP) from
guanosine triphosphate. Several targets for cyclic GMP have
been identified, including cyclic GMP-gated ion channels,
cyclic GMP stimulated/inhibited phosphodiesterases, and
cyclic GMP-dependent protein kinases (Lohmann et al.,
1997). Two forms of cyclic GMP-dependent protein kinases,
type I (¢cGKI, Sandberg et al., 1989; Wernet et al., 1989), and
type II (cGKII, Uhler, 1993), have been identified. They have a
wide tissue distribution. ¢cGKII has been found in e.g.
developing bone and secretory cells, whereas cGKI is highly
expressed in smooth muscle, platelets and cerebellum
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(Waldmann et al., 1986; Keilbach et al., 1992; Pfeifer et al.,
1996). Recently, it was demonstrated that mice lacking cGKI
have a defective smooth muscle function (Pfeifer et al., 1998)
leading to hypertension and general gastrointestinal
dysmotility.

Relatively little is known about the NO/cyclic GMP system
in the gastrointestinal tract of mice. However, similar to what
has been found in other species, the NO-synthesizing enzyme,
nitric oxide synthase (NOS), has been localized to nerve
structures in the muscle wall, and NO-mediated neurotrans-
mission has been demonstrated in several gastrointestinal
regions including the gastric fundus (Lefebvre, 1993; Burns et
al., 1996; Ogulener et al., 1995; Sang & Young, 1996; Ny &
Andersson, 1998). Besides NO, other NANC mediators have
been proposed to be involved in the mediation of relaxation of
gastrointestinal smooth muscle. One of these candidates is
vasoactive intestinal polypeptide (VIP), which is considered to
act via activation of the adenylyl cyclase/adenosine 3',5'-cyclic
monophosphate (cyclic AMP) signal transduction pathway.
Some studies have indicated that NO directly influences the
release of VIP and vice versa (Makhlouf & Grider, 1993; Jin et
al., 1996), whereas others have suggested that NO and VIP act
in parallel (Barbier & Lefebvre, 1993; Keef et al., 1994
Bayguinov et al., 1999).



396 L. Ny et al

¢GMP-dependent protein kinase | in stomach

Mice lacking cGKI offer an opportunity to study the effects
of VIP and other agents acting through the cyclic AMP
signalling cascade in the absence of the NO/cyclic GMP/cGKI
pathway. Therefore, we have investigated the NO/cyclic GMP-
and the VIP/cyclic AMP-pathways in wild type and cGKI-
deficient mice, testing the hypothesis that there may be a cross-
talk between the cyclic GMP and cyclic AMP signalling
cascades in gastrointestinal smooth muscle, as has been
suggested by other investigators in other systems (Jiang et al.,
1992; Lincoln et al., 1995). As a test preparation we chose the
fundus of the stomach.

Methods
Tissue preparation

Adult (20-25 g) cGKI-deficient mice of both sexes, produced
as described previously (Pfeifer er al., 1998), and wild type
controls, were bred and maintained at the animal house of the
Department of Experimental Pathology, University of Lund.
The animals were killed by CO, asphyxia and decapitated.
Age- and sex-matched wild type mice served as controls and
were treated similarly. This procedure was approved by the
Animal Ethics Committee of Lund University. The abdomen
was opened and the upper digestive tract removed. The gastric
fundus was identified and tissue specimens from this region
were dissected and examined morphologically and function-
ally.

Immunohistochemistry

Tissue specimens comprising the whole gastric fundus wall
were fixed for 4 h in a 4°C solution of 4% formaldehyde in
phosphate-buffered saline (PBS; pH 7.4), and rinsed in 15%
sucrose in PBS. The tissue pieces were then processed and
investigated as described previously (Ny et al., 1995).

The sections were incubated overnight with primary
antisera raised against mouse cGKI (1:2000, in rabbit; see
Pfeifer et al., 1998), rat neuronal NOS (1:2000; in sheep;
supplied by Dr P. Emson, Cambridge, U.K.), porcine VIP
(1:500; in guinea-pig; Eurodiagnostica, Malmo, Sweden).
cyclic GMP-immunoreactivities were investigated in the tissue
by using an antiserum against cyclic GMP (1:1000, in sheep;
supplied by Dr J. De Vente, Leiden, The Netherlands) in the
tissue following a 30 min preincubation period with 1 mM
sodium nitroprusside in the presence of zaprinast (1 mM) and
3-isobutyl-1-methylxanthine (IBMX; 1 mMm) as described
previously (Waldeck et al., 1998).

After the incubation period with the primary antisera, the
sections were rinsed in PBS, and then incubated for 90 min
with fluorescein isothiocyanate (FITC)-conjugated swine anti-
rabbit, goat anti-guinea-pig or donkey anti-sheep immunoglo-
bulins (all 1:80 in PBS; Sigma, St Louis, MO, U.S.A.).
Subsequently, the sections were mounted in glycerol/PBS with
p-phenylenediamine to prevent fluorescence fading.

Functional studies

Circular smooth muscle preparations (1 mm wide and 10—
12 mm long) were dissected and mounted in tissue baths, and
mechanical activity was recorded as described previously (Ny
et al., 1995). To be able to study relaxant responses the strips
were precontracted by endothelin-1 (3 nM—3 uM), which
induces a tension level of approximately 50—70% of a 124 mM
K *-induced contraction in mice gastric fundus smooth muscle

preparations (L. Ny, 1999, unpublished observations). At the
end of the experiments, the strips were exposed to a Ca>"-free
Krebs solution (see below) to define the basal contraction level
from which all calculations were related.

Electrical field stimulation (EFS) was performed as
described previously (Ny et al., 1995). The stimulation
frequency was varied between 1—16 Hz. Five-second trains of
square wave pulses (0.5 ms duration, supramaximal voltage)
were delivered every 2 min. All experiments were carried out in
the presence of indomethacin (1 uM), phentolamine (1 uM),
propranolol (1 uM), and scopolamine (1 uM). Two relaxation
phases were observed (see below). The maximum relaxation
for each phase was registered and compared.

Solutions

The Krebs solutions used had the following composition (in
mM): Na*-Krebs solution: NaCl 119, KCl 4.6, NaHCO; 15,
CaCl, 1.5, MgCl, 1.2, NaH,PO, 1.2 and glucose 5.5. Ca®>" -free
Krebs solution: NaCl 119, KCI 4.6, NaHCO; 15, MgCl, 1.2,
NaH,PO, 1.2, EGTA 0.1 and glucose 5.5.

Drugs

The chemicals were obtained from the following sources: 8-Br-
cyclic GMP, IBMX, NCS-nitro-L-arginine (L-NOARG), (= )-
propranolol hydrochloride, scopolamine hydrochloride, so-
dium nitroprusside, VIP, and zaprinast from Sigma Chemical
Company (St Louis, MO, U.S.A.), 3-morpholino-sydnonimin
(SIN-1) from Casella AG (Frankfurt, Germany), phentola-
mine methane sulphonate from Ciba-Geigy/Novartis (Basel,
Switzerland), endothelin-1 from Peninsula (Belmont, CA,

/-

+/+

Figure 1 The gastrointestinal tract at autopsy of 5 week-old wild
type (left) and litter-matched cGKI-deficient mouse (right). Arrows
indicate the pylorus and the caccum of the cGKI-deficient mouse.
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Figure 2 Immunofluorescence images of the gastrointestinal wall from the gastric fundus of wild type (a,c,e) and cGKI-deficient
(b,d,f) mice. (a) and (b) demonstrate cGKI-immunoreactivity, (¢) and (d) demonstrate NOS-immunoreactivity, and (¢) and (f)

demonstrate VIP-immunoreactivity. Bar 100 pm.

U.S.A.), indomethacin (Confortid) from Dumex (Copenhagen,
Denmark), and), 1H-[1,2,4]-oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ), from Tocris Cookson Ltd (Bristol, U.K.). All drugs
were dissolved in saline.

Statistical analysis

Statistical results are expressed as mean+s.c.mean. When
statistical differences between two means were determined, an
unpaired Student’s z-test was performed. P <0.05 was regarded
as significant. N refers to the number of animals and n to the
number of strips tested. When statistical analyses between
means were performed, all values refer to different animals.
8-Br-cyclic GMP, SIN-1, forskolin and VIP were added

cumulatively and concentration-response curves were con-
structed.

Results

Morphology

The morphological appearance of the gastrointestinal tract of
c¢GKI-deficient mice was markedly different from that in wild
type controls (Figure 1). The stomach was dilated and the
pylorus contracted in the cGKI-deficient mice. There was a
poststenotic dilation of the duodenum. Macroscopically no
great differences in the appearances of the rest of the small

British Journal of Pharmacology, vol 129 (2)
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intestine were observed. The ileocaecal region of cGKI-
deficient mice was contracted and the caecum markedly
dilated. No dilation was found in the rest of the large bowel.

Immunohistochemistry

In cGKI-deficient mice, no immunoreactivity against cGKI
could be demonstrated, whereas in the wild type mice an
intense cGKI-immunoreactivity was observed that was
confined to the smooth muscle cells in the submucosa, the
inner circular, and the outer longitudinal muscle layers (Figure
2a,b). In both cGKlI-deficient and wild type mice, NOS-
immunoreactivity was observed in numerous nerve cell bodies
in the enteric plexuses and in nerve fibres (Figure 2c,d). The
nerves were mainly localized to the inner circular muscle layer.
No apparent differences in quantity and distribution pattern
were observed between cGKlI-deficient and wild type mice.
VIP-immunoreactivity had a similar staining pattern as NOS-
immunoreactivity, although the number of large nerve fibres
seemed to be less in comparison to the number of NOS-IR
fibres (Figure 2e,f).

Cyclic GMP-immunoreactivity was observed in smooth
muscle cells of both the circular and longitudinal muscle layers.
The staining pattern for cyclic GMP-immunoreactivity was
similar in ¢cGKI-deficient and wild type mice (Figure 3a—d).
cyclic GMP-immunoreactivity was only observed in tissue
preincubated with sodium nitroprusside in the presence of
IBMX and zaprinast. Omission of sodium nitroprusside
preincubation resulted in no staining.

Functional studies

Endothelin-1 (3 nM—3 uM) induced a stable tension level
amounting to 4.5+0.5 mN (=41, N=12) in cGKI-deficient
mice, and 5.14+0.4 mN in wild type mice (n=40, N=12).

In wild type mice, EFS (1-16 Hz) induced frequency-
dependent relaxations. These consisted of a rapid and
transient first phase, reaching its maximum within 2-8 s.
Tension was then transiently restored to starting values, and
then a second relaxation phase was observed with a slower
onset time and a longer duration (Figures 4 and 5). The
second phase, which reached its maximum 20-40 s after
initiation of EFS, could be observed only at low-frequency
stimulation (1-4 Hz) in strips from two animals, whereas
high-frequency stimulation (816 Hz) resulted in a biphasic
relaxation in strips from all animals. In cGKI-deficient mice,
practically no transient relaxations could be observed (Figures
4 and 5). Instead, only a long-lasting relaxation, similar to the
second phase relaxation in the wild type mice, could be
demonstrated (Figures 4 and 5). This relaxation was especially
prominent using high-frequency stimulation (8—16 Hz). In
cGKI-deficient mice, the amplitude of the second phase,
expressed in percent of the endothelin-1 induced tension, was
slightly less than in wild type mice (P <0.05; Figure 6). At §—
16 Hz frequency stimulation, the relaxations in cGKI-deficient
mice were preceded by a frequency-dependent ‘on’ contraction
(Figure 4b), which was not sensitive to L-NOARG or ODQ.
No EFS-induced contractions were observed in wild type
mice.

Figure 3 Immunofluorescence images demonstrating cyclic GMP-immunoreactivity in the gastrointestinal wall from the gastric
fundus of wild type (a,b) and cGKI-deficient (c,d) mice. (a) and (c) demonstrate the immunoreactivity after preincubation of sodium

nitroprusside, whereas (b) and (d) without. Bar 100 um.
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2 min
Figure 4 Original tracings showing electrical field stimulation
(supramaximal voltage, 0.5 ms pulses, varying frequency 1-16 Hz)-
induced relaxations of the gastric fundus. (a) wild type mice. (b)
cGKI-deficient mice.

L-NOARG (100 uMm) treatment during EFS (2 or 8 Hz), or
after 30 min preincubation before EFS (1-16 Hz), resulted in
abolition of the first relaxant phase in wild type mice. In some
preparations, a contraction was seen instead. A maximum
effect was observed after approximately 10—15 min of L-
NOARG treatment. In both cGKI-deficient and wild type
mice, L-NOARG reduced also the EFS (8 Hz)-induced second/
long-lasting relaxant phase (P<0.05; data not shown).

ODQ (1 um) applied during EFS (2 or 8 Hz), or after
30 min preincubation before EFS (1-16 Hz), produced a
major reduction, and occasionally a disappearance, of the
first relaxant phase in wild type mice. A maximum reduction
from 5947 to 542 % at 2 Hz, and from 8748 to 414+8%
at 8 Hz (n=4) was seen after 15-20 min treatment.
Corresponding values in ¢GKI—/—mice were 1+1 and
1+1 % (2 Hz), and 10+5 and 8+4 %. In both cGKI-
deficient- and wild type mice, ODQ reduced also the EFS
(8 Hz) induced second/long-lasting relaxant phase (P <0.05;
data not shown).
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Figure 5 (Upper part) The first relaxant phase of the response to
electrical field stimulation (supramaximal voltage, 0.5 ms pulses,
varying frequency 1-16 Hz) nerves in smooth muscle strips from the
mouse gastric fundus. Wild type mice: n=06; cGKI-deficient mice:
n=6. (Lower part) The second relaxant phase of the response to
electrical field stimulation (supramaximal voltage, 0.5 ms pulses,
varying frequency 1-16 Hz) nerves in smooth muscle strips from the
mouse gastric fundus. Wild type mice: n=06; cGKI-deficient mice:
n=6. *P<0.05.

SIN-1 (10 nM—100 M) induced a concentration-depen-
dent relaxation in both cGKlI-deficient and wild type mice
(Figure 6). At high concentrations (10—100 uM) the
relaxant response to SIN-1 was markedly reduced in
c¢GKI-deficient mice in comparison to wild type mice. The
maximum relaxations were in wild type mice 99+1%
(n=6) and in cGKl-deficient mice 61+9% (n=6;
P<0.05). 8-Br-cyclic GMP (10 nMm—100 M) induced a
concentration-dependent relaxation in the wild type mice
reaching a maximum relaxation amounting to 99+1%
(n=6; Figure 6). In cGKlI-deficient mice, the relaxation
was markedly reduced, reaching a maximum amounting to
10+5 % (n=6).

VIP (0.1 nMm—1 uMm) induced a concentration-dependent
relaxation in both c¢GKI-deficient and wild type mice
(Figure 7). The relaxant response in cGKI-deficient mice
was slightly less at 10 nm (P<0.05), but at the other
concentrations, no significant differences were found. The
maximal relaxations were 100+0% (m=6) and 94+6%
(n=6) in wild type and cGKI-deficient mice, respectively.
Forskolin (0.1 nMm—1 uM) induced a concencentration-
dependent relaxation with no significant differences
between wild type and cGKlI-deficient mice (Figure 7).

British Journal of Pharmacology, vol 129 (2)
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Figure 6 (Upper part) SIN-1-induced relaxation of smooth muscle
strips from in the mouse gastric fundus. Wild type mice: n=6; cGKI-
deficient mice: n=6: *P<0.05. (Lower part) 8-Br-cyclic GMP-
induced relaxation of smooth muscle strips from the gastric fundus.
Wild type mice: n==6; cGKI-deficient mice: n=6. ***P<0.001.

The maximal relaxations were 96+2% (n=6) and 89+5%
(n=06) in wild type and cGKI-deficient mice, respectively.

Discussion

This study demonstrates that cGKI has an obligatory role in
the NO-mediated relaxation of the mouse gastric fundus.
Preparations from wild type mice exhibited a pronounced
relaxation consisting of two phases, where the first phase was
markedly inhibited by the sGC inhibitor, ODQ, or the NO-
synthesis inhibitor, L-NOARG. This strongly suggests that this
relaxation was mediated by the NO/cyclic GMP pathway.
Indeed, strips from cGKI-deficient mice did not exhibit the
first response, but only the slowly developing second
relaxation. Moreover, preparations from cGKI-deficient mice
responded weakly to 8-Br-cyclic GMP, and the SIN-1 induced
relaxation was markedly reduced, clearly indicating that these
exogenously administered drugs also need cGKI to exert their
effects. The slight SIN-1 mediated relaxation that was observed
at high concentrations in both types of animal, suggests that
this NO-donor may activate other pathways than the one used
by endogenous NO, released from nerves. It is well known
from other investigations that NO can activate ion channels in
gastrointestinal smooth muscle leading to hyperpolarization
and relaxation (Bolotina et al., 1994; Koh et al., 1995).

A loss of ¢GKI could be expected to produce changes both
upstream and downstream in the signal transduction cascade.
However, in the cGKI-deficient mice we found no evidence for
any upstream change. The NOS-innervation was the same and
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Figure 7 (Upper part) Forskolin-induced relaxation of smooth
muscle strips from the gastric fundus. Wild type mice: n=06; cGKI-
deficient mice: n=26. (Lower part) VIP-induced relaxation of smooth
muscle strips from the gastric fundus. Wild type mice: n=6; cGKI-
deficient mice: n=6. *P<0.05.

so was the distribution of cyclic GMP-staining smooth muscle
cells.

It may be speculated that alternative pathways can be
activated and/or upregulated which try to compensate for the
loss of function in the cGKI-deficient mice. In the present sets
of experiments we found no differences in immunohistochem-
ical staining between controls and cGKI-deficient animals.
There were no major changes in the response to VIP, another
putative NANC mediator in the mouse fundus, or to the
adenylyl cyclase stimulator, forskolin. In other smooth muscle
systems, a cross-talk has been demonstrated between the cyclic
GMP- and cyclic AMP-dependent protein kinases (Jiang et al.,
1992). It seems clear however, that the signalling pathway used
by VIP and forskolin may function independently of ¢GKI,
since 8-Br-cyclic GMP and drugs believed to be acting through
the cyclic GMP/cGKI pathway had little or no effect in cGKI-
deficient mice. Thus, significant actions of cyclic GMP on
cyclic AMP-dependent protein kinases seem to be excluded.

A matter of much debate in the discussion of NO-mediated
effects in the gastrointestinal tract has been whether or not VIP
is crucial for NO-mediated effects and vice versa (Makhlouf &
Grider, 1993; Keef et al., 1994; Bayguinov et al., 1999). In the
present experiments, where the NO-generation system is intact
in both types of animals investigated, we have not been able to
demonstrate any major qualitative differences between wild
type and cGKlI-deficient mice in the response to VIP or
forskolin. However, the second relaxation phase of the
electrically induced relaxation, observed mainly at 8 and
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16 Hz, and possibly mediated by VIP, was reduced in ¢cGKI-
deficient compared to wild type mice. The cGKI-deficient mice
also exhibited an on-contraction at 8 and 16 Hz, which the
wild type did not. If this is related to an interplay between NO
and a second transmitter, possibly VIP, can only be speculated
upon.

In conclusion, this study has demonstrated that ¢cGKI has
an obligatory role in NO-mediated relaxation of the mouse
gastric fundus. Interactions between NO and another relaxing
agent cannot be excluded. However, agents acting via cyclic
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