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ABSTRACT

The effect of proinflammatory cytokines on the expression and activity
of soluble guanylyl cyclase (sGC) and cGMP–phosphodiesterases
(PDEs) was determined in intestinal longitudinal smooth muscle.
In control muscle cells, cGMP levels are regulated via activation of
sGC and PDE5; the activity of the latter is regulated via feedback
phosphorylation by cGMP-dependent protein kinase. In muscle
cells isolated from muscle strips cultured with interleukin-1b
(IL-1b) or tumor necrosis factora (TNF-a) or obtained from the colon
of TNBS (2,4,6-trinitrobenzene sulfonic acid)-treated mice, expres-
sion of inducible nitric oxide synthase (iNOS) was induced and sGC
was S-nitrosylated, resulting in attenuation of nitric oxide (NO)–
induced sGC activity and cGMP formation. The effect of cytokines
on sGC S-nitrosylation and activity was blocked by the iNOS
inhibitor 1400W [N-([3-(aminomethyl)phenyl]methyl)ethanimidamide
dihydrochloride]. The effect of cytokines on cGMP levels measured
in the absence of IBMX (3-isobutyl-1-methylxanthine), however,

was partly reversed by 1400W or PDE1 inhibitor vinpocetine and
completely reversed by a combination of 1400W and vinpocetine.
Expression of PDE1A was induced and was accompanied by an
increase in PDE1A activity in muscle cells isolated frommuscle strips
cultured with IL-1b or TNF-a or obtained from the colon of TNBS-
treated mice; the effect of cytokines on PDE1 expression and activity
was blocked byMG132 (benzylN-[(2S)-4-methyl-1-[[(2S)-4-methyl-1-
[[(2S)-4-methyl-1-oxopentan-2-yl]amino]-1-oxopentan-2-yl]amino]-1-
oxopentan-2-yl]carbamate), an inhibitor of nuclear factor kB activity.
NO-induced muscle relaxation was inhibited in longitudinal muscle
cells isolated from muscle strips cultured with IL-1b or TNF-a or
obtained from the colon of TNBS-treated mice, and this inhibition
was completely reversed by the combination of both 1400W and
vinpocetine. Inhibition of smooth muscle relaxation during inflam-
mation reflects the combined effects of decreased sGC activity via
S-nitrosylation and increased cGMPhydrolysis via PDE1 expression.

Introduction

The relaxant transmitter nitric oxide (NO) plays an important
role in gastrointestinal smooth muscle relaxation. The effects of
NO aremediated by activation of soluble guanylyl cyclase (sGC),
which catalyzes the conversion of GTP to cGMP (Friebe et al.,
1997; Mayer et al., 1998; Krumenacker et al., 2004; Francis
et al., 2010; Derbyshire and Marletta, 2012). The majority of
cGMP effects are mediated by activation of cGMP-dependent
protein kinase, which phosphorylates several proteins regulat-
ing Ca21 mobilization and myosin light-chain phosphatase
(MLCP) activity, key determinants of smoothmuscle contraction
(Murthy and Makhlouf, 1998; Kamm and Stull, 2001; Somlyo

et al., 2004; Murthy, 2006; De Godoy and Rattan, 2011). The
strength and duration of cGMP signaling are regulated by the
balance between sGC and cGMP-specific phosphodiesterase
(PDE) activity (Soderling and Beavo, 2000; Francis et al., 2001;
Rybalkin et al., 2003; Corbin et al., 2009).
sGC, a heterodimer protein with a (a1 and a2) and b (b1

and b2) subunits, consists of amino terminal heme-binding,
central dimerization, and carboxyterminal catalytic domains
(Mayer et al., 1998; Krumenacker et al., 2004; Derbyshire and
Marletta, 2012). Binding of NO to the heme greatly increases
the catalytic activity of sGC. Expression of a1, a2, or b1 alone
is not sufficient for sGC activity, and heterodimerization is
a prerequisite for sGC activity. The subunits a1, a2, and b1
are functional, but the function of the b2 subunit is not clear,
and thus only a1b1 and a2b1 isoforms are active (Pyriochou
and Papapetropoulos, 2005; Derbyshire and Marletta, 2012).
sGC a1b1 heterodimer expression is most abundant in mamma-
lian tissues including smooth muscle, whereas expression of
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a2b1 heterodimer expression is highest in the brain. sGC
heterodimer containing the b2 subunit has not been identified.
Expression of sGC subunits has been shown to be regulated

by both transcriptional and post-transcriptional mechanisms
in response to cytokines and growth factors (Krumenacker
et al., 2001; Pyriochou and Papapetropoulos, 2005; Xia et al.,
2007; Derbyshire andMarletta, 2012). Activity of sGC has been
shown to be regulated by post-translational mechanisms, such
as phosphorylation, S-nitrosylation, and protein–protein inter-
actions (Murthy, 2001; Rybalkin et al., 2003; Sayed et al., 2007;
Zhou et al., 2008; Mayer et al., 2009; Su, 2014).
PDEs, which hydrolyze cyclic nucleotides cAMP and cGMP

to the inactive noncyclic 59-AMP and 59-GMP, respectively, are
classified based on their regulatory and catalytic properties
into 11 families. PDE5, -6, and -9 are specific for cGMP, whereas
PDE1, -2, and -3 hydrolyze both cAMP and cGMP, albeit with
different affinity (Sharma et al., 2006; Ahmad et al., 2012). PDE5
is a dimer with cGMP-binding sites in its regulatory N-terminal
and catalytic C-terminal domains (Soderling and Beavo, 2000;
Francis et al., 2001; Rybalkin et al., 2003; Corbin et al., 2009).
PDE5 activity is stimulated via binding of cGMP and cGMP-
dependent protein kinase (PKG)–mediated phosphorylation of
PDE5 at a conserved serine residue in the N-terminal region
(Francis et al., 2001; Rybalkin et al., 2003). PDE5 expression is
abundant in smooth muscle and plays an important role in the
regulation of cGMP levels and smooth muscle relaxation
(Murthy, 2001; Mahavadi et al., 2013). PDE1 (PDE1A and
PDE1B) hydrolyzes cGMP with higher affinity and is regulated
by Ca21/calmodulin (Sharma et al., 2006). Both PDE2 and PDE3
(PDE3A and PDE3B) hydrolyze cAMP and cGMP with similar
affinity, but due to a higher catalytic rate of PDE3 for cAMP than
cGMP, cGMP acts as a competitive inhibitor, and PDE3 is
known as cGMP-inhibited cAMP phosphodiesterase (Ahmad
et al., 2012).
Recent studies have determined the changes in the expression

and/or activity of adenylyl cyclase 5/6 (AC5/6) and cAMP-specific
PDE4D5 in response to inflammatory cytokines [interleukin-1b
(IL-1b) and tumor necrosis factor a (TNF-a)] in vitro and TNBS
(2,4,6-trinitrobenzene sulfonic acid)-induced colonic inflamma-
tion in vivo in longitudinal smooth muscle (Mahavadi et al.,
2014). Inflammation induced an increase in PDE4D5 activity
and a decrease in AC5/6 activity, leading to a decrease in cAMP
formation and a decrease in smooth muscle relaxation. The aim
of the present study was to characterize the expression and
activity of sGC and cGMP-PDE isoforms by cytokines in vitro
and inflammation in vivo that result in altered smooth muscle
relaxation. Our results demonstrate that sGC and PDE5 were
expressed in normal longitudinal smooth muscle. In response to
cytokines in vitro and during inflammation, inducible nitric
oxide synthase (iNOS) expression was induced and sGC activity
was decreased as a result of S-nitrosylation of sGC. Concur-
rently, PDE1A expression was induced via the nuclear factor
kB (NF-kB) pathway. The combined effects of iNOS-mediated
S-nitrosylation of sGC and NF-kB–dependent PDE1 expression
decreased cGMP formation and longitudinal smooth muscle
relaxation during inflammation.

Materials and Methods

[125I]cGMP, [a-32P]GTP, and [3H]cGMP were obtained from
PerkinElmer Life Sciences (Boston, MA); collagenase and soybean
trypsin inhibitor were from Worthington Biochemical Inc. (Freehold,

NJ); Western blot, chromatography material, and protein assay kit
were from Bio-Rad Laboratories (Hercules, CA); and antibody to sGC
b1 subunit from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
to PDE1A, PDE2A, PDE3A, and PDE5A, and phospho-antibody to
PDE5 (Ser92) were obtained from FabGennix Inc. (Frisco, TX);
vinpocetine and MG132 (benzyl N-[(2S)-4-methyl-1-[[(2S)-4-methyl-
1-[[(2S)-4-methyl-1-oxopentan-2-yl]amino]-1-oxopentan-2-yl]amino]-1-
oxopentan-2-yl]carbamate) were purchased from Enzo Life Sciences,
Inc. (Farmingdale, NY); the S-nitrosylation detection kit was from
Cayman Chemical (Ann Arbor, MI); and cGMP, Crotalus atrox snake
venom, and all other chemicals were from Sigma-Aldrich (St. Louis, MO).

All animal treatments were performed according to a protocol
approved by the Institutional Animal Care and Use Committee of
Virginia Commonwealth University.

Induction of Colonic Inflammation and Preparation of

Dispersed Colonic Smooth Muscle Cells. Colonic inflammation
in mice was induced with TNBS as described previously (Hazelgrove
et al., 2009; Alkahtani et al., 2013; Al-Shboul et al., 2014; Mahavadi
et al., 2014; Nalli et al., 2014). Adult male mice (C57BL/6J; 6–8 weeks
old) were anesthetized, and 100ml of TNBS [2.5% in 50% ethanol (v/v)]
was instilled intrarectally; mice were euthanized 3 days after the
induction of inflammation. Control mice were treated with vehicle.
Body weight and stool consistency were evaluated daily. Colonic
tissue from mice treated with TNBS exhibited typical histologic
characteristics of colitis (Alkahtani et al., 2013; Al-Shboul et al., 2014;
Mahavadi et al., 2014; Nalli et al., 2014). Distal colonic segments 2–3 cm
long were obtained from control and TNBS-treated mice, and muscle
cells from the longitudinal muscle layer were obtained as described
previously (Murthy et al., 2002, 2003; Mahavadi et al., 2013, 2014).
Briefly, colonic longitudinal muscle strips were dissected and incubated
at 31°C for 30 minutes in HEPES medium containing 120 mM NaCl,
4 mM KCl, 2.6 mM KH2PO4, 0.6 mM MgCl2, 25 mM HEPES, 14 mM
glucose, 2.1% Eagle’s essential amino acid mixture, 0.1% collagenase,
and 0.1% soybean trypsin inhibitor. Partly digested strips were washed
twice with 50 ml of enzyme-free medium, the muscle cells were allowed
to disperse spontaneously for 30 minutes, and the cells were harvested
by filtration through 500 mm Nitex (Tetko Inc., Briarcliff Manor, NY)
and centrifuged twice at 350g for 10 minutes. For some experiments,
muscle cells were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum until they attained confluence,
and were then passaged once for use.

Expression of PDE1 by Reverse-Transcription Polymerase

Chain Reaction. Total RNA was isolated from freshly dispersed
smooth muscle cells with TRIzol reagent (Invitrogen, Carlsbad, CA) and
cultured longitudinal muscle cells using ULTRASPEC reagent (Biotecx
Laboratories, Houston, TX), and then treated with TURBO DNase
(Ambion, Carlsbad, CA). RNA was reverse-transcribed using the
SuperScript II system (Life Technologies, Carlsbad, CA) contain-
ing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM
dithiothreitol, 0.5 mM deoxynucleoside triphosphate, 2.5 mM random
hexamers, and 200 units of reverse transcriptase in a 20-ml reaction
volume. The reactions were carried out at room temperature for
10 minutes and at 42°C for 50 minutes, and terminated by heating at
70°C for 15 minutes. Two microliters of the reverse-transcribed cDNA
was amplified in a final volume of 20 ml by polymerase chain reaction
(PCR) in standard conditions with specific primers for PDE1A (forward
primer 59-CTAAAGATGAACTGGAGGGATCTTCGGAAC-39 and re-
verse primer 59-TGGAGAAAATGGAAGCCCTAATTCAGC-39), PDE1B
(forward primer 59-CCTCCACCTTCACCCAGCAG-39 and reverse
primer 59-CACTGTGGGAATCTTGAAGCGGCTGATG-39), and PDE1C
(forward primer 59-ATGGTTGGGCTGAGCTATCCACC-39 and reverse
primer 59-CCAGTTTGCCACTCCTGTCTTATAAAGGAGG-39). Real-
time PCR was performed on cDNA samples synthesized from total
RNA isolated from cultured muscle cells with the StepOne Plus Real-
Time PCR System (Applied Biosystems, Foster city, CA) and the
intercalating dye SYBR green. PCR conditions were optimized on the
gradient thermal cycler on the StepOne Plus. Real-time PCR reactions
were performed in triplicate. Each primer set generated only one PCR
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product, and the identity and integrity of these productswere confirmed
by electrophoresis on 1.5% agarose gel containing 0.1 mg/ml ethidium
bromide and sequencing of the individual bands. The fluorescent
threshold value was calculated using the StepOne Plus. Glyceraldehyde-
3-phosphate dehydrogenase was selected as a reference gene. Cycle
threshold (Ct) values were obtained, and the relative fold change in
gene expression was calculated as 22nnCt (Al-Shboul et al., 2013).

Assay for sGC Activity. sGC activity was measured by using
[a-32P]GTP as substrate as described previously (Murthy, 2001).
Homogenates of muscle cells were incubated for 15 minutes at 37°C in
50 mM Tris-HCl (pH 7.4), 2 mM cGMP, 0.1 mM GTP, 1 mM IBMX
(3-isobutyl-1-methylxanthine), 5 mM MgCl2, 100 mM NaCl, 5 mM
creatine phosphate, 50 U/ml creatine phosphokinase, and 0.5 mM
[a-32P]GTP (0.2 mCi). The reaction was terminated by addition of
2% SDS, 45 mM GTP, and 1.5 mM cGMP. [32P]cGMP was separated
from [32P]GTP by sequential chromatography on Dowex AG50W-4X
(Bio-RadLaboratories) and alumina columns. The resultswere expressed
as picomoles of cGMP per milligram of protein per minute.

Assay for PDE Activity. PDE5 and PDE1A activity wasmeasured
in immunoprecipitates of PDE5 and PDE1A as described previously
(Wyatt et al., 1998; Murthy, 2001;Mahavadi et al., 2013). One-milliliter
aliquots (3� 106 cells/ml) of muscle cells were incubatedwith S-nitroso-
N-acetylpenicillamine (SNAP) for 5 minutes. Immunoprecipitates were
washed in a medium containing 50 mM Tris (pH 7.5), 200 mM NaCl,
and 5 mM EDTA, and then incubated for 15 minutes at 30°C in a
medium containing 100 mM Mes (2-[N-morpholino] ethanesulfonic
acid; pH 7.5), 10 mMEDTA, 0.1 MMg acetate, 0.9 mg/ml bovine serum
albumin, 20 mM cGMP, and [3H]cGMP. The samples were boiled for
3 minutes, chilled for 3 minutes, and then incubated at 30°C for
10minutes in 20mMTris (pH 7.5)medium containing 10ml ofC. atrox
snake venom (10 mg/ml). The samples were added to DEAE-Sephacel
A-25 columns (Bio-Rad Laboratories), and the radioactivity in the
effluent was counted. The results were expressed as counts per
minute per milligram of protein.

Phosphorylation of PDE5 by PKG. Phosphorylation of PDE5
wasmeasured by immunoblot analysis using phospho-specific antibody
(Ser92) as described previously (Murthy, 2001). One-milliliter aliquots
(3 � 106 cells/ml) of samples were incubated with different concen-
trations of SNAP for 5 minutes, and the reaction was terminated with
an equal volume of lysis buffer and placed on ice for 30minutes. The cell
lysates were separated from the insoluble material by centrifugation at
13,000g for 15 minutes at 4°C, precleared with 40 ml of protein
A-Sepharose, and incubated with antibody to PDE5A for 2 hours at
4°C, and with 40 ml of protein A-Sepharose for another hour. The
immunoprecipitates were washed five times with 1 ml of wash buffer
(0.5% Triton X-100, 150 mMNaCl, 10 mM Tris-HCl, pH 7.4), extracted
with Laemmli sample buffer, and boiled for 15 minutes, then separated
on 10% SDS-PAGE followed by transfer to polyvinylidene difluoride
membranes. The membranes were incubated for 12 hours with
phospho-specific antibodies to PDE5A (Ser92) and then for 1 hour with
a horseradish peroxidase–conjugated secondary antibody. The bands
were identified by enhanced chemiluminescence.

Assay for S-Nitrosylation. The S-nitrosylated sGC was detected
using a detection assay kit (Cayman Chemical) as described pre-
viously (Mahavadi et al., 2014). In brief, sGCwas immunoprecipitated
with anti-sGC conjugated with protein A/G plus agarose beads.
Immunoprecipitated sGC was released by boiling the beads for
5 minutes, the free thiols were blocked, then S-NO bonds were
cleaved. The proteins were labeled with biotin by biotinylation of the
newly formed SH groups. The labeled proteins were then analyzed
by SDS-PAGE and transferred to polyvinylidene difluoride membranes
for Western blot.

Radioimmunoassay for cGMP. Cyclic GMP production was
measured by radioimmunoassay as described previously (Murthy,
2001; Mahavadi et al., 2013). In brief, muscle cells (3 � 106 cells) were
treated with SNAP for 5 minutes, and the reaction was terminated
with 10% trichloroacetic acid. After extraction with water-saturated
diethyl ether, the lyophilized aqueous phase was reconstituted in

500 ml of 50 mM Na acetate (pH 6.2). The samples were acetylated
with triethylamine/acetic anhydride (2:1) for 30 minutes, and cGMP
was measured in duplicate using 100-ml aliquots. The results were
expressed as picomoles per milligram of protein.

Measurement of Contraction and Relaxation in Smooth

Muscle Cells. Contraction in freshly dispersed colonic longitudinal
muscle cells was determined by scanning micrometry (Murthy and
Makhlouf, 1998; Murthy, 2001; Mahavadi et al., 2013, 2014). An
aliquot (0.4 ml) of cells containing approximately 104 cells/ml was
treated with 100 ml of medium containing different concentrations
of SNAP for 5 minutes followed by carbachol (1 mM) for 30 seconds,
and then the reaction was terminated with 1% acrolein at a final
concentration of 0.1%. The resting cell length was determined in
control experiments in which muscle cells were incubated with 100 ml
of 0.1% bovine serum albumin without SNAP or carbachol. The mean
lengths of 50 muscle cells treated with various agonists were
measured by scanning micrometry and were compared with the mean
lengths of untreated cells. The contractile response to carbachol was
expressed as the percent decrease in mean cell length from control cell
length. Relaxation wasmeasured as a decrease in response to carbachol
in the presence of SNAP. Relaxation was expressed as percent decrease
in contractile response to carbachol.

Statistical Analysis. All values are expressed as means 6 S.E.M.;
n represents the number of animal studies. Regression analysis was
performed using GraphPad Prism5 (GraphPad Software, La Jolla, CA).
Statistical analysis was performed by unpaired t test, and P, 0.05 was
considered statistically significant.

Results

Regulation of cGMP Levels in Mouse Longitudinal

Smooth Muscle Cells. Studies in circular smooth muscle
have shown the presence of sGC and PDE5, and cGMP levels
in response to NO donors are regulated by stimulation of
both sGC and PDE5 activities. Western blot analysis in the
dispersed smooth muscle cells of colonic longitudinal muscle
detected the presence of sGC and cGMP-hydrolyzing PDE5A,
but not PDE1A, PDE2A, or PDE3A (Fig. 1A). In contrast, as
shown previously, circular muscle cells expressed both
PDE3A and PDE5A isoforms (Fig. 1A) (Murthy, 2001; Murthy
et al., 2002; Mahavadi et al., 2014). Treatment of muscle cells
with SNAP stimulated sGCandPDE5activity in a concentration-
dependent manner (Fig. 1, B and C). SNAP-stimulated PDE5
activity was accompanied by an increase in phosphorylation
of PDE5A at Ser92 in a concentration-dependent manner
(Fig. 1C). SNAP-stimulated PDE5 activity was attenuated in
the presence of a selective PKG inhibitor, guanosine-39,59-cyclic
monophosphorothioate (Rp-cGMPS) (Fig. 1C). Previous studies
have shown that PDE5 activity is stimulated via binding of
cGMP and PKG-mediated phosphorylation of PDE5 (Francis
et al., 2001; Murthy, 2001; Rybalkin et al., 2003). Consistent
with the activation of sGC, SNAP stimulated cGMP levels
in a concentration-dependent manner, and the increase was
augmented in the presence of Rp-cGMPS (Fig. 2A). The
increase in cGMP levels could be due to attenuation of PDE5
activity in the presence of Rp-cGMPS. SNAP also caused a
concentration-dependent inhibition of carbachol (1 mM)-induced
contraction (i.e., relaxation) (Fig. 2B). SNAP-induced relaxation
was inhibited by Rp-cGMPS, suggesting relaxation was
mediated via PKG (Fig. 2B). Previous studies have shown that
muscle relaxation in response to PKG activating agents results
from inhibition of the initial increase in cytosolic Ca21 leading to
inhibition of myosin light-chain kinase and/or stimulation of
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MLCP activity (Murthy and Makhlouf, 1998; Murthy et al.,
2003; Murthy, 2006).
Inhibition of SNAP-Stimulated sGC Activity in Colonic

Longitudinal Muscle Cells Isolated from TNBS-Treated

Mice or from Control Muscle Strips Treated with IL-1b

or TNF-a. SNAP stimulated sGC activity in colonic longitudi-
nal muscle cells isolated from control and TNBS-treated mice.
Increase in sGC activity was attenuated, and the concentration-
response curve was shifted to the right in muscle cells isolated
from TNBS-treated mice (Fig. 3A). Similarly, SNAP-stimulated
sGC activity was attenuated and the concentration-response
curve was shifted to the right in muscle cells isolated from
muscle strips treated for 48 hours with IL-1b (10 ng/ml) or
TNF-a (1 nM) (Fig. 3, B and C).
As shown in previous studies (Kuemmerle, 1998; Mahavadi

et al., 2014; Nalli et al., 2014), NOS-III (iNOS) was induced
in colonic longitudinal smooth muscle isolated from the colon
of TNBS-treated mice or control muscle strips treated for
48 hours with IL-1b or TNF-a (Fig. 3D). sGCwasS-nitrosylated
in colonic longitudinal muscle cells isolated from TNBS-treated
mice or from muscle strips treated for 48 hours with IL-1b
or TNF-a (Fig. 3D). S-Nitrosylation of sGC, but not iNOS
expression, was blocked in cells isolated from muscle strips
treated with IL-1b or TNF-a in the presence of iNOS inhibitor
1400W [N-([3-(aminomethyl)phenyl]methyl)ethanimidamide
dihydrochloride], suggesting thatS-nitrosylation wasmediated
by iNOS (Fig. 3D). It has been suggested that S-nitrosylation of
cysteine residues in sGC causes inhibition of its activity (Mayer
et al., 1998, 2009; Sayed et al., 2007, 2008). Consistent with this
notion, sGC activity was restored to control levels in cells
isolated from muscle strips treated with IL-1b or TNF-a in the
presence of 1400W (Fig. 3, B and C).
Consistent with the inhibition of sGC activity, SNAP-

stimulated cGMP formation, measured in the presence of IBMX
so as to eliminate the confounding effect of changes in PDE
activity, was also inhibited in colonic longitudinal smooth
muscle isolated from the colon of TNBS-treated mice or control
muscle strips treated for 48 hours with IL-1b or TNF-a (Fig. 4,
A–C). Treatment of muscle strips with IL-1b or TNF-a in the
presence of 1400W blocked the inhibitory effect of IL-1b or
TNF-a on SNAP-stimulated cGMP formation (Fig. 4, B and C),
implying the inhibition of cGMP by proinflammatory cytokines
is due to inhibition of sGC activity.
Upregulation of PDE1A Expression and Activity in

Colonic Longitudinal Muscle Cells Isolated from TNBS-

Treated Mice or from Control Muscle Strips Treated

with IL-1b or TNF-a. SNAP-stimulated cGMP formation,
measured in the absence of IBMX, was inhibited in colonic
longitudinal smooth muscle cells isolated from the colon of

Fig. 1. Expression of sGC and cGMP-hydrolyzing PDEs in circular and
longitudinal smooth muscle and SNAP-induced stimulation of sGC and
PDE5 activity. (A) Expression of sGC b1 subunit and PDE isoforms were
analyzed in freshly prepared dispersed circular (CM) and longitudinal
(LM) smooth muscle of colon and brain (b). Lysates containing equal
amounts of total proteins were separated with SDS-PAGE, and expression
of sGC b1 subunit, PDE1A, PDE2A, PDE3A, and PDE5A was analyzed
using selective antibody. Membranes were reblotted to measure b-actin.
Protein bands were visualized with enhanced chemiluminescence. (B)
Longitudinal muscle cells were treated with different concentrations of
SNAP for 5 minutes. sGC activity was measured as described inMaterials
andMethods. Results are expressed as pmol cGMP/mg protein above basal

levels (2.82 pmol/mg protein). Values are the means 6 S.E.M. of five
experiments. **P, 0.01, significant increase in sGC activity. (C) Longitudinal
muscle cells were treated with different concentrations of SNAP in the
presence or absence of PKG inhibitor, Rp-cGMPS (10 mM), for 5 minutes, and
PDE5 activity was measured in PDE5A immunoprecipitates as described in
Materials and Methods and expressed as cpm/mg protein above basal values
(295 6 42 cpm/mg protein). Values are the means 6 S.E.M. of five
experiments. **P , 0.01, significant inhibition of SNAP-stimulated PDE5
activity by Rp-cGMPS. Inset: Representative immunoblot of four different
experiments. Longitudinal muscle cells were treated with different concentra-
tions of SNAP, and PDE5A immunoprecipitates were separated on SDS-PAGE
and analyzed with phospho-specific (Ser92) antibody in the Western blot.
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TNBS-treated mice or control muscle strips treated for 48 hours
with IL-1b or TNF-a (Fig. 5, A and B). Real-time reverse-
transcription PCR analysis revealed selective upregulation of
PDE1A, but not PDE1B, and PDE1C in colonic longitudinal
smooth muscle cells treated with IL-1b for 48 hours (Fig. 5C).
Western blot analysis also showed upregulation of PDE1A, but
not PDE5A expression, in muscle cells isolated from the colon of
TNBS-treated mice or control muscle strips treated with IL-1b
or TNF-a for 48 hours (Fig. 5D). Expression of PDE1A was
blocked in the presence of a NF-kB inhibitor, MG132 (10 mM)
(Fig. 5D). Previous studies have shown that inflammation in vivo
or treatment of muscle strips with IL-1b or TNF-a caused

activation of NF-kB via the canonical pathway (Hu et al., 2008;
Nalli et al., 2014).
Although 1400W completely reversed the inhibition of sGC

activity and inhibition of cGMP formation (measured in the
presence of IBMX) (Fig. 4, B and C), it only partly reversed the
inhibition of cGMP formation measured in the absence of IBMX,
suggesting the residual inhibition of cGMP formation could be
due to augmentation of cGMP-hydrolyzing PDE activity by
proinflammatory cytokines (Fig. 6). Consistentwith the blockade
of PDE1A expression, vinpocetine, a selective PDE1 inhibitor, or
MG132 partly reversed the inhibition of cGMP and completely
reversed the inhibition in combination with 1400W (Fig. 6).

Fig. 2. SNAP-induced cGMP generation and muscle re-
laxation. (A) Longitudinal muscle cells were treated with
different concentrations of SNAP in the presence or absence
of Rp-cGMPS (10 mM) for 5 minutes. cGMP was measured
in the presence of 100 mM IBMX by radioimmunoassay and
expressed as pmol/mg protein above basal levels (0.22 6

0.04 pmol/mg protein). Values are the means 6 S.E.M. of
four experiments. **P, 0.01, significant increase in SNAP-
induced cGMP generation by Rp-cGMPS. (B) Longitudinal
muscle cells isolated from colon were treated with different
concentrations of SNAP in the presence or absence of
Rp-cGMPS (10 mM) for 5 minutes followed by carbachol for
30 seconds to measure initial Ca2+-dependent contraction.
Smooth muscle cell contraction was measured by scanning
micrometry, and relaxation was expressed as the percent
inhibition of carbachol-induced contraction (basal cell length:
95 6 4 mm; carbachol-induced contraction: 31 6 3% decrease
in cell length). Values are the means 6 S.E.M. of five to six
experiments. **P , 0.01 significant inhibition in SNAP-
induced relaxation by Rp-cGMPS.

Fig. 3. Suppression of SNAP-induced sGC activity via
iNOS-mediated nitrosylation of sGC. Longitudinal muscle
cells isolated from colons of control and TNBS-treated mice
(A) or from muscle strips cultured in the presence of IL-1b
(10 ng/ml) (B) or TNF-a (1 nM) (C) for 48 hours were treated
with different concentrations of SNAP, and sGC activity
was measured as described in Materials and Methods. In
some experiments, muscle strips were cultured in the
presence of IL-1b (10 ng/ml) (B) or TNF-a (1 nM) (C) plus
iNOS inhibitor 1400W (10 mM) for 48 hours. Basal sGC
activity was not significantly different between control and
TNBS-treated mice (2.616 0.32 versus 2.546 0.36 pmol/mg
protein) or between control and cytokine-treated muscle
strips (2.48 6 0.36 versus 2.62 6 0.36 pmol/mg protein).
Values are the means 6 S.E.M. of five experiments. **P ,

0.01, significant inhibition of SNAP-induced sGC activity. (D)
Representative immunoblot of four to five different experi-
ments. Longitudinal muscle cells isolated from colons of
control and TNBS-treated mice or from muscle strips
cultured in the presence of IL-1b (10 ng/ml) or TNF-a
(1 nM) for 48 hours. In some experiments, muscle strips
were cultured with IL-1b (10 ng/ml) or TNF-a (1 nM) in the
presence of iNOS inhibitor 1400W (10 mM) for 48 hours.
Lysates were used to measure iNOS expression and
S-nitrosylation of sGC (sn-sGC) as described inMaterials and
Methods.
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PDE1A activity was also augmented in colonic longitudinal
smooth muscle isolated from the colons of TNBS-treated mice
or control muscle strips treated for 48 hours with IL-1b or
TNF-a (Fig. 7A). Increase in PDE1A activity in response to
cytokines was blocked in the presence of a NF-kB inhibitor,
MG132 (10 mM), and the effect of MG132 on PDE1A activity

was consistent with its effect on PDE1A expression (Fig. 5D).
PDE1A contributed to nearly 60–70% of total hydrolyzing
PDE activity in colonic muscle cells isolated from the colons
of TNBS-treated mice or control muscle strips treated for
48 hours with IL-1b or TNF-a compared with ∼16% in muscle
cells from control mice (Fig. 7B). Together, these results
indicate that PDE1A induction during inflammation contrib-
utes to the inhibition of cGMP formation. SNAP-stimulated
PDE5 activity, in contrast, was not significantly different in
colonic muscle cells of control (3986 6 452 cpm/mg protein)
and TNBS-treated mice (4145 6 567 cpm/mg protein) or from
muscle cells isolated from strips treated with IL-1b (4278 6

510 cpm/mg protein) or TNF-a (4012 6 602 cpm/mg protein)
compared with control (3881 6 595 cpm/mg protein).
Inhibition of SNAP-Stimulated Relaxation in Colonic

Longitudinal Muscle Cells Isolated from TNBS-Treated

Mice or from Control Muscle Strips Treated with IL-1b

or TNF-a. SNAP-stimulated relaxation,measured in the absence
of IBMX, was inhibited in longitudinal muscle cells isolated from
control muscle strips treated for 48 hours with IL-1b or TNF-a
(Fig. 8). Maximal relaxation induced by 10 mM SNAP was
inhibited by 60–65% (P, 0.05; n5 5–6). Inhibition of relaxation
induced by treatment with IL-1b or TNF-a was partly reversed
in the presence of 1400W, vinpocetine, or MG132 (Fig. 8). SNAP
induced relaxation in colonic longitudinal muscle cells isolated
from control and TNBS-treated mice. Relaxation, however, was
attenuated and the concentration-response curve was shifted
to the right in muscle cells isolated from TNBS-treated mice
(Fig. 9A). Similarly, SNAP-induced relaxation was attenu-
ated and the concentration-response curve was shifted to the
right in muscle cells isolated from muscle strips treated for
48 hours with IL-1b (10 ng/ml) or TNF-a (1 nM) (Fig. 9, B and
C). Inhibition of relaxation by IL-1b or TNF-a was blocked
when the muscle strips were treated with IL-1b or TNF-a in
the presence of both 1400W and vinpocetine (Fig. 9, B and C).
The inhibition of relaxation and partial reversal by 1400W,
vinpocetine, or MG132 and complete reversal by a combina-
tion of both 1400W and vinpocetine paralleled the changes in
cGMP formation. Control studies showed that relaxation in
longitudinal muscle cells isolated from the colons of TNBS-
treated mice or from control muscle strips treated for 48 hours
with IL-1b or TNF-a in response to a PDE-resistant analog of
cGMP, 8-Bromo-cGMP, was not significantly different (Fig.
9D), suggesting that inhibition of SNAP-induced relaxation
by cytokines or during inflammation was due to a decrease in
cGMP levels, but not due to inhibition of the PKG effect on
target proteins.

Discussion

Inhibitory transmitters induce relaxation of gastrointesti-
nal smoothmuscle by stimulating the production of cAMP and
cGMP, leading to the activation of cAMP-dependent protein
kinase and PKG respectively (Murthy, 2006). The levels of
cAMP and cGMP are regulated by the combined activities of
cyclases (AC5/6 and sGC) and PDEs (Soderling and Beavo,
2000; Francis et al., 2001; Ahmad et al., 2012). The present
study characterized regulation of cGMP levels and muscle
relaxation in colonic longitudinal smooth muscle during
inflammation in vivo and in response to proinflammatory
cytokines in vitro. We have demonstrated the expression and
activities of sGC and cGMP-hydrolyzing PDE5 and PDE1A

Fig. 4. Suppression of SNAP-induced cGMP levels via iNOS. Longitudi-
nal muscle cells isolated from colons of control and TNBS-treated mice (A)
or from muscle strips cultured in the presence of IL-1b (10 ng/ml) (B) or
TNF-a (1 nM) (C) for 48 hours were treated with different concentrations
of SNAP. In some experiments, muscle strips were cultured with IL-1b
(10 ng/ml) or TNF-a (1 nM) in the presence of iNOS inhibitor 1400W
(10 mM) for 48 hours. cGMP levels were measured in the presence of
100 mM IBMX as described in Materials and Methods. Basal cGMP levels
were not significantly different between control and TNBS-treated mice
(0.24 6 0.05 versus 0.21 6 0.04 pmol/mg protein) or between control and
cytokine-treated muscle strips (0.22 6 0.04 versus 0.26 6 0.05 pmol/mg
protein). Values are the means 6 S.E.M. of five experiments. **P , 0.01,
significant inhibition in SNAP-induced cGMP formation.
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and smooth muscle relaxation in colonic longitudinal muscle
cells isolated from TNBS-treated mice and from colonic
muscle strips cultured for 48 hours with IL-1b or TNF-a.
We showed that 1) cGMP levels in response to NO donor are
regulated by the stimulation of sGC and PDE5 activity, and 2)
during inflammation in vivo and in response to proinflamma-
tory cytokines in vitro, cGMP formation and muscle relaxation
are inhibited. The decrease in cGMP levels reflected the
combined effect of iNOS-mediated S-nitrosylation of sGC and
inhibition of its activity, and upregulation of PDE1A expression
and increase in cGMP hydrolysis (Fig. 10). As shown in
previous studies, relaxation in response to cAMP-elevating

agents (e.g., forskolin) was also inhibited during inflammation
in vivo and in response to proinflammatory cytokines in vitro
(Mahavadi et al., 2014). Inhibition of relaxation in response to
forskolin was due to inhibition of AC5/6 activity via iNOS-
mediated S-nitrosylation, and phosphoinositide 3-kinase– and
extracellular signal-regulated kinase 1/2–mediated phosphor-
ylation, and stimulation of cAMP-specific PDE4D5 activity.
The combined inhibition of AC5/6 activity and stimulation
of PDE4D5 decreased cAMP formation and smooth muscle
relaxation.
Proinflammatory cytokines acting via transcription factors

and regulatory kinases induce changes in the expression and

Fig. 5. Upregulation of PDE1A expression via NF-kB and
suppression of SNAP-induced cGMP levels. Longitudinal
muscle cells isolated from colons of control and TNBS-
treated mice (A) or from muscle strips cultured in the
presence of IL-1b (10 ng/ml) or TNF-a (1 nM) (B) for
48 hours were treated with different concentrations of
SNAP. Cyclic GMP levels were measured in the absence of
IBMX as described in Materials and Methods. Basal cGMP
levels were not significantly different between control and
TNBS-treated mice or between control and cytokine-
treated muscle strips. Values are the means 6 S.E.M. of
five experiments. **P , 0.01, significant inhibition of
SNAP-induced cGMP formation. (C) Longitudinal muscle
cells in culture were treated with IL-1b for 48 hours, and
expression of PDE1 isoforms was measured by real-time
PCR as described inMaterials and Methods. Values are the
means6 S.E.M. of five experiments. **P, 0.01, significant
increase in PDE1A expression. (D) Representative immu-
noblot of four to five different experiments. Longitudinal
muscle cells were isolated from colons of control and TNBS-
treated mice or from muscle strips cultured in the presence
of IL-1b (10 ng/ml) or TNF-a (1 nM) for 48 hours. In some
experiments, muscle strips were culturedwith IL-1b (10 ng/ml)
or TNF-a (1 nM) in the presence of NF-kB inhibitor MG132
(10 mM) for 48 hours. Expression of PDE1A and PDE5 was
analyzed by Western blot.

Fig. 6. Suppression of SNAP-induced cGMP formation by
proinflammatory cytokines via iNOS- and NF-kB–mediated
PDE1A activity. Longitudinalmuscle cells were isolated from
muscle strips cultured in the presence of IL-1b (10 ng/ml) or
TNF-a (1 nM) for 48 hours. In some experiments, muscle
strips were cultured with IL-1b (10 ng/ml) or TNF-a (1 nM)
in the presence of NF-kB inhibitor MG132 (10 mM), iNOS
inhibitor 1400W (10 mM), PDE1 inhibitor vinpocetine
(50 mM), or 1400W in combination with MG132 or vinpocetine
for 48 hours. cGMP levels in response to SNAP (10 mM) were
measured in the absence of IBMX by radioimmunoassay.
Values are themeans6S.E.M. of five experiments. **P, 0.01,
significant inhibition compared with control SNAP-induced
cGMP formation (solid bar).
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activity of various signaling molecules that regulate smooth
muscle contraction and relaxation (Akiho et al., 2002; Shi
et al., 2003; Cao et al., 2004; Jin et al., 2004; Salinthone et al.,
2004; Singer et al., 2004; Shi and Sarna, 2005; Zhao et al.,
2005, 2006; Khan and Collins, 2006; Ohama et al., 2007; Ihara
et al., 2012; Shea-Donohue et al., 2012; Yang et al., 2013).
Previous studies have identified that signaling pathways
that mediate initial and sustained contraction in intestinal
longitudinal muscle are distinct from those in circular muscle
(Grider and Makhlouf, 1988; Murthy, 2006). Exposure to
proinflammatory cytokines leads to hypercontractility of
longitudinal and hypocontractility of circular muscle, and
the differential effects of cytokines are due to differences in
the signaling targets.

Several studies have examined the changes in the signaling
mechanisms that lead to hypocontraction of circular muscle
and hypercontraction of longitudinal muscle (Martinolle
et al., 1997; Akiho et al., 2002; Ohama et al., 2003, 2007;
Shi et al., 2003; Cao et al., 2004; Jin et al., 2004; Shi and
Sarna, 2005; Zhao et al., 2005, 2006; Khan and Collins, 2006).
Our previous studies have shown that exposure of circular
muscle to proinflammatory cytokines induces upregulation of
RGS4 expression via NF-kB and downregulation of CPI-17
expression, an endogenous inhibitor of MLCP, which leads to
a decrease in contraction, whereas exposure of longitudinal
muscle induces an increase in myosin light-chain kinase
activity via NF-kB–dependent activation of the 59-adenosine
monophosphate–activated kinase/cAMP-dependent protein
kinase pathway and upregulation of LARG (leukemia-associated
RhoGEF) expression and the RhoA/Rho kinase pathway via jun
kinase, which leads to an increase in contraction (Hu et al., 2007,
2008, 2009; Alshboul et al., 2014; Nalli et al., 2014). The disparate
changes in the signaling targets induced by cytokines in circular
and longitudinal muscle disrupt the functional coordination of the
two muscle layers.
The present study also provides evidence for specific

changes in the activity of sGC and cGMP-hydrolyzing PDEs
that lead to a decrease in cGMP levels and muscle relaxation.
In normal muscle, cGMP levels are regulated by the balance
in the activity of sGC and cGMP-specific PDE5. Exposure of
longitudinalmuscle to inflammation in vivo or proinflammatory
cytokines in vitro caused S-nitrosylation of sGC. The resultant
decrease in sGC activity caused a decrease in cGMP formation
and smooth muscle relaxation. An iNOS inhibitor, 1400W,
completely reversed the effect of cytokines on S-nitrosylation
of sGC and its activity, suggesting that the effect is mediated
by iNOS. In contrast, inhibition of cGMP levels and muscle
relaxation, measured by the absence of IBMX, were partly
reversed by 1400W or PDE1 inhibitor vinpocetine and

Fig. 7. Increase in PDE1A activity by inflammation. (A) Longitudinal
muscle cells isolated from colons of control and TNBS-treated mice or from
muscle strips cultured in the presence of IL-1b (10 ng/ml) or TNF-a (1 nM)
for 48 hours were used to measure PDE1A activity as described in
Materials and Methods. In some experiments, muscle strips were cultured
with IL-1b (10 ng/ml) or TNF-a (1 nM) in the presence of NF-kB inhibitor
MG132 (10 mM) for 48 hours. Values are the means 6 S.E.M. of five
experiments. **P, 0.01, significant increase in PDE1A activity compared
with control. (B) Longitudinal muscle cells isolated from colons of control
and TNBS-treated mice or from muscle strips cultured in the presence of
IL-1b (10 ng/ml) or TNF-a (1 nM) for 48 hours were used to measure
cGMP-hydrolyzing activity in the presence or absence of PDE1 inhibitor
vinpocetine (50 mM). Total cGMP-hydrolyzing activity reflects the activity
in the absence of vinpocetine. PDE1A activity was calculated as the
percentage of total cGMP-hydrolyzing activity that was inhibited by
vinpocetine. Values are the means 6 S.E.M. of five experiments. **P ,

0.01, significant increase in PDE1A activity compared with control.

Fig. 8. Suppression of SNAP-induced relaxation by proinflammatory
cytokines and reversal of inhibition by blockade of iNOS, NF-kB, or PDE1
activity. Longitudinal muscle cells were isolated from muscle strips
cultured in the presence of IL-1b (10 ng/ml) or TNF-a (1 nM) for 48 hours.
In some experiments, muscle strips were cultured with IL-1b or TNF-a in
the presence of 1400W (10 mM), vinpocetine (50 mM), orMG132 (10 mM) for
48 hours. Cells were treated with 10 mM SNAP for 5 minutes followed by
carbachol for 30 seconds to measure initial Ca2+-dependent contraction.
Smooth muscle cell contraction was measured by scanning micrometry,
and relaxation was expressed as the percent inhibition of carbachol-induced
contraction. Values are the means 6 S.E.M. of five to six experiments.
**Significant inhibition in SNAP-induced relaxation by IL-1b or TNF-a
compared with control SNAP-induced relaxation (solid bar). #P , 0.05,
significant reversal of inhibition by 1400W, vinpocetine, or MG132.
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completely reversed in the presence of both inhibitors. Control
studies demonstrated that relaxation in response to PDE-
resistant cGMP analog in muscle cells isolated from the colon of
TNBS-treated mice or from control muscle strips treated for
48 hourswith IL-1b or TNF-awas similar comparedwith control.
These results suggest that the upregulation of PDE1A activity
is responsible, in part, to the decreased relaxation in response to
cytokines. Exposure of longitudinal muscle to inflammation in
vivo or proinflammatory cytokines in vitro caused upregulation
of PDE1A, but not PDE1B and PDE1C expression. The
contribution of PDE1A to total cGMP-hydrolyzing activity was
increased during inflammation. PDE5 expression and activity
were not altered in TNBS-treated mice and muscle strips
exposed to either cytokine. PDE1A hydrolyzes cGMPwithmuch
higher affinity than cAMP, and the activity of PDE1 family
members, including PDE1A, is stimulated by Ca21/calmodulin,
albeit with different affinities. PDE1A has higher affinity for
calmodulin and is stimulated at much lower concentrations of
Ca21 than the other isozymes (Sharma et al., 2006). Induction of
PDE1Aactivity leading to a decrease in cGMP levels in response to
cytokines could also contribute to the hypercontractile response of
longitudinal muscle during inflammation. The cytokine-activated
signal transduction pathway leading to PDE1A expression is
characterized by activation of NF-kB. Inhibition of the NF-kB
pathway suppressed cytokine-mediated upregulation of PDE1A.
Previous studies have shown that proinflammatory cytokines
(IL-1b or TNF-a) cause activation of NF-kB via the canonical
pathway involving IkBa kinase–mediated phosphorylation of

IkBa, leading to degradation of IkBa and nuclear translocation
of p65/p50 subunits.
In conclusion, our results demonstrate that, during inflam-

mation in colonic longitudinal muscle, cGMP levels and smooth
muscle relaxation are inhibited by the combined effects of iNOS-
mediated S-nitrosylation of sGC and NF-kB–dependent PDE1A
expression. The effect of TNBS-induced inflammation on sGC
nitrosylation and PDE1A expression closely mimicked those
elicited by exposure to IL-1b or TNF-a.

Fig. 9. Suppression of SNAP-induced relaxation by
inflammation and complete reversal of inhibition by
blockade of iNOS and PDE1 activity. Longitudinal
muscle cells isolated from colons of control and TNBS-
treated mice (A) or from muscle strips cultured in the
presence of IL-1b (10 ng/ml) (B) or TNF-a (1 nM) (C) for
48 hours were treated with different concentrations of
SNAP for 5 minutes and carbachol for 30 seconds to
measure initial Ca2+-dependent contraction. In some
experiments, muscle strips were cultured with IL-1b or
TNF-a in the presence of both iNOS (1400W, 10 mM) and
PDE1 (vinpocetine, 50 mM) inhibitors. Smooth muscle
cell contraction was measured by scanning micrometry,
and relaxation was expressed as the percent inhibition of
carbachol-induced contraction. Values are the means 6

S.E.M. of five to six experiments. **P , 0.01, significant
inhibition of SNAP-induced relaxation. (D) Longitudinal
muscle cells isolated from colons of control and TNBS-
treated mice or from muscle strips cultured in the presence
of IL-1b (10 ng/ml) or TNF-a (1 nM) for 48 hours were
treated with PDE-resistant 8-Bromo-cGMP (10 mM) for
5 minutes and carbachol (1 mM) for 30 seconds to measure
initial Ca2+-dependent contraction. Smooth muscle cell
contraction was measured by scanning micrometry, and
relaxation was expressed as the percent inhibition of
carbachol-induced contraction. Values are the means 6
S.E.M. of four experiments.

Fig. 10. Schematic diagram demonstrating the effects of proinflammatory
cytokines on pathways that regulate cGMP levels in colonic longitudinal
smooth muscle cells. In longitudinal smooth muscle, cGMP levels are
regulated by the activities of sGC and PDE5; the activity of the latter is
stimulated via PKG-mediated phosphorylation. Proinflammatory cytokines
inhibited sGC activity via iNOS-mediated S-nitrosylation, induced PDE1A
expression via NF-kB, and stimulated cGMP hydrolysis, leading to
suppression of cGMP formation and a decrease in muscle relaxation.
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