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Carbon monoxide (CO) synthesized by heme oxygenase 2 (HO2)
and nitric oxide (NO) produced by neuronal NO synthase (nNOS)
mediate nonadrenergic/noncholinergic (NANC) intestinal relax-
ation. In many areas of the gastrointestinal tract, NO and CO
function as coneurotransmitters. In the internal anal sphincter
(IAS), NANC relaxation is mediated primarily by CO. Vasoactive
intestinal polypeptide (VIP) has also been shown to participate in
NANC relaxation throughout the intestine, including the IAS. By
using a combination of pharmacology and genetic knockout of the
biosynthetic enzymes for CO and NO, we show that the physiologic
effects of exogenous and endogenous VIP in the IAS are mediated
by HO2-synthesized CO.

N onadrenergic/noncholinergic (NANC) neurotransmission
is prominent in the peripheral autonomic nervous system,
especially the gastrointestinal pathway, where it is a mediator of
physiologic peristalsis (1). Initial efforts to identify NANC
neurotransmitters focused on peptides, especially vasoactive
intestinal polypeptide (VIP). Thus, immunoantagonism of VIP
blocks NANC transmission in the lower esophageal sphincter of
the opossum (2, 3), exogenous VIP mimics NANC transmission
(4-6), and VIP is localized to myenteric plexus neurons that
mediate NANC transmission (4, 7).

In recent years, abundant evidence has established nitric oxide
(NO) and carbon monoxide (CO) as NANC transmitters (8).
Neuronal NO synthase (nNOS) and heme oxygenase 2 (HO2),
the biosynthetic enzyme for CO, are localized to the myenteric
plexus of gastrointestinal neurons (9, 10). Moreover, in many
instances, nNOS and HO2 are colocalized, suggesting that they
may function as cotransmitters (11-14). Inhibitors of nNOS and
HO?2 block NANC transmission (15-17). Targeted deletion of
nNOS and HO2 have provided compelling evidence for NO and
CO as NANC transmitters. Thus, NANC transmission in mouse
intestine, monitored biochemically or electrophysiologically, is
partially reduced in nNOS™/~ and HO2/~ mice (13) and
abolished in double knockouts (DKOs) (18).

How can VIP be a NANC neurotransmitter if NANC trans-
mission is abolished by the elimination of biosynthetic enzymes
for CO and NO? In the present article, we demonstrate that VIP
exerts its NANC transmitter role by acting through HO2 to
augment CO transmission.

Materials and Methods

Reagents. Atropine, propanolol, indomethacin, sodium nitro-
prusside (SNP), L-nitroarginine methyl ester (L-NAME), 1H-
[1,2,4]-oxadiazolo-[4,3-a]-quinoxaline-1-one, 2',5'-dideoxyade-
nosine, and VIP were obtained from Sigma. Tin protoporphyrin
IX (SnPPIX) was obtained from Porphyrin Products (Logan,
UT).

Experimental Animals. WT, nNOS~/~, and HO2~/~ mice were
allowed free access to food and water except when they were
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fasted, as indicated, for experiments. DKO mice with deletion of
nNOS and HO2 were created by using standard breeding
techniques with nNOS™/~ mice and HO2~/~ mice, as described
(18). Age-matched adult mice were used as controls. Genotypes
of all animals were confirmed by PCR of tail tissue and Western
blotting.

Organ-Bath Physiology. Animals were killed by cervical disloca-
tion, and an anal probe was inserted into the anal canal as a
dissection guide. The abdomen was opened, and the descending
colon and anus were visualized. Incisions were made bilaterally
1-2 cm from midline and distally to the external sphincter and
the anus. The internal and external sphincter were excised and
placed in 37°C oxygenated Krebs buffer without Ca?". The
internal anal sphincter (IAS) was carefully freed of the striated
muscle fibers of the external anal sphincter and other extraneous
tissues, such as large blood vessels. The mucosal layer was
removed by sharp dissection with the assistance of a binocular
microscope, with the anal canal remaining intact. The IAS was
subsequently hung luminally between two hooks and placed in an
organ bath containing continuously oxygenated Krebs solution
with Ca?". Only tissues that generated spontaneous tone were
used in experiments. Induction of NANC, measurement of
relaxation, and data acquisition and analysis were performed
exactly as described (19).

Immunohistochemistry. Animals were killed by cervical disloca-
tion, and the IAS was dissected and immediately imbedded with
Tissue-Tek OCT 4583 (Sakura Finetek, Torrance, CA), placed
in dry ice, and allowed to freeze. Sections (10 wm) were fixed for
5 minutes in 4.0% paraformaldehyde, washed in PBS, and
permeabilized with 0.1% Triton X-100 in PBS. For simultaneous
detection of two antigens (20), sections were incubated overnight
in primary antibodies of either mouse antineurofilament (1:500
dilution; Zymed) or rabbit anti-HO2 (1:500) (21). Sections were
then sequentially incubated overnight with sheep anti-VIP an-
tibody (1:500 dilution; Chemicon) after rinsing in PBS. Visual-
ization of neurofilament and HO2 was achieved by incubation
for 30 minutes with FITC-conjugated donkey anti-mouse or
Texas red-conjugated donkey anti-rabbit Igs (1:150 dilution;
Jackson ImmunoResearch), respectively. Sections were then
washed, and VIP was visualized by incubation with FITC- or
Texas Red-conjugated donkey anti-sheep Igs (1:150 dilution;
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Fig. 1.

Colocalization of HO2 and VIP. (A) Anal sphincter tissue from WT mice was dissected, sectioned, and stained with anti-HO2 (red), anti-VIP (green), and

DAPI

DAPI

the nuclear stain 4',6-diamidino-2-phenylindole (DAPI). Neurons of the myenteric plexus in which both HO2 and VIP are present are indicated by large arrows
and appear yellow in the merged image. VIP-positive neurons that are not strongly stained with HO2 are indicated by small arrows. (B) VIP (red) is present
exclusively in the neuronal innervation of the IAS, as demonstrated by colocalization with the neuronal marker neurofilament (NF; green). The results were

obtained in two separate experiments with three mice per group.

The Binding Site, Birmingham, England). Fluorescent images
were acquired and analyzed by using an Ultraview (Perkin—
Elmer) confocal microscope (X60 objective).

IAS HO2 Activity. Tissues were homogenized in 10 mM potassium
phosphate buffer containing 50 mM phenylmethylsulfonylfluo-
ride by using a Polytron tissue homogenizer (Beckman Coulter).
The tissue homogenate was cleared of debris and nuclei by
sequential centrifugation at 5,000 X g and 12,000 X g for 30
minutes. The resultant 12,000 X g supernatant was centrifuged
at 100,000 X g to obtain the microsomal fraction. HO activity in
the microsomal fraction was performed exactly as described in
ref. 22.

cGMP Assay. IAS tissues were equilibrated and stimulated in the
organ bath as described above and snap-frozen in liquid nitrogen
at the point of maximal relaxation, as described in ref. 23. cGMP
measurements on snap-frozen tissue were performed according
to the manufacturer’s protocols (Amersham Biosciences).

Statistical Analysis. Graphing and statistical analysis were per-
formed by using SIGMAPLOT (SPSS, Chicago). Statistical signif-
icance was determined by using unpaired two-tailed ¢ tests.
Where tested, Kj values were determined by fitting the data to
the four-parameter logistic equationy = min + (max — min)/[1
+ (x/ECsp)Hillslore] by using SIGMAPLOT. All data points are the
pooled average of at least three, and in most cases five or more,
separate determinations.

Results

Colocalization of HO2 and VIP. Inhibitors of HO have been useful
tools for investigating physiologic roles for CO, although the
principal HO inhibitors used (noniron metalloprotoporphyrins)
exert other actions, such as inhibiting guanylyl cyclase (24),
inhibiting NOS (25, 26), and blocking VIP receptors (VIPRs)
(27). Rattan and Chakder (16, 28) reported that SnPPIX inhib-
ited VIP-dependent NANC transmission in the IAS of the
opossum, suggesting that VIP might act through HO. Recently,
we showed in the mouse that NANC transmission in IAS is
mediated predominantly by CO, rather than NO, because it is
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greatly reduced in HO27/~ mice but not in nNOS~/~ animals
(19). Accordingly, we have explored a relationship of VIP and
HO2 in mouse IAS.

To determine whether VIP and HO?2 reside within the same
neurons within the IAS, we performed immunohistochemistry of
HO2, VIP, and the neuronal marker neurofilament (Fig. 1). We
detect strong immunoreactivity of HO2 and VIP in neurons of
the myenteric plexus innervating the IAS, similar to what has
been shown in studies (11, 29). In =~50% of these neurons, we
detect colocalization of VIP and HO2, although they also occur
in distinct neurons (Fig. 14). Colabeling with VIP and neuro-
filament indicate, as expected, that the majority of VIP immu-
noreactivity is restricted to the neuronal ganglia (Fig. 1B). The
colocalizations of VIP and HO2 within the same neurons of the
IAS suggest that the relaxant effects of VIP may be mediated
by CO.

VIP Actions on IAS Relaxation and ¢cGMP Levels in WT, HO2~/—, and
nNOS—/~ Mice. To investigate the possibility that VIP acts through
CO and/or NO, we initially used enzyme inhibitors SnPPIX (to
inhibit HO) and L-NAME (to inhibit NOS) (Fig. 2). Exogenously
added VIP potently relaxes IAS smooth muscle, with a sharp
concentration—-response relationship between 0.1 and 0.5 uM.
SnPPIX blocks the effects of VIP most prominently at 0.1 uM
VIP. L-NAME fails to influence actions of 0.1 uM VIP but
partially reverses the effects at higher doses of VIP. These
observations suggest that CO mediates VIP actions, especially at
lower, more physiologic concentrations. At higher VIP concen-
trations, NO may also contribute to NANC relaxation.

Of the various metalloprotoporphyrins, SnPPIX is the most
selective inhibitor of HO (9, 28), but it still may exert nonspecific
effects. Accordingly, we explored the effect of exogenously
added VIP in HO27/~ and nNOS™/~ animals (Fig. 3). VIP
responses are reduced in HO27/~ IAS preparations at all
concentrations tested. The residual relaxation in HO2™/~ mice
may be due to the direct action of exogenously added VIP on
smooth muscle because it is not inhibited by the addition of
tetrodotoxin (data not shown). Surprisingly, in nNOS™~ ani-
mals, the response to VIP is augmented significantly at all
concentrations.

Watkins et al.
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Fig. 2. The HO inhibitor SnPPIX inhibits NANC relaxation induced by phys-
iologic concentrations of VIP. NANC conditions were induced in ex vivo organ
bath preparations of the IAS, and the relaxant effects of VIP (0.1-0.5 uM) were
examined. Where indicated, IAS preparations were pretreated for 30 minutes
with the HO inhibitor SnPPIX (1 uM) or the nNOS inhibitor L-NAME (1 mM)
before VIP stimulation. Results are expressed as the percentage of SNP-
induced relaxation. Data are expressed as mean * SEM of five separate
experiments. *, P < 0.02, relative to no drug pretreatment.

NO and CO act by stimulating soluble guanylyl cyclase (sGC)
to augment tissue levels of cGMP (19). We demonstrated (13) in
mouse ileum that decreases in NANC transmission in HO27/~
and nNOS ™/~ animals are paralleled by comparable decreases in
tissue levels of cGMP. Accordingly, we monitored effects of VIP
on cGMP levels in the mutant mice (Table 1). In WT IAS, VIP
almost doubles cGMP levels. The augmentation in cGMP is
mediated by sGC because no effect is seen in the presence of the
sGC inhibitor 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxaline-1-one.
The adenylyl cyclase inhibitor, 2',5'-dideoxyadenosine, has no
effect on the response to VIP. In HO2/~ preparations, basal
levels of cGMP are reduced ~30%, indicating a role for endog-
enous CO in the maintenance of basal levels. VIP stimulation of
c¢GMP is abolished in HO2 ™/~ tissues, with levels substantially
lower than in the unstimulated preparations. VIP stimulation of
c¢GMP levels is essentially the same in nNOS™/~ as it is in WT
preparations. Levels of cGMP in tissues from DKO mice are
similar to HO27/~ mice. In summary, the ¢cGMP tissue levels
parallel the NANC relaxation responses to exogenous VIP. The
only difference between the two studies is that the augmented
relaxation response to VIP in the nNOS™/~ preparations is not
paralleled by increased cGMP levels.

The abolition of VIP responses in HO2™/~ mice strongly
implies that VIP acts through HO?2, indicating that NANC
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Fig. 3. VIP-mediated relaxation is diminished in HO2~/~ mice. NANC relax-
ation in WT, HO27/~, and nNOS~/~ mice in response to exogenous VIP was
examined, asshown in Fig. 2. VIP-induced relaxation is reduced significantly in
HO2~/~ mice and augmented in NNOS™~ mice. Results are expressed as a
percentage of SNP-induced relaxation. Data are expressed as mean =+ SEM of
five separate experiments. *, P < 0.02, compared with WT.
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Table 1. VIP increases cGMP levels in WT and nNOS~—/~, but not
HO2-/~ or DKO, animals

cGMP, fmol/mg

Treatment WT nNOS—/~ HO2-/- DKO
Unstimulated 960 + 45 802 + 61 652 + 18* 724 + 33*
VIP-stimulated 1,643 = 102% 1,731 + 97 747 £ 54* 805 * 27*
obDQ + VIP 489 + 23 393 + 32 415 + 29 450 = 36
DDA + VIP 1,509 + 51°F 1,617 = 1257 633 = 44* 761 + 48*

Anal sphincter muscle strips equilibrated in the organ bath were treated
with VIP (250 nm) for 30 s and instantaneously frozen. cGMP content was
determined by radioimmunoassay and expressed as fmol/mg. Where indi-
cated, tissues were preincubated for 30 minutes with the cGMP inhibitor ODQ
or the cAMP inhibitor DDA prior to simulation with 250 uM VIP. Data repre-
sent mean * SEM. ODQ, 1H-[1,2,4]-oxadiazolo-[4,3-al-quinoxaline-1-one;
DDA, 2’,5'-dideoxyadenosine. *, P < 0.05, compared with WT. t, Significant
increase by VIP, P < 0.05.

relaxation and stimulation of cGMP levels are mediated by CO.
We wondered what might account for the enhanced response to
VIP in nNOS™~ mice. Both NO and CO can elicit NANC
transmission. One possibility is that they act in a coordinated
fashion, indicating that a loss of NO transmission might be
countered by augmented CO transmission. Accordingly, we
monitored HO2 activity in IAS and the pylorus of the stomach
in the various mutant mice (Fig. 4). As anticipated, HO activity
is reduced substantially in HO27/~ animals. However, HO2
activity is increased in the TAS of nNOS™/~ animals, although
there is no alteration in the pylorus. Thus, the augmented
response to VIP in nNOS™/~ TAS may be caused by increased
HO?2 activity.

HO2~/~ Mice Have Reduced Electrical-Field Stimulation (EFS)-Induced
NANC Relaxation and Are Insensitive to VIP Antagonists. The exper-
iments already described establish that relaxant responses to
exogenous VIP are mediated by HO2. To establish that
physiologic NANC neurotransmission acts by means of VIP
stimulation of CO production, we monitored NANC neuro-
transmission elicited by EFS (Fig. 5). We used a partial
sequence fragment of VIP, VIP10-28, which functions as a
VIPR antagonist (30, 31). VIP10-28 blocks NANC transmis-
sion >50% in WT preparations, demonstrating the critical role
of endogenous VIP released from neurons in mediating NANC
relaxation (Fig. 54). In HO2/~ IAS, EFS-induced relaxation
in the absence of VIPR antagonist is reduced to levels similar

mWT .
M NnNOS-/-
EHO2-/-

EODKO

N WA

—l
»

HO activity
(nmol/mg/min)

v Pylorus IAS

Fig. 4. HO activity is elevated in IAS of nNOS~/~ mice. HO activity in WT,
HO2~/=, nNOS~/~, and DKO mice was measured from pylorus and IAS tissues.
Note the increase in IAS HO activity in nNOS~/~ mice. %, P < 0.01, compared
with WT.
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Endogenous VIP-induced NANC relaxation is blocked in HO2~/~ mice. EFS of IAS preparations in the presence or absence of the VIP (10-28), a VIPR

antagonist, was used to assess endogenous VIP-induced NANC relaxation. (A) EFS-induced relaxation in WT mice with (gray) or without (black) VIPR antagonist.
*, P < 0.001, compared with no antagonist. (B) EFS response in HO2~/~ mice. There is a pronounced reduction in relaxation compared with WT mice (A), which
is not affected by the addition of VIPR antagonist. (C) EFS response in NNOS™/~ mice. *, P < 0.02 relative to no antagonist. (D) Concentration-response curve for
the inhibition of EFS induced relaxation by VIP (10-28) in WT, HO2~/~, and nNOS~/~ mice. VIP (10-28) inhibited WT and nNOS~/~ mice responses with a K; of
7 uM, a value that is consistent with previous studies (32). VIP (10-28) did not have a statistically significant effect on HO2~/~ mice. DKO mice had EFS responses
indistinguishable from HO2~/~ (data not shown). EFS frequency was 10 Hz. All data represent the mean = SEM of at least three determinations. In some cases,

error bars are smaller than the symbols.

to WT in the presence of VIP10-28 (Fig. 5B). Importantly,
VIP10-28 has no effect on the residual EFS-induced relax-
ation of the IAS in HO2~/~ mice. In contrast, nNOS~/~ mice
have an EFS response similar to WT and are sensitive to
VIP10-28 (Fig. 5C). Concentration-response relationships for
VIP10-28 reveal a K; of 7 uM for both WT and nNOS~/~
preparations, resembling the potency of this antagonist in
other systems (32). NANC relaxation in HO27/~ TAS is
unaffected by VIP10-28 concentrations as high as 50 uM,
establishing that the relaxant effects of VIP, released endog-
enously by neurons, depend on HO2 activity (Fig. 5D). We
observe similar effects with another peptide antagonist of
VIPR, VIP6-28 (data not shown). These experiments establish
that, in IAS, physiologic NANC transmission requires VIP-
dependent activation of CO synthesis by HO2.

Discussion

The major finding of this study is that VIP is a NANC
neurotransmitter but acts indirectly by stimulating HO2 to
form CO. Evidence includes the antagonism of VIP relaxation
by the HO inhibitor SnPPIX and the abolition of VIP effects
on relaxation and cGMP levels in HO2 7/~ animals. Moreover,
physiologic NANC transmission is blocked by VIP antagonists
in WT and nNOS~/~ preparations but not in HO2~/~ or DKO
mice. The response to HO2 deletion is quite specific because
there is no decline in VIP responses in nNOS~/~ mice but
rather a marked augmentation of the relaxant response to
exogenous VIP (Fig. 3). In contrast, VIP can stimulate nNOS
activity in mouse gastric fundus (33, 34, 41) and airway smooth
muscle (35) to mediate NANC relaxation. Why would NANC
relaxation in the IAS be mediated primarily by CO, whereas
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NO and CO are coneurotransmitters in other intestinal seg-
ments? CO is distinguished from NO by its stability in bio-
logical tissues, which would presumably result in longer-lasting
relaxation. This property would make CO ideal as a NANC
neurotransmitter in the IAS, which exhibits slow relaxation
and contraction relative to other sphincters of the gastroin-
testinal tract.

How might various neurons of the myenteric plexus interact
with each other and smooth muscle in mediating these re-
sponses? Studies have indicated that VIP can relax smooth
muscle directly (36, 37). Our findings suggest that, at least for
NANC neurotransmission in IAS, VIP acts on neurons, rather
than influencing muscle directly. VIP antagonists block the
EFS-induced relaxation in WT, but not HO27/~, mice (Fig. 5).
Because HO2 has a predominantly neuronal localization, these
effects cannot be explained by VIP actions on smooth muscle.
HO27/~ mice display no rise in cGMP in response to VIP,
demonstrating that neuronally derived CO is required for sGC
activation in response to this agonist. Furthermore, tetrodotoxin
partially blocks the response of WT mice to exogenous VIP but
has no effect on HO2™/~ mice (data not shown). Similarly,
VIP-dependent NANC relaxation of the gastric fundus is
blocked by w-conotoxin (34). Our immunohistochemical studies
reveal predominant localizations of VIP and HO2 to the myen-
teric plexus of IAS, with some colocalizations (Fig. 1). In other
studies, we have observed HO2 and nNOS predominantly in the
myenteric plexus throughout the gastrointestinal pathway (13,
41). The similarity of VIP, nNOS, and HO2 localizations in
mouse IAS to localizations throughout the gastrointestinal tract
(11-13) implies that VIP-NANC transmission at other sites
involves similar mechanisms as are involved in IAS. Our findings

Watkins et al.
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Fig. 6. Mechanism of VIP-induced IAS relaxation. VIP is released from
neurons within the IAS, where it can act on neurons and possibly smooth
muscle cells (SMC). Neuronally localized HO2 participates either by means of
autocrine (A) or paracrine (B) actions of VIP on neurons. Studies have shown
that EFS-induced relaxation of IAS requires both HO2 and protein kinase CK2
activity (19). Therefore, we hypothesize that VIPR activation is linked to
increases in CK2 activity (arrows), resulting in HO2 activation. Supporting this
hypothesis, specific CK2 inhibitors block relaxant responses to exogenous VIP
(C.C.W.,D.B.,C.D.F.,,A.l.K.,and S.H.S., unpublished data). CO produced by HO2
diffuses to SMC, where it activates sGC and subsequent cGMP production,
leading to SMC relaxation. @, VIP; O, CO.
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can be explained by VIP acting on HO2 in neurons that contain
both of these substances, i.e., in an autocrine fashion (Fig. 64).
Alternatively, VIP that is released from one neuron might be
acting on HO in another neuron (Fig. 6B).

What interactions would account for the augmented responses
to VIP in nNOS~/~ mice? Both NO and CO relax intestinal
smooth muscle. Because nNOS and HO?2 are often colocalized
in the same neurons, their biosynthesis can be regulated in a
coordinate fashion. Thus, by means of an unspecified feedback
mechanism, a loss of nNOS would be compensated by increased
HO2 activity, as we have observed in TAS of nNOS~/~ mice (Fig.
4). We have not characterized whether HO2 protein levels are
altered, whether the Ki,, or V. of HO2 are changed, or whether
another regulatory mechanism is involved. NO can inhibit the
catalytic activity of both HO1 (38) and HO2 (39, 40) directly.
Therefore, the enhanced NANC transmission in the IAS of
nNOS™/~ mice could reflect decreased inhibition of HO2 activ-
ity by NO.

At least two HO2 regulatory mechanisms have been identified
recently. HO2 is selectively phosphorylated by CK2 (formerly
casein kinase 2), which markedly augments its catalytic activity
(19). CK2 physiologically regulates CO neurotransmission be-
cause selective CK2 inhibitors prevent NANC neurotransmis-
sion in mouse IAS in proportion to their potency as inhibitors of
the enzyme. Activation of HO2 by CK2 appears to be involved
in VIP actions because VIP-induced relaxation of IAS is blocked
by the specific CK2 inhibitor 4,5,6,7-tetrobromobenzotriazole
(C.C.W., DB, CD.F., ALK, and S.H.S., unpublished data).
Rapid and transient activation of HO2 is achieved also by
calcium—calmodulin binding to HO2 after cytosolic calcium
elevation, augmenting HO2 catalysis (D.B. and S.H.S., unpub-
lished data).
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