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Abstract The expression of nitric oxide synthase (NOS)
in the mucosa of the canine colon was investigated with
in situ hybridzation, immunohistochemistry (using iso-
form specific antibodies), western analysis, and NADPH
diaphorase (NADPH-d) histochemistry. In situ hybridiza-
tion using a common probe for known isoforms of NOS
showed that NOS mRNA was strongly expressed in mu-
cosal cells. A gradient in the degree of hybridization was
noted from the base of the crypts to the luminal surface.
This gradient was also apparent using an endothelial
NOS (eNOS)-specific probe. Neural NOS-like immuno-
reactivity (nNOS-LI) was observed in columnar epithe-
lial cells, and the same population of cells was stained
with NADPH-d. Endothelial NOS-like immunoreactivity
(eNOS-LI) was also found in mucosal cells; however,
this eNOS-LI was confined to mucous cells. These cells
were not stained with NADPH-d. The existence of eNOS
in mucosal cells was confirmed by in situ hybridization
using the probe which specifically hybridized with
mRNA of eNOS and by western blots which demonstrat-
ed the expression of a 135-kDa protein in mucosal ho-
mogenates. The differential expression of NOS isoforms
and the gradient in expression along the length of the
crypts suggest complex roles for NO in the development
of colonic epithelial cells and in secretion and transport
functions of the colonic mucosa.
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Introduction

Formation of nitric oxide (NO) occurs via the action of
nitric oxide synthase (NOS), which converts L-arginine
to NO and L-citrulline. Several isoforms of NOS have
been cloned and their sequences are known. These in-
clude two constitutive isoforms; neural NOS (nNOS) and
endothelial NOS (eNOS), and inducible NOS (iNOS),
which is expressed in a number of cells in response to
cytokines. Although there are substantial regions of ho-
mology in the genes for the known isoforms of NOS,
there are also dissimilar regions that cause the products
to be immunologically distinguishable (Lamas et al.
1992; Lowenstein et al. 1992; Lyons et al. 1992; Mars-
den etal. 1992; Michel and Lamas 1992; Sessa et al.
1993; Ogura et al. 1993). Specific antibodies and RNA
probes for in situ hybridization studies for each isoform
make it possible to determine the cell types that express
the various isoforms within a complex tissue (Ceccatelli
and Eriksson 1993; Conrad et al. 1993; Lin and Barajas
1993; Myatt et al. 1993; Persson et al. 1993).

Recently, studies have demonstrated that NOS iso-
forms are widely distributed in a number of cells and tis-
sues, such as the anterior pituitary (Ceccatelli et al.
1993), pancreatic B cells (Schmidt et al. 1992b), hepa-
tocytes (Geller et al. 1993), and tumor cell lines (Sher-
man et al. 1993). The wide distribution of NOS suggests
the involvement of NO in a variety of physiological ac-
tivities. Others have found NADPH diaphorase staining
(a commonly used histochemical marker for NOS) in
mucosal tissues of the gastrointestinal tract (Schmidt et
al. 1992a; Liu et al. 1995), but the cellular distribution of
NOS isoforms in mucosal tissues is unknown. In the
present study we characterized the distribution of NOS
isoforms in the mucosa of the canine colon using immu-
nohistochemistry and in situ hybridization techniques.
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Materials and methods
Tissue preparation

Eleven dogs of either sex were used for this investigation. The ani-
mals were killed with an overdose of pentobarbital sodium (100
mg/kg), segments of the proximal colon, ileum, and the body of
the stomach were removed and rapidly perfused with Krebs Ring-
er bicarbonate solution via the terminal mesenteric arteries. This
was followed by perfusion with a fixative solution containing 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After the
initial fixation, the segments were cut into small pieces, and these
were immersed in the same fixative solution for 1-4 h at 4° C and
washed with 0.1 M phosphate buffer. Tissues were embedded in
Tissue-Tek OCT compound (Miles) and frozen in liquid nitrogen.
Sections (10 um thick) were cut with a cryostat and placed on
glass slides.

Protein preparation of western blotting

Mucosal tissues, harvested by scraping colonic segments from five
dogs, were frozen in liquid nitrogen. Pooled samples of mucosa
were thawed and sonicated for 30 s in ice-cold buffer A (50 mM
Tris-HC1, pH 7.5, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% 2-mercap-
toethanol, and 10 pM tetrahydrobiopeterin) in the presence of pro-
tease inhibitors (i.e. 1 mM phenylmethylsulfonyl fluoride, 2 uM
leupeptin, 3 uM pepstatin A, and 2 uM aprotinin). The tissue was
further processed with a glass/Teflon pestle homogenizer for about
25 cycles. The homogenate was centrifuged at 100000 g for 60
min. The supernatant was removed and referred to as the soluble
fraction, while the pellet was resuspended in buffer A and referred
to as the particulate fraction. Protein content was determined by a
Bradfor assay (BioRad) utilizing bovine serum albumin as the
standard.

Crude enzyme preparations were separated on 7.5% sodium
dodecyl sulfate polyacrylamide gels (SDS-PAGE). The proteins
were then blotted onto nitrocellulose (Hyland-ECL) by dry elec-
troblotting (Millipore) for 60 min. The blots were allowed to air
dry 1 h or more and then blocked overnight at 4° C with 6% fat-
free dried milk in Tris-saline buffer (40 mM Tris-HCI, pH 7.6 and
300 mM NaCl). The blots were incubated with the primary anti-
body for Z h at room temperature. The ascites fraction from the
hybridoma H32 was utilized in this study at a dilution of 1:2000 in
2% fat-free dried milk in Tris-saline buffer (see Pollock et al.
1991). The blots were washed four times in Tris-saline buffer and
incubated with horseradish peroxidase-conjugated sheep anti-
mouse immunoglobin antibody (1:3000, Amersham) for 1 h at
room temperature. Finally, the blots were washed four additional
times and the specific proteins were detected by enhanced chemi-
luminescence (ECL, Amersham).

In situ hybridization

Two types of probes were used for in situ hybridization studies.
The sequence of one contained a high degree of homology with
the three types of NOS (i.e. uaNOS, eNOS, and iNOS), and there-
fore this probe should hybridize with all types of NOS mRNA.
The sequence of the second probe was specific for eNOS and did
not hybridize with sNOS or iNOS. Sense probes and sections pre-
treated with RNase (100 ug/ml) were used as controls.

cDNA encoding the rat brain isoform of NOS (i.e. nNOS;
Bredt et al. 1991) was provided by Adele Snowman (Johns Hop-
kins University). A 229-bp BamHI fragment from the full-length
c¢DNA was subcloned into pGEM3Z and was used for riboprobe
synthesis. This fragment corresponds to nucleotides 1601-1830
following the rat brain NOS numbering system, encoding amino
acids 534-610 (Bredt et al. 1991). This region is within the puta-
tive L-arginine binding domain (Sessa 1994), and it is highly con-
served in all known isoforms of NOS (Lyons et al. 1992, Xie et al.
1992).

cDNA encoding bovine endothelial NOS (i.e. eNOS; Sessa et
al. 1992) was provided by William Sessa (Yale University). A
403-bp EcoRI/Sall fragment representing the first 134 amino acids
was subcloned into pGEM3Z and used for riboprobe synthesis.
This region is specific for eNOS and has no homology to other
known isoforms of NOS.

Sense and antisense probes were synthesized from the NOS
subclones using [3STUTP and the Promega riboprobe synthesis
system. Specific activity of the probes were all approximately 106
cpm/ug. Tissue sections were incubated with proteinase K (0.5
pg/ml) at 37° C for 15 min, postfixed in 4% paraformaldehyde for
10 min, and treated with 0.25% acetic anhydride in 0.1 M triethal-
olamine (pH 8.0) for 10 min. The sections were allowed to incu-
bate overnight at 42° C in a solution containing 50% (vol/vol)
formamide, 0.3 M NaCl, 10 mM Tris-HCI (pH 8.0), | mM EDTA,
1X Denhardt’s solution, 500 ug/ml yeast tRNA, 10% dextran sul-
fate, 100 mM dithiothreitol, and 2-5x10¢ cpm/slide of RNA
probes. After the incubation the slides were washed in 4X SSC
and incubated with 20 pg/ml RNase (Sigma) 37°C for 30 min.
They were washed again with 2X SSC, 0.1X SSC at 50° C and
were dehydrated with ethanol. For radioautographs, slides were
dipped in NTB-2 emulsion (Kodak), exposed at 4°C for 1-3
weeks, and developed in D-19 (Kodak). Some sections were
counterstained with buffered hematoxylin (Zymed) for 5 min after
development. All sections were mounted with crystal mount (Fish-
er).

Double staining with NOS immunohistochemistry
and NADPH-diaphorase histochemistry

For immunohistochemistry of anti-NOS antibodies, sections (7 um
thick) were treated with 5% normal horse serum for 30 min and
incubated with anti-eNOS (1:400 monoclonal antibody; Pollock et
al. 1993), or anti-NOS (1:100 monoclonal antibody, Transduction,
Lexington, Ky.; McKee et al. 1994), at 4° C overnight. The nNOS
monoclonal antibody was raised against a 22.3-kDa protein frag-
ment corresponding to amino acids 1095-1289 of human nNOS,
Sections were washed by phosphate-buffered saline (PBS) and
were incubated with FITC-conjugated mouse IgG second antibod-
ies for 1 h. Specificity was checked by omitting the primary anti-
bodies or incubation with antibody pre-incubated with excess puri-
fied eNOS. Pre-absorption abolished immunoreactivity in sections
treated with anti-eNOS antibody, but immunoreactivity was unaf-
fected in sections incubated with anti-nNOS antibody. To avoid
non-specific absorption of antibodies to mucus, we also tested the
specificity of binding by conducting primary and secondary incu-~
bations in the presence of high concentrations of magnesium (7.2
mM). This control had no effect on immunoreactivity. To check
the sub-cellular distribution of eNOS-like immunoreactivity, some
sections were examined with a confocal microscope (MRC-500,
BioRad).

After immunohistochemical preparation and observation, sec-
tions were incubated with the solution containing 0.25 mg/ml nitro
blue tetrazolium (Sigma) and 1 mg/ml B-nicotinamide adenine di-

Fig. la—f In situ hybridization of NOS mRNAs in mucosa. a
Phase-contrast image of section shown in b. b NOS mRNAs, de-
tected with a probe common for all isoforms of NOS, were ex-
pressed in mucosal cells and in cells within the lamina propria
which are likely to be macrophages (arrows). Hybridization at the
base of the crypts (asterisks) was greater than at the luminal sur-
face (arrowheads). ¢ In a serial section hybridization did not occur
with a “sense” probe, used as a control. d Phase-contrast image of
the section shown in e. e Cells in the mucosa were labelled with an
antisense probe specific for eNOS. Though signals were less in-
tense than those using the common NOS probe (b), there was a
tendency for the base of the crypts (asterisks) to show greater hy-
bridization than the luminal surface (arrowheads). Cells in the
lamina propria did not appear to express mRNA of eNOS. fIn a
serial section, hybridization did not occur with a “sense” probe
used as a control. Scale bar applies to all panels
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nucleotide phosphate (NADPH; Sigma) in PBS at 37° C for 7 min,
rinsed with the same buffer and mounted with Aqua-Mount (Le-
rner). Controls were processed without NADPH.

Results
In situ hybridization

Both NOS RNA probes hybridized with mRNAs of mu-
cosal cells; however, the distribution of label differed.
The common NOS probe, designed to hybridize to all
isoforms of NOS, strongly labeled cells in the crypts
(Fig. 1a, b). Cells at the base of the crypts were more in-
tensely labeled than cells near the luminal surface. Silver
particles were also observed in cells of the lamina pro-
pria, suggesting labeling of macrophages (Figs. 1b, 2a).
The common NOS probe showed strong signals in some
enteric neurons and endothelial cells of blood vessels

id
-

&

.

4

-
)‘s

s "re T
. . e
!..
gl
. B
1 Eay

&

-

(Fig. 2b, ¢). The eNOS specific probe also labeled mu-
cosal cells (Fig. 1d, e); however, the labeling was much
weaker than with the common NOS probe. A similar
gradient in labeling was noted with the eNOS probe, in
which cells along the walls and bases of the crypts were
more intensely labeled than cells near the luminal sur-
face. The eNOS probe also hybridized with mRNA in the
endothelial cells of blood vessels (Fig. 2d).

Fig. 2a—d In situ hybridization of NOS mRNA in canine colon.
The section was stained with hematoxylin. a Cells at the base of
crypts and within the lamina propria (arrows) were labeled strongly
with the common NOS probe. Labeled cells in the lamina propria
are likely to be macrophages by virtue of their distribution and nu-
clear properties. b Some neurons in a submucosal ganglion (G)
were also labeled with the common NOS mRNA, confirming previ-
ous observations suggesting expression of nNOS by neurons in
submucosal ganglia (Ward et al. 1992). ¢ Endothelial cells of the
arteriole were labeled with the common NOS probe. d The probe
specific for eNOS also labeled endothelial cells of blood vessels



Fig. 3a, b Expression of
nNOS-like immunoreactivity
and NADPH-d in mucosal
cells. Sections were first la-
beled with anti-nNOS antibod-
ies and then re-processed for
NADPH-d. a Columnar epithe-
lial cells containing nNOS-LI
(some indicated by arrows).
Mucous cells (goblet cells)
were immunonegative (arrow-
heads). b Columnar cells were
co-labeled with NADPH-d. Ar-
rows indicate the same cells as
in a, which have nNOS-LI and
NADPH-d staining. Scale bar
applies to both panels

NOS immunohistochemistry
and NADPH-d histochemistry

Columnar cells in the mucosa contained nNOS-like im-
munoreactivity (nNOS-LI) and goblet cells were im-
munonegative (Fig. 3a). Staining with NADPH diapho-
rase (NADPH-d) showed a similar distribution, with dark
staining near the apical and basolateral aspects of the
columnar cells (Fig. 3b). The highest density of nNOS-
LI was in the mid-region of the crypts, but cells close to
the apical surface were also labeled. Very little labeling
was observed in cells near the base of the crypts.
Mucosal tissues were also labeled with antibodies
specific for eNOS (Pollock et al. 1993). The distribution
of cells that expressed eNOS-LI differed from that of
cells with nNOS-LI. Mucous cells {(goblet cells) were la-
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beled with the eNOS throughout the length of the crypts,
but immunoreactivity was most intense at the base of the
crypts (Fig. 4a). In goblet cells the immunoreactivity ap-
peared to be restricted to the region of mucous granules,
and did not extend into the cytoplasm. The eNOS-LI ap-
peared to be localized to the surface of mucous granules
as visualized by confocal microscopy (Fig. 5). The same
pattern of immunoreactivity was found in mucous cells
of the ileum and gastric gland (data not shown). Co-la-
beling with NADPH-d showed that diaphorase did not
label the same population of cells identified with eNOS-
LI (Fig.4b), suggesting, as previously noted, that
NADPH-d is not a marker of eNOS in canine gastroin-
testinal tissues (Xue et al. 1994). We observed no eNOS-
LI within the lamina propria (Fig. 4a), but blood vessels
within submucosa and tunica muscularis of the canine
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Fig. 4 Expression of eNOS-
like immunoreactivity and
NADPH-d. a Mucous cells
contained eNOS-LI (some cells
indicated by asterisks). Label-
ing was restricted to the region
around mucous granules. La-
beled mucous cells were dense-
ly distributed in the lower half
of the crypts. Labeling was
more sparse at the luminal sur-
face of crypts. b Mucous cells
were not stained with NADPH-
d. Asterisks in b denote the
same mucous cells indicated in
a. Scale bar applies to both
panels.
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colon were strongly labeled with this antibody (data not
shown), as previously reported (Xue et al. 1994).

The expression of eNOS was also confirmed by west-
ern blots of homogenates of mucosal scrapings. The
eNOS antibody labeled a protein in mucosal homoge-
nates of approximately 135 kDa (Fig. 6). The antibody
also labeled a protein of the same size from the particu-
late fraction of bovine endothelial cells that was used as
a control (see Pollock et al. 1991). The specificity of the
nNOS antibody was also checked in western blots from
homogenates of canine cerebellum, colonic tissues dis-
sected from the region of the myenteric plexus, and mu-
cosal scrapings. Single bands at 160 kDa were obtained
from the cerebellum and colonic muscle strips, but

Fig. 5 Confocal image of mucous cell labeled with anti-eNOS an-
tibody. eNOS-LI was observed at the outer perimeter of mucous
granules (asterisks). The image was formed digitally from an aver-
age of six scans




Fig. 6 Western blots of protein extracts from mucosal scrapings.
Lane 1 was loaded with 100 pg from the soluble protein fraction,
lane 2 with 100 ug from the particulate fraction, and lane 3 with
250 pg of the total homogenate. Lane 4 was loaded with 10 ug of
the particulate fraction of bovine endothelial cells. The latter was
used as a control because it is known to contain eNOS, a 135-kDa
protein (see Pollock et al. 1991)

nNOS protein levels in unpurified mucosal homogenates
were below the level of resolution even when up to 75
mg of protein was loaded onto gels (data not shown).

Discussion

We used four methods to demonstrate the expression of
NOS isoforms in cells within the mucosa of the canine
colon. Western biots from homogenates of mucosal
scrapings demonstrated that the immunoreactivity of the
dominant isoform corresponded to a band at 135 kDa.
This agrees with the molecular weight of eNOS (Pollack
etal. 1991). In situ hybridization studies showed that
NOS mRNAs were not uniformly distributed along the
walls of the crypts. Cells near the base of the crypts hy-
bridized extensively to the general probe for NOS, and
weaker hybridization was noted toward the luminal sur-
face. A similar pattern was observed using the eNOS-
specific RNA probe, and the gradient also appeared to be
manifest in protein expression because it was apparent in
immunohistochemical studies using the eNOS-specific
antibody. Furthermore, nNOS-like immunoreactivity
(nNOS-LI) was also apparent in cells within the mucosa.
nNOS-LI occurred in a different population of cells than
eNOS-LI. nNOS-LI was concentrated in the mid-portion
of crypts in columnar epithelial cells, and it co-localized
with NADPH-d activity, as previously demonstrated in
central and peripheral neurons (Dawson etal. 1991;
Hope etal. 1991). eNOS-LI was observed in mucous
cells, and this activity did not co-localize with NADPH-d
activity, as observed in other cell types of the dog (Xue
et al. 1994).

The common NOS probes used in the in situ hybrid-
ization studies were directed toward a region of homolo-
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gy in the sequences of the known isoforms of NOS (see
Materials and methods). Thus, hybridization with this
probe could be interpreted as expression of eNOS,
nNOS, or iNOS. Macrophages, neurons, and the luminal
aspect of blood vessels were also labeled with the com-
mon NOS probe. A lower level of hybridization was ob-
served when the eNOS-specific probe was used, but a
similar gradient in expression in the mucosa (i.e. crypt to
luminal surface). Macrophages and neurons were not la-
beled with the eNOS-specific probe. The difference in
hybridization in the mucosa could have been due to in-
herent differences in affinity of the two RNA probes, or
the intense labeling with the common NOS probe could
have been due to the expression of isoforms other than
eNOS in the crypt region (e.g. iNOS). The fact that the
pattern of eNOS-LI was similar to the gradient of label-
ing with in situ hybridization tends to suggest that differ-
ences in hybridization efficiency might explain the dif-
ferences in the density of labeling between Fig. 1b and
Fig. 1e.

The gradient in NOS expression, as demonstrated by
in situ hybridization and immunohistochemical tech-
niques, was a particularly striking finding of the present
study. Since proliferation of the colonic epithelium oc-
curs at the base of the crypts (Tsubouchi and Leblond
1979; Morita et al. 1994), our results tend to suggest that
NO may be more important in immature cells, and it
may play a role in the development of epithelial cells. As
cells mature and migrate toward the luminal surface, the
level of mRNA and eNOS expression tends to decrease.
During this migration, however, cells that have differen-
tiated into columnar epithelial cells begin to express
nNOS. The developmental significance and dynamics of
NOS expression will require further studies.

Immunohistochemistry using antibodies directed at
nNOS and NADPH-d histochemistry suggested that
nNOS is expressed in columnar epithelial cells. Others
have found that epithelial cells of the gastric and intesti-
nal mucosa, kidney, and lung also express nNOS-LI
and/or NADPH-d activity (Schmidt et al. 1992a; Liu et
al. 1995), suggesting that n1NOS may be commonly ex-
pressed in epithelia. The observation of eNOS expres-
sion in intestinal mucosal cells is novel, but others have
recently reported expression of this isoform in cultured
kidney tubular epithelial cells (LLC-PK1 cells; Tracey et
al. 1994). The eNOS-LI in goblet cells was distributed
around the outer perimeter of mucous granules. The ami-
no acid sequence of eNOS includes an N-myristylation
site, possibly explaining the association of eNOS with
membranes (Pollock etal. 1991; Sessa etal. 1992);
therefore, eNOS may be bound to the membrane of mu-
cous granules. We were unable to determine the reason
why goblet cells were not labeled with NADPH-d, but it
is possible that fixation destroys the diaphorase activity
of membrane-bound NOS (Larsson et al. 1993). Thus, as
previously demonstrated, NADPH-d was a poor histo-
chemical marker for formaldehyde-fixed cells containing
eNOS-LI (Xue et al. 1994).

At present the functional significance of expression of
two NOS isoforms in discrete sub-populations of cells
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and the sub-cellular localization of eNOS-LI at the sur-
face of mucous granules is unknown. Several studies
have shown that NO and the second messenger pathways
activated by NO affect epithelial function. In rat stom-
ach, for example NO and guanosine 3’,5"-cyclic mono-
phosphate (cGMP) stimulate mucous secretion and in-
crease mucous gel thickness (Brown etal. 1992a, b,
1993). The mucous cell fraction isolated from the rat
gastric mucosa showed NOS activity measured by con-
version of [3H]-arginine to [3H]-citrulline. These data
lead to the assumption that the function of the membrane
binding eNOS surrounding mucous granules might be to
effect mucus secretion. NO donors have also been shown
to increase the short circuit current in rat colons mounted
1 Ussing chambers (Tamai and Gaginella 1993; Wilson
et al. 1993), and this effect was attributed to enhanced
anion secretion on the basis of radiotracer flux studies
and blockade by bumetanide. Wilson and co-workers
(1993) also found that NO donors inhibited neutral Na+
and Cl- absorption. Kubes and co-workers showed that
NO modulates epithelial permeability in the feline small
intestine (Kubes 1992: Payne and Kubes 1993) and that
close arterial infusion of NOS inhibitors led to an in-
crease of mucosal epithelial permeability as measured by
clearance of rhodamine-dextran from the interstitium to
the lumen. It is possible that NO produced by nNOS in
columnar epithelial cells is involved in the regulation of
mucosal membrane permeability. The precise mecha-
nism of the effects of NO are unknown, but some studies
have suggested that the mucosal effects of NO are medi-
ated via nerves, prostaglandin synthesis and/or a direct
effect involving the synthesis of cGMP (e.g. Tamai and
Gaginella 1993; Wilson et al. 1993). Further functional
studies will be necessary to determine the physiological
significance of NO produced by constitutive NOS iso-
forms in mucosal tissues.

In conclusion, we have demonstrated the existence of
at least two isoforms of NOS in mucosal cells of the ca-
nine colon. The two isoforms were expressed in discrete
populations of cells, and there appears to be differential
expression of NOS as cells migrate from the base of the
crypts to the luminal surface. Although NO appears to
contribute to the regulation of epithelial transport, at
present we know very little about the role of constitutive
NOS enzymes in normal mucosal development and func-
tion.

Acknowledgements This project was supported by a Program
Project Grant, DK41315. The authors are grateful to Ms. N. Horo-
witz for harvesting mucosal samples for western blots.

References

Bredt DS, Hwang PM, Glatt CE, Lowenstein C, Reed RR, Snyder
SH (1991) Cloned and expressed nitric oxide synthase struc-
turally resembles cytochrome P-450 reductase. Nature 351:
714-718

Brown JF, Tepperman BL, Hanson PJ, Whittle BIR, Moncada S
(1992a) Differential distribution of nitric oxide synthase be-

tween cells fraction isolated from the rat gastric mucosa. Bio-
chem Biophys Res Commun 184:680-685

Brown JF, Hanson PJ, Whittle BJR (1992b) Nitric oxide donors
increase mucus gel thickness in rat stomach. Eur J Pharmacol
223:103-104 ’

Brown JF, Keates AC, Hanson P, Whittle JR (1993) Nitric oxide
generator and cGMP stimulate mucus secretion by rat gastric
mucosal cells. Am J Physiol 265:G418-G422

Ceccatelli S, Eriksson M (1993) The effect of lactation on nitric
oxide synthase gene expression. Brain Res 625:177-179

Ceccatelli S, Hulting A-L, Zhang X, Gustafsson L, Villar M,
Hokfelt T (1993) Nitric oxide synthase in rat anterior pituitary
gland and the role of nitric oxide in regulation of luteinizing
hormone secretion. Proc Natl Acad Sci USA 90:11292-11296

Conrad KP, Vill M, McGuire PG, Dail WG, Davis AK (1993) Ex-
pression of nitric oxide synthase by syncytiotrophoblast in hu-
man placental villi. FASEB J 7:1269-1276

Dawson TM, Bredt DS, Fotuhi M, Hwang PM, Snyder SH {1991)
Nitric oxide synthase and neuronal NADPH diaphorase are
identical in brain and peripheral tissues. Proc Natl Acad Sci
USA 88:7797-7801

Geller DA, Lowenstein CJ, Shapiro RA, Nussler AK, Di Silvio M,
Wang SC, Nakayama DK, Simmons RL, Snyder SH, Billiar
TR (1993) Molecular cloning and expression of inducible ni-
tric oxide synthase from human hepatocytes. Proc Natl Acad
Sci USA 90:3491-3495

Hope BT, Michael GJ, Knigge KM, Vincent SR (1991) Neuronal
NADPH diaphorase is a nitric oxide synthase. Proc Natl Acad
Sci USA 88:2811-2814

Kubes P (1992) Nitric oxide modulates epithelial permeability in
the feline small intestine. Am J Physiol 262:G1138-G1142

Lamas S, Marsden PA, Li GX, Tempst P, Michel T (1592} Endo-
thelial nitric oxide synthase: molecular cloning and character-
ization of a distinct constitutive enzyme isoform. Proc Natl
Acad Sci USA 89:6348-6352

Larsson PA, Ekblad E, Sundler F, Andersson K-E (1993) Immuno-
histochemical localization of peripheral nitric oxide synthase-
containing nerves using antibodies raised against synthesized
C- and N-terminal fragments of a cloned enzyme from rat
brain. Acta Physiol Scand 148:421-429

Liu L, Barajas L (1993) Nitric oxide synthase immunoreactive
neurons in the rat kidney. Neurosci Lett 161:145-148

Liuv X, Miller SM, Szurszewski JH (1995) NADPH diaphorase re-
activity in the epithelial cells of stomach, jejunum and colon
from the rat, dog and human. Gastroenterology 108:A301

Lowenstein CJ, Glatt CS, Bredt DS, Snyder SH (1992) Cioned and
expressed macrophage nitric oxide synthase contrasts with the
brain enzyme. Proc Natl Acad Sci USA 89:6711-6715

Lyons CR, Orloff GJ, Cunningham JM (1992) Molecular cloning
and functional expression of an inducible nitric oxide synthase
from a murine macrophage cell line. J Biol Chem 267:
6370-6374

Marsden PA, Schappert KT, Chen HS, Flowers M, Sundell CL,
Wilcox JN, Lamas S, Michel T (1992) Molecular cloning and
characterization of human endothelial nitric oxide synthase.
FEBS Lett 307:287-293

McKee M, Scavone C, Nathanson JA (1994) Nitric oxide, cGMP,
and hormone regulation of active sodium transport. Proc Natl
Acad Sci USA 91:12056-12060

Michel T, Lamas S (1992) Molecular cloning of constitutive endo-
thelial nitric oxide synthase: evidence for a family of related
genes. J Cardiovasc Pharmacol 20 [Suppl 12]:545-549

Morita T, Usuda N, Hanai T (1994) Changes of colon epithelium
proliferation due to individual aging with cyclin proliferating
cell nuclear antigen (PCNA/cyclin) immunostaining compared
to [3H]-thymidine radioautography. Histochemistry 101:13—
20

Myatt L, Brockman DE, Eis ALW, Pollock JS (1993) Immunohis-
tochemical localization of nitric oxide synthase in the human
placenta. Placenta 14:487-495

Ogura T, Yokoyama T, Fujisawa H, Kurashima Y, Esumi H (1993)
Structural diversity of neuronal nitric oxide synthase mRNA in



the nervous system. Biochem Biophys Res Commun 193:
1014-1022

Payne D, Kubes P (1993) Nitric oxide donors reduce the rise in re-
perfusion-induced intestinal mucosal permeability. Am J
Physiol 265:G189-G195

Persson K, Alm P, Johansson K, Larsson B, Andersson K-E
(1993) Nitric oxide synthase in pig lower urinary tract: immu-
nohistochemistry, NADPH diaophorase histochemistry and
functional effects. Br J Pharmacol 110:521-530

Pollock JS, Forstermann U, Mitchell JA, Warner TD, Schmidt
HHHW, Nakane M, Murad F (1991) Purification and charac-
terization of particulate endothelium-derived relaxing factor
synthase from cultured and native bovine aortic endothelial
cells. Proc Natl Acad Sci USA 88:10480-10484

Pollock JS, Nakane M, Buttery LDK, Martinez A, Springall D,
Polak JM, Férstermann U, Murad F (1993) Characterization
and localization of endothelial nitric oxide synthase using spe-
cific monoclonal antibodies. Am J Physiol 265:C1379-C1387

Sessa WC (1994) The nitric oxide synthase family of proteins. J
Vasc Res 31:131-143

Sessa WC, Harrison JK, Barber CM, Zeng D, Durieux ME, D’An-
gelo DD, Lynch KR, Peach MJ (1992) Molecular cloning and
expression of a ¢cDNA encoding endothelial cell nitric oxide
synthase. J Biol Chem 267:15274-15276

Sessa WC, Harrison JK, Luthin DR, Pollock JS, Lynch KR (1993)
Genomic analysis and expression patterns reveal distinct genes
for endothelial and brain nitric oxide synthase. Hypertension
21:934-938 :

Schmidt HHHW, Gagne GD, Nakane M, Pollock JS, Miller MF,
Murad F (1992a) Mapping of neural nitric oxide synthase in
the rat suggests frequent co-localization with NADPH diapho-
rase but not with soluble guanylyl cyclase, and novel paraneu-
ral functions for nitrinergic signal transduction. J Histochem
Cytochem 40:1439-1456

Note added in proof During review of this manuscript an ab-
stract was presented at the American Gastroenterological Associa-
tion meeting in San Diego, California that also showed NADPH
diaphorase activity in colonic and other gastrointestinal mucosal
cells (see Liu et al. 1995).

41

Schmidt HHHW, Warner TD, Ishii K, Sheng H, Murad F (1992b)
Insulin secretion from pancreatic B cells caused by L-arginine-
derived nitrogen oxides. Science 255:721-723

Sherman PA, Laubach VE, Reep BR, Wood ER (1993) Purifica-
tion and cDNA sequence of an inducible nitric oxide synthase
from a human tumor cell line. Biochemistry 32:11600~11605

Tamai H, Gaginella TS (1993) Direct evidence for nitric oxide
stimulation of electrolyte secretion in the rat colon. Free Radic
Res Commun 19:229-239

Tracey WR, Pollock IS, Murad F, Nakane M, Forstermann U
(1994) Identification of an endothelial-like type III NO syn-
thase in LLC-PK1 kidney epithelial cells. Am J Physiol
266:C22-C28

Tsubouchi S, Leblond CP (1979) Migration and turnover of en-
tero-endocrine and caveolated cells in the epithelium of the
descending colon, as shown by radioautography after continu-
ous infusion of [*H]-thymidine into mice. Am J Anat
156:431-452

Ward SM, Xue C, Shuttleworth CWR, Bredt DS, Snyder SH,
Sanders KM (1992) NADPH diaphorase and nitric oxide syn-
thase colocalization in enteric neurons of canine proximal co-
lon. Am J Physiol 263:G277-G284

Wilson KT, Xie Y, Musch MW, Chang EB (1993) Sodium nitro-
prusside stimulates anion secretion and inhibits sodium chlo-
ride absorption in rat colon. J Pharmacol Exp Ther
266:224-230

Xie QW, Cho HJ, Calaycay J, Mumford RA, Swiderek KM, Lee
TD, Ding A, Troso T, Nathan C (1992) Cloning and character-
ization of inducible nitric oxide synthase from mouse macro-
phages. Science 256:225-228

Xue C, Pollock J, Schmidt HHHW, Ward SM, Sanders KM (1994)
Expression of nitric oxide synthase immunoreactivity by inter-
stitial cells of the canine proximal colon. J Auton Nerv Syst
49:1-14



