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Increasing evidence suggests that tachykinins are in-
volved in the control of pathophysiological states,
such as inflammation. The precise localization of
tachykinin receptors is of paramount importance in
the search for their possible physiological and patho-
logical role; in this study, therefore, we attempted to
define cellular sites of substance P (NK-1R) and neu-
rokinin A (NK-2R) receptor expression in the healthy
and the inflamed human intestine by in situ hybrid-
ization and immunohistochemistry. In the normal
ileum and colon, NK-1R and NK-2R were localized to
smooth muscle cells of the muscularis mucosae and
propria and a few inflammatory cells of the lamina
propria; NK-1R expression was also found in the mus-
cular wall of submucosal blood vessels, enteric neu-
rons and, to a lesser degree, in surface epithelial cells.
Patients with Crohn’s disease and ulcerative colitis
showed a dramatic increase in NK-1R density relative
to controls, in both the inflamed and the uninvolved
mucosa. Up-regulation of NK-1R was particularly evi-
dent on epithelial cells lining the mucosal surface and
crypts, as well as on endothelial cells of capillaries
and venules. Also, a marked increase in NK-2R ex-
pression was found in both groups of patients on
inflammatory cells of the lamina propria, especially
eosinophils. Our findings demonstrate that in the
normal human intestine NK-1IR and NK-2R are ex-
pressed in multiple cell types, which are endowed with
different physiological functions; in addition, they dem-
onstrate that both NK-1R and NK-2R are up-regulated in
patients with Crohn’s disease and ulcerative colitis.
Taken together, these observations may have important
physiological and pathophysiological implications, and
provide the rationale for the use of NK-1R and NK-2R
antagonists in the treatment of inflammatory bowel dis-
ease. (Am J Pathol 2000, 157:1511-1522)

Substance P (SP) and neurokinin A (NKA), the two most
thoroughly characterized members of the tachykinin fam-
ily of neuropeptides, are putative neurotransmitters that
exert important physiological functions in both the central
nervous system and peripheral tissues.’

SP and NKA abound in the small and large intestine of
a variety of mammalian species, including humans,
where they are mainly expressed by intrinsic enteric neu-
rons and extrinsic primary afferent nerve fibers originat-
ing from dorsal root ganglia and vagal sensory neu-
rons.? Additional sources of these two neuropeptides
are provided by enterochromaffin cells within the gastro-
intestinal epithelium* and blood-derived or resident im-
mune cells of the lamina propria.>®

In keeping with their co-localization on secretory ves-
icles,” SP and NKA are co-released on application of
depolarizing stimuli and when intestinal motility is reflexly
activated.® Once released, SP and NKA exert their bio-
logical effects on target cells by interacting with specific
receptors, which have been cloned, characterized, and
found to have seven transmembrane spanning se-
qguences and to be coupled to G-proteins and the phos-
phoinositide-signaling pathway.®~'® To date, three dis-
tinct receptors have been identified, termed neurokinin-1
receptor (NK-1R), neurokinin-2 receptor (NK-2R), and
neurokinin-3 receptor (NK-3R). SP preferentially activates
the NK-1R, NKA the NK-2R, and neurokinin B the NK-3R;
however, at high ligand concentrations each tachykinin
can activate each of the tachykinin receptors.’"'®

Within the gastrointestinal tract, SP and NKA are in-
volved in the physiological control of several digestive
functions, including motility, fluid and electrolyte secre-
tion, blood flow, and tissue homeostasis. '3 |n addition,
there is mounting evidence that tachykinins play a pivotal
role in the regulation of immunoinflammatory responses,
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and that bi-directional communication exists between the
enteric nervous and mucosal immune systems.'”~'®

Given the broad spectrum of SP and NKA actions, it
has been hypothesized that an unbalanced function of
the tachykinin system may profoundly influence the
pathophysiology of acute and chronic intestinal inflam-
mation, contributing to the motor, secretory, and immu-
nological disturbances which characterize human inflam-
matory bowel disease (IBD).'®2° Consistent with this
hypothesis, a massive increase in SP receptor binding
sites has been reported by Mantyh and co-workers?! in
small blood vessels, lymphoid aggregates, and enteric
neurons of the small and large bowel of patients with
Crohn’s disease and ulcerative colitis. In a subsequent
study, the same group of authors showed that whereas
the ectopic expression of NK-1R in ulcerative colitis is
confined to active, pathologically positive specimens of
the colon, up-regulation of NK-1R in Crohn’s disease is
evident in both pathologically positive and negative sam-
ples of the small and large bowel.?? However, it is not
clear to what extent radioligand binding sites represent
specific SP receptors, and accurate localization of NK-1R
and NK-2R in the human gastrointestinal tract requires
further investigations. The spatial resolution of autoradio-
graphic studies with '®®|-labeled Bolton-Hunter SP is in
fact inadequate to properly identify cells expressing
tachykinin receptors. Moreover, SP is rapidly degraded
by neutral endopeptidase,?® and radiolabeled SP can
bind both NK-1R and NK-2R. Finally, to our knowledge, a
detailed description of NK-2R distribution in the human
intestine is still lacking. The aim of the present study was
twofold: 1) to precisely define cellular sites of NK-1R and
NK-2R expression in the normal human small and large
bowel, and 2) to evaluate whether a difference exists in
the pattern of distribution of NK-1R and NK-2R between
control patients and patients with IBD. To this purpose, in
addition to immunohistochemical techniques, we have
used in situ hybridization to the specific mRNAs, which
remains the method of choice to study gene expression
in intact tissue sections.

Materials and Methods

Patients and Tissues

Tissue samples of normal and diseased human small and
large bowel were obtained at surgery. The study protocol
was approved by the local Ethical Committee and in-
formed consent for participation was obtained from each
patient before surgery.

A total of 20 IBD patients was studied. Twelve patients
had Crohn’s disease (7 females/5 males; age range, 18
to 59 years, median 34 years) and eight ulcerative colitis
(5 females/3 males; age range, 27 to 69 years, median 38
years). In the Crohn’s disease group, five patients had
ileocolic disease and two had Crohn’s colitis, whereas in
five patients the disease was limited to the small bowel.
Indications for surgery were chronic stenosis with recur-
rent episodes of obstruction or enteric fistulas, or both, in
Crohn’s disease, and failure of medical treatment or long-

standing pancolitis in ulcerative colitis. Tissue samples
were collected from both the center of inflammation and
macroscopically uninvolved areas, at a distance of 4 to 6
cm from the inflamed area. To study the expression of
NK-1R and NK-2R at varying distances from the main
lesion within the same patient, up to six samples per
specimen were collected from the uninvolved and se-
verely affected areas as well as from the site of obstruc-
tion. Noninflamed control tissues were taken from hemi-
colectomy specimens resected for colon carcinoma (6
females/4 males; age range, 46 to 74 years, median 63
years), at least 8 cm away from the edge of the neoplasm.
Surgically resected specimens were obtained within 5
minutes of removal, immediately snap-frozen, and stored
in liquid nitrogen until cryostat sectioning. Control spec-
imens were used only after normal morphology had been
demonstrated by routine histological examination. More-
over, in all patients with IBD, diagnosis was confirmed by
an experienced gastrointestinal pathologist without
knowledge of tachykinin receptor expression.

In Situ Hybridization

Frozen sections (7 wm thick) were collected onto gelatin/
chrome alum-coated slides, dried briefly on a hot plate at
80°C, and fixed in 4% paraformaldehyde/phosphate buff-
ered saline (PBS), pH 7.4, for 20 minutes. After three
washes in PBS and short air drying, sections were imme-
diately used for in situ hybridization.

For the preparation of RNA probes, the human NK-1R
cDNA containing the entire 1221-bp coding sequence
(kindly provided by Dr. S. Nakanishi, Kyoto University,
Japan), was subcloned into the Pstl site of the pBlue-
script SK™ vector.™ After linearization of the plasmid with
either Hindlll or BamH]I restriction endonuclease, T3 or T7
RNA polymerase was used to obtain run-off transcripts of
the anti-sense (complementary to mRNA) or sense (anti-
complementary, negative control) °S-labeled strands,
respectively. The 1,498-bp Pstl fragment of the rat NK-2R
cDNA ° containing the entire 1,172-bp coding sequence
(a gift from Dr. S. Nakanishi), was subcloned into the
plasmid pGEM1 (Promega Biotech, Heidelberg, Germa-
ny), at the appropriate restriction sites. After linearization
of the construct with either Hindlll or Sall, T7 or SP6 RNA
polymerase was used to obtain anti-sense and sense
RNA probes, respectively. Transcription and labeling of
RNA probes were performed as described,?* using 60
uCi of [®5S]-uridine-5’-(a-thio)-triphosphate (1,250 Ci/
mmol; New England Nuclear, Dreieich, Germany). The
specific activity routinely obtained was 1.2 to 1.4 X 10°
cpm/ug.

Prehybridization, hybridization, removal of nonspecifi-
cally bound probe by RNase A digestion, and further
washing procedures, as well as autoradiography, were
performed for both negative and positive strand RNA
probes as described elsewhere.?® After exposure for 4 to
6 weeks at 4°C, slides were developed using Kodak D19
developer (Kodak-Pathé, Chalon-S-Saéne, France) for 3
minutes, rinsed in 1% acetic acid, and fixed in Kodak
Unifix. After extensive washing, sections were counter-



stained with hematoxylin and eosin and mounted in Cor-
bitt balsam. Sections from inflamed and noninflamed tis-
sues were always processed in parallel, using the same
batches of probes and reagents.

Immunohistochemistry

For immunohistochemistry, serial frozen sections (7 um)
were collected onto clean slides and dried overnight at
room temperature. After fixation in 4% paraformaldehyde/
PBS, pH 7.4, for 20 minutes, sections were incubated in
1% H,O,/methanol to block endogenous peroxidase ac-
tivity.

Immunolocalization of NK-1R was performed using the
polyclonal antibody L114 (a gift from Dr. S. M. Mous-
saoui, Rhone Poulenc Rorer, Vitry sur Seine, France)
generated against the peptide sequence 19 to 32 of the
rat brain NK-1R,2° at a final dilution of 1:300 in PBS. This
antibody is very specific to the NK-1R, as confirmed by
solid phase enzyme-linked immunosorbent assay and
immunoblotting experiments, and cross-reacts with the
human NK-1R receptor (S. M. Moussaoui, personal com-
munication). For the detection of the NK-2R, we used a
polyclonal antibody directed to the C-terminal 38 amino
acid residues of the rat NK-2R (K7; kindly donated by Dr. R.
Shigemoto, Kyoto University, Japan), diluted 1:200 in PBS.

Immobilized antibodies were detected by the peroxi-
dase anti-peroxidase (PAP) method, using a monoclonal
PAP immune complex (DAKO, Glostrup, Denmark) di-
luted 1:50 in PBS and 3,3’-diaminobenzidine tetrahydro-
chloride (Sigma, Munich, Germany) as chromogen, as
described. #° Negative controls were performed by omit-
ting the primary antibodies (to control the detection sys-
tem), and using nonimmune rabbit serum as first layer.

Image Analysis and Statistics

Quantitative evaluation of NK-1R and NK-2R mRNA ex-
pression was performed by two independent observers
who did not know the diagnosis of the tissues, with the aid
of a computerized video image analysis system (Quanti-
met Q500MC, Leica Cambridge Ltd., Cambridge, En-
gland). Six visual fields within the mucosa and muscularis
propria were chosen randomly from each section and
analyzed under a dark-field microscope equipped with a
X 20 lens. The autoradiographic signal corresponding to
the specific hybridization was acquired by a video cam-
era connected to the microscope, converted to digital
and transformed into pixel units. The threshold of specific
detection was automatically calibrated on control sec-
tions hybridized with the corresponding sense probes.
The percentage of the total area occupied by the NK-1R
and NK-2R autoradiographic signal in the mucosa and
muscularis propria of control patients and patients with
IBD was analyzed by analysis of variance, and multiple
comparisons of means were made using Dunnett’'s
method. All data are expressed as means + SEM, and a
P value of <0.05 was accepted to denote statistical sig-
nificance.

NK-1R and NK-2R Expression in IBD 1513
AJP November 2000, Vol. 157, No. 5

Results

Expression of NK-1R in the Healthy Human
Intestine

NK-1R was found to be distributed in all layers of the
morphologically normal human ileum and colon by both
in situ hybridization and immunohistochemistry: specific
mMRNA and protein expression was localized to smooth
muscle cells of the muscularis mucosae and propria
(both in the longitudinal and circular muscle), neurons of
the myenteric plexus, the muscular wall of submucosal
blood vessels, and a few inflammatory cells of the lamina
propria (Figure 1). NK-1R autoradiographic labeling and
protein immunostaining was especially evident in the in-
ner portion of the circular muscle (Figure 1, e and f),
whereas expression on mucosal epithelial cells was
scanty (Figure 1, c and g).

Expression of NK-1R in Crohn’s Disease and
Ulcerative Colitis

In surgical specimens from patients with Crohn’s disease
and ulcerative colitis, in situ hybridization showed a mas-
sive increase in the NK-1R gene expression (Figure 2,
a—d). Enhanced autoradiographic labeling was particu-
larly evident in the mucosal epithelial layer, not only in
inflamed but also in macroscopically uninvolved tissues,
as well as in lamina propria and submucosal inflamma-
tory cells which, on the basis of their size, shape, and dye
affinity, were tentatively identified as lymphocytes, mac-
rophages, and eosinophilic granulocytes. NK1-R gene
expression on epithelial cells was not uniform, being
more evident in the lower third of the mucosa, especially
in crypts. Despite the different degree of expression, the
autoradiographic signal on epithelial cells was so intense
that, when examined under dark-field microscope, it
completely delineated the luminal aspect of mucosal
glands and crypts. By immunohistochemistry, the distri-
bution of NK-1R protein closely paralleled that of NK-1R
mRNA, thus underlying the specificity of the results ob-
tained by in situ hybridization (Figure 2, e-h). The staining
pattern was usually membranous, but immunoreactive
material was constantly seen in the cytoplasm of positive
cells.

Specific NK-1R gene and protein expression was also
observed in neurons of the myenteric and submucous
plexuses, the muscular wall of submucosal blood ves-
sels, lymphoid aggregates, white thrombi within submu-
cosal and subserosal venules, and endothelial cells of
capillaries and venules (Figure 3). Endothelial cells of the
granulation tissue, probably involved in the process of
new vessel generation (angiogenesis), usually expressed
the highest amounts of NK-1R transcripts (Figure 3d).

Concerning the expression of NK-1R in enteric neu-
rons and lymphoid aggregates, there was no evident
difference between patients with Crohn’s disease and
ulcerative colitis. Similarly, no difference in NK-1R mRNA
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Figure 1. In situ hybridization with *°S-labeled NK-1R anti-sense and sense mRNA probes (a—d) and immunohistochemistry (PAP method, e~h) for NK1-R
protein in normal human intestine. Expression of NK-1R mRNA and protein is localized to the muscularis mucosae (g) and propria (a, b, e, and f), especially in
the inner portion of the circular muscle (e and f, arrows); moderate expression is also evident on enteric neurons (a, arrows), the muscular wall of a submucosal
blood vessel (f, arrowhead) and mucosal epithelial cells (¢ and g). A control section hybridized with NK-1R sense probe shows only nonspecific background
signal (d). No specific immunoreaction is also noted in a sections processed with nonimmune rabbit serum (h). Abbreviations: Im and c¢m, longitudinal and
circular muscle; sm = submucosa. Scale bars, 50 wm in a, b, e, and f; 100 um in ¢, g, d, and h.
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Figure 2. In situ hybridization (a—d) and immunohistochemistry (PAP method, e~h) for NK-1R in representative sections of Crohn’s ileitis (a, b, e, and f) and
ulcerative colitis (¢, d, g, and h). Increased NK-1R expression is observed in both Crohn’s disease and ulcerative colitis, not only in inflamed (b, d, f, and h) but
also in macroscopically uninvolved (a, ¢, e, and @) tissues. Autoradiographic labeling is particularly evident on epithelial cells and completely decorates the
luminal aspect of the mucosal surface and crypts. Strong NK-1R immunoreactivity is present on mucosal epithelial cells, inflammatory cells, and fibroblasts of the
lamina propria (e, arrows). Abbreviations: 1, lumen; sm, submucosa. Scale bars, 50 uwm in h; 100 um in a, b, ¢, d, e, and g; 200 um in f.
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Figure 3. /n situ hybridization (a—d) and immunohistochemistry (PAP method, e~h) for NK-1R in tissue sections obtained from a patient with Crohn’s ileocolitis
at site of active inflammation. NK-1R mRNA (left) and protein (right) expression is evident in neurons of the myenteric (a and e) and submucous (h,
arrowheads) plexuses, the muscular wall of a submucosal vessel (b and f), a white thrombus within a subserosal venule (¢ and g), inflammatory cells and
endothelial cells of capillaries (d) and venules (h, arrows). Specific NK-1R mRNA (a and ¢) and protein (e and g) expression is also evident in the longitudinal
and circular muscle layers of the muscularis propria. Abbreviations: Im and cm, longitudinal and circular muscle; sm, submucosa; smv, submucosal blood vessel;
ssv, subserosal venule. Scale bars, 50 um in a, b, d, and h; 100 um in c, e, f, and g.
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Figure 4. In situ detection of NK-2R mRNA (a—c¢) and immunolocalization of NK-2R protein (PAP method, d—f) in normal intestine. NK-2R mRNA and protein
is localized to both longitudinal and circular muscle layers (a and d) and a few inflammatory cells of the lamina propria (¢ and f). Note that, in contrast to the
NK-1R, no specific NK-2R expression is present on enteric neurons (a and d) and mucosal epithelial cells (¢ and f). Control sections hybridized with an NK-2R
sense probe (b) or processed with nonimmune serum (e) show completely negative results. Abbreviations: Im and cm, longitudinal and circular muscle; mp,

myenteric plexus; sm, submucosa. Scale bars, 50 um in a, b, d, e, and f; 100 um in c.

abundance was found between patients with Crohn’s
ileitis and either Crohn’s colitis or ileocolitis.

Expression of NK-2R in the Healthy Human
Intestine

In the normal ileum and colon, NK-2R was predominantly
localized to smooth muscle cells of the muscularis mu-
cosae and propria (Figure 4, a and d). Low but still
detectable levels of NK-2R mRNA and protein were also
observed in a very few inflammatory cells sparsely dis-
tributed in the lamina propria (Figure 4, c and f). Of note,
in contrast to the NK-1R, no specific NK-2R expression was
observed on enteric neurons and mucosal epithelial cells.

Expression of NK-2R in Crohn’s Disease and
Ulcerative Colitis

With regard to the NK-2R, patients with IBD showed only
a few, although substantial changes as compared with
controls (Figure 5). Particularly, an increased number of
inflammatory cells expressing the NK-2R was found in the
lamina propria of both Crohn’s disease and ulcerative
colitis patients, whereas mucosal epithelial cells were
constantly negative. Clusters of activated eosinophils
showing a high number of NK-2R RNA transcripts were
frequently observed around mucosal crypts, as well as
within bundles of smooth muscle cells emanating from
the muscularis mucosae, especially in patients with ul-
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P

Figure 5. In situ hybridization (a—e) and immunohistochemistry (PAP method, f) for NK-2R in normal human intestine (a) and representative sections of
ulcerative colitis (b—f). A marked increase in the number of lamina propria inflammatory cells expressing NK2-R is evident in both active (¢ and d) and
macroscopically uninvolved (b) sections of ulcerative colitis relative to control tissue. A bright-field photomicrograph at greater magnification (e) clearly shows
that most of NK-2R-positive cells are indeed eosinophils. Scale bars, 50 um in a, d, e, and f; 100 um in b and c.

cerative colitis at site of active mucosal inflammation
(Figure 5, d-f).

Negative Controls

Tissue sections hybridized with sense (anti-complemen-
tary, negative control) RNA probes showed only nonspe-
cific labeling, which cannot be distinguished from the
background autoradiographic signal (Figures 1d and
4b). Similarly, no specific immunoreaction was invariably
observed in control sections processed with nonimmune
rabbit serum or by omission of the primary antibodies
(Figures 1h and 4e).

Quantitative Image Analysis of NK-1R and NK-2R

Quantitative evaluation of NK-1R mRNA expression by
computerized image analysis demonstrated a dramatic
increase in the mucosa of IBD patients relative to controls
(Figure 6, upper panel). The percentage of the total area
occupied by the autoradiographic signal was 2.8 = 1.2
and 3.1 = 1.5in the normal ileum and colon; these values
were increased by more than 1,000% in Crohn’s disease
and ulcerative colitis, both in active and macroscopically
uninvolved tissues (all P < 0.0001 versus the mucosa of
normal controls). Similar differences, albeit less pro-
nounced, were found when quantitative expression of
NK-2R mRNA in the mucosa of patients with IBD was
compared with that of controls (Figure 6, lower panel).
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Figure 6. Expression of NK-1R and NK-2R mRNAs in the normal and in-
flamed human intestine. Quantitative evaluation was performed by comput-
erized video image analysis on six visual fields chosen randomly from each
section and analyzed under a dark-field microscope. Data, expressed as
means = SEM, represent the percentage of the total area occupied by the
NK-1R and NK-2R autoradiographic signal in the mucosa of control patients
and patients with Crohn’s disease and ulcerative colitis. *, P < 0.0001 (top)
and P < 0.01 (bottom), *, P < 0.05 versus the mucosa of both normal ileum
(ni) and colon (nc). Abbreviations: uCD, uninvolved Crohn’s disease; iCD,
active Crohn’s disease; uUC, uninvolved ulcerative colitis; iUC, active ulcer-
ative colitis.

The percentage of total area occupied by cells express-
ing NK-2R mRNA in the normal ileum and colon was
2.3 £ 0.6 and 2.0 £ 0.4, respectively, and these values
were increased by ~300% in active Crohn’s disease and
ulcerative colitis (P < 0.01) and by at least 100% in
macroscopically uninvolved tissues from both diseases
(P < 0.05 versus control mucosa). In contrast, no signif-
icant difference was found concerning the expression of
either NK-1R and NK-2R in the muscularis propria of
control patients and patients with IBD (data not shown).

Discussion

In the present study we have used in situ hybridization
and immunohistochemistry to precisely define cellular
sites of NK-1R and NK-2R expression in the normal hu-
man small and large bowel, and to evaluate whether the
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pattern of distribution of these receptors is significantly
altered in the ileum and colon of patients with IBD. To our
knowledge, this is the first study simultaneously evaluat-
ing the expression of NK-1R and NK-2R at both the gene
and protein level in normal and diseased human gut. Our
findings extend previous observations on the expression
of SP binding sites in patients with Crohn’s disease and
ulcerative colitis, "2 adding new insights which may be
relevant to the comprehension of the role played by
tachykinins in gastrointestinal physiology and pathophys-
iology.

Firstly, we have shown that in the normal human ileum
and colon NK-1R and NK-2R are distributed more widely
than previously recognized. Particularly, NK-1R mRNA
and protein expression were localized to enteric neurons,
the muscular wall of submucosal blood vessels, and,
albeit to a lesser extent, to surface epithelial cells. In
addition, both NK-1R and NK-2R were found to be ex-
pressed in smooth muscle cells of the muscularis muco-
sae and propria, as well as in inflammatory cells of the
lamina propria. These findings provide the anatomical
basis for the documented actions of SP and NKA in the
gastrointestinal tract,"®'® and corroborate the hypothe-
sis that tachykinins are also involved in the regulation of
mucosal immunoinflammatory response.'6-2°

It is worth noting that both receptors were shown in the
muscularis externa; in addition, NK-1R expression was
documented in neurons of the myenteric plexus. Our
results are in agreement with previous autoradiographic
and functional studies,?”2° and support the assumption
that tachykinins enhance intestinal motor activity not only
by direct activation of the muscle but also via acetylcho-
line release from enteric motor neurons.®3° Regarding
the peculiar distribution of NK-1R in the muscularis ex-
terna, recent studies in the guinea-pig and rat gastroin-
testinal tract have suggested that nerve-independent fa-
cilitation of intestinal motor activity can be brought about
by NK-1Rs expressed on interstitial cells of Cajal.®"3? In
agreement with Sternini et al,®' we also localized NK-1R
in the inner portion of the circular muscle layer, a region
which is particularly rich in interstitial cells of Cajal; this
does not prove, however, that human interstitial cells of
Cajal, like those of other animal species, do express
NK-1Rs. Future experiments, using in situ hybridization in
combination with immunohistology for a specific cell
marker®* (eg, c-Kit) will help to clarify this point.

NK-1R expression was also found in the epithelium
lining the mucosal surface by both in situ hybridization
and immunohistochemistry. This localization is not sur-
prising because a wealth of evidence indicates that
tachykinins have considerable influence on transmucosal
water and electrolyte transport in both the small and large
bowel.'® The secretory effect of tachykinins is mediated
by an enteric reflex involving both cholinergic and non-
cholinergic secretomotor neurons,®® and in the normal
human colon seems to be processed and amplified via
cross-talk between enteric nerves, mast cells, lamina
propria immune cells, and fibroblasts.®** However, a di-
rect action of SP on mucosal epithelial cells is well estab-
lished. Evidence for the presence of SP receptors on
intestinal epithelial cells has been provided by Keast et
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al,®® and direct effect of SP on canine colonocytes has
been reported by Rangachari et al.3® Moreover, the pres-
ence of NK-1R on isolated colonocytes from guinea pigs
has been demonstrated by Cooke et al®*” using in situ
hybridization and reverse transcriptase-polymerase
chain reaction techniques. In line with a recent report on
normal human colonic tissue,®® we now provide direct
evidence for the localization of NK-1R mRNA and protein
on epithelial cells of the normal small and large intestine.
On the contrary, in agreement with previous animal da-
ta, we did not find convincing evidence of NK-2R ex-
pression in the human intestinal epithelium.

Secondly, we have shown that NK-1R is dramatically
increased in both Crohn’s disease and ulcerative colitis
patients relative to controls. This finding is not completely
new: a massive increase in SP receptor binding sites has
been reported previously in patients with IBD by Mantyh
et al,?" using quantitative receptor autoradiography. Sub-
sequently, the same group of authors reported that SP
receptors are differentially expressed in patients with
Crohn’s disease and ulcerative colitis; whereas in
Crohn’s disease SP binding sites are ectopically ex-
pressed in lymphoid aggregates, small blood vessels,
and enteric neurons of both pathologically positive and
negative surgical specimens, up-regulation of NK-1R in
ulcerative colitis is confined to blood vessels and lym-
phoid aggregates of active, pathologically positive spec-
imens of the colon.?? However, there are several major
differences between our results and those reported by
Mantyh and colleagues.?’ First, in addition to lymphoid
aggregates, enteric neurons, and small blood vessels,
we provide direct evidence of NK-1R up-regulation on
inflammatory cells of the lamina propria, as well as on
epithelial cells lining the mucosal surface and crypts.
Second, we did not find any difference in the extent of
up-regulation of NK-1R between patients with Crohn’s
disease and ulcerative colitis. Thus, the proposal that in
the 5 to 15% of IBD patients with indeterminate colitis the
up-regulation of NK-1R on the enteric neurons might be
used as a distinctive marker of Crohn’s disease,?? is not
substantiated by our present findings. Third, in both dis-
eases we observed enhanced expression of NK-1R not
only in surgical specimens collected from the center of
inflammation but also in samples obtained from macro-
scopically uninvolved areas. This, we believe, is the ma-
jor finding of our study. Up-regulation of NK-1R in the
mucosa of macroscopically uninvolved tissues, in fact,
may help to explain the high risk for recurrence after
surgical resection of Crohn’s disease, as well as the
well-known propensity of Crohn’s disease and ulcerative
colitis to relapse after drug-induced remission.*04"

Up-regulated expression of NK-1R may have important
implications in the pathophysiology of IBD. NK-1R ex-
pression on lamina propria inflammatory cells and the
endothelium of submucosal venules may participate in
the margination and extravascular migration of granulo-
cytes, lymphocytes, and monocytes into inflamed tis-
sues,*®*3 whereas expression on endothelial cells of the
granulation tissue may be involved in the process of
angiogenesis, via stimulation of endothelial cell prolifer-
ation, migration, and differentiation into capillary-like

structures.***® Moreover, up-regulation of NK-1R on lam-
ina propria mononuclear cells may play a central role in
mucosal immunomodulation, by facilitating lymphocyte pro-
liferation in response to mitogens and by stimulating mac-
rophage production of inflammatory cytokines.6-20:3846.47
From a clinical point of view, overexpression of NK-1R on
surface epithelial cells may be implicated in the patho-
genesis of diarrhea which characterizes IBD. An increas-
ing body of evidence seems to support this conclusion.
Pretreatment of rats with either capsaicin, which selec-
tively targets primary sensory neurons, or specific NK-1R
antagonists dramatically reduced fluid secretion, muco-
sal permeability, and intestinal inflammation in animal
models of acute and chronic inflammation.®*#-5" The
importance of SP and its receptor in the pathogenesis of
inflammatory diarrhea is underscored by the demonstra-
tion that NK-1R mRNA expression is increased in the rat
intestinal epithelium shortly after exposure to Clostridium
difficile toxin A.%2 Moreover, mice genetically deficient in
the NK-1R are protected from the secretory and inflam-
matory changes induced by C. difficile toxin A, demon-
strating a major requirement for SP receptors in the
pathogenesis of inflammatory diarrhea.®

Finally, we provided new insights on the expression of
the NK-2R in the human intestine. Although previous
studies have examined the expression of NK-1R mRNA
and SP binding sites in acute and chronic intestinal in-
flammation, direct evidence for the NK-2R mRNA local-
ization and protein expression in the normal and inflamed
human intestine is lacking. Data presented here show
that not only NK-1R but also NK-2R expression is signif-
icantly increased in patients with IBD. In this context, the
up-regulation of NK-2R in eosinophils immediately adja-
cent to the surface epithelium of both Crohn’s disease
and ulcerative colitis patients seems of particular interest.
To our knowledge, this is the first demonstration of NK-2R
receptor expression in human eosinophils. A significant
role for SP in the activation and migratory function of
human eosinophils has indeed been reported, but these
effects seem to be NK-1R-dependent.5*°° Therefore, fur-
ther studies are necessary to confirm the expression of
NK-2R on human eosinophils, and to ascertain the pos-
sible role of NKA in the regulation of eosinophil functions.

In conclusion, we have shown that in the normal human
ileum and colon NK-1R and NK-2R are expressed in a
variety of cell types, which are endowed with different
physiological functions; in addition, we have demon-
strated that both the NK-1R and the NK-2R are up-regu-
lated in Crohn’s disease and ulcerative colitis. Although
the physiological and pathological implications of these
findings remain purely speculative, overexpression of SP
and NKA receptors in cells involved in immunoinflamma-
tory response, as well as in enteric neurons, endothelial
cells, and mucosal epithelial cells, suggest an important
role for tachykinins in the pathophysiology of IBD. In a
therapeutic perspective, the present results are timely,
because a variety of high-affinity and selective antago-
nists are currently available for clinical studies. Based on
present findings, these drugs may prove useful in the
therapy of IBD, especially in treating diarrhea, pain, and
mucosal inflammation.
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