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Substance P (SP) has been implicated in peripheral and mucosal neuroimmunoregulation. However, con-
fusion remains regarding immunocyte expression of the receptor for SP, neurokinin-1 receptor (NK-1R), and
whether there is differential NK-1R expression in the mucosal versus the peripheral immune system. In the
same assay systems, we examined the expression of NK-1R in human lamina propria mononuclear cells
(LPMC), peripheral blood mononuclear cells (PBMC), peripheral blood lymphocytes (PBL), monocytes, and
monocyte-derived macrophages (MDM). Using standard reverse transcription (RT)-PCR, mRNA expression of
both the long and the short isoforms of the NK-1R was evident in LPMC but not in PBMC, PBL, monocytes,
or MDM. However, by using nested RT-PCR NK-1R mRNA expression was detected in PBMC, PBL, mono-
cytes, and MDM. This level of expression was found to represent one NK-1R mRNA transcript in >1,000 cells.
In contrast, by using competitive RT-PCR we demonstrate that LPMC express a more biologically significant
level of eight NK-1R mRNA transcripts per cell. Flow cytometric detection of NK-1R expression at the protein
level was evident in LPMC but not in PBMC. These findings illustrate the extreme sensitivity of nested
RT-PCR and the advantages of competitive RT-PCR in comparative studies of receptor expression in different
cell populations. This study suggests that, under normal conditions, readily detectable expression of NK-1R in
human mononuclear cells occurs at the mucosal level rather than in the peripheral circulation.

Evidence for a reciprocal or bidirectional communication
between the immune system and the neuroendocrine system is
well established (4). Intersystem cross-talk is mediated via a
common biochemical language consisting of cytokines, neu-
ropeptides, and their receptors (4). The gastrointestinal tract,
the largest lymphoid organ of the body, is rich in peptidergic
innervation and neuropeptide content and provides an ideal
milieu for neuroimmune interactions (43). The mucosal neu-
roimmune axis is now recognized as an important modulator of
gut homeostasis and pathophysiology (10, 42).

The neuropeptide substance P (SP) has been extensively
characterized as an immunomodulator (31). SP influences lym-
phocyte traffic in vivo (33), stimulates the proliferation of
peripheral and mucosal lymphocytes (35, 45), enhances immu-
noglobulin production by Peyer’s patches’, splenic and mes-
enteric lymph node lymphocytes (45), and stimulates the dif-
ferentiation of B lymphocytes (6). SP induces the chemotaxis
of monocytes (40), stimulates monocyte production of inter-
leukin-1 (IL-1), IL-6, IL-10, and tumor necrosis factor alpha
(20, 26), activates macrophages (17), and enhances macro-
phage phagocytosis (2). Peritoneal and mucosal mast cells re-
lease histamine upon stimulation with SP (44). The primary
source of SP is neuronal. However, lymphocytes (25), mono-
cytes (21), macrophages (21), and eosinophils (32) have been
identified as alternative sources of SP.

SP mediates its biologic effects by preferentially binding to
the neurokinin-1 receptor (NK-1R) (38). Binding sites for SP
have been described on a subset of human T lymphocytes (36).
Mantyh and coworkers have autoradiographically demon-

strated SP binding sites in the germinal centers of colonic
lymph nodules (12, 28). In contrast to these findings, radioli-
gand binding studies by Roberts et al. reported the absence of
SP binding sites on human peripheral blood lymphocytes
(PBL), polymorphonuclear leukocytes, splenocytes, intraepi-
thelial lymphocytes, or jejunal lamina propria lymphocytes
(39). A non-neurokinin receptor for SP has been demonstrated
on human monocytes (23). It has also been reported that SP
can activate T lymphocytes independent of the receptor (24).
Using the techniques of RT-PCR, in situ hybridization, immu-
nohistochemistry, and flow cytometry, we previously demon-
strated that NK-1R is expressed by human mucosal mononu-
clear cells but not by peripheral blood mononuclear cells
(PBMC) (15). In contrast, using nested reverse transcription
(RT)-PCR, it has recently been reported that human lympho-
cytes, monocytes, and monocyte-derived macrophages (MDM)
express NK-1R mRNA (21, 25).

Despite the substantial evidence implicating SP in periph-
eral and mucosal neuroimmunoregulation, considerable con-
fusion remains regarding immunocyte expression of the NK-1
receptor. This may possibly be explained by differences in the
sensitivity of techniques for demonstration of receptor expres-
sion. In this study we compared the techniques of nested RT-
PCR, competitive RT-PCR, and flow cytometry in our analysis
of NK-1R expression by human PBMC, monocytes, MDM,
and lamina propria mononuclear cells (LPMC).

MATERIALS AND METHODS

Specimens. Peripheral blood specimens were obtained from healthy volun-
teers. Colonic tissue was obtained from patients undergoing surgical resection
for colorectal adenocarcinoma. Only histologically normal tissue from an unin-
volved area of the colon was used. All protocols were approved by the University
Teaching Hospitals Ethics Committee (Cork, Ireland).

Cell isolation. PBMC were isolated from heparinized blood by centrifugation
over Ficoll-Hypaque gradients (Sigma Chemical Co., St. Louis, Mo.) (7). Cells
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were recovered and washed twice in Dulbecco modified Eagle medium
(DMEM). Monocytes were isolated according to previously described techniques
(18, 19). Briefly, mononuclear cells were incubated with DMEM in a 2% gelatin-
coated flask for 45 min at 37°C, followed by the removal of nonadherent cells
with DMEM. Monocytes were detached by EDTA. Following the initial purifi-
cation, at least 97% of the cells were monocytes, as determined by nonspecific
esterase staining and fluorescence-activated cell sorter (FACS) analysis using a
monoclonal antibody against CD14 (Leu-M3) and low-density lipoprotein spe-
cific for monocytes and macrophages. Nonadherent PBL were collected from
gelatin-coated flasks and washed three times with phosphate-buffered saline
(PBS).

LPMC were isolated by a technique originally described by Bull and Bookman
(8). The entire procedure was performed in 6 h without interruption. The colonic
specimen was washed in saline, and the adherent debris was removed. The
mucosa was stripped free from underlying musculature and was cut into small
pieces (1 by 3 cm). To remove the epithelium, tissue was incubated in a shaking
water bath at 37°C for 30 min in calcium-magnesium-free Hanks balanced salt
solution containing 1 mM EDTA and 50 mg of gentamicin per ml. Then, 100 U
of penicillin, 100 mg of streptomycin, and 0.25 mg of fungizone per ml were also
added as a 1% anti-fungal-bacterial solution. The incubations were repeated
every 30 min with fresh medium until the supernatant was free of epithelial cells.

The remaining tissue was then minced into smaller pieces and digested in a
shaking water bath at 37°C for 1 h with 0.5 mg of collagenase and 1 mg of
hyaluronidase (Sigma Chemical Co.) per ml in RPMI 1640 containing 10% fetal
calf serum (FCS), 2 mM L-glutamine, 1% anti-fungal-bacterial solution, and 50
mg of gentamicin per ml. The supernatant was collected, and the cells were
pelleted by centrifugation (500 3 g for 5 min), resuspended in the same medium
without the enzyme solution, and then filtered through a 60-mm (pore-size) nylon
mesh to remove the particulate material. The filtrate was then centrifuged over
a Ficoll-Hypaque density gradient. LPMC were recovered, washed twice in
DMEM, and resuspended in DMEM supplemented with 10% FCS and antibi-
otics as detailed above. LPMC isolations were routinely examined by FACS
analysis and were found to show .95% CD45 positivity.

Cell culture. The human IM-9 B lymphoblastoid cell line was obtained from
American Type Culture Collection (Rockville, Md.). IM-9 cells were cultured in
DMEM supplemented with 10% FCS, 2 mM glutamine, and antibiotics. Cells
were maintained at 37°C in a humidified atmosphere containing 5% CO2.

PBL were cultured in RPMI 1640 medium containing 10% FCS, with or
without 1 mg of phytohemagglutinin (PHA) per ml for 72 h. Two different
activation procedures were employed to activate PBMC. PBMC (106/ml) were
cultured either with PHA (3 mg/ml) or with phorbol myristate acetate (PMA) (10
ng/ml), plus ionomycin (500 ng/ml), in DMEM with 10% FCS at 37°C in a
humidified 5% CO2 atmosphere for 48 and 24 h, respectively.

Freshly isolated monocytes were plated in 48-well culture plates at a density of
2.5 3 105 cells/well in DMEM containing 20% FCS. The total length of time in
culture for fresh monocytes was no more than 48 h, whereas MDM refers to 7-
to 10-day-cultured monocytes in vitro. Monocyte and MDM viability was mon-
itored by trypan blue exclusion and maintenance of cell adherence.

Primer design. PCR primers were designed using the DNASTAR Lasergene
Primerselect program (DNASTAR, Inc., Madison, Wis.). Primers were selected
that showed insignificant homology to any other genes in the EMBL DNA
sequence database. Primer pairs were chosen to span introns in their genomic
sequences, thus ensuring mRNA-specific amplification.

NK-1R PCR was performed using the primers TGACCGCTACCACGAGC
AAGTCTC (sense) and ATAGTCGCCGGCGCTGATGAAG (antisense),
which correspond to nucleotides 699 to 722 and 993 to 972, respectively, of
human NK-1R cDNA and yield an amplification product size of 295 bp. Nested
PCR for NK-1R utilized the primers TCTCTGCCAAGCGCAAGGTGGTCA
(sense) and GAAGGCATGCTTGAAGCCCAGACG (antisense), which corre-
spond to nucleotides 719 to 742 and 960 to 937, respectively, of human NK-1R
cDNA and yield an amplification product size of 242 bp.

PCR specific for the short isoform of the NK-1R was performed using the
primers CCCCGGGGACTCCTCTGACC (sense) and CTACTCCGGGC-TCC
CATTCCTG (antisense) corresponding to nucleotides 684 to 703 and 1121 to
1100, respectively, of human NK-1R (short isoform) cDNA (11). b-Actin control
PCR utilized the primers CCTTCCTGGGCATGGAGTCCTG (sense) and
GGAGCAATGATCTTGATCTTC (antisense) corresponding to nucleotides
794 to 815 and 995 to 975, respectively, of human b-actin cDNA.

Detection of NK-1R mRNA expression by RT-PCR. Total RNA was isolated by
phenol-chloroform extraction of guanidinium isothiocyanate lysates (9). cDNA
was synthesized by using approximately 1 mg of total RNA, 9 U of avian myelo-
blastosis virus reverse transcriptase (Promega Corp., Madison, Wis.), 40 U of
RNasin (Promega Corp.), 500 mM deoxynucleoside triphosphates (dNTPs), and
either 500 nM NK-1R-specific antisense primer GGATTTCATTTCCAGCC
CCT or 125 nM random hexanucleotide primers (Boehringer Mannheim GmbH,
Mannheim, Germany) per 30-ml reaction for 90 min at 42°C.

PCR was performed on 1% of the cDNA using a final concentration of 1.5 mM
MgCl2, 50 mM dNTPs, 0.1 mM concentrations of each primer, and 1 U of Taq
DNA polymerase (Promega Corp.) per 50-ml reaction. Negative controls were
performed either by omitting reverse transcriptase from cDNA synthesis or by
omitting cDNA from the PCR amplifications. As a positive control, RNA from
cells known to abundantly express NK-1R mRNA was used, i.e., the IM-9 B

lymphoblastoid cell line. Hot start PCR was employed to increase the specificity
of the amplification.

Thermal-cycling programs were as follows. For NK-1R PCR, denaturation was
at 96°C for 15 s, annealing was at 60°C for 30 s, and extension was at 72°C for 1
min 30 s for 45 cycles. For nested NK-1R PCR, denaturation was at 96°C for 15 s,
annealing was at 60°C for 30 s, and extension was at 72°C for 1 min 30 s for 35
cycles. For NK-1R (short isoform) PCR, denaturation was at 96°C for 15 s,
annealing was at 62°C for 30 s, and extension was at 72°C for 3 min for 45 cycles.
For b-actin PCR, denaturation was at 96°C for 15 s, annealing was at 55°C for
30 s, and extension was at 72°C for 3 min for 35 cycles.

For nested-PCR purposes, the primary and secondary PCR amplifications
were performed using identical reagent concentrations, and the thermal cycles
were as detailed above, except that the secondary PCR was performed on 1% of
the amplification products obtained from the primary PCR.

PCR products were analyzed by electrophoresis through 2% agarose gels and
viewed under UV light after ethidium bromide staining. Product specificities
were confirmed by DNA sequence analysis using an ABI Prism 310 Genetic
Analyzer (Perkin-Elmer, Norwalk, Conn.). The sensitivities of the primary and
secondary (nested) RT-PCR assays for NK-1R were calculated by using a dilu-
tion series of a known quantity of in vitro-transcribed NK-1R transcript. The
primary RT-PCR assay is capable of detecting fewer than 50 NK-1R transcripts,
while the nested RT-PCR assay can detect fewer than 10 NK-1R transcripts in
the starting RNA template.

Immunofluorescence flow cytometric measurement of NK-1R. The NK-1R
antibody was raised in rabbits against a synthetic peptide (MDNVLPVDSDLSP)
corresponding to the extracellular N-terminal amino acids 1 to 13 of human
NK-1R. The immunoglobulin G (IgG) fraction was affinity purified on an AH-
Sepharose column to which the peptide had been coupled. The antibody speci-
ficity was confirmed by extensive radioimmunoassays and Western blotting.

PBMC and LPMC isolations were fixed with 2% paraformaldehyde for 10 min
on ice, permeabilized with 70% methanol for 2 min on ice, and then washed twice
in PBS containing 2% FCS (used for all subsequent wash steps). A total of 5 3
105 cells were incubated with rabbit polyclonal anti-human NK-1R-specific IgG
at a dilution of 1:50 for 30 min on ice. Cells were washed twice and fluorescein
isothiocyanate-conjugated anti-rabbit IgG (Dako Corp., Carpinteria, Calif.) was
added for 30 min on ice. Cells were washed twice again and analyzed using an
Epics Elite flow cytometer (Coulter Corp., Hialeah, Fla.). Isotype-matched con-
trol antibodies were used in negative control staining. A total of 10,000 cells were
analyzed for each determination. Events contained within the forward-light scat-
ter window corresponding to lymphocytes were selected and analyzed.

Quantitation of NK-1R mRNA expression by quantitative competitive RT-
PCR (qcRT-PCR). To facilitate quantitation of NK-1R mRNA, a competitive
internal RNA standard was constructed (34). This standard is identical to the
target NK-1R sequence except for an internal deletion of 71 bp. Construction of
the competitive standard involved cloning a NK-1R PCR product (324 bp) into
pBluescript (Stratagene, La Jolla, Calif.) at the EcoRV site. This NK-1R PCR
product was obtained by using the following primers: GACTCCTCTGACCGC
TACCA (sense) and GGATTTCATTTCCAGCCCCT (antisense) correspond-
ing to nucleotides 691 to 710 and 1014 to 995, respectively, of the human NK-1R
cDNA. Orientation of the PCR product insert within the plasmid was deter-
mined by restriction mapping with HinfI. Digestion at the BsrGI and BglII unique
restriction sites within the cloned insert resulted in the deletion of a 71-bp
fragment. Sticky ends of the plasmid were then filled in by Klenow DNA poly-
merase (Promega), and blunt-ended recircularization of the plasmid was per-
formed using T4 DNA ligase (Promega). After propagation in Escherichia coli,
the deleted recombinant plasmid was subjected to in vitro transcription with T3
RNA polymerase (Promega) to synthesize deleted sense RNA transcripts (257
bp) for use as a competitive standard in qcRT-PCR.

For qcRT-PCR, various amounts of RNA standard transcripts of known con-
centration were spiked into aliquoted target RNA samples, and the mixtures
were then subjected to RT-PCR as described above. As the internal standard is
spiked in at the cDNA synthesis step, competition for both RT and PCR am-
plification occurs. Equivalence of PCR products occurred when target and stan-
dard templates were present at equal initial concentrations, permitting quanti-
tation of the target template. Equivalence was determined as the point at which
target and competitive standard PCR products were of equal band intensity.
Results for NK-1R mRNA quantitation are expressed as the number of NK-1R
mRNA molecules per microgram of total RNA isolated. Total RNA was quan-
tified using a nucleic acid quantitation kit (Invitrogen, Leek, The Netherlands).
The assay is sufficiently sensitive to quantitate 100 NK-1R mRNA copies. This is
equivalent to 103 NK-1R mRNA transcripts/mg of RNA isolated.

RESULTS

NK-1R mRNA is differentially expressed by mucosal and
peripheral lymphoid cells. We examined the expression of
NK-1R mRNA in human LPMC, PBMC, PBL, monocytes,
and MDM by RT-PCR. Using standard single-round RT-PCR,
NK-1R mRNA expression was detected in the IM-9 positive
control cells and in the LPMC but not in PBMC, PBL, mono-
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cytes, or MDM (Fig. 1C). When the input cDNA concentra-
tion in the PCR amplifications was increased from 1 to 10%,
identical results arose, namely, IM-9 cells and LPMC were
found to express NK-1R mRNA, whereas PBMC, PBL, mono-
cytes, and MDM were negative for NK-1R mRNA expression
(Fig. 1E).

In order to increase the sensitivity of mRNA detection, we
performed nested RT-PCR on the primary PCR amplification
products (as discussed above), using primers which spanned a
region internal to that examined previously. Results obtained
from nested RT-PCR analysis of NK-1R mRNA expression
are shown in Fig. 1D and F. When the input cDNA concen-
tration in the primary PCR amplification was 1%, nested-RT-
PCR results were identical to those achieved by standard RT-
PCR, namely, IM-9 cells and LPMC were shown to be positive
for NK-1R mRNA expression, while PBMC, PBL, monocytes,
and MDM were shown to be negative for NK-1R mRNA
expression (Fig. 1D). However, when the input cDNA concen-
tration in the primary PCR amplification was increased to
10%, nested-RT-PCR analysis demonstrated an NK-1R-spe-
cific mRNA amplification product in IM-9 cells, LPMC,
PBMC, PBL, monocytes, and MDM (Fig. 1F).

We have previously reported that activation of IM-9 lym-
phoblastoid cells with PMA plus ionomycin caused a sevenfold
upregulation in NK-1R mRNA expression levels (14). Since
freshly isolated PBMC were found to express a very low level
of NK-1 mRNA de novo, detectable only by extremely sensi-
tive nested RT-PCR, we decided to investigate whether this
basal level of expression could be upregulated by activation.
We observed that activation of PBMC with either PHA (Fig. 1,
lane 4) or PMA-ionomycin (data not shown) did not signifi-
cantly upregulate NK-1R mRNA expression levels, since ex-
pression was not detected in activated PBMC when an input
cDNA concentration of 1% was used but was detected when a
starting concentration of 10% cDNA was used for nested RT-
PCR. This suggests that activated PBMC express a similar level
of NK-1R mRNA as resting PBMC (Fig. 1, lane 3).

A short isoform of the NK-1R has been characterized in

human brain and in rat submaxillary gland (11, 22). The short
isoform differs from the long isoform of NK-1R in the length of
its carboxyl-terminal tail (11, 22). Since previous reports of
NK-1R expression by human PBMC (21, 25) could perhaps be
attributed to expression of the short isoform of NK-1R, we
decided to examine our lymphoid cell isolations for mRNA
expression of the short isoform of NK-1R. Using standard
RT-PCR, mRNA expression of the short isoform of NK-1R
was detected in IM-9 cells and LPMC but not in PBMC, PBL,
monocytes, and MDM (Fig. 1B). Since IM-9 cells and LPMC
were also found to express mRNA for the long isoform of
NK-1R by standard RT-PCR, this finding suggests that the
short isoform of the NK-1R is derived from alternative splicing
of NK-1R pre-mRNA.

All RT-PCR assays were controlled by equalization of input
RNA for each cell isolation. Comparable amplification effi-
ciencies were achieved in all RNA samples, as evidenced by the
uniformity of control b-actin RT-PCR product yields (Fig.
1A). Negative control RT-PCRs showed no amplification
product (Fig. 1, lane 7).

Quantitative assessment of NK-1R mRNA expression levels
in peripheral versus mucosal mononuclear cells. Using a di-
lution series of a known quantity of in vitro-transcribed NK-1R
RNA, we have defined the sensitivity of our primary and sec-
ondary (nested) NK-1R-specific RT-PCR assays. The primary
RT-PCR assay can detect fewer than 50 NK-1R transcripts,
while the nested-RT-PCR assay can detect fewer than 10
NK-1R transcripts in the starting RNA template. These de-
fined sensitivities allowed us to estimate the number of NK-1R
mRNA transcripts expressed per cell in the different lymphoid
cell isolations.

The RNA preparations used in the above experiments were
each obtained from approximately 5 3 106 cells. We used
one-fifth of the RNA preparations for cDNA synthesis (equiv-
alent to 106 cells) and either 1% (equivalent to 104 cells) or
10% (equivalent to 105 cells) of the cDNA for nested PCR.
When the starting cDNA concentration was 1%, nested PCR
did not yield an NK-1R-specific PCR product in PBMC, PBL,

FIG. 1. NK-1R mRNA expression was analyzed by RT-PCR of equalized input RNA from IM-9 cells, LPMC, resting PBMC, PBMC activated with PHA,
monocytes, MDM, and negative controls (lanes 1 to 7, respectively). HaeIII-digested fX174 DNA size markers were used (lane M). Gel A shows mRNA-specific
amplification products (202 bp) for b-actin to control for amplification efficiency. Gel B shows mRNA-specific amplification products for the short isoform of NK-1R
(438 bp). Gels C and E show mRNA-specific amplification products (295 bp) from primary-round RT-PCR for NK-1R using 1% (C) and 10% (E) cDNA. Gels D and
F show mRNA-specific amplification products for NK-1R (242 bp) from secondary-round nested RT-PCR using 1% (D) and 10% (F) cDNA.
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monocytes, or MDM. However, an NK-1R PCR product was
evident in these samples when 10% cDNA was used. Since our
nested-RT-PCR assay can detect fewer than 10 NK-1R RNA
transcripts in the template RNA, what we detected therefore
was fewer than 10 NK-1R mRNA transcripts per 104 to 105

cells in the PBMC, PBL, monocyte, and MDM samples. The
only variable we haven’t accounted for is the percent yield of
RNA from the cells (it is difficult to estimate how much RNA
a given cell could contain). Even if the recovery of RNA was
only 50%, this detection would still reflect single NK-1R
mRNA transcripts in 500 to 5,000 cells.

Mucosal but not peripheral lymphoid cells express detect-
able NK-1R protein. A polyclonal antibody specific for the
extracellular N terminus of the human NK-1R enabled flow
cytometric analysis of NK-1R protein expression levels in
PBMC and LPMC. The fluorescence profiles of NK-1R ex-
pression in PBMC and LPMC are shown in Fig. 2. NK-1R
immunofluorescence was not detected in PBMC but was de-
tected in LPMC preparations.

Quantitation of NK-1R mRNA expression in mucosal lym-
phoid cells. We had previously developed a qcRT-PCR assay
that allows specific quantitation of human NK-1R mRNA ex-
pression (34). The accuracy, sensitivity, and reproducibility of
the assay have all been confirmed in control experiments (34).
The assay is sufficiently sensitive to quantitate 100 NK-1R
mRNA molecules, which is equivalent to 103 NK-1R mRNA
transcripts/mg of total RNA isolated. The sensitivity of the
qcRT-PCR assay is less than that of the qualitative (standard)
RT-PCR assay, since two amplicons compete for reagents in
qcRT-PCR.

Figure 3 illustrates quantitation of NK-1R mRNA expres-
sion in a representative LPMC isolation. Quantitation of
NK-1R mRNA expression levels in several LPMC isolations
revealed a mean level of expression of 7.5 3 105 6 2.2 3 105

NK-1R mRNA transcripts/mg of total RNA (n 5 7). Since 1 mg
of cellular RNA was the average RNA yield from approxi-
mately 105 cells, this level of expression corresponds to approx-
imately 7.5 6 2.2 NK-1R mRNA transcripts per LPMC. Since

PBMC were found to be negative for NK-1R mRNA expres-
sion by quantitative RT-PCR and since the sensitivity of the
qcRT-PCR assay was calculated to be 103 NK-1R tran-
scripts/mg of RNA or 1 transcript/1,000 cells, we can further
estimate that the level of NK-1R mRNA expression detected
in PBMC by nested RT-PCR (10% cDNA) corresponds to one
NK-1R transcript in .1,000 cells.

DISCUSSION

In this study we examined NK-1R expression by human
peripheral and mucosal lymphoid cells by using various molec-
ular techniques of differing sensitivities. Our results confirm
that human NK-1R is differentially expressed by lymphoid cells
of the periphery and the mucosa and is more likely to have
biological significance at the mucosal level.

Our RT-PCR results consistently demonstrated the expres-
sion of NK-1R mRNA by LPMC isolated from human colonic
resections. Receptor mRNA levels were quantitated by qcRT-
PCR, and LPMC were found to express a mean of eight
NK-1R mRNA transcripts/cell. This level of expression corre-
lates with that observed for other G protein-coupled receptors,
which are generally associated with a low abundance of
mRNA. For example, only 15 mRNA transcripts per cell have
been reported for the b2-adrenergic receptor (16). We also
demonstrated the presence of NK-1R protein in LPMC by
immunofluorescence flow cytometry, thereby confirming
LPMC expression of NK-1R at the protein level. Indeed, we
have previously reported NK-1R expression in CD41, CD81,
CD45RO1, CD45RA1, CD191, and CD141 LPMC (15).
NK-1R protein, however, was undetectable in PBMC by the
same technique. Hence, while NK-1R protein is undetectable
in peripheral mononuclear cells, in the mucosa expression oc-
curs in helper and cytotoxic T cells of both the memory and
naive phenotypes, in B cells, and in monocytes/macrophages.
Our findings complement the autoradiographic studies by
Mantyh et al., which described SP binding sites in the lymphoid
follicles of human and canine colon (12, 28, 30). SP binding
sites have also been reported in murine Peyer’s patch T and B
cells (46). Our observation that LPMC also express the short
isoform of NK-1R suggests differential splicing of NK-1R pre-
mRNA in these cells. While NK-1R is expressed in lymphoid
cells in the colonic mucosa, which is the largest mucosal site in
the body, there is limited data on NK-1R expression in other
mucosal sites. A recent report showed that macrophages from
human sputum were positive for NK-1R, indicating that mac-
rophages in the respiratory mucosa express NK-1R (13). We

FIG. 2. Fluorescence profiles of NK-1R expression in PBMC and LPMC (as
indicated). NK-1R antibody staining (shaded profile) relative to control antibody
staining (open profile) is shown for PBMC and LPMC. Data are representative
of three experiments.

FIG. 3. Quantitation of NK-1R mRNA expression in a representative LPMC
isolation. Competitive standard transcripts were spiked into the aliquoted LPMC
RNA sample at concentrations ranging from 4.0 3 105 to 4.1 3 103 (2.5-fold
dilution series), followed by NK-1R mRNA-specific RT-PCR (lanes 1 to 6).
HaeIII-digested fX174 DNA size markers were used (lane M). Equivalence (p)
is seen at 6.4 3 104 NK-1R mRNA molecules in which target (295 bp) and
competitive-standard (228 bp) RT-PCR products are of equal band intensity.
When adjusted for the amount of total RNA in the assay, this represents a level
of expression of 7.5 3 105 NK-1R mRNA transcripts/mg of total RNA isolated.
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are currently investigating NK-1R expression in lymphoid cells
within the bronchial mucosa.

Previous studies of NK-1R expression by peripheral lym-
phoid cells have used different techniques yielding conflicting
results. SP binding sites have been identified on a subset of
human T lymphocytes (36) and on human monocytes/macro-
phages (27). Recent nested-RT-PCR studies have demon-
strated NK-1R mRNA expression by human PBL, monocytes,
and MDM (21, 25). Lipopolysaccharide-activated murine mac-
rophages have also been shown to express NK-1R mRNA (5).
However, others have reported the absence of SP binding sites
on human PBL (39). A non-neurokinin receptor for SP has
been identified on human monocytes (23). SP has also been
shown to activate human T cells receptor independently (24).
When we analyzed peripheral lymphoid cells for NK-1R
mRNA expression by RT-PCR, an apparent disparity of results
also arose. NK-1R mRNA expression was not detected in
PBMC, PBL, monocytes, and MDM by standard single-round
RT-PCR or by nested RT-PCR using a starting cDNA con-
centration of 1%. However, NK-1R expression was detected
when a starting cDNA concentration of 10% was used in
nested RT-PCR. When we defined the sensitivities of our qual-
itative and quantitative RT-PCR assays, we could estimate that
the expression detected in resting and activated peripheral
lymphoid cells represented one NK-1R transcript in .1,000
cells. This contrasts sharply with a level of expression of eight
NK-1R transcripts per cell in LPMC. Further evidence from
flow cytometry confirmed the absence of NK-1R protein ex-
pression on PBMC. We conclude, therefore, that detection of
NK-1R mRNA in the periphery may reflect intermucosal traf-
fic involving the transient presence of circulating mucosal hom-
ing cells (41).

Our results illustrate the caution that is needed when inter-
preting results from sensitive, qualitative nested-RT-PCR as-
says, especially in the absence of confirmatory data such as
from immunofluorescence flow cytometry. This study also il-
lustrates the importance of establishing technique sensitivity
and highlights the distinct advantages of competitive RT-PCR,
a technique which retains the remarkable sensitivity of detec-
tion of PCR but also allows accurate quantitation of the
mRNA transcript number.

In conclusion, our findings demonstrate significant expres-
sion of NK-1R by human mucosal, but not peripheral, mono-
nuclear cells, and thereby provide further evidence to support
the hypothesis that NK-1R expression is a marker of human
mucosal mononuclear cells. Our finding that mucosal but not
peripheral lymphoid cells express NK-1R supports the notion
that SP plays a role specifically in mucosal immunoregulation.
SP therefore probably contributes to mucosal inflammation in
pathological conditions such as inflammatory bowel disease.
We have recently found increased levels of NK-1R mRNA in
colonic biopsies from sites of active inflammation in inflam-
matory bowel disease (14). This appears to be due mainly to
the presence of increased numbers of NK-1R-expressing in-
flammatory cells, although neural expression of NK-1R in the
myenteric plexus is also upregulated in Crohn’s disease (14,
29). We found that there was a statistically significant higher
level of NK-1R mRNA in colonic biopsies from Crohn’s dis-
ease compared with ulcerative colitis, suggesting NK-1R
mRNA quantitation as a potential diagnostic aid for differen-
tiating between both diseases in cases of uncertain diagnosis.
There is evidence that colonic levels of SP are increased in
ulcerative colitis, and the level appears to correlate with in-
flammatory activity (3). Specific NK-1R antagonists have been
shown to have anti-inflammatory effects in animal models of
colonic inflammation (37). There is also evidence that NK-1R

upregulation is involved in the pathogenesis of airway inflam-
mation in patients with asthma and chronic obstructive pulmo-
nary disease (1). Our finding that NK-1R expression is specific
for mucosal rather than peripheral immunocytes will help to
elucidate the role of SP in mucosal neuroimmunoregulation in
both health and disease.
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