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SUMMARY

We have characterized the binding of a novel radioligand, [*H]
FK888, to neurokinin (NK), receptors in guinea pig lung mem-
branes and localized its binding in guinea pig lung sections by
autoradiography. Lung membranes were incubated with [°H]
FK888 at 25° and the assays were terminated by rapid filtration;
nonspecific binding was defined as binding in the presence of 1
uM concentrations of the nonpeptide NK;-selective antagonist
CP-96,345. Kinetic analysis showed that specific binding of [°*H]
FK888 (approximately 70% of total binding) was rapid, reaching
a plateau by 20 min, and that binding was reversed by addition
of 1 um CP-96,345, giving a kinetic K, of 0.46 nm. Binding of [°H]
FK888 was saturable at approximately 1 nM, and equilibrium
binding analysis gave a K, of 0.32 + 0.03 nm and a B Of 46.9

+ 7.1 fmol/mg of protein (four experiments). In competition
studies, substance P, CP-96,345, and FK888 competed for [°H]
FK888 binding, but NKA, NKB, and NK-selective antagonists
such as SR48968 and L-659,877 did not. Guanosine-5’-O«3-
thiojtriphosphate significantly shifted the competition curve for
substance P competition against [*H]FK888 binding to a lower
affinity state, confirming that NK, receptors are coupled to a G
protein. Autoradiographic mapping in cryostat sections of lung
showed that [*H]FK888 binding was dense over smooth muscle
of all airways, with moderate binding over epithelium of bronchi
and bronchioles as well as submucosal glands of trachea. No
significant labeling of blood vessels was observed. [°H]FK888
binds to NK, receptors in guinea pig lung and may be a useful
tool for studying the expression and regulation of NK, receptors.

Tachykinins such as SP, NKA, and NKB constitute a family
of structurally related peptides with a common carboxyl-ter-
minal sequence, Phe-X-Leu-Met-NH;. They are localized to
sensory neurons identified as C-fibers in both animal and
human airways (1, 2) and mediate many effects on lung via
specific receptors, of which three distinct subtypes have been
characterized pharmacologically and at a molecular level (3, 4).
SP is selective for NK, receptors, although the degree of selec-
tivity is not very high (5). NK, receptors mediate vasodilation
(6-8), microvascular leakage (9), and mucus and epithelial cell
secretion (10-12) and may play a role in the pathophysiology
of airway diseases such as asthma (13).

Until recently, a detailed and definitive understanding of the
pathophysiological roles and localization in tissues of tachyki-
nin receptors has been hampered by the relatively low selectiv-
ity of endogenous tachykinins and the lack of potent, highly
selective, and nonmetabolizable antagonists. Recently, several
nonpeptide antagonists that have high selectivity and high
affinity for tachykinin receptors have been described (14). CP-
96,345 (15) and RP67580 (16) are selective for NK, receptors,
whereas SR48968 is selective for NK; receptors (17). Recently,
a novel and potent NK, receptor-selective antagonist, FK888
[N?- [(4R)-4-hydroxy-1-(1-methyl-1H-indol-3 - yl)carbonyl - L-

propyl] - N - methyl - N - phenylmethyl-3-(2-naphthyl) - L - alani-
namide], has been shown to inhibit the binding of [*H]SP to
guinea pig lung membranes (18) and to inhibit SP-induced
plasma exudation in guinea pig (19).

Three tachykinin receptors have been cloned and sequenced
(20-23) and were shown to be members of the G protein-linked
superfamily of receptors (3, 14). Because antagonist binding
has considerable advantages as a result of invariable affinity
for the receptors, which is independent of G protein coupling,
we have explored the use of a radiolabeled tachykinin NK,
receptor antagonist, FK888.

The autoradiographic mapping of '*I-Bolton-Hunter-SP
binding sites has previously been described in guinea pig and
human lung in our laboratory (24). High densities of specific
binding were observed in all airway smooth muscle down to
small bronchioles, with lesser binding in vascular smooth mus-
cle and epithelium. In this paper [’ H]FK888 was also used, for
study of its binding characteristics and localization of its bind-
ing sites and for comparison with the properties of SP in guinea
pig lung.

Materials and Methods

Lung membrane preparation. Male Hartley guinea pigs weighing
300-400 g were used. The lungs were removed, snap-frozen in liquid

ABBREVIATIONS: SP, substance P; NKA, neurokinin A; NKB, neurokinin B; BSA, bovine serum albumin; GTP+S, guanosine-5'-O<(3-

thiojtriphosphate.
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nitrogen, and stored at —80° until required. The minced lung, suspended
in 10 volumes of 50 mM Tris- HCI buffer (pH 7.4, 4°) containing 0.32
M sucrose, 4 ug/ml leupeptin, 4 ug/ml chymostatin, 4 ug/ml bacitracin,
and 20 uM phenylmethylsulfonyl fluoride, at 4°, was then homogenized
with a Polytron homogenizer (Kinematica, Basel, Switzerland) at set-
ting 6, in 30-sec bursts. The homogenate was centrifuged at 1000 X g
for 10 min at 4° to remove debris, the supernatant was then centrifuged
at 40,000 X g for 20 min at 4°, and the resulting pellet was washed
twice with 50 mM Tris- HCI buffer (pH 7.4, 4°) and recentrifuged at
the same gravity. The final pellet was homogenized in binding buffer
[50 mmM Tris- HCI (pH 7.4, 25°) containing 10 uM phosphoramidon, 4
ug/ml leupeptin, 4 ug/ml chymostatin, 40 ug/ml bacitracin, 3 mM
MnCl,, and 0.2%, w/v, BSA], frozen, and stored at —80° for up to 4
months with no apparent loss of SP- and FK888-binding activity.
Protein concentration was determined by the method of Lowry et al.
(25), using BSA as a standard.

Ligand-binding experiments. Approximately 200 ug of lung
membrane protein were incubated with 0.25 nM [*H]FK888 at 25° for
30 min in a final volume of 250 ul of binding buffer. The assays were
terminated by rapid filtration under reduced pressure over Whatman
GF/B glass fiber filters that had been presoaked for at least 3 hr in
0.01% BSA, and filters were washed rapidly three times with ice-cold
50 mM Tris- HCI buffer (pH 7.4, 4°) containing 0.05% BSA. Nonspecific
binding was defined as binding in the presence of 1 uM CP-96,345.
Each filter was counted in 4 ml of Filtron-X (National Diagnostics,
Manville, NJ) in a liquid scintillation counter (Packard model 2200CA).
For the dissociation study, CP-96,345 (1 uM final concentration) was
added to the reaction mixture of [*"H]FK888 (0.25 nM) and membranes
(200 ug) at 30 min, when equilibrium of [*H]FK888 binding had been
reached. The incubation was terminated at each time point.

In saturation experiments, membranes were incubated with 0.05-1.0
nM [*H]FK888 at 25° for 30 min. In competition studies, competing
ligands at various concentrations were added to the reaction mixture
at the beginning of incubation. The data were expressed as the per-
centages of specific binding in the absence of competing ligand.

We also studied the effect of GTPvS on competition curves for SP
competition with [*H]FK888 binding. [*H]FK888 (0.25 nM) was incu-
bated with 200 ug of membranes and 10~ to 10~® M SP, in the presence
or absence of GTP+S (100 uM), at 25° for 30 min.

Preparation of tissue sections. Parenchymal tissue was inflated
by bronchial instillation of OCT embedding medium diluted 1/4 with
phosphate-buffered saline. All tissue samples were snap-frozen in iso-
pentane cooled in liquid nitrogen and were stored at —80° until required.
Serial frozen sections (10 um) of parenchymal and trachea tissues were
cut at —30° and thaw-mounted onto gelatin-coated glass microscope
slides. Sections were stored at —80° for up to 2 months without loss of
binding.

Autoradiography. Slides were warmed to room temperature,
washed in incubation buffer [50 mM Tris- HCI (pH 7.4, 25°) containing
10 uM phosphoramidon, 4 ug/ml leupeptin, 4 ug/ml chymostatin, 40
ug/ml bacitracin, 3 mm MnCl,, and 0.2%, w/v, BSA), and incubated
with 0.25 nM [PH]FK888 at 25° for 30 min. Nonspecific binding was
determined by incubating adjacent sections under the same conditions
in the presence of CP-96,345 (1 uM). After incubation, the slides were
washed twice for 2 min in ice-cold buffer (50 mM Tris-HCl, pH 7.4,
4°), rinsed in cold distilled water, and then rapidly dried in a stream of
cold air. Glass coverslips that had been previously coated with Ilford
K-5 emulsion were fixed to one end of the slides with cyanoacrylate
adhesive and held in contact with the sections with butterfly clips.
Slides were exposed to the emulsion for 6-8 weeks at 4°. The coverslips
were developed in Kodak D-19 developer and fixed. Sections were
stained with 1% cresyl fast violet and examined under a Zeiss micro-
scope equipped with dark- and bright-field illumination.

Materials. The NK-selective antagonists FK888 and CP-96,
345 and the NK,/NK;-nonselective antagonist FK224 [N-[N*-[N-
[N-[N-[2,3-dihydro-N-methyl-N-[N-[3-(2-pentylphenyl)propionyl]-L-
threonyl]-tyrosyl)-L-leucynyl]-D-phenylalanyl}-L-allo-threonyl]-L-as-

paraginyl]-L-serine-y-lactone] (19, 26-28) were provided by Fujisawa
Pharmaceutical Co. Ltd. (Osaka, Japan). The NK, receptor-selective
antagonist SR48968 was provided by the SANOFI Research Center
(Montpellier, France), and L-659,877 was from Cambridge Research
Biochemicals Ltd. (Northwich, UK). The tachykinin agonists SP,
NKA, and NKB and all other chemicals were purchased from Sigma
Chemical Co. (Poole, UK). [PH]FK888 (specific activity, 85 Ci/mmol;
purity, 98.8%) was synthesized (by custom synthesis) and supplied by
Amersham International plc (Amersham, UK).

Data analysis. Binding parameters for saturation studies (K, the
equilibrium dissociation constant, and B,,., the maximum number of
binding sites) and for competition studies (K;, the inhibition constant)
were estimated by nonlinear least squares regression analysis of data
using the computer program GRAPHPAD.

Results

Kinetic studies. The time course of [*H]FK888 binding at
25° to membranes prepared from guinea pig lung is shown in
Fig. 1. The specific binding of [*H]FK888 was rapid, reaching
equilibrium within 20 min, and was stable for at least 100 min
thereafter (data not shown). At 0.25 nM ligand, 8-10% of the
total added radioactivity was bound to the membranes, and
approximately 65-75% of this binding was displaced by an
excess of the NK, receptor-selective antagonist CP-96,345. At
equilibrium (i.e., 30 min), bound [*H]FK888 could be displaced
from the membrane by addition of excess CP-96,345. Almost
all of the ligand specifically bound was displaced in 20 min.
Association and dissociation curves were monophasic, and the
computed rate constants calculated from the experiments were
ky = 0.202 nM™! min™! and k-; = 0.093 min~'. The kinetic
dissociation constant (K, = k_,/k,) was 0.46 nM.

Saturation studies. In saturation studies, specific binding
of [*H]FK888 was saturable at approximately 1 nM, as shown
in Fig. 2. Computer curve-fitting analysis of the data yielded
straight lines, suggesting specific binding to a single class of
receptor (Fig. 2), with a K, of 0.32 + 0.03 nM and a By, of 46.9
+ 7.1 fmol/mg of protein (four experiments).

Competition studies. Figs. 3 and 4 show competition curves

CP-96,345

: -3

SH-FK888 Bound (dpm)

30 40 50 60
Time (min)

Fig. 1. Kinetics and reversibility of [*H]FK888 binding to guinea pig lung
membrane. [*H]FK888 (0.25 nm, 85 Ci/mmol) was incubated with lung
membrane te at 25° in the presence (A) or absence (@) of 1
um CP-96,345 in the binding buffer, and the incubation was terminated
at the time points indicated. To determine the dissociation of bound [*H]
FK888, 1 um CP-96,345 was added after incubation for 30 min and
incubation was continued for 30 min (O).
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Fig. 2. Saturation curve and Scatchard plot (inset) of [°H]FK888 binding
to guinea pig lung membranes. Lung membrane homogenate was incu-
bated with i ing concentrations of [*H)FK888 for 30 min at 25°.
CP-96,345 (1 um) was used to determine nonspecific binding. A repre-
sentative result from four separate experiments is shown.
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Fig. 3. Competition curves for competition with [°H]FK888 binding by
endogenous tachykinins and NK, and NK; receptor-selective an
nis\s.Gtﬁmapiglmgmembtaneswereirmbatedwimo.ZSnu )
FK888 for 30 min at 25°, with varying concentrations of agonists and
antagonists. Nonspecific binding was subtracted from total binding, and

specific binding is e as the percentage of maximal specific
binding. O, FK888; A, CP-96,345; 0] FK224; A, NKA; W, NKB; O, L-
659,877; V, SR48968.

for endogenous tachykinins and NK, and NK; receptor-selec-
tive antagonists. Table 1 lists K; values of the competitors for
[*H]FK888 binding, obtained by analysis of three or four sep-
arate experiments. The NK, receptor-selective antagonists CP-
96,345 and FK888 inhibited [°’H]FK888 binding more potently
than did SP or the nonselective antagonist FK224. The com-
petition curves for CP-96,345 and FK888 gave Hill slopes close
to unity and could be best described by a single-binding site
model. The Hill slope of the inhibition curve for FK224 was
shallow (ny = 0.66 + 0.03, which was significantly less than
unity), indicating heterogeneity of binding. On the other hand,
the endogenous agonists NKA and NKB were weak and inhib-
ited only 38-41% of [PH)FK888 binding. The NK, receptor-
selective antagonists L-659,877 and SR48968 did not displace
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Fig. 4. Inhibition of [°H]FK888 binding to lung membranes by SP in the
presence (@) or absence (O) of GTP+S.

TABLE 1

K, values for competition against [*H]FK888 binding by tachykinin
agonists and antagonists

K; values were calculated from ICs, values for each , obtained from the
competition curves, according to the equation K, = ICso/(1 + [L}/K4) [where [L] is
the free concentration of the radioligand (0.25 nm) and K, is the equilibrium
dissociation constant (0.32 nm)] (45) and are expressed as mean + standard error
from three or four separate experiments.

Competitor K
nM
FK888 0.56 + 0.06
CP-96,345 0.22 + 0.08
FK224 56.5 + 16.7
SR48968 10% inhibition at 1 um

L-659,877 No inhibition up to 1 um
SP 0.84 £ 0.19

NKA 38% inhibition at 1 um
NKB 41% inhibition at 1 um

[*H)FK888 binding at concentrations up to 1 uM. The rank
order of potency of competitors for [*’H]FK888 binding in lung
membranes was CP-96,345 > FK888 > SP > FK224 > NKA
> NKB, strongly suggesting selective binding to NK, receptors.

Effect of GTP~S on inhibition by SP of [*H]FK888
binding. When 100 uM GTP+S was added to lung membranes
incubated with 0.25 nM [°’H])FK888 in the presence of increasing
concentrations (107" to 10~® M) of SP, displacement of [*H]
FK888 by SP was shifted to a low affinity state with a steeper
curve (before GTPvS, ny = 0.49 + 0.04; after GTP«S, ny =
1.07 + 0.1; four experiments), as shown in Fig. 4.

Autoradiography. Autoragraphic analysis showed specific
labeling with [*’H]FK888 in guinea pig trachea and lung sections
(Fig. 5). High densities of specific binding sites were demon-
strated in airway smooth muscle of all sizes and in epithelium
of bronchi and small bronchioles but not trachea. Submucosal
glands of trachea also had dense labeling. There was little
labeling over alveolar walls, and no binding was detected over
vascular smooth muscle.

Discussion

The novel antagonist FK888 is almost equipotent with SP
itself in displacing [*H]SP binding to NK, sites in guinea pig
lung membranes and inhibits the contraction of isolated ileum
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Fig. 5. Autoradiographic distribution of [*H]FK888 binding sites in guinea pig trachea (A-C), bronchus (D-F), and lung (G-I). A, D, and G, Dark-field
photomicrographs showing the distribution of [*H]FK888 binding sites; B, E, and H, bright-field photomicrographs stained with 1% cresyl fast violet;

C. F, and |, adjacent sections showing the

distribution of [*H]FK888 binding sites in the presence of 1 um CP-96,345. SM, smooth

muscle; Ep, epithelium; G/, glands; C, cartilage; Tr, trachea; Br, bronchus; BJ, bronchiole; Al, alveoli; BV, blood vessel. Scale bar = 50 um.

and airway plasma extravasation induced by SP in guinea pigs
(18). FK888 also inhibits SP-induced plasma exudation in
guinea pig trachea and bronchi in vivo (19). On the other hand,
FK888 does not inhibit the contraction of rat vas deferens
produced by NKA (mediated by NK; receptors) or that of rat
portal vein produced by NKB (mediated by NK; receptors)
(18). FK888 thus appears to be a potent and highly selective
NK; receptor antagonist that is active both in vitro and in vivo.

In the present study, [*H]FK888 bound to guinea pig lung
membranes rapidly, reaching equilibrium within 20 min, and
the binding was stable under these conditions. At 0.25 nM [*H]
FK888, approximately 70% of binding was displaced by excess
CP-96,345, a NK, receptor-selective antagonist. Binding of [*H]
FK888 to the membranes at equilibrium was completely re-
versed by addition of excess CP-96,345, within 30 min. At
equilibrium, binding of [*H]FK888 to membranes was saturable
and the equilibrium K, was similar to the K, value derived by
kinetic analysis. This suggests that the interaction of [*H]
FK888 with guinea pig lung membranes is a specific ligand-
receptor interaction. Competition studies revealed a rank order
of potency of CP-96,345 > FK888 > SP » FK224 > NKA >
NKB, which indicates that [P’H]FK888 binds selectively to NK,
receptors in guinea pig lung. Both L-659,877 (29-33) and the
nonpeptide compound SR48968 (17, 32, 33), which are NK,
receptor-selective antagonists, were inactive at concentrations
up to 1 uM.

Analysis of the saturation study suggests that [*H]FK888
binds to a single class of receptor. Coats and Gerard (34)

reported a single class of receptors for '*I-Bolton-Hunter-SP
in both lung parenchymal and airway membranes of guinea
pigs, with a K, of 2-3 nM and a receptor density of 4-5 fmol/
mg of wet weight of tissue, whereas Geraghty et al. (35) sug-
gested, from agonist competition studies that there were high
and low affinity binding sites (approximately 2:3) for '*I-
Bolton-Hunter-SP in guinea pig lung membranes, with a K, of
1 nM and maximum density of binding sites of 0.65 fmol/mg of
wet weight. In the present study, a K, value of 0.32 + 0.03 nM
and a By, value of 46.9 + 7.1 fmol/mg of protein were obtained,
indicating that the affinity of [*(H]FK888 is higher than that of
125].Bolton-Hunter-SP in guinea pig lung membranes.

A characteristic feature in the competition curve of SP is an
incomplete displacement of specific [°*H]FK888 binding even
at 1075 M SP, as shown in Fig. 4, whereas CP-96,345 as well as
FK888 can displace specific [°’H]FK888 binding completely
(Fig. 3). SP competed with [*H]FK888 for NK, receptors in
lung membranes but, in contrast to the NK, receptor-selective
antagonists studied, yielded a shallow inhibition curve that was
statistically better described by a two-site model. Such binding
data indicate either receptor heterogeneity or the presence of a
single population of receptors that exist in at least two inter-
convertible conformational states, for which the agonist has
high and low affinity. Given that there is little convincing
evidence for multiple NK;, receptors, short and long forms have
recently been demonstrated in humans (36). Barr and Watson
(37) have also suggested the presence of more than one class of
NK, receptors in the human astrocytoma cell line UC11. It was

2102 ‘€ Jaqwaosag uo Alsianiun pesewwey] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

reasoned that the shallow inhibition curve obtained with SP
was due to different conformational states of the same NK,
receptors. Indeed, the finding that GTP~yS (100 uM) reduced
the affinity of SP by >40-fold and increased markedly the slope
of the competition curve is consistent with this hypothesis.
Furthermore, NKA and NKB caused 38-41% inhibition of [°H]
FK888 binding in a concentration-dependent manner, indicat-
ing that these endogenous agonists also have reasonable affinity
for NK, receptor sites. Given that SP did not fully displace
[CH]FK888 binding even in the presence of GTP+S, it is
possible that SP (NK; endogenous ligand) does not possess full
activity at [*H]FK888 binding sites.

The NK, receptor of rat and human has been cloned; it
contains seven putative membrane-spanning domains and
shows sequence similarity to the G protein-coupled receptor
family (36, 38-40). Activation of the NK, receptor results in
the hydrolysis of inositol phospholipid in several tissues, in-
cluding rat salivary gland, rat brain, and guinea pig trachea
(41-43). In the future, the availability of cloned receptor probes
should give more precise information about the possibility of
subtypes.

Our autoradiographic data demonstrate that binding sites for
[*H]FK888 are localized to airway smooth muscle from trachea
to small bronchioles but not to vascular smooth muscle. Mod-
erate labeling was also demonstrated over epithelium of bronchi
and bronchioles and over submucosal glands of trachea. Thus,
the distribution and density of [*H]FK888 labeling in guinea
pig trachea and lung are consistent with previous autoradi-
ographic studies (24, 44), which showed high densities of spe-
cific binding sites for '*I-Bolton-Hunter-SP in smooth muscle
of all airways down to small bronchioles, with lesser binding
being associated with guinea pig vascular smooth muscle and
epithelium. In guinea pigs, NK, as well as NK; receptors
mediate the bronchoconstriction response to tachykinins (31).
It is likely that '*I-Bolton-Hunter-SP binds not only to NK,
receptors but also to NK; receptors in guinea pig lung sections.
In contrast, endogenous tachykinins produce dose-related in-
creases in epithelial goblet cell secretion in guinea pig trachea,
and the order of potency, SP > NKA > NKB, suggests that
mucus secretion is mediated via NK, receptors (12).

In conclusion, our results demonstrate that a novel radioac-
tive NK, receptor-selective antagonist, [*’H]FK888, binds spe-
cifically to NK, receptors in guinea pig lung and its binding
sites are localized to smooth muscle of all airways, epithelium
of bronchi and bronchioles, and submucosal glands. [*H]FK888
may be a useful radioligand for studying the pathophysiological
roles and the regulation of expression of NK, receptors in lung
and other tissues.
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