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ABSTRACT: Neutral endopeptidase (NEP, E.C. 3.4.24.11), a widely distributed
ectoenzyme, cleaves and inactivates a variety of biologically active peptides, includ-
ing the tachykinin, substance P (SP). This study was undertaken to determine
whether the modulation of SP airway smooth muscle contraction by NEP is age-
dependent.

We studied the contractile response of isolated tracheal rings from newborn and
120 day old New Zealand white rabbits. We measured NEP activity and deter-
mined immunoreactive NEP content in tracheal membrane preparations. NEP
activity was then localized histochemically in sections of rabbit tracheas.

In the presence of the NEP inhibitor, SCH 32615, the contractile response of
isolated tracheal rings to SP was increased both in the newborn and 120 day old
rabbits. However, the increase was greatest in the newborn animals. NEP acti-
vity in tracheal membrane preparations increased fivefold between the newborn
and 120 day old rabbits. Western blot analysis also revealed a significant increase
in the immunoreactive NEP content of these tracheal membrane preparations be-
tween the newborn and 120 day old rabbits. NEP activity, localized histochemi-
cally, was most intense in the epithelial region of the newborn animals, with a shift
of activity to the subepithelial region with age.

The prominent epithelial localization of neutral endopeptidase in the tracheas
of these 1 day old rabbits, which we have shown to have relatively low neutral
endopeptidase activity, suggests that the location of neutral endopeptidase in the
airway, including proximity to relevant substance P receptors, may be critical to
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Neutral endopeptidase (NEP; EC 3.4.24.11) is a high-
ly conserved cell membrane-associated enzyme, which
has been found in neural and nonneural tissues, includ-
ing the brain, kidney, intestine, male reproductive organs
and placenta [1]. NEP activity has also been detected
in the lungs and airways of a number of species [2, 3],
including humans [4, 5]. In the lung, NEP has been
localized to airway smooth muscle, fibroblasts, chondro-
cytes, perichondrium, submucous gland epithelial cells,
airway epithelium, and the lung parenchyma [3, 5]. NEP
cleaves and inactivates a wide variety of biologically
active peptides involved in functions as diverse as the
regulation of blood pressure [6], chemotaxis [7], and
the regulation of foetal lung growth and maturation [8].

Recently, a great deal of interest has been focused on
the ability of NEP to cleave tachykinins released from
C-fibres in the airways. Both animal studies and stud-
ies in human airways have shown that by degrading sub-
stance P (SP) and neurokinin A, NEP limits the capacity
of these peptides to contract airway smooth muscle, to
induce mucous secretion, and to increase vascular per-
meability [4]. NEP also appears to be involved in limi-
ting the airway responses to other mediators, which may
act, in part, by releasing tachykinins from C-fibres to
induce effects [9, 10]. The responsiveness of the airways

to a variety of mediators, including SP, decreases with
age [11, 12]. Since metabolism by NEP influences the
action of peptide mediators, we reasoned that matura-
tional changes in NEP could have important functional
implications. To explore this hypothesis, we studied the
contractile response of isolated tracheal rings to SP in
the presence and absence of the NEP inhibitor, SCH
32615. We then measured the NEP activity and immuno-
reactive content in rabbit tracheas. Finally, we localized
NEP activity, histochemically, in tracheal sections from
rabbits of different ages.

Methods

Contractile response to SP

One and 120 day old barrier-reared male New Zealand
white rabbits were euthanized with an intraperitoneal
overdose of sodium pentobarbital. The age of 120 days
was selected because rabbits are considered to be fully
mature when they are 105-140 days of age, weigh 3-3.5
kg, and are capable of reproducing. The trachea and lungs
were removed en bloc and placed into Krebs-Henseleit
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solution, pH 7.5 (composition mM: NaCl 118.4, KCl
4.7, CaCl,2H,0 2.5, MgS0O,.7H,0 1.2, KH,PO, 1.2,
NaHCO; 25.0, and (+)-glucose 11.1) aerated with 5%
CO, in O,. Adjacent tracheal rings were suspended
between stainless steel hooks under a 1 or 2 g load for
the 1 (n=6) and 120 day old (n=7) preparations, respec-
tively, in organ baths containing Krebs-Henseleit solu-
tion. The baths were maintained at 37°C with circulating
water jackets, and aerated with 5% CO, in O,. The tis-
sues were allowed to equilibrate over 1 h with a solu-
tion change every 20 min.

Changes in tension were measured isometrically with
Grass FT.03 transducers (Warwick, RI, USA). At the
end of the period of equilibration, SCH 32615 (N-(L-(-
1-carboxy-2 phenyl)-ethyl)-L-phenylalanyl-beta-alanine)
(105 M final concentration) [13] was added to one of
each pair of tissue baths containing adjacent tracheal
sections. Cumulative concentration-responses to SP (10—
10-5 M) were then obtained. At the end of the concen-
tration-response curve, following several changes in
bathing solution and re-establishment of baseline tone,
acetylcholine (ACh) (103 M) was added to each bath
and the contractile plateau was recorded. Responses to
SP were normalized to the response obtained with ACh
(103 M).

NEP activity in tracheal membrane preparations from
rabbits of different ages

The tracheas of 1 and 120 day old rabbits were rem-
oved, immediately placed in liquid nitrogen, and stored
at -80°C until use. Using a modification of the method-
ology of OrLowsk1 and WiLk [14], tissues for membrane
preparations were thawed before adding five volumes
of cold 0.02 M sodium phosphate buffer, pH 8.0, with
0.25 M sucrose, followed by homogenization with a
Teflon-coated probe for three 10 s pulses (setting 6)
(Brinkman, Westbury, NY, USA). Samples were then
centrifuged at 5,000xg for 20 min. The pellet was dis-
carded, the supernatant was brought to a final concentra-
tion of 100 mM zinc sulphate, and the pH was adjusted
to 5.2 by the addition of 20% acetic acid. The samples
were then centrifuged at 15,000xg for 30 min, the super-
natant discarded, and the pellets resuspended in 5 mL
Tris buffer, pH 7.0, with 2% Triton X-100. The sus-
pensions were transferred to a 15 mL glass homogeniz-
er and brought to uniform consistency. The membrane
preparations were then incubated at 37°C in a water bath
for 1 h, followed by centrifugation at 30,000xg for 1 h.
The supernatant with solubilized enzyme was stored at
-80°C until use.

Determination of enzyme activity

Aliquots of the membrane preparations were added,
in duplicate, to an excess of NEP substrate, Glu-Ala-
Ala-Phe-alpha-methylcoumarin (5x10* M) (Enzyme
Systems Products, Livermore, CA, USA) in 45 pL of
0.5 M 2-(N-morpholine) ethanosulphonic acid (MES)
buffer (Spectrum, Gardena, CA, USA), pH 6.5, with 0.5%
Triton X-100. Phe-7-amino-4-methylcoumarin (AMC)

complexes were produced following NEP cleavage dur-
ing a 45 min incubation, following zero order kinetics
(data not shown), in a water bath maintained at 37°C.
Enzyme activity was halted by the addition of dithio-
threitol (final concentration 1 mM). Porcine renal amino-
peptidase M, 1.3 U, (Calbiochem, La Jolla, CA, USA)
was added to each reaction mixture, followed by incu-
bation for an additional 10 min at 37°C to liberate the
AMC moiety.

The samples were placed on ice, transferred to a 96-
well Pro-Bind microtitre plate (Becton Dickinson, Lin-
coln Park, NJ, USA) and analysed in a CytoFluor 2300
(Millipore, New Bedford, MA, USA), with an excita-
tion wavelength of 360 nm and emission wavelength
of 460 nm. Free AMC was used as a standard. Protein
content of the membrane preparations was determined,
in duplicate, using the Bio-Rad protein assay (Bio-Rad
Laboratories, Richmond, CA, USA). The selective NEP
inhibitor, SCH 32615, was added to duplicate samples.
Enzyme activity is reported as the nanomoles of AMC
liberated-mg protein-!-h-!, which was inhibited by 10-
M SCH 32615.

Western blot analysis

Membrane preparations from the tracheas of newborn
and 120 day old male New Zealand white rabbits (10
pg per lane) were subjected to 12% polyacrylamide gel
electrophoresis in the presence of sodium dodecylsul-
phate (SDS-PAGE). The gel was then placed in a semi-dry
electroblot apparatus (Integration Separation Systems,
Hyde Park, MA, USA), with an Immobilon P membrane
(Millipore, Bedford, MA, USA) on the anode side, and
the protein transferred at 50 mA for 1 h at room temp-
erature. Nonspecific staining was blocked with phos-
phate-buffered saline (PBS), pH 7.5, containing 5%
instant nonfat milk.

The Immobilon P membrane was incubated with a
polyclonal rabbit anti-rat kidney NEP antibody (gift
from Dr L. Hersh) at a dilution of 1:1000 in PBS with
5% milk for 2 h at room temperature. This antibody has
previously been judged to be monospecific against de-
natured NEP, recognizing a single band of the same
molecular weight as pure NEP from a crude rat kidney
homogenate [14], and has also been reported to identify
NEP in Western blot analyses [15, 16]. The Immobilon
P membrane was then washed with PBS for 30 min with
buffer changes every 10 min.

Horseradish peroxidase-anti-immunoglobulin (Ig) con-
jugate (Vectastain, Burlingame, CA, USA) was diluted
1:1000 in PBS and incubated with the Immobilon P mem-
brane for 1.5 h at room temperature. The Immobilon P
membrane was again washed in PBS for 30 min with
buffer changes every 10 min. Diaminobenzidine sub-
strate solution (1 pg-mL-! in PBS with 0.1% hydrogen
peroxide) was then added and allowed to develop for
approximately 2 min. The reaction was stopped by wash-
ing with tap water. Photographs of the Immobilon P
membranes were electronically scanned (Apple One
Scanner, Campbell, CA, USA) and the relative density
of the gel bands were determined using a personal com-
puter-based image analysis program (NIH Image ver-
sion 1.41, Bethesda, MD, USA).
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NEP histochemistry

This method, modified from the methods of BAck and
GORENSTEIN [17], is based on the sequential cleavage of
the synthetic NEP substrate glutaryl-ala-ala-phe-4-meth-
oxy-2-naphthylamide (GaapMNA) (Enzyme Systems Pro-
ducts, Livermore, CA, USA) by NEP and aminopeptidase
to yield free MNA. Free MNA then reacts with fast blue
B (Fisher, Pittsburgh, PA, USA) yielding an insoluble
orange precipitate visible by light microscopy. Sections
of newborn (n=4) and 120 day old (n=5) rabbit tracheas,
fixed with 2% paraformaldehyde, were reacted with 0.5
mM GaapMNA in Tris-HCI buffer, pH 7.4, with 0.5
mg-mL-! fast blue salt. Sections were incubated for 2
h at 37°C, rinsed, and mounted with aqueous glycerol
mounting medium. Formation of the precipitate was
inhibited by the addition of 10 M SCH 32615 to the
incubation medium, verifying that the formation of the
product was the result of hydrolysis by NEP.

Statistical analysis

Differences in contractile responses, normalized to
the response obtained with ACh (10-3 M), were assessed
by means of a two-tailed Student's t-test for paired data.
Differences were considered significant at a p-value
equal to or less than 0.05. Comparisons of NEP activity
and relative densities of gel bands between groups of
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Fig. 1. — The effect of substance P on the isometric force genera-

tion in: a) 1 day old (n=6), and b) 120 day old (n=7) rabbit tracheal
rings in the absence (closed symbols) and presence (open symbols)
of SCH 32615 (10> M final concentration). Data are represented as
a percentage of the response to ACh (103 M). **: p<0.01

rabbits of different ages were made using analysis of var-
iance (ANOVA). Follow-up t-tests were performed with
corrections for multiple comparisons.

Results

Contractile response to SP

SP produced concentration dependent-contraction in
tracheal sections from newborn and 120 day old rabbits
(fig. 1). In control tissues, responses to SP were approx-
imately the same in the newborn (n=6) and 120 day old
(n=7) animals. Inhibition of NEP with SCH 32615 en-
hanced the contractile response to SP to a greater ex-
tent in the newborn (n=6) than in the 120 day old (n=7)
animals. In the presence of the NEP inhibitor, SCH
32615, the increase in contractile response of isolated
tracheal rings to SP (10-5 M) was more than 50% greater
in the younger animals than in the older animals (fig.
1).

NEP activity in tracheal membrane preparations from
rabbits of different ages

To determine whether differences in NEP activity
contributed to the differing effects of SCH 32615 on
contractile response to SP with age, NEP activity was
measured in membrane preparations of the tracheas
from newborn and 120 day old rabbits. However, in
contrast to the effects of SCH 32615 on contractile res-
ponses to SP (fig. 1), NEP activity was more than five-
fold greater in 120 day old (102.7+8.26 nmol substrate
cleaved-mg protein-!-h-!; n=6) than in 1 day old rabbits
(19.86£8.59 nmol substrate cleaved-mg protein-!-h-1;
n=5) (p<0.01) (fig. 2). SCH 32615 caused similar con-
centration-dependent inhibition of NEP activity in both
preparations.

Western blot analysis of tracheal membrane prepara-
tions from newborn and fully mature rabbits

In order to determine whether the increase in NEP
activity measured with age was due to an increase in
NEP protein, the same membrane preparations were
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Fig. 2. — The relationship between rabbit age and neutral endopep-
tidase (NEP) activity in tracheal membrane preparations from 1 and
120 day old rabbits. Each point represents an individual rabbit. Means
are represented by horizontal bars. **: p<0.01.
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subjected to Western blot analysis. A polyclonal rabbit
anti-rat NEP antibody labelled a discrete band corres-
ponding to the molecular weight of NEP (approximately
90 kDa) [14], following SDS-PAGE fractionation of
these rabbit tracheal membrane preparations (fig. 3). The
mean intensity of this band increased with age between
1 day (302£106 arbitrary intensity units (au); n=6) and
120 days (2284£290 au; n=6) (p<0.01) (fig. 4). The min-
or band, which probably represents a glycosylation var-
iant [16], has been reported previously [15, 16].

Histochemical localization of NEP activity in the tra-
cheas of rabbits of different ages

NEP activity, reflected by an increase in NEP pro-
tein, increased with age. We had expected that the effect
of the NEP inhibitor, SCH 32615, would be greater in
the tissues exhibiting greater NEP activity, i.e. in tra-
cheas from older animals. However, we found that NEP
inhibition had a greater effect, potentiating responses
to SP in tracheas from the newborn rabbits, which had
the least NEP activity (fig. 1).

In order to determine whether there were age-related
differences in the locus of NEP activity, rather than the
total amount of NEP activity, that might explain the
differences in the effects of NEP inhibition on the con-
tractile responses to SP with age, a histochemical tech-
nique was used to visualize NEP. NEP activity was
observed in the epithelial and subepithelial region in
sections of tracheas from newborn and 120 day old rab-
bit tracheas (fig. 5a and c). The addition of 10 M SCH
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Fig. 3. — A representative Western blot analysis demonstrating in-
crease in neutral endopeptidase (NEP) immunoreactive content from
1 (lane 1) and 120 (lane 2) day old rabbit tracheal membrane prepa-
rations. Equal amounts of protein (10 pg-lane-!) were probed with a
polyclonal rabbit anti-rat NEP antibody (see text). Molecular weight
standards (STD) are shown at left.
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Fig. 4. — Densitometric analysis of Western blots (n=6) detecting
immunoreactive neutral endopeptidase (NEP) content of 1 and 120
day old rabbit tracheal membrane preparations. Results are present-
ed as meantsem. **: p<0.01.

Fig. 5. — Histochemical staining of sections from 1 and 120 day old
rabbit trachea demonstrates neutral endopeptidase (NEP) activity (see
text), predominantly in: a) the epithelial region of the 1 day old and
c) the subepithelial region in the 120 day old rabbits. b) Staining was
reduced to background levels by pre-incubating the section with a
NEP inhibitor, 10 M SCH 32615. Internal scale bars = 100 pm.

32615 to the incubation medium to sequential sections
blocked the formation of the precipitate (fig. 5b), veri-
fying that this was indeed the result of NEP hydrolysis
of the substrate. The sites of NEP activity changed with
age. In the newborn animals, NEP activity was most
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pronounced in the epithelium (fig. 5a). The NEP epithe-
lial staining intensity diminished with age, while the
subepithelial staining increased in intensity with age,
being most pronounced in the tracheas of the 120 day
old animals (fig. 5c).

Discussion

We have shown that the NEP inhibitor, SCH 32615,
causes a greater enhancement of the contractile response
to SP in tracheal rings of newborn than 120 day old
rabbits. In contrast to the effects of SCH 32615 on SP-
induced contraction, we found that NEP activity was
substantially greater in the 120 day old than in the 1
day old rabbits (fig. 2). The increase in NEP activity
was also reflected in a greater amount of NEP protein,
as determined by Western blot analysis (figs. 3 and 4).
We demonstrated that the site of NEP activity, local-
ized histochemically, shifted from the epithelial region
in the tracheas of the newborn rabbits to the subep-
ithelial region in older rabbits (fig. 5).

We showed that the NEP inhibitor, SCH 32615, en-
hances tracheal contractions to SP both in newborn and
120 day old rabbits. However, we found that the con-
tractile response was increased to a greater extent in the
newborn than in the 120 day old rabbit tracheal rings.
Increasing the concentration of SCH 32615 had no fur-
ther effect on the contractile response (data not shown),
suggesting that NEP activity had been maximally in-
hibited in both preparations. Similar observations have
been reported by CoLasURDO et al. [18]. They found that
inhibition of NEP with phosphoramidon enhanced the
contractile response of tracheal rings to SP both in 1
and 12 week old rabbits, and that the effect was more
pronounced in the younger animals. Thus, even though
total NEP activity and NEP content were greater in the
120 day old than in the 1 day old rabbit tracheas (fig.
2), NEP degradation of SP appears to be much more
important in modulating contraction in the tracheas of
the younger rabbits.

One potential explanation for the greater effects of
SCH 32615 in the newborn rabbit tracheas (fig. 1), des-
pite a reduced total NEP activity and content (fig. 2),
is that the site of NEP activity (fig. 5), rather than the
total amount, is critical to its function. Epithelial NEP
activity is important in modulating contractile respon-
ses of airways to SP [18, 19]; removal of the epithelium
from 16-20 week old Japanese white rabbit tracheas
enhanced contractile responses to SP; however, no dif-
ference was seen in the contractile response to SP bet-
ween intact and epithelium-denuded preparations in the
presence of a NEP inhibitor [19]. CoLASURDO et al. [18],
in a preliminary report, showed that epithelial removal
increased responses of tracheal rings to SP in 1 week
old rabbits, but not in adults. We observed, in the younger
animals, that NEP activity was most pronounced in the
epithelium (fig. 5). This epithelial NEP staining dimin-
ished with age. In the older rabbits, NEP activity in the
subepithelial region increased in intensity (fig. 5c). The
importance of epithelial NEP for modifying contractile
activity induced by SP, in conjunction with the promi-
nent epithelial location of NEP in the younger animals

(fig. 5a), may explain the greater effect of NEP in mod-
ifying contractile functions in these animals.

The determinations of enzyme activity were normal-
ized to the total protein concentration of the tracheal
membrane preparations. Changes in the contribution of
the constitutive tracheal elements to the total tracheal
protein content with age, in conjunction with differences
in the expression of NEP across various elements, could
produce a relative increase in the determinations of pro-
tein content (fig. 4), and subsequently, NEP activity (fig.
2). We detected a reduction in tracheal epithelial NEP
histochemical staining with age, with a concomitant
increase in subepithelial NEP activity (fig. 5). Thus, our
findings suggest that, while total NEP activity increas-
es with age in tracheal homogenates, the level of activ-
ity varies in different regions of the trachea.

We have detected NEP activity in newborn rabbit tra-
cheas and observed an increase in activity with age (fig.
2). Postgestational changes in NEP activity have also
been reported in the tracheas of piglets between ages
<4 days and 10 weeks [2, 20]. In the rat lung, levels of
NEP doubled in the first two postgestational weeks [21].
Increases in NEP activity with age have also been seen
in other organs. In rat striatum, enkephalinase, which
has recently been found to be homologous to NEP [14,
22], was shown to increase sixfold during postnatal dev-
elopment [23].

In conclusion, our results indicate that enhancement
of the contractile response to substance P by inhibition
of neutral endopeptidase is greater in the 1 day old than
in 120 day old rabbits. In contrast, total neutral endo-
peptidase tracheal activity and neutral endopeptidase
protein content are greater in the 120 day old than in
the 1 day old rabbits. One possible explanation for the
greater ability of SCH 32615 to augment contractile
responses to substance P in the newborn versus adult
tracheas is that the site of neutral endopeptidase acti-
vity is more important than either total neutral endopep-
tidase activity or neutral endopeptidase protein content.
Given the importance of the epithelium in modulating
the contractile response of the airways to substance P,
the prominent localization of neutral endopeptidase in
the epithelium of the newborn animals may have impor-
tant functional consequences. The modulatory effect of
neutral endopeptidase on substance P-induced airway
smooth muscle contraction, and perhaps the actions of
other peptide mediators, may be tissue site-specific.
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