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Abstract

The uterotonic potencies of the naturally occurring mammalian tachykinins and the synthetic subtype-selective agonist analogues of
these agents [Lys®MeLeu’,Nle®Ineurokinin A-(4-10) and [Nle'®Ineurokinin A-(4-10) (tachykinin NK, receptor-selective),
[Sar®,Met(0,) ]substance P (tachykinin NK; receptor-selective) and senktide (tachykinin NK , receptor-selective) were determined
using preparations from oestradiol-treated rats. The endopeptidase 24.11 inhibitor, N-[ N-[1-(S)-carboxyl-3-phenylpropyl]-(S)-phenyl-
alanyl-(S)-isoserine (SCH 39370), potentiated responses to neurokinin A, neurokinin B and substance P, but not to
[Lys® MeL eu® Nle'Ineurokinin A-(4—10) or senktide. [NIe*°Jneurokinin A-(4—10) effects were potentiated by SCH 39370 with amastatin
and those to [Sar® Met(O,)']substance P were potentiated by SCH 39370 and captopril in combination. In the presence of optimal
concentrations of peptidase inhibitors the relative order of agonist potency was. neurokinin A > substance P > neurokinin B for the
naturally occurring mammalian tachykinins and [Lys®MeLeu® Nle'®Ineurokinin  A-(4-10) > [Nle°Ineurokinin A-(4-10) >
[Sar®,Met(0,) " Isubstance P > senktide for the synthetic tachykinin analogues. Thus, while a tachykinin NK , receptor predominates in
the oestrogen-primed uterus, a tachykinin NK ; receptor may also be present. The non-peptide tachykinin NK 5 receptor antagonist, SR
142801, did not antagonise the effects of senktide suggesting that tachykinin NK 5 receptors do not mediate its relatively minor effect on
the uterus of the oestrogen-primed rat. © 1997 Elsevier Science B.V.
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1. Introduction

We have previously reported experiments which indi-
cate that the tachykinin NK , receptor is the predominant
receptor mediating tachykinin-induced contraction of the
longitudinally-arranged smooth muscle of the uterus of the
oestrogen-primed rat (Pennefather et al., 1993; Fisher et
al., 1993). However the order of agonist potency in the
former study was neurokinin A > substance P > neurokinin
B, raising the possibility that a tachykinin NK; receptor
may also be present. Other investigators have, however,
suggested the presence of a post-synaptic non-neuronal
tachykinin NK ; receptor in uterus following experiments
in which senktide was used on tissues from untreated rats
(Barr et al., 1991). In addition, it has recently been sug-
gested that oestrogen negatively regulates expression of
tachykinin NK ; receptorsin rat uterus (Pinto et al., 1997).
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In the present study we have used a wider range of
agonists at tachykinin receptors to probe further the nature
of the tachykinin receptor subtypes present. Comparisons
of tachykinin agonist potencies on uterine preparations are,
however, confounded by differing susceptibilities of ago-
nists to inactivation by endogenous peptidases, particularly
endopeptidase 24.11 (EC 3.4.24.11) (Fisher et a., 1993).
Thus we have conducted the present comparison of agonist
potencies in the presence of appropriate peptidase in-
hibitors.

The aims of the present experiments were three-fold.
The first was to determine the optimal concentration of the
endopeptidase 24.11 inhibitor SCH 39370 (Sybertz et al.,
1989) for potentiation of neurokinin A. The second was to
determine the effects of this peptidase inhibitor, alone and
in combination with the aminopeptidase inhibitor, amas-
tatin, or the angiotensin converting enzyme inhibitor, cap-
topril, on the potencies of the mammalian tachykinins
substance P, neurokinin A and neurokinin B, of the
tachykinin NK , subtype-selective agonists,
[Lys®,MeLeu® Nle*neurokinin A-(4-10) (Chassaing et al.,
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1991) and [Nle' Ineurokinin A-(4—10) (Regoli et al., 1988),
the tachykinin NK; agonist [Sar®,Met(O,)" Jsubstance P
(Regoli et a., 1988) and the tachykinin NK, agonist,
[succinyl-Asp®MePhe®]substance P(6-11) (senktide)
(Laufer et al., 1986). The third aim was to assess, using
optimal combinations of peptidase inhibitors the relative
potencies of these agonists in mediating contractions of
uterus from oestrogen-primed rats. In addition, experi-
ments have been performed using the non-peptide tach-
ykinin NK 5 receptor antagonist SR 142801 ((S)-(N)-(1-
(3-(1-benzoyl-3-(3,4-dichlorophenyl)piperidin-3-yl)prop-
yD)-4-phenyl piperidin-4-yl)-N-methylacetamine) (Emonds-
Alt et a., 1995) to determine whether it modified the
action of the tachykinin NK 5 receptor agonist senktide in
the oestrogen-primed rat uterus.

2. Materials and methods

2.1. Animals and tissue preparations

Mature virgin Sprague-Dawley rats (160-230 g) were
pretreated with oestradiol-178 cypionate (20 wg/kg s.c.)
24 h before use. Rats were killed by stunning and cervical
dislocation and four preparations were obtained from each
animal by medial transection of uterine horns. These were
set up, under a resting force of 1 g, for recording of
contractile force of the longitudinally-arranged muscle layer
using a Grass FT03 force transducer and a Grass79C
polygraph. Preparations were maintained at 37°C, bubbled
with 5% CO, in O,, in a solution of the following
composition (mM): NaCl, 118; KCI, 4.7; MgSO,, 1.1;
KH,PO,, 1.18; NaHCO;,, 25; glucose, 11.66; CaCl,, 1.9.
The glass organ baths in which tissues were placed were
coated with silicon (Coatasil, dimethyldichlorosilane,
Searle) to prevent peptides adsorbing to the glass.

2.2. Agonist addition

Preparations were alowed to equilibrate for 60—90 min
prior to the first agonist addition and 20 min was allowed
between agonist doses. To avoid tachyphylaxis only one
log concentration—response curve to a single agonist was
constructed on any one tissue. Each concentration re-
mained in contact with the tissue for 5 min. The tissue was
then washed with 3-5 times the bath volume. Carbachol
(100 wM) was applied at the end of each experiment so
that the effects of the tachykinins could be expressed as a
percentage of the response to this agonist.

2.3. Enzyme inhibitors

Log concentration—response curves to agonists were
constructed in the absence and presence of enzyme in-
hibitors, alone or in combination. Enzyme inhibitors were

allowed to equilibrate with the tissues for 30 min prior to
the first addition of agonists and readded after each agonist
concentration. Enzyme inhibitors tested include: the
aminopeptidase inhibitor, amastatin (10 wM); the an-
giotensin converting enzyme inhibitor, captopril (10 uM)
and the endopeptidase 24.11 inhibitor SCH 39370 (3-30
wM).

2.4. Antagonist addition

Three concentrations of senktide were added noncumu-
latively to two preparations from each rat. On one SR
142801 (30 nM) was then added and on the other the
vehicle control, ethanol (final bath concentration 0.3%)
was added. Following equilibration for 140 min, the addi-
tions of the three concentrations of senktide were repeated.

2.5. Data analysis

The area under the force—time curve, measured during
the 5 min period that each concentration was in contact
with the tissue, was used as the index of uterotonic action
(Pennefather et a., 1993). Areas were measured from
polygraph tracings using a digitising tablet and the Sigma-
Scan software package (Jandel Scientific, Sausalito, CA,
USA) and expressed as g - min. Responses were converted
to a percentage of the corresponding response to carbachol
(100 M) and presented as mean + S.E.M. and E,,, was
defined as the maximum response to an agonist, obtained
from the curve.

To determine the effects of peptidase inhibitors on
agonist potency mean log concentration—response curves
were constructed. If regression lines over the linear range
of concentration—response curves were paralel to those
obtained in the absence of a peptidase inhibitor, a potency
ratio with 95% confidence limits were obtained using the
analysis outlined in Documenta Geigy (1970) as described
previously (Orre et d., 1996). Shifts were considered
significant when the 95% confidence limits did not include
one. One-way analysis of variance and Student’s unpaired
and paired t-tests were also used (P < 0.05) for compar-
isons of responses obtained in the absence and presence of
peptidase inhibitors and in the absence and presence of the
antagonist SR 142801. The negative log of the concentra-
tion of each agonist giving 50% of the response to carba-
chol + SE.M., or the negative log of the agonist giving
50% of the maximum response to the agonist was deter-
mined using nonlinear regression analysis in the program
GraphPad Prism Version 2.0.

2.6. Materials

The compounds used were: amastatin HCI
(Sigma/Auspep); captopril (p-3-mercapto-2-methoxyl ox-
opropyl-L-proline, Squibb); carbamylcholine chloride
(carbachol, Sigma); [Lys® Meleu®,Nlet®Ineurokinin A-(4—
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10) (a gift from S. Lavielle, Lab De Chimie Organique
Biologique); neurokinin A (Auspep); neurokinin B
(Auspep); [Nlet®Ineurokinin A-(4-10) (Auspep); oestra-
diol-178 cypionate (Hoechst); [Sar®,Met(O,)* Jsubstance
P (Auspep); SCH 39370 (N-[ N-[1-(S)-carboxyl-3-phenyl-
propyl]-(S)-phenyl-alanyl-(S)-isoserine) (a gift from E.
Sybertz, Schering Plough); SR 142801 ((S)-(N)-(1-(3-(1-
benzoy!-3-(3,4-dichlorophenyl)piperidin-3-yDpropyl)-4-
phenylpiperidin-4-yl)-N-methylacetamine) (a gift from X.
Emonds-Alt, Sanofi Recherche); substance P (Auspep) and
[succinyl-Asp® MePhe®]substance P(6—11) (Senktide, Aus-
pep). All other reagents used were of analytical grade.

Oestradiol-173 cypionate was dissolved in 0.1 ml abso-
lute ethanol, made up to volume with peanut oil and stored
in the dark. Captopril and carbachol were dissolved in
distilled water. SCH 39370 was dissolved in Na,CO,
solution (0.1%) and diluted with distilled water. Senktide
and [Nle'Jneurokinin A-(4—10) were dissolved in ammo-
nia (0.1 M). SR 142801 was dissolved in absolute ethanal.
All remaining compounds were dissolved in dilute hydro-
chloric acid (0.01 M). Amastatin stock solution (1 mM)
was stored at 4°C, while standard solutions of other pep-
tides (100 u.M) were aliquoted into plastic vials and stored
a —20°C.

3. Results

3.1. Effect of increasing concentrations of SCH 39370 on
uterine responses to neurokinin A and
[Lys® MelLeu® Nle] neurokinin A-(4—10)

Fig. 1A shows that log concentration—response curves
to neurokinin A were potentiated to a similar extent by all
three concentrations of SCH 39370 tested. SCH 39370 3
M produced a 41.3-fold shift to the left (95% confidence
limits = 20.6, 90.8; df = 49). SCH 39370 10 wM caused a

% Response to 100 uM Carbachol
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Log [Agonist] M Log [Agonist] M

Fig. 1. Log concentration—response curves (A) to neurokinin A and (B) to
[Lys®MeLeu’,Nle'®Ineurokinin A-(4—10) on uterine preparations from
oestradiol-treated rats in the absence of enzyme inhibitors (O), in the
presence of SCH 39370, 3 uM (@), 10 wM (m) and 30 uM (a). Each
point is the mean+ SE.M., n= 3-9 animals.

43.4-fold shift (95% confidence limits= 21.4, 96.6; df =
48) and SCH 39370 30 M, a 44.8-fold shift (95%
confidence limits = 23.7, 89.5; df = 44).

In contrast, as can be seen in Fig. 1B, responses to
[Lys®,MeLeu® NIe*neurokinin A-(4—10) were unaffected
by SCH 39370 3 wM (potency ratio= 1.3, 95% confi-
dence limits= 0.6, 2.9, df = 40), 10 ..M (potency ratio =
0.8, 95% confidence limits= 0.4, 1.6; df = 40) and 30 .M
(potency ratio= 1.2, 95% confidence limits= 0.6, 2.5;
df = 40).

3.2. Effects of peptidase inhibitor combinations

Amastatin 10 wM did not further enhance the response
to neurokinin A beyond that obtained in the presence of
SCH 39370 3 wM, (potency ratio = 0.9, 95% confidence
limits= 0.6, 1.5; df = 33).

In the presence of SCH 39370 3 wM the log concentra-
tion—response curve to [Nle™neurokinin A-(4—10), was
shifted 4.8-fold to the left (95% confidence limits = 2.9,
8.5; df = 55). While amastatin 10 ..M was without effect
on the log concentration—response curve to this agonist
(potency ratio= 0.6, 95% confidence limits=0.3, 1.0;
df = 42), in the combined presence of the two peptidase
inhibitors there was a 9.6-fold shift (95% confidence limits
=5.5, 19.4; df = 57).

Substance P was potentiated by SCH 39370 3 pM
(potency ratio=4.0, 95% confidence limits=2.4, 6.8;
df = 45) but not by captopril (potency ratio= 1.0, 95%
confidence limits= 0.5, 1.8; df = 36). It was not possible
to calculate a potency ratio for substance P in the presence
of SCH 39370 (3 u.M) and captopril (10 wM) in combina-
tion in comparison to that in the absence of enzyme
inhibitors as the shift was not parallel (Fig. 2A). Student’s
unpaired t-tests showed no significant difference in the
positions of curves to substance P in the presence of SCH
39370 (3 wM) alone compared with the response in the
presence of both SCH 39370 (3 wM) and captopril (10
wM) (P < 0.05; df = 10) at all concentrations of substance
P tested.

[Sar® Met(O,)" Jsubstance P, which acted as a partial
agonist in these experiments (Fig. 2B, E., =43.80+
9.35), was not significantly potentiated by SCH 39370 3
uM (potency ratio= 2.6, 95% confidence limits= 0.8,
9.9; df =51) or by captopril (potency ratio= 1.0, 95%
confidence limits= 0.4, 2.2, df =56) adone. In combina-
tion, these inhibitors produced a 3.8-fold shift in the
response to this agonist (95% confidence limits= 1.3, 9.9;
df = 51).

The effects of neurokinin B were biphasic (Fig. 2C) and
the potency ratios in the presence of SCH 39370 3 wM,
amastatin 10 wM and the combination of the two in-
hibitors were 2.8, 0.4 and 4.1 (with 95% confidence limits
of 1.1, 9.2, 0.1, 1.3 and 0.6, 11.2), (df = 63, 63 and 75),
respectively. Like [Sar®Met(O,)" Jsubstance P, senktide
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Fig. 2. Log concentration—response curves (A) to substance P, (B) to
[Sar®,Met(0,)* Jsubstance P, (C) to neurokinin B and (D) to senktide on
uterine preparations from oestradiol-treated rats in the absence of enzyme
inhibitors (O), in the presence of SCH 39370, 3 uM (@), in the presence
of captopril, 10 wM (A) and (B) or amastatin, 10 M (C) and (D) (m)
and in the presence of SCH 39370, 3 wM and captopril, 10 uM (A and
B) or amastatin, 10 wM (C and D) ( a ). Each point isthe mean+ SEM.,
n=5-6 animals.

acted as a partia agonist (Fig. 2D, E,,, = 26.89 + 6.21)
and one-way analysis of variance showed that SCH 39370
and captopril alone and in combination were without effect
on its potency.

3.3. Order of agonist potency

The mean (+S.E.M.) negative log concentrations of
agonists giving 50% of the response to carbachol (100
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Fig. 3. Log concentration—response curves to senktide on uterine prepara
tions from oestradiol-treated rats. Responses were obtained (A) in the
absence (O) and presence (@) of ethanol (0.3%) and (B) in the absence
(O) and presence (W) of SR 142801 (30 nM). Each point is the
mean+ SE.M., n=4 animals.

wM) in the presence of an optima enzyme concentration
were: neurokinin A, 7.84 + 0.10; [Lys’,MeLeu® Nle*neu-
rokinin A-(4-10), 7.39 + 0.04; [Nle'®Ineurokinin A-(4—
10), 6.98 + 0.05; substance P, 7.62 + 0.04;
[Sar®,Met(O,)" Jsubstance P, 6.12 + 0.05 and neurokinin
B, 6.40 + 0.05. A value could not be calculated for senk-
tide as the maximum response observed for senktide was
less than 50% of the response to carbachol. The negative
log concentration giving 50% of the maximum response
for [Sar®,Met(O,)" Jsubstance P was 8.01 + 0.03 and for
senktide was 9.10 + 0.52. The overall order of agonist
potency in the presence of optimal enzyme inhibitor com-
binations was: neurokinin A > substance P > neurokinin B
for the naturally occurring mammalian tachykinins, and
[Lys®,MeLeu® Nle®Ineurokinin A-(4-10) >
[Nl Ineurokinin  A-(4-10) > [Sar® Met(O,)* Jsubstance
P > senktide for the synthetic tachykinin analogues.

3.4. Effects of SR 142801 on responses to senktide

The responses to the three concentrations of senktide
tested were unaffected by either the vehicle control
(ethanal, final bath concentration 0.3%), as seen in Fig.
3A, or by SR 142801 (30 nM), as seen in Fig. 3B. This
lack of effect was confirmed by Student’s paired t-tests
(P < 0.05; df = 3).

4. Discussion

In the present study, maximum potentiation of the
effects of neurokinin A occurred with SCH 39370 3 M,
and the extent of this potentiation was approximately twice
that we observed previously using phosphoramidon 10 uM
(Fisher et al., 1993). The tachykinin NK ,-selective agonist
[Lys®,MeLeu® Nle*]neurokinin A-(4-10) was unaffected
by the addition of SCH 39370 in concentrations up to 30
M, a finding consistent with the results previoudly re-
ported using phosphoramidon (Fisher et a., 1993). Thus,
we have confirmed that this tachykinin NK ,-selective
agonist is stable and that while the inclusion of endopepti-
dase 24.11 inhibitors in the bathing medium is crucial for
accurate estimation of the potency of neurokinin A in the
rat uterus such inhibitors need not be present when
[Lys’,MeLeu® NleIneurokinin A-(4-10) is used as the
agonist. Responses to the other tachykinin NK ,-selective
agonist used in this study ie. [NIe*°Ineurokinin A-(4-10),
were potentiated in the presence of SCH 39370 (3 wM),
indicating that this agonist is a substrate for endopeptidase
24.11. The potentiation observed (= 5-fold) was less than
that observed for neurokinin A (= 40-fold) suggesting that
it is less susceptible to degradation than neurokinin A. This
is consistent with reports of investigators using other tis-
sues (Brokaw and White, 1994). There was an additional
potentiation of the response to [NIe'° Jneurokinin A-(4—10)
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(100 nM) in the presence of SCH 39370 when amastatin
(10 M) was also added, indicating that there may be
some aminopeptidase cleavage of the N-terminal Asp group
in this analogue to a less potent hexapeptide. In contrast,
no additional potentiation of the effects of neurokinin A
occurred in the presence of the aminopeptidase inhibitor
amastatin, suggesting that responses to neurokinin A are
not affected by amastatin-sensitive aminopeptidases. This
may be because aminopeptidase-M hydrolyses the N-
terminal of neurokinin A, between His'-Lys?, Lys>~Thr?
and Thr3—Asp* (Hooper et a., 1985; Hooper and Turner,
1985, 1986), leaving neurokinin A (4-10). This structure
has previously been shown to be sufficient for tachykinin
NK , receptor activation (Rovero et al., 1989; Regoli et al.,
1990).

Responses to neurokinin B were also potentiated by
SCH 39370, 3 wM. This is consistent with reports this
tachykinin is a substrate for endopeptidase 24.11 (Hooper
and Turner, 1985). There was no additional potentiation of
its effects by amastatin, 10 wM. Our finding that the
potency of the tachykinin NK ;-selective agonist, senktide,
was unaffected by the presence of enzyme inhibitors at all
concentrations tested confirms reports of previous workers
that senktide is metabolically stable (Laufer et al., 1986;
Wormser et al., 1986).

Responses to substance P were potentiated by SCH
39370 (3 wM), but captopril (10 wM), was without effect
on the response to substance P. It has been suggested that
in the presence of endopeptidase 24.11, angiotensin con-
verting enzyme cannot compete successfully for available
substance P because the K, for degradation of substance
P by angiotensin converting enzyme is considerably less
than the K, for degradation of substance P by endopepti-
dase 24.11 (Nau et al., 1986). In contrast to substance P,
responses to [Sar®,Met(O,)™ Jsubstance P while not signif-
icantly affected by captopril (10 wM) or SCH 39370 (3
wM) aone, was potentiated 4-fold in the presence of both
enzyme inhibitors. It has previously been suggested that
the Sar® substitution may possibly protect substance P
from the action of some endopeptidases (Regoli et al.,
1988).

The results of these experiments indicate that endopep-
tidase 24.11 plays a key role in inactivating tachykinins in
rat uterus and emphasise the need to include peptidase
inhibitors in functional studies of tachykinin receptor sub-
types in this tissue when using substrates for this enzyme.

The order of agonist potencies in the presence of opti-
mal enzyme inhibitor combinations was. neurokinin A >
substance P > neurokinin B for the naturally occurring
mammalian tachykinins and [Lys®Meleu®,Nle'®]neuro-
kinin A-(4-10) > [Nle!°]neurokinin A-(4-10) >
[Sar®,Met(O,)" Jsubstance P> senktide for the synthetic
tachykinin analogues. This is consistent with our previous
reports that receptors mediating contraction of the oestro-
gen-primed rat uterus are predominantly of the tachykinin
NK , subtype (Pennefather et al., 1993; Fisher et al., 1993)

and, in addition, indicates that there may be a subpopula
tion of tachykinin NK, receptors present, as we have
recently suggested on the basis of an investigation using
subtype-selective non-peptide neurokinin antagonists
(Fisher and Pennefather, 1996).

Other investigators have reported the presence of a
non-neuronal tachykinin NK , receptor in rat uterus (Barr
et a., 1991). The results obtained in this study in which
the non-peptide tachykinin NK, antagonist, SR 142801
was without effect on the response to senktide suggest that
the tachykinin NK, receptors blocked by SR 142801 do
not have a significant role in mediating contractions of the
uterus of oestrogen-primed rats.
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