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Abstract

Rationale The most simple and efficient method to study
the physiological role of enkephalins is to increase the
lifetime of these endogenous opioid peptides by inhibiting
their inactivating enzymes. Enkephalins are degraded by
the concomitant action of two metallopeptidases: neutral
endopeptidase (NEP, EC3.4.21.11) and aminopeptidase N
(APN, EC3.4.11.2), both enzymes releasing inactive
metabolites.

Objectives Potent dual inhibitors have been developed,
such as RB101. However, NEP and APN have a broad
specificity and can cleave various peptides in vitro.
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Therefore, it was essential to investigate the specific
involvement of enkephalins in the various pharmacological
responses induced by dual inhibitors.

Materials and methods We compared the pharmacological
responses induced by RB101 in wild-type and preproenke-
phalin-deficient mice (Penk1—/—) using several behavioural
assays.

Results In all the tests used (hot plate test, force swim test,
castor-oil-induced diarrhoea), RB101 induced strong effects
in wild-type animals, whereas slight effects were observed
in Penk1—/— animals. These residual effects are blocked by
pre-administration of the opioid antagonist naloxone,
supporting the involvement of the opioid receptors in the
responses observed.

Conclusions The pharmacological effects induced by dual
inhibitors acting on both NEP and APN are mainly due to
the protection of the endogenous enkephalins at supraspinal
and peripheral levels. It could be speculated that the
residual effects observed in Penkl—/— mice after RB101
administration could be due to the direct action of other
opioid peptides or through an indirect effect involving the
protection of other peptide substrates of NEP or APN, as
substance P or angiotensin.

Keywords Enkephalins - Inhibitors - Neutral
endopeptidase - Aminopeptidase N - Analgesia - Castor-oil

induced diarrhoea - Knockout mice - Naloxone -
Neuropeptides

Introduction

Since the discovery of the opioid receptors in the 1970s,
several decades preceding their molecular cloning
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(reviewed by Dhawan et al. 1996), the pharmacology of the
opioid system has been widely explored using more or less
selective exogenous ligands (review in Bodnar and Klein
2006). Nevertheless, this approach does not provide any
direct information about the physiological roles of the
endogenous opioid peptides.

The endogenous opioid systems are constituted by four
distinct neuronal systems that are widely distributed
throughout the CNS and peripheral organs. The four
precursors are proopiomelanocortin, proenkephalin, pro-
dynorphin and pronociceptin/orphanin FQ, each gen-
erating biologically active peptides that are released at
the synaptic terminals of opioidergic neurons. These
peptides exert their physiological actions by interacting with
the various classes of opioid receptors present on both pre-
and post-synaptic membranes of opioid and opioid target
neurons. The pentapeptide enkephalins [Tyr—Gly—Gly—Phe—
Met(Leu); Hughes et al. 1975] seem to play a major role in
pain perception, cognitive functions, affective behaviours,
and locomotion (Diaz and Asai 1990; Konig et al. 1996;
Roques 2000). These peptides interact with a higher
affinity than morphine with both the mu and delta
receptors [Ki values of morphine for mu and delta
receptors are 14 nM and >1,000 nM, respectively; Ki
values of Leu-enkephalin are 3.4 and 4 nM, respectively;
Ki values of Met-enkephalin are 0.7 and 1.7 nM,
respectively (reviewed by Raynor et al. 1994)]. Moreover,
it has been shown that the mu receptor is critically
involved in the control of nociception (Matthes et al.
1996), whereas the delta seems to be implicated in
emotional control (Calenco-Choukroun et al. 1991; Filliol
et al. 2000). However, in absence of external stimuli, the
tonic release of enkephalins appears too weak to produce
clear pharmacological responses as shown by the lack or
very weak effects observed after administration of the
opioid antagonist naloxone (Akil et al. 1976; Jacob and
Ramabadran 1977). This problem could be overcome
either by a stress- or nociception-induced increase in
secretion of enkephalins leading to significant pharmaco-
logical responses (Akil et al. 1984; Bourgoin et al. 1990).
Such enhanced levels of circulating enkephalins can also
be obtained by graft of cells producing enkephalins (Sagen
et al. 1993) or by viral-driven enkephalin overproduction
(Braz et al. 2001).

Nevertheless, the most simple and efficient method to
study the physiological role of the enkephalins is to increase
the lifetime of these endogenous opioid peptides by inhibiting
their inactivating enzymes. This approach is similar to those
used successfully with the angiotensin-converting enzymes or
MAO inhibitors (Fournie-Zaluski et al. 2004; Ondetti et al.
1977; Yamada and Yasuhara 2004). Enkephalins are de-
graded by the concomitant action of two membrane-bound
zinc metallopeptidases: the neutral endopeptidase (neprilysin
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or NEP, EC3.4.21.11) and the aminopeptidase N (APN,
EC3.4.11.2), both enzymes releasing inactive metabolites
(reviewed by Roques et al. 1993). This well-admitted
interruption by the two peptidases of the messages
conveyed by enkephalins is in good agreement with the
demonstration of a co-localisation of NEP and APN in
brain areas where opioid peptides and receptors are
present (Mansour and Watson 1993; Noble et al. 2001;
Waksman et al. 1986). Therefore, to investigate the
pharmacological functions of the endogenous enkephalins,
potent dual inhibitors have been developed (Fournié-
Zaluski et al. 1984; Roques et al. 1993). Among these
inhibitors with nanomolar affinities both for NEP and for
APN, RB101 was found to be systemically active (Four-
ni¢-Zaluski et al. 1992) leading to a large increase in
extra-cellular levels of Met-enkephalin (Dauge et al. 1996;
Le Guen et al. 2003). However, NEP and APN have a
broad specificity and can cleave various peptides in vitro
(Turner et al. 1987). Using selective or dual inhibitors
substance P was demonstrated to behave as NEP substrate
in rat striatum (Mauborgne et al. 1987), and regulatory
peptides such as atrial natriuretic peptide, endothelin and
bradykinin were cleaved in vivo by NEP (Roques et al.
1993).Therefore, it was essential to investigate the specific
involvement of enkephalins in the various pharmacolog-
ical responses induced by dual inhibitors. With this aim,
we compared the pharmacological responses induced by
RB101 in wild-type and preproenkephalin-deficient mice
(Penk1—/—) using several behavioural assays (hot plate
test, force swim test, castor-oil induced diarrhoea).

Materials and methods
Animals

To obtain Penkl mutant mice on DBA/2J inbred congenic
genetic background, we mated heterozygous (Penk™") mice
from a mixed (129 and C57BL/6J) genetic background
(Konig et al. 1996) to wild-type DBA/2J mice (Charles River
Laboratories) for ten generations. The Penk™™ mice from the
F10 generation were then intercrossed to obtain homozygous
animals. The mice for behavioural studies were derived from
these homozygous animals. The male Penkl ™~ and Penk1"*
mice (3—4 months old on a DBA/2J genetic background) were
kept under standard animal housing conditions in a 12-h light—
dark cycle (8:00 AM~8:00 pM.) and maintained in a
temperature controlled room (21+1°C). Food and water
were available ad libitum. Behavioural tests and care of the
animals were in accordance with guidelines of the
European Communities directive 86/609/EEC, and under
control of the local ethical committee.
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Chemicals

RB101 (N-[(R,S)-2-benzyl-3[(S)(2-amino-4-methylthio)
butyldithio]-1-oxopropyl]-L-phenylalanine benzyl ester)
was synthesised in the laboratory (Fournié-Zaluski et al.
1992). It was dissolved in a vehicle containing ethanol
(10%), cremophor EL (10%), and distilled water (80%).
The highest dose of RB 101 that can be used by i.v. route
was 80 mg/kg, due to the low solubility of this compound.
Cremophor was purchased from Sigma (Saint-Quentin
Fallavier, France). Naloxone was purchased from Sigma
(Saint-Quentin Fallavier, France) and dissolved in saline
(0.9% sodium chloride in water). Morphine HCI, purchased
from Francopia (Gentilly, France), was dissolved in saline.
Castor oil was purchased from Sigma (Saint-Quentin
Fallavier, France).

RB101, morphine and control vehicle were intravenously
administered (i.v.) 10 min before the behavioural tests.
Naloxone and naltrindole were subcutaneously administered
(s.c.) 20 min before the test. Volumes of injection were
0.1 ml per 10 g of body weight.

Hot-plate test

The test was based on that described by Eddy and
Leimbach (Eddy and Leimbach 1953). A glass cylinder
(16-cm high, 16-cm diameter) was used to keep the mouse
on the heated surface of the plate, which was kept at a
temperature of 52+0.5°C using a thermoregulated water-
circulating pump. The latency period until the mouse jumped
was registered by means of a stopwatch (cut-off time=240 s).
The results were expressed as means of jump latency+SEM, or
as a percent of analgesia using the following equation:
% analgesia = (test latency —control latency) / (cut — off time—
control latency) x 100.

Forced swim test

The test was based on that described by Porsolt et al.
(Porsolt et al. 1977). This test possesses good predictive
validity with respect to anti-depressant activity. The mice
were placed in a narrow cylinder (1015 cm) from which
they cannot escape. We placed each mouse in the cylinder
containing water to a depth of 9 cm at 21-23°C, so that
the tail of the mouse could not reach the bottom of the
apparatus. After a brief period of vigorous activity, the mice
adopted a characteristic immobile posture. After the first
2 min, the total duration of immobility was measured during a
4-min test. The mice were judged to be immobile when they
remained floating passively in the water (the very small
movements necessary to keep their head above water were not
taken into account). The results were expressed as means of
duration of immobility+SEM.

Anti-diarrhoeal activity

The anti-diarrhoeal effect of RB101 was studied as
described by Goldenberg et al. 1975. Diarrhoea was
induced in mice by oral administration of castor oil.
Briefly, mice were treated i.v. with RB101 or vehicle.
After 15 min, 0.2 ml/mouse of castor oil were adminis-
tered by gavage, and animals were immediately put into
individual cages, placed over white and clean filter paper.
Ninety minutes later, the cages were inspected one by one
for the presence of the characteristic diarrhoeal droppings.

Statistical analysis

Two-way (genotype, treatment) or one-way (treatment)
analysis of variance (ANOVA) were conducted using
computer software (Statview) for comparison across the
experimental conditions. When a significant difference
among the treatments was obtained in the ANOVA, the
Newman-Keuls’ post hoc test was applied to define which
group contributed to these differences. Significance was
accepted with P<0.05.

Results

Effects induced by morphine and RB101 in the hot
plate test

In the hot-plate test, the two-way ANOVA indicated a
significant treatment effect (/,36=327.11, p<0.0001),
genotype effect (/' 34=401.7, p<0.0001) and interaction
between treatment and genotype (F36=223.6, p<
0.0001). As shown in Fig. 1a, the jump latency after i.v.
administration of vehicle was reduced in proenkephalin
knockout mice as compared to wild-type littermates (p<
0.01). Administration of RB101 (20 mg/kg, i.v.) induced
after 10 min a strong anti-nociceptive response in the hot
plate test in wild-type animals (p<0.01), whereas only a
slight effect (p<0.05) was observed in proenkephalin KO
mice. This effect was of the same magnitude at 20 mg/kg
and at the highest dose of RB 101 (80 mg/kg) that can be
used. The increase in jump latencies induced by RB101 in
both genotypes were abolished by administration of the
opioid antagonist naloxone (0.1 mg/kg, s.c., 20 min before
the test; Fig. 1b), supporting the involvement of the opioid
receptors in the anti-nociceptive response.

As shown in Fig. 2, morphine produced a significant
dose-dependent anti-nociceptive response 10 min after i.v.
administration. The two-way ANOVA indicated a signif-
icant treatment effect (F30=52.4, p<0.0001), but no
genotype effect (F; 60=0.702, p=0.406) and no interaction
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Fig. 1 a Antinociceptive effects of RB 101 in wild type and Penk1—/
— mice in the hot plate test. Jump latencies were measured at 10 min
after i.v. administration of RB101 (20 mg/kg). Data are expressed as
mean+SEM of latencies (n=9-12 mice per group). b Effects of
naloxone (0.1 mg/kg, s.c. 20 min before testing) on the anticociceptive
responses induced by RB101 (20 mg/kg, i.v., 10 min before the test)
in wild type and Penkl—/— mice in the hot plate test. Data are
expressed as mean+SEM of latencies (n=5-7 mice per group).
Double asterisk, P<0.01 as compared to wild type control group;
number sign, P<0.05 and double number sign, P<0.01 as compared
to the group indicated (Newman-Keul’s test)

between treatment and genotype (F360=0.948, p=0.423).
This result shows that the effects of morphine are of the
same magnitude in both wild-type and proenkephalin KO
mice. No difference between the dose-response curves
obtained in wild-type animal and in proenkephalin
knockout mice was observed (Fig. 2). The anti-nocicep-
tive responses induced by morphine in wild-type and KO
mice were blocked by the opioid antagonist naloxone
(0.1 mg/kg s.c., 20 min before the test), but not by the

@ Springer

a
2507 3 wild type
Bl Knockout T
3 200 1
>
2 150
(]
)
= .
o 100
S
=]
o 501
saline 0.75 1.5 3
Morphine (mg/kg i.v.)
b 100 - O wild type
+ Knockout
75 1
L
(%]
8
TE 50
]
o |
25
0 T T T
0.75 1.5 3 morphine
(mg/kg i.v.)

Fig. 2 Antinociceptive effects of morphine in wild type and Penk1—/
— mice in the hot plate test. Jump latencies were measured at 10 min
after i.v. administration of morphine. a Data are expressed as mean=+
SEM of latencies (n=9—-12 mice per group). b Data are expressed as
mean+SEM of percentage of analgesia (n=9—12 mice per group)

delta selective antagonist naltrindole (2 mg/kg, s.c. 20 min
before the test; Fig. 3).

Antidepressant-like effects induced by RB101 in the forced
swim test

The two-way ANOVA indicated a significant treatment
effect (F5342=79.2, p<0.0001), genotype effect (F o=
72.47, p<0.0001) and interaction between treatment and
genotype (£34,=19.52, p<0.0001). As shown in Fig. 4,
RBI101 (5 and 10 mg/kg i.v.), 10 min after its administra-
tion, shortened the observed immobility time of wild-type
mice, whereas a small but significant effect was observed
at 10, 20 and 80 mg/kg (i.v.) of RB101 in proenkephalin
knockout mice. The opioid receptor antagonist naloxone
(0.1 mg/kg s.c. 20 min before the test), without effect by
itself, inhibited the shortening of immobility time induced
by RB101 alone (10 mg/kg i.v, 10 min before the test) in
both genotypes (data not shown).
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Fig. 3 Effects of naloxone (0.1 mg/kg, s.c. 20 min before testing) or
naltrindole (2 mg/kg, s.c. 20 min before testing) on the anticociceptive
responses induced by morphine (20 mg/kg, i.v., 10 min before the test) in
wild type and Penk1—/— mice in the hot plate test. Data are expressed as
mean+SEM of latencies (n=5-7 mice per group). Double asterisk, P<
0.01 as compared to control group; double number sign P <0.01 as
compared to morphine alone (Newman Keul’s test)
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Effects of RB101 on castor-oil-induced diarrhoea in mice

Both NEP (Pollard et al. 1991) and APN (Noble et al.
2001) are present in the gastrointestinal tract, and
proenkephalin, proopiomelanocortin and prodynorphin
are synthesised and processed locally in gut tissues.
Opioid target receptors are found in the nervous plexi
innervating gastrointestinal wall with an enrichment in
delta opioid receptors in the distal part of intestine. The
two-way ANOVA indicated a significant treatment effect
(F130=47.211, p<0.0001), genotype effect (F; 30=13.614,
p=0.0009) and interaction between treatment and geno-
type (F130=6.478, p=0.0163). As shown in Fig. 5, the castor-
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Fig. 4 Effects of RB101 (i.v. 10 min before the test) in the mouse
forced swim test in wild type and Penk1—/— animals. Results represent
the mean+SEM of immobility time (n=9-12 mice per group).
Asterisk, P<0.05 and double asterisk, P<0.01 as compared to the
control group of the same genotype (Newman-Keul’s test)
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Fig. 5 Effects of RB101 (20 mg/kg i.v.) on castor-oil-induced
diarrhea in wild type and Penkl—/— mice. Data are expressed as
mean+SEM of percentage of hard faeces compared to total facces (n=
9-12 mice per group). Asterisk, P<0.05 and double asterisk, P<0.01
as compared to the control group of the same genotype (Newman
Keul’s test)

oil-induced diarthoea was reduced by RB101 (20 mg/kg i.v.)
in both genotypes. However, the effect was stronger in
wild-type mice as compared to proenkephalin knockout
littermates (p<0.01).

Discussion

The aim of this study was to investigate, by using
preproenkephalin knockout mice, the specific implication
of endogenous enkephalins in the pharmacological effects
induced by the potent inhibitor of the two metabolising
enzymes of these peptide effectors. In addition, the results
of this study are expected to give direct information of the
physiological role of the enkephalins in the behaviours
tested.

Synthetic inhibitors of enkephalin-degrading enzymes
have been shown in several experiments to induce strong,
dose-dependent anti-nociceptive responses in different
animal models of pain in rodents (al-Rodhan et al. 1990;
Noble et al. 1997, 1992; Roques 2000; Roques et al. 1980).
Similarly, opiorphin, a short peptide discovered in human
brain tissue was reported to elicit moderate anti-nociceptive
properties through inhibition of NEP and APN (Wisner et al.
2006). Consistent with the involvement of enkephalins in the
anti-nociceptive actions of dual inhibitors, the strength and
time course of the responses in a centrally controlled thermal
nociceptive stimulus, was found correlated with the in-
creased levels of these peptides in the periaqueductal grey
matter (Le Guen et al. 2003). In control animals, the results
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observed in absence of RB101 (Fig. la) confirmed the
important role played by endogenous enkephalin in pain
perception, after an intense thermal nociceptive stimulus,
recruiting supraspinal pathways. The jump latency was
slightly decreased in Penkl—/— mice as compared to wild-
type littermates, in agreement with previous studies (Bilkei-
Gorzo et al. 2004; Konig et al. 1996). This could not be due
to changes in basal locomotor behaviour in the knockout
mice, as no differences were observed between Penkl—/—
mice and wild-type control animals (Bilkei-Gorzo et al. 2007).
This hyperalgesia is very likely related to a direct conse-
quence of the lack of enkephalins, but could also be due to
an induced change in respective levels of different endoge-
nous peptides. This has been suggested by the results
obtained by Fischer et al. (2002), showing that the slight
hyperalgesia observed in NEP knockout mice results from an
imbalance between bradykinin-opioid systems, in which the
expected analgesic effects of enkephalins are masked by
hyperalgesic effects of bradykinin.

RB101 at the dose of 20 mg/kg i.v. induced a strong
anti-nociceptive response in the hot plate test in wild-type
animals, and this effect was found to be severely decreased
in Penkl—/— mice. However, a slight residual effect was
observed in knockout animals that disappeared by pre-
administration of the opioid antagonist, naloxone. It is
noteworthy to observe that the anti-nociceptive dose-
response curves, obtained with morphine in the hot plate
test, were similar in wild-type and knockout mice (Fig. 2),
and were antagonised by naloxone in both genotypes, but
not by the delta selective antagonist, naltrindole (Fig. 3).
This suggests a lack of compensatory changes at the level
of mu opioid receptors during preproenkephalin knockout
mice development in brain regions involved in the control
of pain, despite the often reported receptor up-regulation
when its cognate ligand is genetically ablated (Cammalleri
et al. 2006; Clarke et al. 2003a). This is consistent with the
lack of modification reported in these regions in Penkl—/—
mice (Brady et al. 1999; Clarke et al. 2003b).

Several hypotheses could be proposed to explain the
slight residual analgesic effects of RB101 in Penkl—/—
mice. Previous studies have demonstrated a predominant
involvement of mu opioid receptors in endogenous
opioid-induced analgesia, at least with respect to thermal
nociceptive stimuli (Dauge et al. 1987; Fang et al. 1986;
Gacel et al. 1981; Matthes et al. 1996; Noble et al. 1992).
It has been shown that, probably for conformational
reasons, other opioid peptides, such as (3-endorphin and/
or endomorphins, which have a great affinity for mu
receptors, appear to be resistant to NEP, but to a lesser
extent to APN (Champion et al. 1997; Turner et al. 1987).
Thus, the inhibition of aminopeptidases were shown to protect
efficiently the endomorphins from their degradation (Tomboly
et al. 2002). Thus, it could be speculated that the weak anti-
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nociceptive effect obtained after i.v. administration of RB101
in Penkl—/— mice could be due to the direct action of [3-
endorphin and/or endomorphin at the mu receptors level.
Another hypothesis could involve a reduction in the
increased substance P (SP) release evoked by the noxious
stimulus. Indeed, it was shown that in the periaqueductal
grey, opioid agonists can suppress transmission of nocicep-
tive information by inhibiting SP release (Xin et al. 1997).

Bradykinin could also be involved in the response
observed. Thus, while hyperalgesia may be observed
through peripheral actions, central administration of brady-
kinin induces analgesia. In the presence of RB 101, the
slight residual anti-nociceptive response could be also due
to central protection of bradykinin. However, this latter
hypothesis seems unlikely, as this effect was reversed by
the opioid antagonist naloxone, used at a low dose (0.1 mg/
kg), unable to block anti-nociceptive response induced by i.
c.v. administration of bradykinin in the hot plate test
(Germany et al. 1996).

We then compared the effects induced by RB101 in
emotion-related responses of wild-type and Penk1—/— mice
in the forced swim test. The dual inhibitors of enkephalin
catabolism have been previously reported to elicit antide-
pressant-like effects in several animal models (Baamonde
et al. 1992; Jutkiewicz et al. 2006; Nieto et al. 2005;
Tejedor-Real et al. 1998). As expected, in the forced swim
test, RB101 induced a highly significant decrease in the
immobility time in wild-type mice, whereas a slight and
plateauing reduction in immobility time was observed for
the highest doses of the dual inhibitor in Penk1—/— animals
(Fig. 4). These antidepressant-like effects were related to
the stimulation of opioid receptors as they were antagonised
by naloxone in both genotypes. Interestingly, it could be
noticed in Penkl—/— mice that the residual effect induced
by RB101 in the forced swim test is more marked than in
the hot plate test (Fig. 4). One possible explanation could
originate from the reported specific up-regulation of delta
receptors in limbic structures of Penk1—/— mice (Clarke et
al. 2003b). This hypothesis is in agreement with previous
studies, showing clearly that the antidepressant-like effects
observed after RB101 administration were related to
stimulation of delta opioid receptors by the endogenous
enkephalins protected from their enzymatic degradation
(Baamonde et al. 1992; Jutkiewicz et al. 2006; Nieto et al.
2005). Moreover, in a recent study, we have already
demonstrated that the residual antidepressant-like effect of
RB 101 in Penkl—/— mice was blocked by the delta opioid
selective antagonist, naltrindole (Bilkei-Gorzo et al. 2007).
Therefore, the activation of over-expressed delta receptor
by {-endorphin could produce the rather unexpected
decrease in time of immobility in Penkl—/— mice at
10 mg/kg of RB101. However, this hypothesis must be
taken with caution, as in rats it has been shown that f3-
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endorphin induced depressant-like effects, mainly through
activation of mu receptors (Zhang et al. 2006). -
Endorphin has the same affinity for mu and delta receptors
(1 nM; Raynor et al. 1994). The over-expression of delta
receptors in Penkl—/— mice could facilitate action of {3-
endorphin with antidepressant-like effects.

Enkephalins can also be produced from dynorphin
precursors (Brownstein 1980; Sei et al. 1989). Thus, we
could consider the possibility that enkephalin is still
present in the absence of Penk. However, in a recent
study, we have shown that RB101 still had an antidepres-
sant-like effect in Penk/Pdyn double KO mice (Bilkei-
Gorzo et al. 2007), suggesting that the effects of RB 101
cannot be exclusively dependent on the elevation of
enkephalin levels.

Moreover, one cannot exclude that in absence of
enkephalins, the two enzymes NEP and APN inactivate
another peptide directly or indirectly involved in antide-
pressant-like responses. This could be the case of SP,
demonstrated to be cleaved by NEP in striatum (Michael-
Titus et al. 2002), although this hypothesis is unlikely since
SP is anxiogenic. Moreover, antagonists of SP, such as
SR140333, are unable to reverse the antidepressant-like
effects of RB101 in this study (not shown), consistent with
the reported lack of antidepressant effects of SP antagonists
in animals and humans (Keller et al. 2006; Ranga and
Krishnan 2002). Another hypothesis could be related to the
brain renin-angiotensin system, where it has been shown
that Ang III acts as ligand of angiotensin receptors, as
pretreatment with the angiotensin receptor antagonist
losartan provided protection from immobility in the forced
swim test (Gard 2002). Indeed, it has been demonstrated
that the active angiotensin fragment Ang III is protected
from degradation by APN inhibitor (Zini et al. 1996).

Morphine is well known to produce constipation that is
one of its most severe drawbacks. This was related to the
stimulation of mu opioid receptors regulating negatively the
intestinal peristaltism and was clinically exploited in anti-
diarrhoeal agents as the mu agonist loperamide. A possible
tonic participation of endogenous enkephalins at different
levels of the gastrointestinal tract has been demonstrated by
the naloxone-antagonised anti-diarrhoeal effects in different
animal models and humans elicited by the NEP inhibitor
thiorphan (Roge et al. 1993; Roques et al. 1980; Wang et al.
2005). The results obtained in the model of castor-oil-
induced diarrhoea in mice, clearly showed a strong anti-
diarrhoeal effect of RB101 in wild-type animals, whereas
only a slight effect was observed in Penkl—/— mice,
consistent with an in vivo role of endogenous enkephalins
in the control of feces progression.

In conclusion, this study indicates that the pharmaco-
logical effects induced by dual inhibitors acting on both
NEP and APN are mainly due to the protection of the

endogenous enkephalins at supraspinal and peripheral
levels. Numerous previous studies already suggested that
despite a relatively broad specificity, a certain in vivo
specificity of a given peptidase seems to be achieved,
governed by both its distribution and that of its potential
substrates and target receptors. However, the present study
provides perhaps the most clear and direct demonstration of
the in vivo selectivity of the dual NEP/APN inhibitors, even
if we cannot exclude a minor role of both peptidases in the
degradation of other peptides. Nevertheless, these putative
substrates appear to play a minor role in the various
responses elicited by endogenous activation of opioid
receptors supporting the use of the dual inhibitors as useful
mean to investigate the functions of the native opioid
peptides in vivo.
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