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ABSTRACT

Acetorphan, i.e. N-[(R,S)-3-acetyimercapto-2-benzylpropanoyl]-
glycine, benzyl ester, is a lipophilic derivative of Thiorphan, a
potent inhibitor of “enkephalinase” (EC 3.4.24.11). On purified
enkephalinase its inhibitory potency was approximately 1000
fold less than that of Thiorphan but became close to the latter
(nanomolar) when it was incubated previously with cerebral
membranes. After parenteral administration to mice and rats (1-
10 mg/kg) extensive inhibition of cerebral enkephalinase was
shown by 1) the depressed enzyme activity in brain membranes
from treated animals and 2) the long-lasting potentiation of
analgesia elicited by (p-Ala?,Met)enkephalin (i.c.v.). This sug-
gests that acetorphan easily enters the brain where the active
Thiorphan is released. Parenteral acetorphan elicited a series of

naloxone-reversible, opioid-like effects, most of which were de-
scribed previously with intracerebral Thiorphan or other enke-
phalinase inhibitors. Antinociceptive effects were found in some
tests (hot plate jump and phenylbenzoquinone-induced writhing)
but not in others (hot plate licking and tail withdrawal). “Antide-
pressant” effect was found in the “mouse despair” test and
antidiarrhoeal effect in the rat castor oil test. Acetorphan also
elicited significant increases and decreases in tumover indexes
of serotonin and noradrenaline, respectively, in mouse cerebral
cortex. In mice chronically treated with acetorphan, the antino-
ciceptive activity of the compound was not modified markedly
and no overt withdrawal symptom could be observed after either
treatment interruption or administration of naloxone.

Receptor-mediated responses evoked by neurotransmitters
are controlled by removal of these molecules by various inac-
tivation processes whose inhibition by pharmacological agents
provides experimental and therapeutic means to modify neu-
rotransmission, particularly in the monoamine field. Like other
neurotransmitters the enkephalins appear to be inactivated
rapidly after their release and circumstantial evidence has
implicated “enkephalinase” (EC 3.4.24.11; recommended name
of the Enzyme Commission: kidney brush border neutral pro-
teinase) in this process (reviewed by Schwartz et al., 1981, 1982,
1984b, 1985; Hersh, 1982; Schwartz 1983; Hui and Lajtha, 1983;
McKelvy, 1983). This peptidase, present in cerebral synaptic
membranes (De la Baume et al., 1981; Checler et al., 1983;
Matsas et al., 1983) efficiently cleaves the Gly*-Phe* amide
bond of enkephalins (Malfroy et al., 1978) or the heptapeptide
(Met®)enkephalin-Argt-Phe’ (Patey et al.,, 1983; Hersh, 1984;
Schwartz et al., 1984b) but a variety of other neuropeptides like
cholecystokinin (Deschodt-Lanckman and Strosberg, 1983; Zu-
zel et al., 1985), substance P (Matsas et al., 1983; Skidgel et al.,
1984; Horshtemke et al, 1984), neurotensin (Checler et al.,
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1983) angiotensin (Swerts et al., 1979; Gafford et al., 1983) or
oxytocin (Johnson et al., 1984) are also substrates. However a
participation of enkephalinase in endogenous neuropeptide in-
activation has been as yet only demonstrated in the case of
enkephalins; selective inhibitors like Thiorphan, retro-Thior-
phan, phosphoramidon or phosphoryl Leu-Phe partially protect
the opioid pentapeptides released from brain slices from being
extensively hydrolyzed (Patey et al., 1981; De la Baume et al.,
1983; Altstein et al., 1983) and elicit naloxone-reversible anal-
gesia (Roques et al., 1980; Chipkin et al., 1983; Greenberg and
O’Keefe, 1982; Rupreht et al., 1983; Roques et al., 1983; Kayser
and Guilbaud, 1983) and various other opioid-like effects (Al-
geri et al.,, 1981; Wood, 1982; Llorens-Cortes and Schwartz,
1984; Chaillet et al., 1983a; Guilbaud et al., 1983; Ukponmwan
and Dzoljic, 1984; Hisamitsu and de Groat, 1984; Glimcher et
al., 1984). Most of these effects are potentiated by aminopep-
tidase inhibitors, suggesting that two peptidase activities par-
ticipate in the inactivation of endogenous enkephalins (Zhang
et al., 1982; De la Baume et al., 1983; Chaillet et al., 1983b). In
contrast, Thiorphan does not protect endogenous cholecysto-
kinin released from brain slices (Zuzel et al., 1985).

Although inhibitors of enkephalinase have already provided

ABBREVIATIONS: 5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acid.
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important insights on the role of this peptidase in neuropeptide
metabolism, their utilization in pharmacological studies has
been limited by their poor penetration into brain. For instance,
in the case of Thiorphan, its nanomolar potency in vitro con-
trasts with the large parenteral dosages (50-100 mg/kg) re-
quired to inhibit the cerebral enzyme (Roques et al., 1980;
Chipkin et al., 1983); thus, most in vivo studies have been
performed using intracerebral injections. In this report, we
show that acetorphan, a lipophilic derivative of Thiorphan (in
which the thiol and terminal carboxylate groups are esterified
by acetyl and benzyl residues, respectively) is able, when ad-
ministered in low parenteral dosages, to inhibit the cerebral
peptidase, reproducing most effects reported previously with
intracerebral Thiorphan, as well as eliciting some other opioid-
like effects.

Materials and Methods

Animals. Male Swiss albino mice (20-25 g) and male Wistar rats
(180-200 g) were purchased from Charles River (St. Aubin-les-Elbeuf,
France). They were housed in makrolon cages and had free access to
standard semisynthetic diet and tap water. Intracerebroventricular
drug administrations were performed under a volume of 10 ul/mouse
according to Haley and McCormick (1957). Animals were only used
once.

Assay of enkephalinase activity. The activity was evaluated
either on a highly purified enzyme preparation or in cerebral mem-
branes from mice treated with acetorphan or vehicle. The enzyme from
rat kidney was purified close to homogeneity as described (Malfroy and
Schwartz, 1982, 1984). Incubations of about 1 ng of this preparation
were performed at 37°C for 60 min in 150 ul of 50 mM Tris-HCI buffer
(pH 7.4) in the presence of 40 nM [*H](D-Ala? Leu®)enkephalin and
the enzyme product [*H])Tyr-D-Ala-Gly was isolated by chromatogra-
phy on columns of polystyrene beads (Llorens et al., 1982). This enzyme
activity was inhibited completely in the presence of 10~7 M Thiorphan.

For assay of cerebral enzyme, animals were decapited at various time
intervals after the administration of acetorphan, cerebral regions were
dissected out and homogenized in 30 volumes of cold 50 mM Tris HCI
buffer (pH 7.4). Half of this homogenate was immediately centrifuged
for 3 min at 100,000 X g using an airfuge (Beckmann, Paris, France).
Supernatants were discarded, pellets superficially rinsed and then
sonicated in 30 volumes of the same buffer. Enkephalinase activity was
estimated on 50 ul of this particulate fraction (75 ug of protein) in
presence of [*H)(D-Ala’Leu®)enkephalin (40 nM), puromycin (0.1 mM)
and captopril (1 xM) and in presence or absence of Thiorphan (0.1
uM). After a 30-min incubation at 25°C enkephalinase activity was
calculated as the diffence between [*H]Tyr-D-Ala-Gly formation in the
absence and the presence of Thiorphan (Llorens et al., 1982).

Radioimmunoassay of (Met®)enkephalin. Striata were homoge-
nized in 10 volumes of cold 0.4 N HCIO,. After centrifugation (20,000
X g X min), (Met®)enkephalin was isolated from the clear supernatant
by column chromatography on polystyrene beads (Porapak Q, Waters,
Paris, France) as described (Vogel and Altstein, 1977; De la Baume et
al., 1983). The radioimmunoassay was performed according to Gros et
al. (1978).

Assay of monoamines and acidic metabolites. Immediately after
decapitation of mice the cerebral cortex was dissected out on ice and
sonicated into 0.4 N HCIO, containing 2% ascorbic acid and 2% EDTA.
The homogenates were centrifuged and supernatants, adjusted to pH
6.0 with 3 N KOH and 0.2 M potassium-phosphate buffer, were frozen
until the next day.

After thawing and centrifugation, the clear extracts were used for
assays. Noradrenaline and 5-HT were isolated by ion-exchange chro-
matography on Amberlite CG-50 microcolumns and assayed spectro-
fluorometrically (Von Euler and Lishajko, 1961; Curzon and Green,
1970). 5-HIAA, contained in the effluent of the Amberlite column, was

Vol. 237

isolated on Sephadex G-10 microcolumns and assayed spectrofluoro-
metrically (Curzon and Green, 1970).

Hot plate test. This test was derived from that of Eddy and
Leimbach (1953). A plastic cylinder 20 cm high and 14 cm in diameter
was used to maintain the mouse to the heated surface of the plate. The
plate was heated to a temperature of 55 + 0.5°C, using a thermoregu-
lated water circulating pump. For each animal the latencies of both the
forepaw licking and the jump were determined. To avoid injury, animals
not responding within 240 sec were removed from the hot plate.

Tail withdrawal test. This test was that described by Ben Bassat
et al. (1959). Mice were restrained in individual rigid tubular containers
and the tail was immersed into a water bath set at 48°C. The nociceptive
endpoint was characterized by a violent jerk of the tail. A 15 sec cutoff
time was selected.

Writhing test. This test was derived from that of Sigmund et al
(1957). Mice received i.p. 0.2 ml/20 g of a solution of phenylbenzoqui-
none (0.02% dissolved in 5% ethanol). They were then placed individ-
ually in large beakers. The number of body stretches were counted over
a 10-min period starting from the 10th min after the injection. A stretch
was characterized by elongation of the body, development of tension in
the abdominal muscles and extension of the forelimbs.

Mouse “behavioral despair” test. The method “forced swimming”
used was that described by Porsolt et al. (1977). Briefly, 6 min after
drug injection each mouse was introduced into a vertical Plexiglass
cylinder (height, 25 cm; diameter, 10 cm) containing at its bottom 6
cm of water at 21-23°C. After a 2-min time lag, the time that the
animal spent motionless during the following 4-min period was meas-
ured.

Body temperature. Temperature was measured during a thermis-
tor probe (Ellab TE,, probe RM 6, Copenhagen, Denmark) inserted in
the colon.

Locomotor activity. Mice were individually introduced in an ac-
timeter (length, 26 cm; width, 20 cm; height, 10 cm) equipped with
photoelectric cells (Apelex, Bagneux, France) and locomotor activity
was evaluated as described (Boissier and Simon, 1965).

Antidiarrheal activity. Rats were kept overnight without food but
with free access to tap water. On the next morning they received
acetorphan or vehicle and 15 min later were challenged with 1 ml of
castor oil (p.o. administration) and then were placed in individual cages
(Niemegeers et al., 1974). The stool weight was determined 45, 60 and
90 min after castor oil administration and total cumulative weight at
90 min was calculated.

Analysis of data. EDy, values were calculated by log-probit analy-
sis. ICs values of inhibitors were calculated using a computerized least-
square curve fitting procedure derived from Parker and Waud (1971).

Materials. Thiorphan and acetorphan, synthesized as described
(Roques et al, 1980, 1981) were provided by Laboratoire Bioprojet
(Paris, France). Acetorphan was dissolved in the following vehicle:
ethanol (10%)-cremophor EL (10%)-H;0 (80%). Naloxone hydrochlo-
ride was provided by Endo Laboratory Inc. (Garden City, New York).
[*H]p-Ala?, Leu® enkephalin (30-50 Ci/mmol) was from the Centre
d’Etudes Atomiques (Saclay, France). Polystyrene beads (Porapak Q)
were from Waters Associates (Milford, MA). (p-Ala?Met®)en-
kephalin was purchased from U.C.B. (Brussels, Belgium) and castor-
oil (pharmaceutical grade) from La Cooper (Melun, France). Reagents
(analytical grade) were from Prolabo (Paris, France).

Resulits

Enkephalinase inhibition. When determined directly on
the purified enzyme the ICs, value of acetorphan (corresponding
to its K; value because the substrate concentration was well
below the Ky value) was 4500 + 740 nM as compared with 6.1
+ 0.7 nM for Thiorphan (fig. 1). In addition acetorphan (100
uM) was preincubated for 15 min in the presence of membranes
from mouse whole brain (0.4 mg of protein per ml of Tris HC]
buffer, 50 mM, pH 7.4), the reaction stopped by addition of
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Fig. 1. Inhibition of purified enkephalinase activity from rat kidney by
acetorphan and the increase in drug potency after preincubation with
mouse brain membranes. Acetorphan was tested against the purified
enzyme (1 ng) either directly or after a 15-min preincubation at 37°C
with cerebral membranes. Thiorphan was tested directly. Concentrations
of the inhibitors refer to those in the final incubation medium.

HCIO, to a final 0.4 N concentration; after centrifugation
(20,000 X g X min) the resulting supernatant was neutralized,
then diluted in Tris buffer and aliquots transferred to incuba-
tion media containing the purified enzyme. After such a treat-
ment the concentration-inhibition curve of acetorphan was
shifted to the left, its ICs, value becoming 8.6 + 1.8 nM (fig. 1).
In contrast when acetorphan was preincubated in the absence
of cerebral membranes no significant shift was observed and
preincubations of a duration shorter than 15 min led to shifts
of intermediate amplitude. In addition the medium in which
mouse cerebral membranes had been incubated in the absence
of acetorphan, had no inhibitory activity (not shown).

After treatment of mice with 1 mg/kg of acetorphan, the
enkephalinase activity of a rapidly prepared striatal membrane
fraction was apparently reduced for about 8 hr (fig. 2). In rats,
1 hr after i.p. administration of 10 mg/kg of acetorphan, the
apparent enkephalinase activity of hypothalamic membranes
prepared in a similar fashion was of 41 + 7 fmol/mg of protein
per min instead of 90 + 11 fmol/mg of protein per min in
vehicle-treated rats (means + S.E.M. of five experiments, P <
.01), corresponding to a 55% reduction; 1 hr after 25 or 50 mg/
kg i.p. the apparent reductions were of 68 and 70% respectively.

Antinociceptive activity. Mice and rats received acetor-
phan in dosages up to 100 mg/kg (i.v. or i.p.) without any overt
sign of toxicity, particularly any sign of respiratory depression.

In the tail withdrawal test performed in mice treated with
either (D-Ala?, Met®)enkephalin in subthreshold dosage (15 ug/
animal i.c.v., 20 min before test) or acetorphan alone (10 mg/
kg i.v., for 10 min to 1 hr before test) no significant change in
tail withdrawal latency was observed. However (D-Ala? Met®)
enkephalin elicited a significant analgesia in mice treated with
acetorphan at the same time or up to 3 to 6 hr before admin-
istration (fig. 3).

In the hot plate test acetorphan (5 mg/kg i.v.) significantly
increased the jump latency, an effect inhibited by naloxone, a
compound which decreased the jump latency per se. However,
no significant effect of any of these compounds was observed
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Fig. 2. Enkephalinase activity of striatal membranes from mice treated
with acetorphan (1 mg/kg i.v.). Mice were killed at various time intervals
after drug administration, the striatum was dissected out and a mem-
brane fraction rapidly prepared for enzyme assays. Enkephalinase activ-
ity in controls (hatched area) was 238 + 18 fmol/mg of protein per min
(40 nM [*H)(p-Ala?,Leu®)enkephalin as substrate, 30 min incubations at
25°C). Means + S.E.M. of data from three separate experiments. ‘P <
.05; **P < .01 as compared to controis.
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Fig. 3. Potentiation by acetorphan of the antinociceptive activity of (o-
Ala?,Met®)enkephalin evaluated in the mouse tail withdrawal test. At
various time intervals after the administration of acetorphan (10 mg/kg
i.v.) or vehicle, mice received (p-Ala?,Met®)enkephalin (15 ug i.c.v.) and
were tested 20 min later. The hatched area to control
values, i.e., tail withdrawal latencies in vehicle-pretreated, enkephalin-
treated mice. Means + S.E.M. of data from 10 to 20 experiments. *P <
.01; **P < .001 as compared to controls. Latencies for mice receiving
either the enkephalin or acetorphan alone did not significantly differ from
those of controls (not shown).

in the same animals when the paw licking latency was measured
(table 1). Acetorphan (i.v.) increased the jump latencies in a
dose-dependent manner, with a significant effect being detected
at 1 mg/kg and the maximal effect at 10 to 20 mg/kg; analysis
of these data led to an EDs, value (calculated by log-probit
analysis) of 7 + 3 mg/kg (results not shown). An antinociceptive
effect of the same magnitude as that elicited by 10 ug of



940 Lecomte et al.

TABLE 1

Effects of acetorphan (i.v.) on the jump and licking latencies
(mouse hot plate test)

Groups of 15 mice received acetorphan (or vehicie) 30 min after naloxone (or saline)
and 15 min before test. Means + S.E.M.

Latencies
Treatments
Jump Licking
sec
Vehicle 414 71+04
Acetorphan (10 mg/kg i.v.) 83 + 10*** 7.1+ 08(N.S)
Naloxone (1 mg/kg s.c.) 29+ 2° 7.3+ 08(N.S,)
Acetorphan (10 mg/kgi.v.) + 31 +£3"¢t 71 £09(NS)

naloxone (1 mg/kg s.c.)

*P < .05; *** P <.001; N.S., nonsignificant as compared to vehicle; t P < .001
as compared to acetorphan alone.

TABLE 2

Effects of thiorphan and acetorphan (i.c.v.) on the jump latencies
(mouse hot plate test)

Groups of 10 mice received the drugs or vehicle 10 min before test. Values
represent means + S.E.M.

Treatments Jump Latencies
s6c
Vehicle 797
Thiorphan (10 ug i.c.v.) 105 + 8°
Acetorphan (10 ugi.c.v.) 107 £ 10°
‘P<.05.
15
w * a
& +NALOXONE
2 “11mg/kg,s.c.)
£ 0}
sl i
1 1 1 L
(4] 0.25 0.50 0.75 1.0

ACETORPHAN (mg/kg,iv.)
Fig. 4. Antinociceptive activity of acetorphan in the mouse writhing test.
Groups of 12 to 30 mice received acetorphan and phenylbenzoquinone
(2 mg/kg i.p.) and were scored from 5 to 15 min later. Where indicated
naloxone was administered together with acetorphan. *P < .05; **P <
.01; ***P < .001 as compared to vehicle. a, P < .05 as compared to
acetorphan alone.

Thiorphan (i.c.v.) was observed with 10 ug of acetorphan (i.c.v.)
(table 2).

In the writhing test a dose-dependent decrease in the
frequency of body stretches elicited by phenylbenzoquinone
was observed with an EDj, value of 0.70 + 0.15 mg/kg (fig. 4).
The analgesic effect of acetorphan (0.70 mg/kg) was reduced
significantly by naloxone (1 mg/kg s.c.) which significantly
increased the writhing score per se (23 + 2 sec instead of 15 +
1 sec in controls, means + S.E.M. of values from 20-30 mice).

Effects in the mouse behavioral despair test. In mice
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having received acetorphan at either 10 mg/kg (i.v.) (not
shown) or 50 mg/kg (i.p.) the immobility time was reduced
significantly, a change blocked by naloxone which had no
significant effect per se (table 3).

Antidiarrheal effect. The castor oil-induced diarrhea was
prevented completely in a dose-dependent manner by acetor-
phan (IDg, value about 5 mg/kg i.v.). The effect of 10 mg/kg of
acetorphan was antagonized completely by naloxone (2 x 2
mg/kg) (table 4).

Effects on cerebral monoamines and metabolites. Ace-
torphan (1 or 5 mg/kg i.v.) decreased significantly (—~24%) the
5-HT levels in mouse cerebral cortex whereas 5-HIAA levels
were increased in a nonsignificant manner; the ratio of 5-HIAA
to 5-HT levels in the same animals was increased by about
50%, an effect prevented completely by naloxone (table 5).

The a-methyl-p-tyrosine-induced decline of noradrenaline
levels in cerebral cortex was reduced by 39% in mice treated
with acetorphan (5 mg/kg), an effect antagonized completely
by naloxone (table 6).

Effects on striatal (Met®)enkephalin levels. After the
administration of acetorphan (10 mg/kg i.v.) no significant
change in striatal (Met®)enkephalin levels (picomoles per mil-
ligram of protein) occurred at either 15 (33.9 % 0.9) or 60 min
(35.1 = 1.6) as compared to controls (36.0 + 2.1) (means +
S.E.M. of data from 10 mice in each group).

Effects of chronic treatments with acetorphan. In mice
receiving acetorphan (2 X 50 mg/kg i.p. daily) during 10 days
no overt sign of toxicity was observed either during treatment
or on the day after its interruption. Particularly, body weight
and body temperature of these mice did not differ from those
of vehicle-treated mice (table 7). Mice were challenged with
naloxone (20 mg/kg i.p.) 16 hr after the last acetorphan injec-

TABLE 3
Effects of acetorphan in the mouse behavioral despair test

Mice received acetorphan 60 min before test. Means + S.E.M. of 24 experiments
for each condition.

immobiity Time
s6c
Vehicle 188+ 7
Acetorphan (50 mg/kg i.p.) 145 + 12**
Vehicle + naloxone (1 mg/kg s.c.) 201 £ 5(N.S)
Acetorphan (50 mg/kg i.p.) + nalox- 198 £ 5 (N.S.)***

one (1 mg/kg s.c.)

** P <.01; N.S., nonsignificant as compared to vehicle; *** P < .001 as compared
to acetorphan alone.

TABLE 4

Effects of acetorphan on castor oil-induced diarrhea in rats

Rats received 1 mi of castor oll (p.0.) 15 min after acetorphan (i.v.). Stools were
collected and weighed 45, 60 and 90 min after castor oil administration and values
represent means + S.E.M. of total cumulative weight at 90 min. Naloxone was
administered 10 min before and 25 min after acetorphan (or vehicie). N, number of
rats.

Treatments N Stool Wt.
g

Vehicle 1 28107
Acetorphan (5 mg/kg i.v.) 8 1.1+0.6*
Acetorphan (10 mg/kg i.v.) 18 0.6 £ 0.3
Acetorphan (20 mg/kg i.v.) 8 o
Vehicle + naloxone (2 X 2 mg/ 8 26+ 0.6 (N.S.)

kg s.c.)
Acetorphan (10 mg/kgi.v.) + 8 29+ 0.5(N.S.)

naloxone (2 X 2 mg/kg s.c.)

*P <.05; ** P <.01; N.S., nonsignificant as compared to vehicle.
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Effects of acetorphan on 5-HT and 5-HIAA levels in mouse cerebral cortex
Acetorphan and naloxone were administered 20 and 40 min, respectively, before sacrifice. Means + S.E.M. of number of experiments in parentheses.

Treatments SHT Level S-HIAA Level —5*-‘?
nglg nglg
Vehicle (18) 295+ 8 188 + 14 0.64 + 0.05
Acetorphan (1 mg/kg i.v.) (4) 227 + 22* 233 £ 27 (N.S)) 0.97 + 0.05*
Acetorphan (5 mg/kg i.v.) (15) 227 £ 13* 216 £ 17 (N.S)) 0.95 + 0.09*
Naloxone (1 mg/kg s.c.) (7) 309 + 24 (N.S.)
Acetorphan (5 mg/kg i.v.) + naloxone (1 311 £ 28(N.S) 139 £ 20 0.49 £ 0.11 (N.S)
mg/kg s.c.) (4)
*P < .005.
TABLE 6 Discussion

Effects of acetorphan on a-methyl-p-tyrosine (a-MPT)-induced
decline of noradrenaline in mouse cerebral cortex

a-MPT (200 mg/kg i.p.) was administered 2 hr before sacrifice. Acetorphan (5 mg/
kg i.v.) and/or naloxone (1 mg/kg s.c.) were administered 10 and 30 min, respec-
tivety, before a-MPT. N, number of animals.

Noradrenaline Levels
Treatments N 9l % change
Vehicle 27 233+8
a-MPT alone 31 1315 —-44
a-MPT + acetorphan 32 156 + 6** -33
a-MPT + naloxone 4 117+13(NS) =50
a-MPT + acetorphan + naloxone 9 135+ 10(N.S) -—-42

** P < .005; N.S., nonsignificant as compared to a-MPT alone.

tion and the possible occurrence of a series of withdrawal
symptoms was assessed. No statistically significant change was
observed in acetorphan-treated as compared to vehicle-treated
animals regarding body weight, internal temperature, jumping
or motor activity and diarrhea did not occur (table 7).

After the same 10-day pretreatment the antinociceptive ac-
tivity of acetorphan in the hot plate jump test was not greatly
modified: there was a tendency to increased responsiveness at
low drug dosage (5 mg/kg) but the maximal effect (15 mg/kg)
was not modified and log-probit analysis of the data led to an
EDs, value (7 + 1 mg/kg) similar to that obtained in vehicle-
treated mice (7 + 2 mg/kg) (table 8). In mice pretreated with
10 mg/kg of acetorphan (i.p.) twice daily for 20 days, the
antinociceptive activity of the test-dose (2 mg/kg) was the same
as in vehicle-treated mice in the writhing test (table 8); how-
ever, in both groups there was a decreased responsiveness to
pheynlbenzoquinone (compare to data of fig. 4), presumably
attributable to the effects of repeated i.p. injections performed
previously.

TABLE 7
Withdrawal symptoms in mice chronically treated with acetorphan

The present study indicates that acetorphan is a parenterally
active enkephalinase inhibitor, presumably because it is able to
enter the brain and to be hydrolyzed therein into its parent
compound, Thiorphan. Indeed acetorphan is approximately
1000-fold less potent than Thiorphan when directly tested on
the purified enzyme, whereas it becomes nearly as potent after
being incubated with cerebral membranes (fig. 1). This large
difference reflects the importance of the free thiol and terminal
carboxylate groups of enkephalinase inhibitors by which they
presumably interact with the Zn atom and arginine residue,
respectively, of the enzyme active site (Schwartz et al, 1981;
Malfroy and Schwartz, 1982, 1984; Fournie-Zaluski et al., 1984).
On crude membranes from mouse striatum the inhibitory po-
tency of acetorphan increased progressively with the incubation
duration, as hydrolysis of both the thioester and ester bonds
progressively took place, as indicated by high-performance
liquid chromatography analysis (not shown).

That cerebral enkephalinase was inhibited extensively after
parenteral administration of acetorphan in relatively low dos-
age (1-10 mg/kg) is suggested by a variety of observations.
Thus, the enzyme activity in striatal membranes prepared
rapidly after sacrifice was strongly reduced for 4 to 8 hr after
parenteral drug administration (fig. 2). In addition the analgesic
effect of (D-Ala?,Met®)enkephalin, a good substrate for purified
enkephalinase (Malfroy and Schwartz, 1982, 1984), was poten-
tiated in a long-lasting manner (fig. 3), as observed previously
after administration of Thiorphan i.c.v. or parenterally at 30
to 100-mg/kg dosages (Roques et al., 1980; Yaksh and Harty,
1982; Chipkin et al., 1982; Baum et al., 1983). Finally, the very
similar patterns of behavioral and neurochemical actions of
parenteral acetorphan and i.c.v. Thiorphan are consistent with

Mice received acetorphan (50 mg/kg i.p.) or vehicle twice a day during 10 days. Body weight and colonic temperature were measured 16 hr after the last injection.
Naloxone (20 mg/kg i.p.) was then administered and mice tested at the following postnaloxone intervais: 0 to 10 min (jumping), 10 to 30 min (motor activity), 60 min

(body temperature), 0 to 2 hr (diarrhea) and 2 hr (body weight).

Treatments
Body weight (g) before naloxone 327+04 326+ 0.4 N.S.
Body weight (g) after naloxone 299+04 303+0.3 N.S.
Body temperature (°C) before naloxone 376+ 0.1 374+ 0.1 N.S.
Body temperature (°C) after naloxone 374+0.2 377+ 01 N.S.
Naloxone-induced jumping (n° of animals) 2/40 1/39 N.S.
Motor activity after naloxone (crosses/15 min) 707 84 +£17 N.S.
Naloxone-induced diarrhea 0/40 0/39 N.S.
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TABLE 8

Antinociceptive effects of acetorphan in mice chronically pretreated
with this agent

Twelve to 18 mice for each condition were pretreated with vehicle or acetorphan
(50 mg/kg i.p., twice daily for 10 days in group A or 10 mg/kg i.p., twice daily for
20 days in group B) and the two nociceptive responses were evaluated 20 hr after
the last injection. Mice received the test-dose of acetorphan (i.v.) 15 min before
placement onto the hot plate or 10 min before receiving phenylbenzoquinone.

Lecomte et al.

Chronic Pretreatment
Treatments
Vehicle Acetorphan

A. Hot plate jump latency (sec)

Vehicle 59+8 66+9

Acetorphan (5 mg/kg) 81 £ 12(N.S) 124 +19**

Acetorphan (10 mg/kg) 108 + 20* 135 + 22**

Acetorphan (15 mg/kg) 151 £ 21** 159 + 29**
B. Writhing score

Vehicle 7721 70+13

Acetorphan (2 mg/kg) 42 +1.2* 43+09"

*P < .05; **P < .001; N.S., nonsignificant as compared to corresponding
vehicle-treated group.

the idea that the two drugs act via a common mechanism, i.e.
enkephalinase inhibition in the central nervous system.

A significant, naloxone-reversible antinociceptive activity of
acetorphan, resembling that of Thiorphan, was found in several
tests. Like that of Thiorphan it was rather weak and selective
in the sense that it could not be observed in all tests in which
synthetic opiates are active. For instance a dose-dependent
antinociception was elicited in the phenylbenzoquinone-in-
duced writhing (fig. 4) and hot plate jump tests (tables 1 and
8) with EDs, values 0.7 and 7 mg/kg, respectively. On the latter
test acetorphan and Thiorphan, both given i.c.v., displayed
similar potencies (table 2), probably because extensive hydrol-
ysis of acetorphan took place in brain in vivo. In contrast there
was no significant antinociceptive activity of acetorphan in the
tail withdrawal (see “Results”) or hot plate licking tests (table
1). Similarly dissociated antinociceptive effects were reported
previously with Thiorphan (reviewed by Schwartz et al., 1982)
as well as other enkephalinase inhibitors (Algeri et al., 1981;
Rupreht et al., 1983) administered either alone or in combina-
tion with bestatin, an aminopeptidase inhibitor (Zhang et al.,
1982; De la Baume et al., 1983; Chaillet et al., 1983; Schwartz
et al., 1983, 1984b; Costentin et al., 1986). Namely, because the
dissociated pattern of pronociceptive activity of naloxone on
these various tests (reviewed by Sawynok et al., 1979; Hill,
1981; Jacob and Ramabadran, 1981) mirrors that of antinoci-
ceptive activity of peptidase inhibitors, it has been assumed
that this reflects a selective participation of endogenous opioids
in the control of only some nociceptive responses (Schwartz,
1983; Schwartz et al., 1984b; Costentin et al., 1986).

Similar to Thiorphan (i.c.v.) and enkephalins (Ben Natan et
al., 1984) parenteral acetorphan elicited a significant naloxone-
reversible “antidepressant” effect in the mouse behavioral de-
spair test (table 3) on which opiate receptor antagonists block
the effects of some tricyclic antidepressant drugs (Devoize et
al., 1982). Also similar to Thiorphan (i.c.v.) (Llorens-Cortes
and Schwartz, 1984), parenteral acetorphan elicited significant,
naloxone-reversible changes in 5-HT (table 5) and noradrena-
line turnover indexes (table 6) which parallel those elicited by
synthetic opiates (Yarbrough et al., 1973; Korf et al., 1984;
Algeri et al., 1978; Tanaka et al., 1983; Attila and Ahtee, 1983).
Finally, acetorphan displayed a pronounced, naloxone-reversi-
ble, antidiarrheal activity in the castor oil test (table 4) on
which Thiorphan (H. Marcais-Collado, G. Uchida, J.-M. Le-
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comte and J. Costentin, in preparation) and opiate receptor
agonists (Awounters et al., 1983) are active. Interestingly,
whereas acetorphan inhibits the cholera toxin-induced intes-
tinal hypersecretion (L. Bueno, personal communication), it
does not significantly affect the delay of intestinal transit, as
evaluated in the charcoal meal test (H. Marcais-Collado, G.
Uchida, J.-M. Lecomte and J. Costentin) on which opiate
receptor agonists are active (Niemegeers et al., 1974).

All these data, indicating that acetorphan elicits a variety of
naloxone-reversible, opioid-like effects, are consistent with the
idea that this compound provides protection of endogenous
opioids from hydrolysis by enkephalinase. The absence of any
significant change in (Met®)enkephalin levels in the brain of
acetorphan-treated mice (see “Results”) does not contradict
this hypothesis because metabolism of the endogenous peptide
involves not only enkephalinase but also a bestatin-sensitive
aminopeptidase activity (De la Baume et al., 1983; Schwartz,
1983), presumably aminopeptidase M (Gros et al., 1985) and
possibly another membrane-bound aminopeptidase (Hui et al.,
1983; Hersh, 1985). Thus, whereas acetorphan reduces by 70%
the endogenous cerebral levels of the tripeptide Tyr-Gly-Gly, a
characteristic product of cleavage of the Gly*-Phe* amide bond
of enkephalins by enkephalinase, inhibition of both enkephal-
inase and aminopeptidase activities is required to increase
enkephalin levels (Schwartz et al., 1984a; Llorens-Cortes et al.,
1985a,b; B. Giros, C. Llorens-Cortes, C. Gros and J.C. Schwartz,
in preparation).

One interesting feature of the parenterally active enkephali-
nase inhibitor is that it allows one to easily assess the effects
of chronic treatments. The analgesic activity of acetorphan was
not modified greatly after either a 10-day pretreatment (hot
plate jump) or a 20-day pretreatment (writhing test) with large
doses given i.p. (table 8). Also no overt withdrawal symptoms
were observed either at the interruption of a chronic treatment
or by administration of a precipitating dose of naloxone (table
7). In the same way interruption of a chronic i.c.v. infusion of
Thiorphan in rats failed to elicit the typical pattern of opioid
withdrawal symptoms (Bean and Vaught, 1984) and this drug
was not recognized in the morphine cue test (Buxton et al,
1982). If one accepts the view that acetorphan acts via protec-
tion of endogenous opioids, these differences with classical
opiates or even exogenous opioid peptides (Martin, 1983) might
be due to a rather weak and short-lived stimulation of opiate
receptors which might have occurred after the repeated injec-
tions of this drug.

Additional studies using other animal species and modes of
treatment are currently in progress to establish whether chronic
and simultaneous inhibition of the two peptidase activities
responsible for endogenous enkephalin inactivation is accom-
panied by the development of tolerance and dependence.
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