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Inhibition of dynorphin-converting enzymes prolongs the antinociceptive 
effect of intrathecally administered dynorphin in the mouse formalin test 
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A b s t r a c t  

The effects of peptidase inhibitors on the antinociception induced by intrathecally (i.t.) administered dynorphin A and dynorphin B in 
the mouse formalin test were examined. When administered i.t. 5 rain before the injection of 0.5% formalin solution into the dorsal 
surface of a hindpaw, dynorphin A (0.5-2 nmol) and dynorphin B (2-8 nmol) produced a dose-dependent and significant reduction of the 
paw-licking response. Dynorphin A (2 nmol) and dynorphin B (8 nmol)-induced antinociception disappeared completely within 90 min 
and 60 min, respectively, p-Hydroxymercuribenzoate, a cysteine proteinase inhibitor, and phosphoramidon, an endopeptidase 24.11 
inhibitor simultaneously administered with dynorphin A or dynorphin B, significantly prolonged antinociception induced by both 
dynorphins. However, captopril, an angiotensin-converting enzyme inhibitor, bestatin (a general aminopeptidase inhibitor) and a serine 
proteinase inhibitor phenylmethanesulfonyl fluoride, were inactive. Dynorphin-converting enzyme(s) transform dynorphin-related pep- 
tides to [LeuS]enkephalin and [LeuS]enkephalin-Arg 6. Neither [LeuS]enkephalin nor [LeuS]enkephalin-Arg 6, even at high dose (10 nmol), 
produced any antinociceptive effect. However, [LeuS]enkephalin-Arg 6, but not [LeuS]enkephalin, produced a significant antinociceptive 
effect when co-administered with phosphoramidon. Therefore, the prolongation of the antinociception induced by both dynorphins in the 
presence of phosphoramidon, may be due to the inhibition of [LeuS]enkephalin-Arg 6 degradation. The present results indicate that 
dynorphin-converting enzyme(s) may be important enzyme(s) responsible for terminating dynorphin-A- and dynorphin-B-induced 
antinociception at the spinal cord level in mice. 
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I .  I n t r o d u c t i o n  

Dynorphin A and dynorphin B which are opioid pep- 
tides derived from pre-prodynorphin, have high affinity for 
K-receptors (for review, see H611t, 1986). These peptides 
are present in high concentrations in the dorsal hom of the 
spinal cord where processing of primary afferent nocicep- 
tive information occurs (for review, see Basbaum and 
Fields, 1984; Millan, 1986). It is known that intrathecally 
(i.t.) administered dynorphin-related peptides such as 
dynorphin A, dynorphin A-(1-13) and dynorphin B pro- 
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duce antinociceptive effects in rat and mice, measured by 
the tail-flick test (Han and Xie, 1982; Han et al., 1984; 
Spampinato and Candeletti, 1985; Ren et al., 1985; Her- 
man and Goldstein, 1985; Sakurada et al., 1988). 

Evidence indicates that several peptidases are involved 
in the metabolism of enkephalins. Endopeptidase 24.11 
cleaves the Gly3-Phe 4 bond in both [MetS]enkephalin and 
[LeuS]enkephalin (Malfroy et al., 1978; Sullivan et al., 
1978; Almenoff et al., 1981; Fulcher et al., 1982). In- 
hibitors of this enzyme such as thiorphan (Roques et al., 
1980), acetorphan (Lecomte et al., 1986), SCH 34826 
(Chipkin et al., 1988) and N-[1-(RS)-carboxy-3-phenyl- 
propyl]-Phe-p-aminobenzoate (Pozsgay et al., 1986) slow 
the degradation of enkephalins in vivo and possess 
antinociceptive properties (Roques et al., 1980; Chipkin et 
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al., 1982, 1988; De La Baume et al., 1983; Lecomte et al., 
1986; Kest et al., 1991). Other studies using specific 
enzyme inhibitors indicate that aminopeptidase and an- 
giotensin-converting enzyme also contribute to the degra- 
dation of enkephalins (Turner et al., 1985). Thus, adminis- 
tration of the aminopeptidase inhibitors, bestatin and amas- 
tatin alone or in combination with an angiotensin-convert- 
ing enzyme inhibitor captopril, increase basal nociceptive 
thresholds and potentiate enkephalin-induced antinocicep- 
tion (Chaillet et al., 1983; Chou et al., 1984; Fourni~-Zalu- 
ski' et al,, 1984). With regard to the enzyme cleaving 
dynorphin-related peptides, it has been found that dynor- 
phin-converting enzyme(s) in bovine and human spinal 
cord (Silberring and Nyberg, 1989; Silberring et al., 1992, 
1993), which are essentially cysteine proteinases, cleave 
dynorphin A and dynorphin B between Arg6-Arg 7 and, to 
a lesser degree, Leu5-Arg 6, generating the g-receptor ac- 
tive fragments. It has also been reported that the antinoci- 
ceptive effect produced by intracerebroventricularly (i.c.v.) 
administered dynorphin B is potentiated and prolonged by 
bestatin (Nakazawa et al., 1989), and that the inhibitory 
effect of dynorphin A-(I-8) on the electrically evoked 
contractions of guinea-pig ileum, mouse vas deferens and 
rabbit vas deferens is potentiated by amastatin, captopril 
and/or  phosphoramidon (Numata et al., 1988). These 
reports suggest that these inhibitor-sensitive peptidases 
may be involved in the degradation of dynorphin-related 
peptides and enkephalins. However, the degradation of 
dynorphin-related peptides in the spinal cord in vivo is not 
fully understood. 

The present study aims at clarifying the role of pepti- 
dase activity in modulating the antinociception induced by 
dynorphin A and dynorphin B, using the combined admin- 
istration of several peptidase inhibitors. 

2. Materials and methods 

Male mice of ddY strain weighing 20-22 g were pur- 
chased from Shizuoka Laboratory Center (Shizuoka, 
Japan). They were housed in cages of 15-20 animals 
matched for weight and placed in a colony room. Animals 
Were given standard food (Clea, Osaka, Japan) and tap 
water ad libitum in an air-conditioned room at 22-24°C 
and 50-60% relative humidity under a constant 12-h light: 
12-h dark cycle (light on at 8:00 a.m.). 

Approximately 1 h before the formalin test, the mice 
were placed individually in transparent observation cham- 
bers (22.0 × 15.0 X 12.5 cm). A mirror was placed behind 
the chamber to allow unobstructed observation of the 
hindpaws. After a period of  adaptation, the mouse was 
taken out of the chamber and 20 Ixl of 0.5% formalin 
solution'(o.185%" formaldehyde in saline) was injected 
su~utaneously (s.c.) into-the dorsal surface of the right 
hindpaw, using a microsyringe with a 26 gauge needle. 
Each animal was immediately returned to the observation 
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Fig. 1. Antinociceptive effects of intrathecally administered dynorphin A 
(A), dynorphin B (B) and U-50,488H (C) in the mouse formalin test. The 
duration of licking induced by 0.5% formalin solution was determined 
over a 5 min period, starting immediately after injection of formalin. 
Dynorphin A, dynorphin B and U-50,488H were administered i.t. 5 min 
before injection of 0.5% formalin. These data are given as the means+ 
S.E.M. for groups of 10 mice. * P < 0.05, * * P < 0.01 when compared 
to CSF-treated controls. 
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Table 1 
Time-course of antinociceptive effects produced by i.t. administration of dynorphin A, dynorphin B and U-50, 488H in the mouse formalin test 

63 

Pretreatment time CSF controls Dyn A (2 nmol) Dyn B (8 nmol) U-50,488H (40 nmol) 

5 min 92.6 ± 7.1 24.7 ± 10.0 b 30.3 ± 3.6 b 18.1 ± 4.6 b 
15 rain 104.2 ± 5.2 49.9 ± 9.0 b 53.0 ± 3.7 b 37.6 ± 4.2 b 
30 min 113.9 ± 4.7 76.3 ± 4.8 b 84.2 ± 3.9 b 77.3 ± 3.5 b 
60 min 100.7 ± 4.2 80.0 ± 7.8 ~ 95.1 ± 6.0 86,4 ± 4.9 
90 min 92.2 -t- 4.2 89.5 ± 4.8 N.D. N.D. 

Each mouse was i.t. administered with dynophin A (Dyn A), dynorphin B (Dyn B) and U-50,488H at indicated times before injection of formalin. These 
data are given as the means + S.E.M. for groups of 10 mice. a p < 0.05, b p < 0.01 when compared to CSF-treated controls. N.D., not done. 

chamber. Licking or biting of the injected hindpaw was 
defined as a nociceptive behavioural response and the total 
duration of the response was measured with a hand-held 
stop-watch during the test period. It has previously been 
found that a nociceptive behavioural response induced by 
1 or 2% formalin solution has two peaks, 0-5 min (first 
phase) and 10-30 min (second phase), but when induced A 120" 
by 0.5% formalin solution has only the first phase 
(Sakurada et al., 1992). In the preliminary experiment, A 100" 
dynorphin A and dynorphin B produced only the slight 
antinociceptive effects during the first phase as measured ~ 80' 
in the 2% formalin test (data not shown). Thus, each E 

:m 60' animal was observed individually for 5 min, immediately 
after the s.c. injection of 0.5% formalin solution. 01 t-- 40' 

Chemicals were purchased from the following sources: "~ 
dynorphin A, dynorphin B, [LeuS]enkephalin-Arg 6 ,O 20' 
(Bachem, Bubendorf, Switzerland), U-50,488H, p-hy- -J  
droxymercuribenzoate, phenylmethanesulfonyl fluoride, 0 
bestatin, captopril (Sigma, St. Louis, MO, USA), [LeuS]en - 
kephalin, phosphoramidon (Peptide Institute, Osaka, Japan) 
and formalin (Nacalai Tesque, Osaka, Japan). The reagents, 
except phenylmethanesulfonyl fluoride were dissolved in 
artificial cerebrospinal fluid (CSF), containing NaC1 7.4 g, B 
KCI 0.19 g, MgC12 0.19 g, CaCI 2 0.14 g/1000 ml of 120'  
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Fig. 2. Effects of intrathecally administered [LeuS]enkephalin (Leu-Enk) 
and [LeuS]enkephalin-Arg 6 (Leu-Enk-Arg 6) in the mouse formalin test. 
Each peptide was administered i.t. 5 min before injection of 0.5% 
formalin. These data are given as the means+S.E.M, for groups of 10 
mice. 

distilled and sterilized water. Phenylmethanesulfonyl fluo- 
ride was dissolved in artificial CSF containing 3% ethanol. 
All these substances or vehicle were administered directly 
i.t. in a volume of 5 fxl in unanesthetized mice, essentially 
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Fig. 3. Effects of p-hydroxymercuribenzoate (PHMB) on (A) dynorphin- 
A- and (B) dynorphin-B-induced antinociception in the mouse formalin 
test. PHMB was co-administered i.t. with dynorphin A (2 nmol) and 
dynorphin B (8 nmol) 90 min and 60 min before injection of 0.5% 
formalin, respectively. These data are given as the means+S.E.M, for 
groups of 10 mice. * ~ P < 0.01 when compared to dynorphin A or 
dynorphin B alone. 
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A 120' 3. Results 
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Fig. 4. Effects of phosphoramidon on (A) dynorphin-A- and (B) dynor- 
phin-B-induced antinociception in the mouse formalin test. Phosphorami- 
don was co-administered i.t. with dynorphin A (2 nmol) and dynorphin B 
(8 nmol) 90 min and 60 min before injection of 0.5% formalin, respec- 
tively. These data are given as the means+ S.E.M. for groups of 10 mice. 
* * P < 0.01 when compared to dynorphin A or dynorphin B alone. 
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as described by Hylden and Wilcox (1980). Briefly, a 
lumbar puncture was performed using a 29 gauge needle 
connected to a Hamilton microsyringe. The needle was 
inserted between the L5 and L6 vertebrae and a rapid i.t. 
administration of  5 ixl was made. The accurate placement 
of  the administrations was indicated by a quick flick of the 
mouse 's  tail. The effect of peptidase inhibitors was deter- 
mined by co-administration with a peptide, dynorphin A, 
dynorphin B, [Leu 5 ]enkephalin and [Leu 5 ]enkephalin-Arg 6. 

Statistical analysis of the results included determination 
of  IDs0 values by the method of  Litchfield and Wilcoxon 
(1949) and Tukey 's  test for multiple comparisons after 
analysis of  variance (ANOVA). The criterion of  signifi- 
cance was set at P < 0.05. All results are given as means 
_+ S.E.M. 

3.1. Effects of  peptides and U-50,488H on 0.5% formalin- 
induced nociceptive behac, ioural response 

The injection of 0.5% formalin solution into the dorsal 
surface of  a hindpaw caused an acute nociceptive be- 
havioural response that lasted about 5 min. When adminis- 
tered i.t. 5 min before the injection of  formalin, dynorphin 
A (0 .5-2  nmol), dynorphin B (2 -8  nmol) and U-50,488H 
(10-40  nmol) produced a dose-dependent and significant 
reduction of the nociceptive behavioural response (Fig. 1). 
The IDs0 values for dynorphin A, dynorphin B and U- 
50,488H were 0.96 (0.58-1.59) nmol, 4 (2.16-7.41) nmol 
and 15 (9 .02-24 .95)nmol ,  respectively. The significant 
antinociceptive effects of dynorphin A (2 nmol), dynorphin 
B (8 nmol) and U-50,488H (40 nmol) lasted for 60 min, 30 
min and 30 min, respectively (Table 1). The substances 
applied caused no motor impairment or hindlimb paralysis 
even at the highest doses used. 

Neither [LeuS]enkephalin nor [LeuS]enkephalin-Arg 6 
produced any antinociceptive effect even at the high dose 
of  10 nmol when administered 5 min before formalin 
injection (Fig. 2). 

3.2. Effects of  p-hydroxymercuribenzoate on dynorphin-A- 
and dynorphin-B-induced antinociception 

Dynorphin-A (2 nmol)- and dynorphin B (8 nmol)-in- 
duced antinociception was no longer present at 90 min and 
60 min after i.t. administration, respectively. When simul- 
taneously administered with p-hydroxymercuribenzoate (4 
nmol), a cysteine proteinase inhibitor, dynorphin A-in- 
duced antinociception was observed even 90 min after i.t. 
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Fig. 5. Effects of phosphoramidon in combination with [LeuS]enkephalin 
(Leu-Enk) and [LeuS]enkephalin-Arg 6 (Leu-Enk-Arg 6) in the mouse 
formalin test. Phosphoramidon was co-administered i.t. with Leu-Enk (2 
nmol) and Leu-Enk-Arg 6 (2 nmol) 90 min before injection of 0.5% 
formalin, respectively. These data are given as the means + S.E.M. for 
groups of 10 mice. * * P < 0.01 when compared to CSF-treated control. 
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Table 2 
Effects of phenylmethanesulfonyl fluoride, bestatin and captopril on dynorphin A- and dynorphin B-induced antinociception in the mouse formalin test 

Inhibitor 60 min 90 min 

CSF controls Dyn B (8 nmol) CSF controls Dyn A (2 nmol) 

CSF 100.7 + 4.2 95.1 + 6.0 92.2 + 4.2 89.5 + 4.8 
PMSF (4 nmol) 99.0 ___ 5.3 98.5 + 4.6 91.6 + 4.0 99.9 + 5.2 
Bestatin (4 nmol) 98.4 +_ 3.6 108.2 + 3.4 99.2 + 5.5 80.7 + 4.1 
Captopril (4 nmol) 94.0 _+ 3.8 90.9 _+ 2.8 91.6 ___ 2.1 82.0 _+ 3.4 

Each mouse was co-administered the various peptidase inhibitors in combination with dynorphin A (Dyn A) 90 min and dynophin B (Dyn B) 60 min 
before injection of formalin, respectively. These data are given as the means + S.E.M. for groups 10 mice. PMSF, phenylmethanesulfonyl fluoride. 

administration (Fig. 3A). A similar result was obtained for 
dynorphin B since a significant antinociception was ob- 
served 60 min after co-administration with p-hydroxy- 
mercuribenzoate (2 and 4 nmol) as shown in Fig. 3B. A 
single administration of p-hydroxymercuribenzoate (4 
nmoi) produced no antinociceptive effect in the assay. 

3.3. Effects of phosphoramidon on dynorphin A-, dynor- 
phin B-, [LeuS ]enkephalin - and [LeuS ]enkephalin-Arg O-in - 
duced antinociception 

A single administration of 2 nmol, but not 0.5-1 nmol 
phosphoramidon alone, caused a significant antinocicep- 
tive effect by itself, under conditions tested. Therefore, 
lower doses of this inhibitor, 0.5 and 1 nmol, were applied 
in combination with peptide administrations. Co-adminis- 
tration of dynorphin A or dynorphin B with phosphorami- 
don prolonged antinociceptive effects to 90 min and 60 
min after administration, respectively (Fig. 4). It was also 
noted that co-administration of phosphoramidon (1 nmol) 
together with 2 nmol [LeuS]enkephalin-Arg 6, but not 
[LeuS]enkephalin, produced a significant antinociception 
90 min after i.t. administration (Fig. 5). 

3.4. Effects of phenylmethanesulfonyl fluoride, bestatin 
and captopril on dynorphin A- and dynorphin B-induced 
antinociception 

As shown in Table 2, phenylmethanesulfonyl fluoride 
(4 nmol), bestatin (4 nmol) and captopril (4 nmol) simulta- 
neously administered with dynorphin A or dynorphin B, 
did not prolong dynorphin A- or dynorphin B-induced 
antinociception. These substances alone caused no be- 
havioural effect. 

4. Discussion 

The dynorphin converting enzyme(s) purified from the 
bovine and human spinal cords, which seem to be cysteine 
proteinases, cleave dynorphin A and dynorphin B between 
Arg6-Arg 7 and LeuS-Arg 6 thus generating [LeuS]enkepha - 
lin-Arg 6 as a major product and small amounts of 
[Leu 5 ]enkephalin (Silberring and Nyberg, 1989; Silberring 

et al., 1992, 1993). Inhibition of dynorphin converting 
enzyme(s) by low doses of p-hydroxymercuribenzoate, a 
cysteine proteinase inhibitor, has also been observed in 
extracts from rat striatum (Nylander et al., 1995). Another 
dynorphin converting enzyme isolated from human CSF is 
essentially a serine proteinase (Nyberg et al., 1985). The 
present study shows that the antinociception induced by 
dynorphin A (2 nmol) and dynorphin B (8 nmol) com- 
pletely disappeared at 90 min and 60 min after i.t. adminis- 
tration, respectively. Co-administration with p-hydroxy- 
mercuribenzoate, but not phenylmethanesulfonyl fluoride, 
a serine proteinase inhibitor, prolonged the antinociceptive 
effects produced by dynorphin A and dynorphin B. Neither 
of the products generated by dynorphin-converting en- 
zyme(s), [LeuS]enkephalin nor [LeuS]enkephalin-Arg 6 
given alone, produced the antinociceptive effect at a high 
dose (up till 10 nmol). These results agree with previous 
reports that enkephalins are rapidly degraded by several 
peptidases including neutral endopeptidase ('endopeptidase 
24.11') in the CNS and peripheral tissues (Turner et al., 
1985; Bourne et al., 1989). It has also been shown that the 
formation of [3H][LeuS]enkephalin from [3H]dynorphin 
A- ( l -8 )  by slices of rat lumbosacral spinal cord is reduced 
by p-hydroxymercuribenzoate and N-ethylmaleimide, an- 
other cysteine proteinase inhibitor (Dixon and Traynor, 
1990). 

Phosphoramidon, an 'endopeptidase 24.11' inhibitor, 
also prolonged both dynorphin A- and dynorphin B-in- 
duced antinociception when simultaneously administered 
with dynorphin A or dynorphin B. On the other hand, 
N-[ 1 -( RS )-carbo x y- 3-phen y lprop y l ]-Phe-p-aminobenzoate, 
another inhibitor of this enzyme, simultaneously adminis- 
tered i.c.v, with dynorphin A-(I -8) ,  has previously been 
shown ineffective in influencing the nociceptive stimuli in 
the rat tail-flick and electric footshock-induced jump tests 
(Kest et al., 1992). In addition to increasing the dynorphin 
A and dynorphin B effects, phosphoramidon also produced 
a significant antinociceptive effect when simultaneously 
administered with a relatively low dose of [LeuS]enkepha - 
lin-Arg 6 (2 nmol) even at 90 min after i.t. administration. 
This may suggest that prolongation of both dynorphin A- 
and dynorphin B-induced antinociception by phosphorami- 
don is due to the inhibition of the degradation of [LeuS]en - 
kephalin-Arg 6 which is formed from dynorphin A and 
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dynorphin B by dynorphin-converting enzyme(s) and not 
due to direct inhibition of degradation of dynorphin A or 
dynorphin B by 'endopeptidase 24.11' which are poor 
substrates for this enzyme. Our previous studies indicate 
that phosphoramidon does not affect conversion of dynor- 
phins to enkephalins by dynorphin-converting enzyme(s) 
(Silberring and Nyberg, 1989; Silberring et al., 1992). It is 
worth noting that this inhibitor shows no detectable influ- 
ence on the  action of [LeuS]enkephalin, but potentiated 
analgesic response produced by [LeuS]enkephalin-Arg 6. It 
is not, therefore unlikely that other proteinases take part in 
the degradation process (Oka et al., 1992; Roques et al., 
1993) and an 'inhibitory cocktail' should be considered in 
order to slow down proteolysis (Roques et al., 1993). 
Phosporamidon administered alone at higher doses pos- 
sessed intrinsic opioidergic activity in our experiments 
and, therefore, it has been applied at lower doses when 
simultaneously administered with the peptides. 

Nakazawa et al. (1989) have reported that the antinoci- 
ceptive effect produced by i.c.v, administration of dynor- 
phin B is potentiated and prolonged by bestatin. Moreover, 
the inhibitory effect of dynorphin A- ( I -8 )  on the electri- 
cally evoked contractions of guinea-pig ileum, mouse vas 
deferens and rabbit vas deferens was potentiated by amas- 
tatin, captopril and /or  phosphoramidon (Numata et al., 
1988). These reports suggested that aminopeptidase and 
angiotensin-converting enzyme may also be involved in 
the degradation of dynorphin-related shorter peptides. 
However, it appears that aminopeptidase and angiotensin- 
converting enzyme do not play an important role in termi- 
nating dynorphin A- and dynorphin B-induced antinocicep- 
tion in the mouse spinal cord, since the antinociceptive 
effects produced by these peptides were not significantly 
prolonged by 4 nmol of bestatin or captopril. This finding 
is supported by the earlier reports that kinetic constants 
obtained for angiotensin-converting enzyme and 
enkephalins do not favor the role of this enzyme in 
enkephalin metabolism (Benuck and Marks, 1979; 
Schwartz et al., 1981). However, in certain brain regions, 
captopril potentiated the antinociceptive effect of i.c.v. 
administered [MetS]enkephalin (Stine et al., 1980). Our 
studies on dynorphin metabolism by dynorphin converting 
enzyme(s) also indicate that angiotensin-converting en- 
zyme is not involved in this process. 

There are several reports that i.t. administration of 
dynorphin-related peptides causes long-lasting hindlimb 
paralysis in the same dose range which produced the 
antinociceptive effect in the rat tail-flick test (Spampinato 
and Candeletti, 1985; Ren et al., 1985; Herman and Gold- 
stein, 1985). This constitutes a problem for evaluating the 
antinociceptive effects produced by dynorphin-related pep- 
tides. In the present study using the 0.5% formalin test, i.t. 
administration of dynorphin A (0.5-2 nmol) and dynor- 
phin B (2-8 nmol) caused no hindlimb paralysis, and 
produced a dose-dependent and significant antinociceptive 
effect. Therefore, the mouse formalin test using 0.5% 

formalin solution may be more useful to evaluate the 
antinociceptive effects of dynorphin-related peptides than 
for instance, the rat tail-flick test. I.t. administration of 
U-50,488H (10-40 nmol), a non-peptide K-receptor ago- 
nist as a reference for comparison, also produced a dose- 
dependent and significant antinociceptive effect. Judging 
from the IDs0 values, dynorphin A and dynorphin B were 
approximately 15 and 4 times more potent, respectively, in 
producing antinociceptive effects than U-50,488H. 

In conclusion, the present results indicate that dynor- 
phin-converting enzyme(s) may be important peptidases 
responsible for terminating both dynorphin A- and dynor- 
phin B-induced antinociception at the spinal cord level in 
mice, and that the prolongation of both dynorphin A- and 
dynorphin B-induced antinociception by phosphoramidon 
may be due to inhibition of the degradation of [LeuS]en - 
kephalin-Arg 6. 
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