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are not related to their antinociceptive action 
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Abstract 

Several opioid compounds were evaluated for an ability to modulate the K+-stimulated release of [3H]serotonin ([3H]5-hy- 
droxytryptamine, [3H]5-HT) from rat spinal cord synaptosomal and tissue slice preparations. Selective K-opioid receptor agonists 
depressed K+-stimulated release of the radiolabelled transmitter from both tissue preparations, an effect which was reversed by 
norbinaltorphimine. Conversely, the selective p- and b-opioid receptor agonists [o-Ala2,NMePhe4,Gly-o15]enkephalin (DAMGO) 
and [o-Pen*,o-Pen’lenkephalin (DPDPE), respectively, enhanced the K+-stimulated release of [ 3H]5-HT. This effect was only 
seen using the tissue slice preparation. When used at concentrations near its reported K, for CL-opioid receptors, the selective 
p-opioid receptor antagonist o-Phe-Cys-Tyr-o-Trp-Orn-Thr-NH 2 (CTOP) blocked the action of DAMGO, but had no 
effect on the action of DPDPE. However, higher concentrations of CTOP, as well as all effective concentrations of selective 
S-opioid receptor antagonists, blocked the action of both DAMGO and DPDPE. All agonist effects on spinal 5-HT release, 
regardless of the tissue preparation, were only seen at high (FM) concentrations. Moreover, effects of the opioid agonists were 
not consistent with the reported involvement of spinal 5-HT neurotransmission in the mediation of their antinociceptive action. 
Thus, the ability of opioids to modulate spinal 5-HT release appears to be of minimal physiological significance. 

Keywords: DAMGO ([o-Ala2,NMePhe4,Gly-ol’]enkephalin); DPDPE ([o-Pen*,o-Pen5]enkephalin); Naltrindole; ICI174864; 5-HT 
(5_hydroxytryptamine, serotonin); Spinal cord 

1. Introduction 

Spinopetal serotonergic neuronal systems have pre- 
viously been shown to be involved in the mediation of 
antinociception. An enhancement of spinal serotoner- 
gic neurotransmission can be demonstrated following 
pharmacological or electrical activation of midbrain 
sites known to mediate analgesia (Lewis and Gebhart, 
1977; Yaksh, 1979; Yaksh and Tyce, 1979; Yaksh and 
Wilson, 1979; Rivot et al., 1982). In addition, seroton- 
ergic receptor antagonists have been shown to reduce 
the effect of supraspinally (Yaksh, 1979) and systemi- 

* Corresponding author. Department of Anesthesiology, The 
Robert C. Byrd Health Sciences Center of West Virginia University, 
P.O. Box 9134, Morgantown, WV 26506-9134, USA. Tel. 304-293- 
4712, fax 304-293-7607. 

tally (Pekoe and Smith, 1982) administered opioids. 
Furthermore, the intrathecal administration of sero- 
tonin (5HT) has been shown to produce analgesia 
which can be attenuated by 5-HT receptor antagonists 
(Schmauss et al., 1983; Kellstein et al., 1988; Solomon 
and Gebhart, 1988; Crisp and Smith, 1989). 

The intrathecal administration of certain opioid 
drugs results in an antinociception which appears to be 
mediated in part by spinal serotonergic processes. In- 
trathecally applied /?-endorphin (Crisp et al., 1989) or 
morphine (Kellstein et al., 1988; Crisp and Smith, 
1989) produces antinociception which is blocked by 
5-HT receptor antagonists. One possible mechanism of 
action of these opioids may be the regulation of spinal 
5-HT release. The ability of opioids to modulate the 
release of [3H]5-HT from a rat spinal cord synaptoso- 
ma1 preparation has previously been examined in this 
laboratory (Monroe et al., 19861, however the current 
study expands this work to include additional antinoci- 

Elsevier Science B.V. 
SSDI 0014-2999(94)00623-7 



52 P.J. Monroe et al. /European Journal of Pharmacology 272 (1995) 51-56 

ceptive agents, and a spinal cord slice preparation in 
which neuronal connectivity is less compromised. Com- 
pounds which were evaluated included morphine and 
p-endorphin, the K-opioid receptor agonists ethylketo- 
cyclazocine and U50488H [ trans-( k )-3,4-dichloro-N- 
methyl-N-[2-(-(l-pyrrolidinyl)-cyclohexyl]-benzeneacet- 
amide methane sulfonate], the selective &opioid re- 
ceptor agonist [o-Pen2,0-Pen’lenkephalin (DPDPE), 
and the selective p-opioid receptor agonist [D- 

Ala2,Gly-NMePhe4,Gly-o15]enkephalin (DAMGO). 

2. Materials and methods 

All animals were used in accordance with guidelines 
established by the US Public Health Service ‘Policy on 
the Humane Care and Use of Laboratory Animals’. 
Experimental protocols were approved by the WVU 
Animal Care and Use Committee. Male Sprague-Daw- 
ley rats (295-325 g, Hilltop Laboratory Animals, 
Scottdale, PA, USA.) were housed for at least 2 days 
prior to use in the animal facility at the WVU Health 
Sciences Center, and were given food and water ad 
libitum. The rats were killed by decapitation and the 
spinal cord was rapidly removed under hydrostatic 
pressure. Using a 12 ml syringe with an 18 gauge 
needle, ice-cold 0.32 M sucrose was injected into the 
caudal end of the vertebral canal, shearing the spinal 
cord free from its dorsal and ventral nerve roots and 
expelling it intact from the rostra1 end of the canal. For 
preparation of synaptosomes, the tissue was homoge- 
nized in 5 ml of 0.32 M sucrose using a Teflon/glass 
homogenizer, then centrifuged at 1000 X g for 10 min 
in a Sorvall RC2B centrifuge. The resulting super- 
natant was decanted and centrifuged at 10 000 X g for 
20 min, yielding a pellet enriched in synaptosomes 
(Gray and Whittaker, 1962). Slices of spinal cord were 
prepared using a McIlwain tissue chopper. Desheathed 
spinal cord was chopped twice at 0.3 mm intervals, 
rotated 90”, and chopped twice more. The resulting 
mince was suspended in 10 volumes of Beeson’s solu- 
tion having the following composition (mM): NaCl 
126.5, KC1 1.4, CaCl, 1.1, NaSO, 0.5, KH,PO, 0.5, 
glucose 5.9, MgCl, 0.83, NaHCO, 27.5 (pH adjusted to 
7.2; continuously gassed with a 95-5% mixture of 
O,/CO,), then centrifuged at 1000 X g for 5 min. 

The synaptosomal or slice preparations were resus- 
pended in 10 volumes of gassed Beeson’s solution, the 
container capped, and the tissue incubated for 10 min 
at 37°C. [‘HIS-HT was then added to produce a final 
incubation concentration of 100 nM, after which the 
tissue was incubated an additional 10 min at 37°C. 
Aliquots (0.2 ml) of the labeled tissue suspension were 
then pipetted into superfusion chambers (Williams et 
al., 1992) and superfused (0.5 ml/min) with gassed 
Beeson’s solution for 60 min to allow i3H15-HT and 

[ 3H15-hydroxyindole-acetic acid ([ 3H15-HIAA) efflux to 
reach a constant level. 

Five minute samples were collected just prior to, 
and immediately following the addition of opioid. A 
third, 10 min sample was collected, after which the 
tissues were lysed with 1 N HCl to determine the 
remaining tritium content of the tissue. [‘HIS-HT and 
[ 3H15-HIAA in superfusate fractions were separated 
by ion exchange chromatography (Williams et al., 1992) 
and quantitated using liquid scintillation spectropho- 
tometry. 

All drugs were initially screened for their ability to 
alter basal [3H]-efflux in preliminary experiments which 
did not include a depolarizing (i.e. 15 mM K+) stimu- 
lus. Effects on basal efflux were assessed by comparing 
the rate of “H-efflux/min in the third sample to that of 
the first. When opioid effects on Kf-stimulated release 
(i.e. release of [“HIS-HT in excess of basal levels which 
was seen in response to an elevated concentration of 
Kf) were evaluated, the tissues were superfused with 
buffer containing 15 mM K+ for the first 90 s (synapto- 
somes) or 5 min (slices) of the third fraction. To 
maintain isotonicity in these experiments, NaCl was 
reduced on an equimolar basis to the increase in KCl. 
K+-stimulated [“HIS-HT release was calculated as a 
percentage of available tissue stores (e.g. Monroe et 
al., 1986). In all experiments, when present, opioids 
were included in the superfusion buffer throughout the 
entire 15 min period prior to HCl lysis of the tissue. 

Basal efflux levels averaged 3.5% of tissue stores. 
The [‘HIS-H&A to [‘HIS-HT content ranged from 
2.5:1 to 4:l for the synaptosomal and slice prepara- 
tions, respectively. [3H]5-HIAA levels did not increase 
during periods of K+-stimulation (see Monroe and 
Smith, 19851, whereas [‘HIS-HT levels increased 3-5- 
fold compared to basal efflux. Within each assay, all 
experimental conditions (including controls) were per- 
formed in triplicate. Each assay was performed at least 
three times. To control for potential day to day vari- 
ability, each experimental condition was expressed as a 
percentage of a day matched control value. One way 
analysis of variance (ANOVA) with Fisher’s Least Sig- 
nificant Difference (LSD) post hoc comparison, or 
Student’s t-test (where appropriate), were used to de- 
termine statistical significance (P < 0.05). 

The following drugs were purchased from the indi- 
cated sources: [ 3H15-HT (DuPont/NEN, Boston, MA); 
DPDPE and /3-endorphin (Sigma, St. Louis, MO); 
DAMGO and ICI174864 (N,N-diallyl-Tyr-Aib-Aib- 
Phe-Leu-OH; Aib = cu-aminoisobutyric acid) (Cam- 
bridge Research Biochemicals, Wilmington, DE); mor- 
phine sulfate (Mallinkrodt, St. Louis, MO); naltrindole 
(Research Biochemicals, Natick, MA); D-Phe-Cys-Tyr- 
o-Trp-Orn-Thr-Pen-Thr-NH 2 (CTOP) (Bachem, Tor- 
rance, CA). Ethylketocyclazocine, U50488H, and 
norbinaltorphimine were graciously supplied by Ster- 
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ling-Winthrop (Rochester, NY), Upjohn (Kalamazoo, 
MI), and Dr. Philip Portoghese (Univ. of Minnesota), 
respectively. 

3. Results 

3.1. Synaptosomal tissue preparation 

All of the compounds tested were initially evaluated 
at a 1 PM concentration for an ability to alter basal 
efflux. Only morphine and /3-endorphin were found to 
cause a significant effect, increasing basal [3Hl.5-HIAA 
efflux to 140 f 4 and 127 + 12 (mean k S.E.M.) per- 
cent of control, respectively. Basal [ 3H]5-HT efflux was 
not altered by 1 PM concentrations of any of the 
opioids tested. 

Of all the opioids tested, only ethylketocyclazocine 
and U50488H altered K+-stimulated L3H]5-HT release 
(Fig. 1). Superfusion of the synaptosomes with 1 PM 
concentrations of the K-opioid receptor agonists de- 
pressed release to 67 and 71 percent of control, respec- 
tively. Lower concentrations of ethylketocyclazocine did 
not significantly alter K+-stimulated 13H15-HT release. 
The inhibitory effect of 1 PM concentrations of eth- 
ylketocyclazocine or U50488H was blocked by the co- 
superfusion of the synaptosomes with 10 nM norbinal- 
torphimine (Fig. 2). 

3.2. Tissue slice preparation 

None of the opioids tested altered basal [ 3H]5-HIAA 
or [3H]5-HT efflux when superfused at a 1 PM concen- 
tration. Superfusion of the tissue slices with 1 PM 

R-END0 MORPH DAMGO DPDPE EKC 

Fig. 1. The effect of a 1 PM concentration of opioid on the 
K+-stimulated release of [3H]5-HT from rat spinal cord synaptoso- 
ma1 and slice preparations. Release is expressed as percent of paired 
controls which were stimulated in the absence of opioid. Values are 
means f S.E.M. from at least four experiments. For the synaptosomal 
data presented in this figure, control Kf-stimulated [3H]5-HT re- 
lease averaged 3.65 f 0.37% (n = 25) of available tissue stores, which 
averaged 122436 k 3665 DPM per superfusion chamber (n = 107). 
Using the slice preparation, control K+-stimulated [3H]5-HT release 
averaged 2.51+0.16% (n = 51) of available tissue stores, which aver- 
aged 222894+ 4522 dpm per superfusion chamber (n = 188). p- 
END0 = P-endorphin; MORPH = morphine; EKC = ethyl- 
ketocyclazocine. Significantly different from control * P < 0.05. 

r ” 
U50488H “50488H WC EKC 

+ NBI + NBI 

Fig. 2. The effect of 10 nM norbinaltorphimine (NBI) on the ability 
of 1 PM U50488H or ethylketocyclazocine (EKC) to decrease the 
K+-stimulated release of [“HIS-HT from rat spinal cord synapto- 
somes. Release is expressed as percent of paired controls which were 
stimulated in the absence of opioid or antagonist, which by itself did 
not affect release. Values are means* S.E.M. from three experi- 
ments. Control K+-stimulated [3H]5-HT release for the data pre- 
sented in this figure averaged 1.38+ 0.10% (n = 9) of available tissue 
stores, which averaged 85 073 k 3844 dpm per superfusion chamber 
(n = 41). Significantly different from control * P < 0.05. 

concentrations of the opioids resulted in mixed effects 
on K+-stimulated [ 3H]5-HT release (Fig. 1). Consistent 
with their action in the synaptosomal preparation, the 
addition of 1 FM concentrations of ethylketocycla- 
zocine or U50488H to the superfusion buffer de- 
pressed K+-stimulated [3H]5-HT release to 79 and 81 
percent of control, respectively. Conversely, DAMGO 
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Fig. 3. The effect of CTOP (left) and ICI174864 (right) on the ability 
of a 1 PM concentration of DPDPE and DAMGO to enhance the 
K+-stimulated release of 13H]5-HT from rat spinal cord slices. Re- 
lease is expressed as percent of paired controls which were stimu- 
lated in the absence of opioid or antagonists, which by themselves 
did not affect release. Values are meansfS.E.M. from four experi- 
ments. Both agonists significantly enhanced release compared to 
control (P < 0.05). For the data presented in the left panel, DAMGO: 
control K+-stimulated [3H]5-HT release averaged 3.40 * 0.16% (n = 
30) of available tissue stores, which averaged 185 091 f 5497 dpm per 
superfusion chamber (n = 88); DPDPE: control Kc-stimulated 
[“HIS-HT release averaged 2.92+0.19% (n = 20) of available tissue 
stores, which averaged 197524+6151 DPM per superfusion chamber 
(n = 54). For the data presented in the right panel, DAMGO: 
control KC-stimulated [3H]5-HT release averaged 3.20+0.14% (n = 
29) of available tissue stores, which averaged 192580+5033 dpm per 
superfusion chamber (n = 86); DPDPE: control K+-stimulated 
[3H]5-HT release averaged 3.09*0.15% (n = 28) of available tissue 
stores, which averaged 185 480 k 5454 dpm per superfusion chamber 
(n = 811. Significantly different from agonist alone * P < 0.05. 
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DPDPE DAMGO 

Fig. 4. The effect of 1 nM naltrindole on the ability of 1 PM 
DAMGO or DPDPE to increase the K+-stimulated release of 13H15- 
HT from rat spinal cord slices. Release is expressed as percent of 
paired controls which were stimulated in the absence of opioid or 
antagonist, which by itself did not affect release. Values are means* 
S.E.M. from three experiments. Control Kc-stimulated i3H]5-HT 
release for the data presented in this figure averaged 3.21 kO.23% 
(n = 17) of available tissue stores, which averaged 184254+7946 
dpm per superfusion chamber (n = 49). Significantly different from 
control * P < 0.05. 

and DPDPE were found to increase K+-stimulated 
[3H]5-HT release by approximately 50 percent. Con- 
centrations of DPDPE or DAMGO lower than 1 FM 
had no effect on K+-stimulated L3H]5-HT release. The 
addition of /3-endorphin (1 PM) or morphine (1 nM to 
1 PM) to the superfusion buffer also had no effect on 
K+-stimulated [ 3H]5-HT release (Fig. 1). 

The release enhancing action of 1 PM DAMGO 
was blocked by a 3 nM concentration of the selective 
p-opioid receptor antagonist CTOP (Fig. 3). The same 
concentration of antagonist failed to alter the action of 
1 PM DPDPE (Fig. 3). Both agonists were, on the 
other hand, blocked by a 30 nM concentration of 
CTOP (Fig. 3). 

The addition of a 300 nM concentration of the 
selective &opioid receptor antagonist ICI174864 to the 
superfusion media resulted in an antagonism of the 
actions of both DAMGO and DPDPE (Fig. 3). Lesser 
concentrations failed to antagonize either agonist (Fig. 
3). The release enhancing effects of DAMGO and 
DPDPE were also completely blocked by the addition 
of a 1 nM concentration of the selective S-opioid 
receptor antagonist naltrindole to the superfusion me- 
dia (Fig. 4). 

4. Discussion 

The effects of ethylketocyclazocine and U50488H on 
K+-stimulated 5-HT release from spinal cord tissue are 
apparently mediated via K-opioid receptors which are 
located directly on 5-HT nerve terminals. Both com- 
pounds which selectively interact with K-opioid recep- 
tors depressed the Kf-stimulated release of [3H]5-HT 
from spinal cord nerve terminal (synaptosomal) and 
slice preparations. Moreover, norbinaltorphimimine, 
the selective K-opioid receptor antagonist, blocked the 

effect of both agonists. In contrast, the effects of 
DAMGO and DPDPE appear to be mediated via 
receptors which are located on neurons that converge 
on spinal serotonergic processes. The ability of these 
peptides to enhance release was only seen in the spinal 
cord slice preparation. 

The receptors mediating the effects of DPDPE and 
DAMGO are more difficult to characterize. The ability 
of DPDPE to enhance K+-stimulated [3H]5-HT re- 
lease is blocked by concentrations of the &opioid 
receptor antagonists ICI174864 (300 nM) and nal- 
trindole (1 nM) which are selective for the &opioid 
receptor subtype (Cotton et al., 1984; Portoghese et al., 
1988, respectively), suggesting an interaction with 6- 
opioid receptors. Similarly, the effect of DAMGO 
would appear to be mediated via p-opioid receptors. A 
concentration of CTOP (3 nM) which is consistent with 
the affinity of F-opioid receptors for the antagonist 
(Pelton et al., 1986) completely blocked the effect of 
DAMGO, while having no effect on the ability of 
DPDPE to enhance release. However, superfusion of 
the tissue slices with 30 nM CTOP blocked the actions 
of both DAMGO and DPDPE. In addition, when used 
at a concentration which approximates the reported 
affinity of the 6-opioid receptor for the antagonist (300 
nM; Cotton et al., 19851, ICI174864 also effectively 
blocked the ability of DAMGO to enhance release. 

These observations can not be explained by a non- 
selective interaction of the antagonists with other opi- 
oid receptor subtypes. Based on the reported affinity of 
the &opioid receptor for CTOP (5600 nM; Kazmierski 
et al., 19881, an effective interaction of the antagonist 
with this opioid receptor subtype is unlikely at a 30 nM 
concentration. Furthermore, concentrations of 
ICI174864 up to 5 PM have been demonstrated to be 
ineffective in blocking p-opioid agonist-mediated ef- 
fects (Cotton et al., 1984). Moreover, when used at a 
concentration selective for interactions with &opioid 
receptors, naltrindole also blocked the effect of 
DAMGO. 

The ability of p- and &opioid receptor antagonists 
to block the actions of both DAMGO and DPDPE 
does not result from interactions with the reported 
p/&opioid receptor complex. The results of antinoci- 
ceptive and biochemical studies have suggested the 
existence of physically associated CL- and 6-opioid re- 
ceptors, based on the ability of &opioid receptor ago- 
nists and antagonists to modulate the actions of I_L- 
opioid receptor agonists (Heyman et al., 1989a,b; 
Schoffelmeer et al., 1992). However, Schoffelmeer and 
co-workers (1992) have shown that antagonism of the 
regulation of adenylate cyclase in the striatum, a p/a- 
opioid receptor complex-mediated effect, requires con- 
centrations of CTOP and naltrindole which are consid- 
erably higher than those needed to block ,u- or &opioid 
receptor-mediated regulation of neurotransmitter re- 
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lease and, higher than those concentrations which were 
effective in the current study. 

The action of opioids on neurotransmitter release 
varies, depending on the given neurotransmitter, 
species, and central nervous system region evaluated. 
Using tissues from a number of species, several investi- 
gators have demonstrated the activation of K-opioid 
receptors to depress [ 3Hl-neurotransmitter release 
(r3H]5-HT, Passarelli and Costa, 1989; [3Hl-dopamine, 
Smith et al., 1992; Mulder et al., 1991; [3H]-nor- 
epinephrine, Kinouchi et al, 1989; Werling et al., 1989). 
However, in contrast to these and the current results, 
U50488H has been reported to enhance the release of 
[“HIS-HT from mouse brain slices and spinal cord 
synaptosomes (Ho and Takemori, 1990). Furthermore, 
a K-opioid receptor mediated enhancement of neuro- 
transmitter release has been reported for acetylcholine 
in mouse cerebral cortex (Ennis and Stephens, 1984) 
and substance P in rat trigeminal slices (Suarez-Rota 
and Maixner, 1993). Passarelli and Costa (1989) have 
reported an inhibitory action of DAMGO and DPDPE 
on the Kf-stimulated release of [3H]5-HT from hip- 
pocampal slices, however, Spanagel et al. (1990) 
demonstrated a faciliatory action of the peptides on 
dopamine release in vivo. 

In addition, conflicting reports exist regarding the 
role of spinal 5-HT neurotransmission in mediating the 
analgesic effects of opioids. Studies using intrathecally 
applied receptor antagonists suggest a serotonergic 
component to the antinociception resulting from 
spinally applied morphine and p-endorphin (Kellstein 
et al., 1988; Crisp and Smith, 1989; Crisp et al., 1989; 
Schaus et al., 1991). However in another study, spinally 
applied morphine was found to have no effect on 
spinal 5-HIAA levels (Vasko et al., 1984). Similarly, 
Bineau-Thurotte and co-workers (1984) have shown 
that the release of 5-HT from rat spinal cord slices is 
unaffected by the presence of morphine in the superfu- 
sion media. Finally, using in vivo microdialysis, Matos 
and coworkers (1992) failed to demonstrate a clear 
correlation between spinal 5-HT release and analgesia 
resulting from systemically applied morphine, although 
the drug did increase 5-HIAA levels in some of the 
animals. 

In mice, antinociception resulting from the stimula- 
tion of K-opioid receptors has also been reported to be 
dependent on spinal 5-HT neurotransmission (Von 
Voigtlander et al., 1984; Ho and Takemori, 1989). 
Given the contrasting effects of K-opioid receptor se- 
lective compounds on spinal 5-HT release in the mouse 
(Ho and Takemori, 1990) and rat (current study), it is 
likely that selective K-opioid receptor agonists produce 
analgesia via a different mechanism in the rat. Similar 
species differences may also exist in the mechanism by 
which DAMGO and DPDPE produce analgesia. In 
mice, the intrathecal administration of DAMGO has 

been reported to produce antinociception which in- 
volves a serotonergic component (Schaus et al., 1991). 
However, Spanos et al. (1989) have reported that the 
antinociception resulting from the intrathecal adminis- 
tration of either compound is not antagonized by in- 
trathecally applied 5-HT receptor antagonists in rats. 
Thus, it would appear that the effect of these peptides 
detected in the current study is not related to their 
antinociceptive action in rats. On the other hand, since 
a whole spinal cord preparation was used in the studies 
described herein, it could be that a facilitatory action 
on 5-HT release from spinal neurons involved in the 
mediation of antinociception could be masked by an 
inhibitory action on a larger population of spinal 5-HT 
neurons which are not involved in analgesia. 

In summary, the activation of K-opioid receptors 
located directly on 5-HT nerve endings results in an 
inhibition of 5-HT release from rat spinal cord tissue. 
Conversely, spinal 5-HT release is enhanced by 
DAMGO and DPDPE. The receptors mediating the 
action of the peptides are located on neuronal pro- 
cesses which converge on 5-HT neurons, but can not 
be clearly characterized as Jo- or 6-opioid in nature. 
The ability of the opioids to regulate spinal 5-HT 
release is not related to their antinociceptive action 
since the effect of a given opioid on spinal 5-HT 
release does not correlate with the reported involve- 
ment of spinal 5-HT neurotransmission in the media- 
tion of its antinociceptive action. Moreover, the physio- 
logical significance of the opioid regulation of spinal 
5-HT release can be questioned given that high con- 
centrations of agonists were required to produce an 
effect. 

Acknowledgment 

This work was supported by the WVU Medical 
Corporation. 

References 

Bineau-Thurotte, M., F. Godefroy, J. Weil-Fugazza and J.-M. Besson, 
1984, The effect of morphine on the potassium evoked release of 
tritiated 5hydroxytryptamine from spinal cord slices in the rat, 
Brain Res. 291, 293. 

Cotton, R., M.G. Giles, L. Miller, J.S. Shaw and D. Timms, 1984, 
IC1174864: A highly selective antagonist for the opioid d-recep- 
tor, Eur. J. Pharmacol. 97, 331. 

Cotton, R., H.W. Kosterlitz, S.J. Paterson, M.J. Rance and J.R. 
Traynor, 1985, The use of [3H]-[o-Pen2,0-Pen”]enkephalin as a 
highly selective ligand for the S-binding site, Br. J. Pharmacol. 84, 
927. 

Crisp, T. and D.J. Smith, 1989, A local serotonergic component 
involved in the spinal antinociceptive action of morphine, Neu- 
ropharmacol. 28, 1047. 

Crisp, T., J.L. Stafinsky, J.E. Hess and M. Uram, 1989, Spinal 



56 P.J. Monroe et al. /European Journal of Pharmacology 272 (1995) 51-56 

P-endorphin analgesia involves an interaction with local 
monoaminergic systems, Eur. J. Pharmacol. 160, 211. 

Ennis, C. and R.J. Stephens, 1984, A comparison of the effects of 
meptazinol and morphine on the release of acetylcholine from 
slices of mouse cerebral cortex, Neuropharmacology 23, 1431. 

Gray, E.G. and V.P. Whittaker, 1962, The isolation of nerve endings 
from brain: an electron-microscopic study of cell fragments de- 
rived from homogenization and centrifugation, .I. Anat. London 
96, 79. 

Heyman, J.S., J.L. Vaught, H.I. Mosberg, R.C. Haaseth and F. 
Porreca, 1989a, Modulation of p-mediated antinociception by 6 
agonists in the mouse: selective potentiation of morphine and 
normorphine by [o-Pen’,o-Pens]enkephalin, Eur. J. Pharmacol. 
165, 1. 

Heyman, J.S., Q. Jiang, R.B. Rothman, HI. Mosberg and F. Porreca, 
1989b, Modulation of p-mediated antinociception by fi agonists: 
characterization with antagonists, Eur. J. Pharmacol. 169, 43. 

Ho, B.Y. and A.E. Takemori, 1989, Serotonergic involvement in the 
antinociceptive action of and the development of tolerance to the 
kappa-opioid agonist, U-50,488H, J. Pharmacol. Exp. Ther. 250, 
508. 

Ho, B.Y. and A.E. Takemori, 1990, Release by U50,488H of [‘HI- 
serotonin from brain slices and spinal cord synaptosomes of 
U-50,488H tolerant and nontolerant mice, J. Pharmacol. Exp. 
Ther. 254, 8. 

Kazmierski, W., W.S. Wire, G.K. Lui, R.J. Knapp, J.E. Shook, T.F. 
Burks, H.I. Yamamura and V.J. Hruby, 1988, Design and synthe- 
sis of somatostatin analogues with topographical properties that 
lead to highly potent and specific p-opioid receptor antagonists 
with greatly reduced binding at somatostatin receptors, J. Med. 
Chem. 31, 2170. 

Kellstein, D.E., R.T. Malseed and F.J. Goldstein, 1988, Opioid- 
monoamine interactions in spinal antinociception: evidence for 
serotonin but not norepinephrine reciprocity, Pain 34, 85. 

Kinouchi, K., S. Maeda, K. Saito, R. Inoki, K. Fukumitsu and I. 
Yoshiya, 1989, Effects of pentazocine and other opioids on the 
potassium-evoked release of [‘HI-noradrenaline from guinea pig 
cortical slices, Eur. J. Pharmacol. 164, 63. 

Lewis, V.A. and G.F. Gebhart, 1977, Evaluation of the periaqueduc- 
tal central grey (PAG) as a morphine-specific locus of action and 
examination of morphine-induced and stimulation-produced 
analgesia at coincident PAG loci, Brain Res. 124, 283. 

Matos, F.F., H. Rollema, J.L. Brown and A.I. Basbaum, 1992, Do 
opioids evoke the release of serotonin in the spinal cord? An in 
vivo microdialysis study of the regulation of extracellular sero- 
tonin in the rat, Pain 48, 439. 

Monroe, P.J. and D.J. Smith, 1985, Demonstration of an autorecep- 
tor modulating the release of [“HIS-hydroxytryptamine from a 
synaptosomal-rich spinal cord preparation, J. Neurochem. 45, 
1886. 

Monroe, P.J., K. Michaux and D.J. Smith, 1986, Evaluation of the 
direct actions of drugs with a serotonergic link in spinal analgesia 
on the release of [3H]-serotonin from spinal cord synaptosomes, 
Neuropharmacology 25, 261. 

Mulder, A.H., D.M. Burger, G. Wardeh, F. Hogenboom and A.L. 
Frankhuyzen, 1991, Pharmacological profile of various K-agonists 
at K-, CL- and 8-opioid receptors mediating presynaptic inhibition 
of neurotransmitter release in the rat brain, Br. J. Pharmacol. 
102, 518. 

Passarelli, F. and T. Costa, 1989, p and delta opioid receptors inhibit 
serotonin release in rat hippocampus, J. Pharmacol. Exp. Ther. 
248, 299. 

Pekoe, G.M. and D.J. Smith, 1982, The involvement of opiate and 
monoaminergic neuronal systems in the analgesic effects of ke- 
tamine, Pain 12, 57. 

Pelton, J.T., W. Kazmierski, K. Gulya, H.I. Yamamura and V. 
Hruby, 1986, Design and synthesis of conformationally con- 
strained somatostatin analogues with high potency and specificity 
for p opioid receptors, J. Med. Chem. 29, 2370. 

Portoghese, P.S., M. Sultana and A.E. Takemori, 1988, Naltrindole, 
a highly selective and potent non-peptide S opioid receptor 
antagonist, Eur. J. Pharmacol. 146, 185. 

Rivot, J.P., C.Y. Chiang and J.M. Besson, 1982, Increase of serotonin 
metabolism within the dorsal horn of the spinal cord during 
nucleus raphe magnus stimulation, as revealed by in vivo electro- 
chemical detection, Brain Res. 238, 117. 

Schaus, K., B.B. Holmes and J.M. Fujimoto, 1991, Differential 
contribution of descending serotonergic and noradrenergic sys- 
tems to central Tyr-D-Ala’-Gly-NMePhej-Gly-01” (DAMGO) and 
morphine-induced antinociception in mice, J. Pharmacol. Exp. 
Ther. 256, 890. 

Schmauss, C., D.L. Hammond, J.W. Ochi and T.L. Yaksh, 1983, 
Pharmacological antagonism of the antinociceptive effects of 
serotonin in the rat spinal cord, Eur. J. Pharmacol. 90, 349. 

Schoffelmeer, A.N.M., T.J. De Vries, F. Hogenboom, P.S. Hruby 
and A.H. Mulder, 1992, Opioid receptor antagonists discriminate 
between presynaptic mu and delta receptors and the adenylate 
cyclase-coupled opioid receptor complex in the brain. J. Pharma- 
col. Exp. Ther. 263, 20. 

Smith, J.A., S.A. Loughlin and F.M. Leslie, 1992, K-Opioid inhibition 
of [‘HI-dopamine release from rat ventral mesencephalic dissoci- 
ated cell cultures, Mol. Pharmacol. 42, 575. 

Solomon, R.E. and G.F. Gebhart, 1988, Mechanisms of effects of 
intrathecal serotonin on nociception and blood pressure in rats, J. 
Pharmacol. Exp. Ther. 245, 905. 

Spanagel, R., A. Herz and T. S. Shippenberg, 1990, The effects of 
opioid peptides on dopamine release in the nucleus accumbens: 
an in vivo microdialysis study, J. Neurochem. 55, 1734. 

Spanos, L.J., J.L. Stafinsky and T. Crisp, 1989, A comparative 
analysis of monoaminergic involvement in the spinal antinocicep- 
tive action of DAMPGO and DPDPE, Pain 39, 329. 

Suarez-Rota, H. and W. Maixner, 1993, Activation of kappa opioid 
receptors by U50488H and morphine enhances the release of 
substance P from rat trigeminal nucleus slices, J. Pharmacol. Exp. 
Ther. 264, 648. 

Vasko, M.R., I.-H. Pang and M. Vogt, 1984, Involvement of 5-hy- 
droxytryptamine-containing neurons in antinociception produced 
by injection of morphine into nucleus raphe magnus or onto 
spinal cord, Brain Res. 306, 341. 

Von Voigtlander, P.F., R.A. Lewis and G.L. Neff, 1984, Kappa 
opioid analgesia is dependent on serotonergic mechanisms, J. 
Pharmacol. Exp. Ther. 231, 270. 

Werling, L.L., P.N. McMahon, P.S. Portoghese, A.E. Takemori and 
B.M. Cox, 1989, Selective opioid antagonist effects on opioid-in- 
duced inhibition of release of norepinephrine in guinea pig 
cortex, Neuropharmacology 28, 103. 

Williams, G.W., D.L. Smith and D.J. Smith, 1992, 5-HT, receptors 
are not involved in the modulation of the K+-evoked release of 
[3H]5-HT from spinal cord synaptosomes of rat, Neuropharma- 
cology 31, 725. 

Yaksh, T.L., 1979, Direct evidence that spinal serotonin and nor- 
adrenaline terminals mediate the spinal antinociceptive effects of 
morphine in the periaqueductal grey, Brain Res. 160, 180. 

Yaksh, T.L. and G.M. Tyce, 1979, Microinjection of morphine into 
the periaqueductal grey evokes the release of serotonin from 
spinal cord, Brain Res. 171, 176. 

Yaksh, T.L. and P.R. Wilson, 1979, Spinal serotonin terminal system 
mediates antinociception, J. Pharmacol. Exp. Ther. 208, 446. 


