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Serotonin (5-hydroxytryptamine, 5-HT) is an inhibitory mediator of the supraspinal des- 
cending system [6], and when applied ionotophoretically it inhibits discharges of spinothalam- 
ic neurons of the dorsal horn [8] and causes analgesia if applied directly to the spinal cord 
[16]. 5-HT derivatives may be a promising series of compounds for the relief of pain, but in 
order to select potentially effective preparations we need to have a deeper understanding of 
the molecular mechanisms of serotoninergic analgesia. From this point of view there are some 
interesting data showing that the inhibitory effects of 5-HT on neurons, unlike excitatory 
effects, are mediated by receptors coupled with adenylate cyclase (ATP-pyrophosphate lyase, 
cyclizing, EC 4.6.1.1) [13, 15]. On the assumption that receptors of this last type are in- 
volved in the antinociceptive action of 5-HT, it was decided to compare the ability of 5-HT 
derivatives to stimulate adenylate cyclase in the nervous system with their action on the in- 
tensity of the spinal pain symdrome (SPS), induced by the creation of a generator of patholog- 
ically enhanced excitation (GPEE) in the lumbar segments of the spinal cord [2]. 

EXPERIMENTAL METHOD 

An SPS was induced in rats weighing 200-250 g by applying the sodium salt of benzylpen- 
icillin to the dorsal surface of the lumbar segments of the spinal cord. The intensity of the 
SPS and its depression by the preparations were assessed according toa 3-point scale [I]. An 
SPS with a strength of 3 points was characterized by paroxysmal attacks of very severe pain, 
accompanied by a cry, by motor excitation, flexion of the hind limb, and attempts to bite the 
skin in an area corresponding to the trigger zone [i]. The preparations were injected intra- 
peritoneally (time of maximal manifestation of the SPS). 

The effect of 5-HT derivatives on activity of serotonin-sensitive adenylate cyclase was 
estimated from the change in cAMP concentration in the synaptosomes, which can be regarded as 
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TABLE i. Effect of Serotonin Derivatives 
(10 -3 M) on cAMP Concentration in Synapto- 
somes 

~' cAMP, 
~'~ pmoles/mg 

Preparation ~ Pt protein 

Control 
~ -  5-Hydroxytryptamide of  
glutamic acid (glumitan) 
c~ -Methyltryptamine 
(indopan) 
N,N ' -dimethyl-5 -methpxy- 
tryptamine 
5 - (~ 7Hydroxyethoxy ) try p- 
tamine ~" 
}4- aeetyl - 5-methoxytrypta. 
mine (melatonin) 

~ -Methoxytryptamine mexamlne) 
5 -hvdroxytryptamine 
(serotonln) 
5-Hydroxytryptophan 

15 

7 

13 

6 

6 

7 
6 

21,8~3,8 

16 ,0 •  
17,1+1,4 

19,0_+5,8 

27,2• 

33,6_+2,8 

61,3+15,4 

65, 1+_ 14, 0 
88, 0 •  

<0 ,05  

<0,001 

<0 001 
<0,00i 

TABLE 2. Effect of Serotonin Derivatives 
on cAMP Concentration in Lumbar Enlarge- 
ment of Spinal Cord 

Preparation .i I= g 
o.~ pmo les ! 
"~ ~ g wet . 

~= oftls- wei  t ue 
Control 
5 -Methoxytrypta- 
mine (reexamine) 

5- ( ~ -Hydroxyeth-  
oxy) tryptamine 
5 -Hydroxytrypta- 
mine (serotonin) 
N,N' -dimethyl-5- 
methoxytryptamine 

t5 

7 
5 
5 
8 
5 

2 

2. 

5 
5 
5 
5 

10 

10 

10 

10 

t48•  1 t 

5 169-,t--12 
3 307• 
60 256___73 

120 131_+15 
90 304_+46 

90 201+31 

90 133-+-21 

90 73• 16 

Pt 

<0 ,  O1 

<0,01 

<o, 05 

Note. Significance of differences compared 
with control. 

miniature anuclear cells, preserving the fundamental metabolic properties of intact neurons 
[5]. Synaptosomes were isolated from the rat cerebral cortex by the method in [7, 3], and 
the protein concentration in the suspension of synaptosomes was determined by Lowry,s method 
[Ii], after which the suspension was diluted so that the protein concentration was 0.2-0.5 
mg/ml. To dilute the suspension an incubation medium of the following compositions was used: 
125 mM NaCI, 5 mM KHzP04, 1.3 mM MgC12, 0.77 mM CaCI2, i0 mM glucose, i mM theophylline, 20 mM 
Tris-HC1, pH 7.4. The conditions of incubation of the synaptosomes and of extraction of 
cAMP were basically the same as in [9]: i ml of suspension was incubated at 37~ for i0 min, 
after which 50 ~i of the test preparation was added (final concentration i mM), and incubation 
was continued with continuous shaking for a further 5 min, after which the tubes were placed 
in an ice bath. Synaptosomes were sedimented by centrifugation with cooling (K-24, East Germ- 
any) for 2 min at 12,000 g and the supernatant was removed. The residue of synaptosomes was 
extracted with i ml of 6% TCA, the synaptosomes being thoroughly disintegrated in a homogen- 
izer with glass pestle. The disintegrated synaptosomes were removed by centrifugation (15 min, 
12,000 g), after which the cAMP concentration in the supernatant was determined by means of a 
kit of reagents for radioligand determination of cAMP [i2] from Amersham Corporation (England). 
For this purpose 200 ~I of supernatant (acid extract), containing CAMP, was introduced into 
flasks contain~ning i0 ml of Bray~s scintillation mixture and radioactivity was measured on 
an Intertechnique scintillation spectrometer (France); 
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The effect of the test compounds on the cAMP concentration in the animals' nerve tissue 
was tested on healthy noninbred rats weighing 180-200 g. The lumbar enlargement (the region 
of the spinal cord between lumbar vertebrae L~-L4 inclusive) was used because it was in these 
segments that the GPEE, incuding the SPS, was created experimentally. The wet weight of tissue 
used for extraction averaged I00 mg. Tissue was taken for investigation at different time in- 
tervals after intraperitoneal injection of the preparations, it was homogenized in 3 ml of 
6% TCA, the homogenate was centrifuged at i0,000 g for 15 min (K-24, East Germany), and cAMP 
was determined in the supernatant as described above. 

The results were subjected to statistical analysis by Student's test (pt) and by Wilcox- 
on's paired test (PT). 

EXPERIMENTAL RESULTS 

Values obtained for the cAMP concentration in cerebral cortical synaptosomes (Table i) 
coincided with those obtained in [I0], when a different method was used for its determination. 
5-HT and some of its derivatives tested stimulated cAMP accumulation in the synaptosomes (Ta- 
ble 1). Since the synaptosomes were incubated in the presence of theophylline (a phosphodi- 
esterase inhibitor), the action of 5-HT derivatives on the cAMP concentration could be con- 
sidered to be the result of adenylate cyclase activation. Maximal activation of cAMP synthesis 
was induced by 5-hydroxytryptophan (fourfold) and 5-methoxytryptamine (mexamine; about three- 
fold), i.e., the compounds most similar in structure to 5-HT, which also activated adenylate 
cyclase almost threefold. The effect of 5-(B-hydroxyiethoxy)tryptamine was weaker (Table i), 
but it must be pointed out that in four experiments this compound almost doubled the cAMP 
concentration in the synaptosomes compared with the control (41.6 • 7.3 pmole/mg protein com- 
pared with 21.8 i 3.8 pmole/mg protein; P < 0.01). The remaining derivatives, with substitu- 
ents in both the 5-hydroxyamino group and the amino group, did not affect the cAMP concentra- 
tion in the synaptosomes. 

Considering the powerful stimulating action of mexamine on adenylate cyclase activity in 
model experiments, we studied its effect (in a dose of 5 mg/kg) on the cAMP concentration in 
the lumbar enlargement of the spinal cord of healthy animals 5, 30, 60, and 120 min after in- 
jection of the compound (Table 2). A twofold increase in the cAMP concentration was found 
after 30 min under the influence of mexamine. The cAMP concentration in the spinal cord fell 
to the control level 2 h after injection of mexamine (Table 2). If the dose of mexamine was 
doubled, a significant increase in the cAMP concentration was observed i h after injection of 

TABLE 3. 
on the SPS 

Effect of Serotonin Derivatives 

+L 
Preparation 

Depression 
of SPS~ 
points 

+4 0 

PT 

5-Methoxytryptamine 
(reexamine) 

5-(8-Hydroxyethoxy) 
tryptamine 

N'acetyl-5-methoxy- 
tryptamine (mela~ 
tonin) 

N,N' -dimethyl- 5- 
methoxytryptamine 

2,0 4 
5,0 13 

10,0 13 

5,0 5 
10,01 10 

5,0 9 I 
10,0 9+ 
20,G 8 

5,C 7 

lO,O 5 

O, 5+ O, 27" 
1,0+0,19" 
t, 8~o,  t8-1- 

0,7+_0,10" 
1,5+_0,26" 

1,4• 
Changes in 
behavior 
The same 

t,+5 

I,C 
3,s 

<0,01 
<0,01 

~0,  O1 

2,~ <0,05 

Legend. Intensity of pain syndrome before in- 
jection of compound assessed at 3 points. *) La- 
tent period of analgesic effect was about 20 
min, #) in three animals the SPS was complete- 
ly suppressed. 
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the compound (Table 2). A significant increase in the cAMP concentration at this period also 
was observed after injection of 5-(B-hydroxyethoxy)tryptamine into the rats. Conversely af- 
ter injection of the analogous dose of 5-HT and of N,N'-dimethyl-5-methoxytryptamine, no sig- 
nificant changes in the cAMP concentration could be found. The cAMP concentration is shown 
calculated per wet weight of tissue in Table 2. When calculated per milligram protein of the 
acid precipitate, the cAMP concentration in the spinal cord tissue (3.7 pmoles/mg protein) 
was lower than the cAMP concentration in the brain [I0]. 

Table 3 gives data on the effect of 5-HT derivatives on the SPS. Depression of the SPS 
by mexamine was observed in a dose as low as 2 mg/kg, it increased with an increase in~e 
dose to 5 mg/kg, and in a dose of i0 mg/kg the SPS was completely abolished in three rats and 
considerably depressed in the majority of animals of this group. A quite strong effect of 
depression of pathological pain was recorded by the use of 5-(B-hydroxyethoxy)tryptamine, the 
action of which lasted even longer than that of mexamine. In accordance with the results of 
experiments on synaptosomes the effect of melatonin on SPS was weak and was exhibited only in 
a dose of 20 mg/kg. N,N'-dimethyl-5-methoxytrypamine, which did not change adenylate cyclase 
activity, was completely ineffective against SPS. This compound had an excitatory and psycho- 
tropic action on the animals (stereotypy, locomotor excitation, crawling with "shuffling," 

etc.). 

The data described above are evidence of definite correlation between the ability of 5-HT 
derivatives to stimulate adenylate cyclase in vivo and ~n vitro, on the one hand, and their 
analgesic action on the other hand. Possibly the inhibitory and, in particular, the analgesic 
effect of 5-HT is the result of a cAMP-mediated increase in permeability of postsynaptic mem- 
branes for K +, which causes the membrane potential to rise [14]. Evidence of the important 
role of cAMP in the hyperpolarization shift of membrane potential is given by abolition of 
the hyperpolarization response to injection of 5-HT (for a period of up to 5 h) after injec- 
tion of selective inhibitors of cAMP-dependent protein kinases into the neuron [4]. 
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