
rations indicated that the capacity of 
tubulin to bind additional amino acids at 
the carboxyl terminal end was about 0.3 
mole per mole of dimer for both control 
and experimental animals. This result, 
besides strengthening the assumption of 
the unchangeability in size of the pool of 
modified tubulin molecules, establishes 
that the molecules unmodified in vivo in 
control and experimental animals main- 
tain the same reactivity toward tyrosine 
in vitro. It also demonstrates that a cer- 
tain proportion of the rat brain tubulin 
neither contained nor accepted aromatic 
amino acids at the carboxyl terminal po- 
sition. 

We attempted to compare the capacity 
of tubulin for assembling at 37?C in the 
brain extracts of normal and experimen- 
tal animals by following the kinetics of 
the development of viscosity. Extracts 
were prepared from 7-day-old rats (9 to 
11 mg/ml) as described in Table 1 and 
viscometry was monitored as described 
by Olmsted and Borisy (14). Although 
the analysis of viscosity development in 
the extracts was complicated by low ini- 
tial rates and high values of viscosity af- 
ter the first 10 or 15 minutes of in- 
cubation at 37?C, apparently due to 
gelation, no difference was observed be- 
tween the samples from experimental 
and control animals. We conclude that 
the kinetics of polymerization as mea- 
sured by viscometry did not sub- 
stantially change after the induction of 
hyperphenylalaninemia. By using a sedi- 
mentation assay, it was recently demon- 
strated (15) that tubulinyl-[3H]phenylal- 
anine and tubulinyl-[14C]tyrosine pre- 
pared in vitro were randomly assembled 
into microtubules when the mixture was 
incubated at 37?C. Those results agree 
with the idea that neither the removal 
nor the addition of an aromatic amino 
acid to the carboxyl terminal end of a- 
tubulin affects the polymerizability of the 
microtubule protein (15, 16). 

The results of this study indicate that 
cytoplasmic brain tubulin from animals 
in which the biochemical characteristics 
of phenylketonuria were induced unam- 
biguously differed from tubulin of con- 
trol animals in the nature of the non- 
coded aromatic amino acid residue that 
could be released by carboxypeptidase 
digestion. Hyperphenylalaninemia re- 
sulted in enhanced substitution of 
phenylalanine for tyrosine. Although the 
addition of an aromatic residue to the 
carboxyl terminal glutamate of the a 

rations indicated that the capacity of 
tubulin to bind additional amino acids at 
the carboxyl terminal end was about 0.3 
mole per mole of dimer for both control 
and experimental animals. This result, 
besides strengthening the assumption of 
the unchangeability in size of the pool of 
modified tubulin molecules, establishes 
that the molecules unmodified in vivo in 
control and experimental animals main- 
tain the same reactivity toward tyrosine 
in vitro. It also demonstrates that a cer- 
tain proportion of the rat brain tubulin 
neither contained nor accepted aromatic 
amino acids at the carboxyl terminal po- 
sition. 

We attempted to compare the capacity 
of tubulin for assembling at 37?C in the 
brain extracts of normal and experimen- 
tal animals by following the kinetics of 
the development of viscosity. Extracts 
were prepared from 7-day-old rats (9 to 
11 mg/ml) as described in Table 1 and 
viscometry was monitored as described 
by Olmsted and Borisy (14). Although 
the analysis of viscosity development in 
the extracts was complicated by low ini- 
tial rates and high values of viscosity af- 
ter the first 10 or 15 minutes of in- 
cubation at 37?C, apparently due to 
gelation, no difference was observed be- 
tween the samples from experimental 
and control animals. We conclude that 
the kinetics of polymerization as mea- 
sured by viscometry did not sub- 
stantially change after the induction of 
hyperphenylalaninemia. By using a sedi- 
mentation assay, it was recently demon- 
strated (15) that tubulinyl-[3H]phenylal- 
anine and tubulinyl-[14C]tyrosine pre- 
pared in vitro were randomly assembled 
into microtubules when the mixture was 
incubated at 37?C. Those results agree 
with the idea that neither the removal 
nor the addition of an aromatic amino 
acid to the carboxyl terminal end of a- 
tubulin affects the polymerizability of the 
microtubule protein (15, 16). 

The results of this study indicate that 
cytoplasmic brain tubulin from animals 
in which the biochemical characteristics 
of phenylketonuria were induced unam- 
biguously differed from tubulin of con- 
trol animals in the nature of the non- 
coded aromatic amino acid residue that 
could be released by carboxypeptidase 
digestion. Hyperphenylalaninemia re- 
sulted in enhanced substitution of 
phenylalanine for tyrosine. Although the 
addition of an aromatic residue to the 
carboxyl terminal glutamate of the a 
chain of tubulin seemingly does not af- 
fect the assembly of microtubules in vi- 
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alter the configuration of that region of 
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difference between tyrosine and phenyl- 
alanine could affect the capacity of the 
protein or of the resultant microtubules 
to interact with other cellular elements. 
Our results do not permit us to say 
whether the pathogenesis of brain dys- 
function in phenylketonuric individuals 
is dependent on the modification of tubu- 
lin; however, the existence of this modi- 
fication suggests that the possibility of a 
link between the phenylalanination of 
tubulin and phenylketonuric condition 
needs to be investigated further. 
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Morphine and related compounds 
have recently been subdivided into at 
least three different classes on the basis 
of subjective effects in humans (1), dif- 
ferent sensitivities towards the narcotic 
antagonist naloxone (2), and dissimilar 
pharmacological profiles both in vitro (3) 
and in vivo (4, 5). We have extended the 
in vivo profile approach to include al- 
tered seizure threshold as a measure and 
have classified 20 opioids by comparing 
qualitative effects, dose-response curves 
of enantiomers, sensitivities toward 
naloxone, and tolerance-cross-tolerance 
properties. In light of these experiments, 
we now report that opioids can be classi- 
fied into at least four groups in vivo. 
Three of the groups show good corre- 
spondence to a classification obtained 
from the chronic spinal dog preparation 
(4). The fourth group represents a new 
category; meperidine and pentazocine 
are the prototype analgesics. 

Groups of 10 to 20 male Sprague-Daw- 
ley albino rats (300 to 350 g; Zivic-Miller) 
were studied. Rats were given only one 
injection; they received the vehicle or 

Morphine and related compounds 
have recently been subdivided into at 
least three different classes on the basis 
of subjective effects in humans (1), dif- 
ferent sensitivities towards the narcotic 
antagonist naloxone (2), and dissimilar 
pharmacological profiles both in vitro (3) 
and in vivo (4, 5). We have extended the 
in vivo profile approach to include al- 
tered seizure threshold as a measure and 
have classified 20 opioids by comparing 
qualitative effects, dose-response curves 
of enantiomers, sensitivities toward 
naloxone, and tolerance-cross-tolerance 
properties. In light of these experiments, 
we now report that opioids can be classi- 
fied into at least four groups in vivo. 
Three of the groups show good corre- 
spondence to a classification obtained 
from the chronic spinal dog preparation 
(4). The fourth group represents a new 
category; meperidine and pentazocine 
are the prototype analgesics. 

Groups of 10 to 20 male Sprague-Daw- 
ley albino rats (300 to 350 g; Zivic-Miller) 
were studied. Rats were given only one 
injection; they received the vehicle or 

Caputto, Eur. J. Biochem. 59, 145 (1975); D. 
Raybin and M. Flavin, Biochem. Biophys. Res. 
Commun. 65, 1088 (1975). 

5. J. A. Rodriguez and G. G. Borisy, Biochem. 
Biophys. Res. Commun. 83, 579 (1978). 

6. D. Raybin and M. Flavin, Biochemistry 16, 2189 
(1977). 

7. H. S. Barra, C. A. Arce, J. A. Rodriguez, R. 
Caputto, J. Neurochem. 21, 1241 (1973). 

8. K. Aoki and F. Siegel, Science 168, 129 (1970). 
9. M. McCaman and E. Robins, J. Lab. Clin. Med. 

59, 885 (1962). 
10. R. C. Weisenberg, G. G. Borisy, E. W. Taylor, 

Biochemistry 7, 4466 (1968). 
11. U. K. Laemmli, Nature (London) 227, 680 

(1970). 
12. J. C. Lee, R. P. Frigon, S. N. Timasheff, J. Biol. 

Chem. 248, 7253 (1973). 
13. C. A. Arce, H. S. Barra, J. A. Rodriguez, R. 

Caputto, FEBS Lett. 50, 5 (1975); R. C. Lue and 
M. Elzinga, J. Cell Biol. 70, 391a (1976). 

14. J. Olmsted and G. G. Borisy, Biochemistry 12, 
4282 (1973). 

15. C. A. Arce, M. E. Hallak, J. A. Rodriguez, H. 
S. Barra, R. Caputto, J. Neurochem. 31, 205 
(1978). 

16. D. Raybin and M. Flavin, J. Cell Biol. 73, 492 
(1977). 

17. We thank F. L. Siegel and L. Murdok of the De- 
partment of Physiological Chemistry and Pediat- 
rics for invaluable help in the preparation of the 
animals and for their advice. This work was sup- 
ported by grant GM 21963 (to G.G.B.) from the 
National Institutes of Health and by PHS inter- 
national research fellowship F05 TW02346 (to 
J.A.R.). 

9 March 1979 

Caputto, Eur. J. Biochem. 59, 145 (1975); D. 
Raybin and M. Flavin, Biochem. Biophys. Res. 
Commun. 65, 1088 (1975). 

5. J. A. Rodriguez and G. G. Borisy, Biochem. 
Biophys. Res. Commun. 83, 579 (1978). 

6. D. Raybin and M. Flavin, Biochemistry 16, 2189 
(1977). 

7. H. S. Barra, C. A. Arce, J. A. Rodriguez, R. 
Caputto, J. Neurochem. 21, 1241 (1973). 

8. K. Aoki and F. Siegel, Science 168, 129 (1970). 
9. M. McCaman and E. Robins, J. Lab. Clin. Med. 

59, 885 (1962). 
10. R. C. Weisenberg, G. G. Borisy, E. W. Taylor, 

Biochemistry 7, 4466 (1968). 
11. U. K. Laemmli, Nature (London) 227, 680 

(1970). 
12. J. C. Lee, R. P. Frigon, S. N. Timasheff, J. Biol. 

Chem. 248, 7253 (1973). 
13. C. A. Arce, H. S. Barra, J. A. Rodriguez, R. 

Caputto, FEBS Lett. 50, 5 (1975); R. C. Lue and 
M. Elzinga, J. Cell Biol. 70, 391a (1976). 

14. J. Olmsted and G. G. Borisy, Biochemistry 12, 
4282 (1973). 

15. C. A. Arce, M. E. Hallak, J. A. Rodriguez, H. 
S. Barra, R. Caputto, J. Neurochem. 31, 205 
(1978). 

16. D. Raybin and M. Flavin, J. Cell Biol. 73, 492 
(1977). 

17. We thank F. L. Siegel and L. Murdok of the De- 
partment of Physiological Chemistry and Pediat- 
rics for invaluable help in the preparation of the 
animals and for their advice. This work was sup- 
ported by grant GM 21963 (to G.G.B.) from the 
National Institutes of Health and by PHS inter- 
national research fellowship F05 TW02346 (to 
J.A.R.). 

9 March 1979 

one of at least three doses of test agent 
(6) subcutaneously 30 minutes before 
being exposed to flurothyl (Indoklon), a 
volatile convulsant. The flurothyl was 
given as a 10 percent solution in 95 per- 
cent ethanol (volume to volume) to rats 
placed individually in 1-gallon glass jars 
(7). A constant rate of infusion of 0.10 ml 
per minute was maintained by a Harvard 
pump. The time interval between the 
start of the infusion and the onset of a 
clonic convulsion (almost invariably 
with loss of posture) represented the 
seizure threshold. Testing took place be- 
tween 1000 and 1300 hours. Mean seiz- 
ure thresholds for rats injected with sa- 
line were routinely in the range of 350 to 
380 seconds. 

Dose-related anticonvulsant effects 
were associated with the so-called sigma 
(cr) receptor agonists (4) N-allylnorme- 
tazocine (SK & F 10,047) and cyclazo- 
cine (Table 1). Both of these psycho- 
tomimetic benzomorphans caused be- 
havioral activation; specific features 
seemed to be determined by the environ- 
ment. In the novel and restricted envi- 

one of at least three doses of test agent 
(6) subcutaneously 30 minutes before 
being exposed to flurothyl (Indoklon), a 
volatile convulsant. The flurothyl was 
given as a 10 percent solution in 95 per- 
cent ethanol (volume to volume) to rats 
placed individually in 1-gallon glass jars 
(7). A constant rate of infusion of 0.10 ml 
per minute was maintained by a Harvard 
pump. The time interval between the 
start of the infusion and the onset of a 
clonic convulsion (almost invariably 
with loss of posture) represented the 
seizure threshold. Testing took place be- 
tween 1000 and 1300 hours. Mean seiz- 
ure thresholds for rats injected with sa- 
line were routinely in the range of 350 to 
380 seconds. 

Dose-related anticonvulsant effects 
were associated with the so-called sigma 
(cr) receptor agonists (4) N-allylnorme- 
tazocine (SK & F 10,047) and cyclazo- 
cine (Table 1). Both of these psycho- 
tomimetic benzomorphans caused be- 
havioral activation; specific features 
seemed to be determined by the environ- 
ment. In the novel and restricted envi- 

Classification of Opioids on the Basis of Change in 
Seizure Threshold in Rats 

Abstract. Twenty opioids have been subdivided into four classes by using flurothyl- 
induced seizures in rats to measure dose-response relationships, stereospecificity, 
naloxone sensitivity, and tolerance-cross-tolerance. The data support current theo- 
ries of multiple opiate receptor types. Since the receptors involved mediate effects 
that are antagonized, enhanced, or unaffected by naloxone, the model is uniquely 
suitable for detecting novel narcotic antagonists that can then be used to dif- 
ferentiate opiate receptors in other systems. 
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ronment of the glass jars, the drugs 
caused circling, rearing, and side-to-side 
head movements. This activation was 
unrelated to the flurothyl infusion. In 
contrast, behavioral depression was as- 
sociated with the dose-related anti- 
convulsant effects of morphine and other 
typical mu (A/) receptor agonists (4): etor- 
phine, (-)-methadone, phenazocine, le- 
vorphanol, and buprenorphine. The third 
group of compounds had no clear (or 
dose-related) effect on seizure threshold. 
The kappa (K) receptor agonists (4) 
ethylketocyclazocine, ketazocine, nalor- 
phine, and nalbuphine were included in 
this group. Dose-related proconvulsant 
effects were obtained with compounds in 
the fourth category: pentazocine, me- 
peridine, and the N-demethylated me- 
tabolite, normeperidine. Note the pres- 
ence of a benzomorphan analgesic in 
each group (for example, cyclazocine, 
phenazocine, ketazocine, and penta- 
zocine) and the opposite effects of the 
classical benzomorphans, cyclazocine 
and pentazocine. 

The pharmacological properties of 
opioids are mainly associated with the 
(-) enantiomer (8). We addressed the 
question of stereospecificity by com- 
paring the effects of three pairs of 
enantiomers on seizure threshold (Fig. 
1). Both (+)- and (-)-cyclazocine had 
anticonvulsant properties; (-)-cycla- 
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zocine was 1.6 times more poi 
(+)-cyclazocine. Methadone 
from cyclazocine in that 
convulsant properties were a, 
with the (-) enantiomer. An ex 

pharmacological activity a, 
mainly with the analgesically 
(+) enantiomer of an opioid is 
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significantly in slope; (+)-per 

Table 1. Classification of opioids based on changes in seizure threshold (ST), sensitiv 
naloxone, and development of tolerance. 

Maximum chc 
Compound Dose range relative to c 

(mg/kg) 

Group 1 (effect not attenuated by naloxone at 10 mglkg) (no tolerance) 
SK & F 10,047 10 to 40 +42. 
Cyclazocine 1 to 5 +28. 

Group 2 (effect attenuated by naloxone at 0.10 mglkg) (tolerance develops 
Etorphine hydrochloride 0.005 to 0.02 +28. 
Morphine sulfate 12.5 to 64 +25. 
(-)-Methadone hydrochloride 1.25 to 5 +22. 
Phenazocine hydrobromide 0.5 to 5 +18. 
Levorphanol tartrate 2.5 to 20 +17. 
Buprenorphine hydrochloride 0.004 to 12.5 +15. 

Group 3 (no consistent dose-related effect) 
(interaction with naloxone not tested) 

Moxazocine tartrate 12.5 to 50 +7. 
Cyclorphan hydrochloride 1 to 80 +5. 
Normorphine hydrochloride 50 to 100 +3. 
Norcyclazocine 6.25 to 25 +2. 
Nalbuphine hydrochloride 5 to 20 +2. 
Naloxone hydrochloride 1 to 10 -5. 
Nalorphine hydrochloride 25 to 100 -6. 
Ethylketocyclazocine 0.5 to 50 -6. 

methanesulfonate 
Ketazocine 0.5 to 20 -7. 

methanesulfonate 

Group 4 (effect potentiated by naloxone at 10 mglkg) (no tolerance) 
Meperidine hydrochloride 12.5 to 50 -19. 
Pentazocine hydrochloride 12.5 to 50 -31. 
Normeperidine hydrochloride 1.56 to 50 -46. 

466 

was 5.6 times more potent than (-)-pen- 
tazocine as a proconvulsant. 

The groups could be further dif- 
ferentiated when naloxone HCl was in- 
jected subcutaneously at the same time 
as the opioid. Whereas even moderate to 
large doses of naloxone (1 to 10 mg per 
kilogram of body weight) had no signifi- 
cant influence on the anticonvulsant ef- 
fects of SK & F 10,047 or cyclazocine, 
very low doses of the antagonist (0.01 to 

5 5 0.10 mg/kg) could attenuate the anti- 
25 50 

convulsant effects of the three ,L receptor 
agonists tested: etorphine, morphine, 

lgesics on and (-)-methadone. The (-)-naloxone )ound was 
before the (0.10 mg/kg) attenuated the anticonvul- 

y: u, (-)- sant effects of etorphine, whereas (+)- 
D, (-)-cy- naloxone (0.10 mg/kg) was without ef- 

(-)-pen- fect. It is therefore highly likely that the 
Ordinate anticonvulsant effects of u. receptor ige in sei- 

agonists are mediated, in a stereospecific 
manner, by opiate receptors. 

Naloxone potentiated the proconvul- 
tent than sant effects of meperidine and (-)-pen- 

differed tazocine. At 10 mg/kg (but not at 1 mg/ 
its anti- kg) naloxone displaced, in a parallel, 
ssociated downward direction, the dose-response 
ample of lines of both analgesics. Naloxone (10 
ssociated mg/kg) had no marked influence on the 

inactive already substantial proconvulsant effects 
provided of (+)-pentazocine. Finally, although 
lines for the naloxone-normeperidine interactions 

not differ produced a trend toward potentiation, no 
ntazocine statistically significant differences were 

obtained. 
Our standard procedure in tolerance- 

ity toward cross-tolerance studies was to inject 
groups of 12 to 16 rats subcutaneously at 

angeinST 0800 and 1700 hours daily for 11 con- 
:ontrols secutive days with vehicle or ascending 

doses of test compound. The last injec- 
tions took place at 2400 on day 11. At 

0 0900 on day 12, the rats received vehicle, 
5 the same test compound (tolerance stud- 

s~) ies), or a second test compound (cross- 
6 tolerance studies) and were tested 30 
6 

minutes later. Tolerance did not develop 8 
0 to the anticonvulsant effects of cyclaz- 
5 ocine (5 mg/kg) or to the proconvulsant 
2 effects of either pentazocine (30 mg/kg) 

or meperidine (40 mg/kg) in rats earlier 
treated with cyclazocine (1.25 to 5 mg/ 

0 
kg), pentazocine (6.25 to 25 mg/kg), or 

7 meperidine (6.25 to 12.5 mg/kg), respec- 
5 tively. There was no cross-tolerance be- 
4 tween the following pairs of compounds: 
0 cyclazocine and SK & F (40 mg/kg); 
4 cyclazocine and pentazocine (30 mg/kg); 

cyclazocine and normeperidine (25 mg/ 
0 kg); pentazocine and meperidine (50 mg/ 

kg); pentazocine and cyclazocine (5 mg/ 
kg); and, perhaps surprisingly, meperi- 

2 dine and etorphine (0.02 mg/kg). In con- 
5 trast, tolerance developed to the anti- 
- ___ ~ convulsant effects of levorphanol (20 mg/ 

SCIENCE, VOL. 206 

X-1, 



kg) in rats earlier treated with levorpha- 
nol (2.5 to 20 mg/kg). Rats treated chron- 
ically with levorphanol were cross-toler- 
ant to the anticonvulsant effect of mor- 
phine (50 mg/kg). 

Our experiments have provided, for 
what we believe to be the first time, com- 
prehensive data on the relative effects of 
key analgesics on a novel measure in 
opiate research-the seizure susceptibil- 
ity of rats exposed to flurothyl. It seems 
that analgesics classified as morphine-like 
(,F) receptor agonists in the chronic spi- 
nal dog preparation (4) are likely to raise 
seizure threshold (9). The receptor medi- 
ating this effect has the classical features 
of stereospecificity, sensitivity toward 
naloxone, and susceptibility to toler- 
ance. A second receptor mediates the 
anticonvulsant actions of SK & F 10,047 
and cyclazocine, two o- receptor agonists 
that cause bizarre behavior in rats. This 
receptor is only weakly stereospecific, 
the levorotatory enantiomer of cyclazo- 
cine being the preferred ligand. Nalox- 
one insensitivity (10) and resistance to 
tolerance are further features of this re- 
ceptor. 

Several compounds have no pro- 
nounced effect on the flurothyl-induced 
seizure threshold. Present in this group 
are four analgesics (ethylketocyclazo- 
cine, nalbuphine, ketazocine, and nalor- 
phine) that do not suppress signs of ab- 
stinence in withdrawn, morphine-depen- 
dent monkeys. It remains to be seen if 
this classification is fortuitous or is in- 
deed an additional characteristic of cer- 
tain K receptor agonists. The presence of 
normorphine and norcyclazocine in this 
group indicates that anticonvulsant ac- 
tivity is associated with the respective 
parent molecules rather than with these 
metabolites. 

Our finding that meperidine and pen- 
tazocine are not grouped with the proto- 
type it, K, and o- agonists is in keeping 
with the difficulties experienced by oth- 
ers in trying to define the position of 
these analgesics relative to standard 
opioids (5, 11); for example, differences 
between meperidine and morphine have 
been noted in neurochemical, psycho- 
pharmacological, and physiological stud- 
ies of mice, rats, pigeons, and dogs (12). 
We are unable to state unequivocally 
that the proconvulsant actions of meperi- 
dine and pentazocine are mediated by a 
subclass of opioid receptors as opposed 
to being merely a reflection of non- 
specific stimulant (and perhaps local 
anesthetic) effects. Although tolerance 
could not be demonstrated with either 
meperidine or pentazocine, the in- 
volvement of receptors specific to 
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opioids is not necessarily precluded. In- 
deed, seizure threshold was lowered as a 
function of dosage by the agonists, and 
stereospecificity was present, although 
activity was mainly associated with the 
(+) enantiomer. There seems to be a 
naloxone-sensitive link in the mecha- 
nism of action of (-)-pentazocine and 
meperidine since the proconvulsant ef- 
fects of these analgesics were enhanced. 
That such enhancement was not ob- 
tained with compounds having minimal 
narcotic analgesic activity [normeperi- 
dine and (+)-pentazocine] may indicate 
the possibility of subdivision within 
group 4. In this regard, Gilbert and Mar- 
tin (13) view meperidine and normeperi- 
dine as having different modes of action 
in producing convulsions in mice. 

Our results with conventional analge- 
sics have laid the foundation for future in 
vivo comparisons of novel synthetic 
endorphin analogs. The influence of vari- 
ous endorphins on chemically induced 
convulsions in rats has not yet been re- 
ported (14). Our model also offers an op- 
portunity to define the specificity of new 
narcotic antagonists (15) in a simple but 
unique system in which receptors medi- 
ate effects that are (i) antagonized, (ii) 
enhanced, or (iii) unaffected by nalox- 
one. Antagonists with profiles different 
from naloxone have been a recurring 
need; their availability will probably be 
critical for discriminating opiate recep- 
tors just as the advent of specific antago- 
nists was associated with major ad- 
vances in the areas of, for example, 
adrenergic and histaminergic pharma- 
cology (16). 
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