
Stereoselective Antagonism of Phencyclidine's Discriminative at the training dose, all the animals chose 
the appropriate lever. Higher doses of 

Properties by Adenosine Receptor Agonists PCP disrupted responding and the ani- 
mals exhibited pronounced ataxia. 

Abstract. Rats trained to discriminate between phencyclidine and saline vehicle Ketamine, tiletamine, and dexoxadrol 
were used to test various agents for their ability to mimic or block the phencyclidine mimicked PCP's subjective effects in a 
cue. Ketamine, dexoxadrol, tiletamine, and phencyclidine analogs were found to dose-related manner (Table 1). This find- 
mimic phencyclidine's behavioral effects. Treatment with the adenosine receptor ing is consistent with clinical data indica- 
agonists N~-cyclohexyladenosine and L-phenylisopropyladenosine blocked the dis- tive of a PCP-like action following ad- 
criminative properties of phencyclidine. These results suggest that adenosine ministration of these drugs in humans 
receptor agonists might be useful in treating phencyclidine-induced psychosis. (8). Compound GK-5, a cis-4-methyl de- 

rivative of PCP, competes with [ 3 H ] ~ C P  
Phencyclidine (PCP) was developed in drugs to determine their similarity to for binding to brain membrane sites, 

the late 1950's as an anesthetic agent, but PCP. disrupts rotorod performance (9), and (as 
was eliminated from clinical trials due to Twenty-four rats were trained to dis- seen in Table 1) substitutes for PCP in 
the severe side effects it produced (I). criminate PCP (3.2 mglkg) from saline our discrimination paradigm. Compound 
During the last 10 years, however, PCP vehicle (7). The ability of various doses GK-4, the trans enantiomer of GK-5, 
has been widely abused, and the number of several compounds to mimic or block also displaces [ 3 H ] ~ C ~  but does not dis- 
of emergency room admissions for PCP PCP's actions was then tested. When rupt rotorod performance (9), nor does 
intoxication has been increasing. The given low doses of PCP, few rats chose it mimic PCP (Table 1). In contrast, 1- 
behavioral effects of PCP often resemble the lever associated with the 3.2 mglkg (1-phenylcyclohexy1)-3-methylpiperidine 
schizophrenia (2), although the effects of dose (Table 1). As the test dose was [PCMP(+)] but not the optical isomer 
acute PCP intoxication can be distin- increased, more animals responded by [PCMP(-)I mimics PCP's discriminative 
guished from psychosis on the basis of pressing the PCP-appropriate lever, and, properties (Table 1) in a manner consist- 
patient history and neurological signs 
(3). Frequently, however, manifestations 
of psychopathology remain after the Table 1. Dose-response profile for compounds mimicking PCP in rats trained to discriminate 
acute effects of PCP have diminished, PCP (3.2 mgikg) from saline vehicle. All compounds were administered subcutaneously 30 

The psychosis resulting from other hallu- minutes before a 15-minute test. The percentage of animals completing ten presses of the lever 
previously paired with PCP before making ten or fewer responses on the vehicle lever was 

cinOgenic drugs, such as lysergic acid calculated. The mean number (+ standard error) of total responses per test are indicated. At the 
diethylamide (LSD), generally last only 8 highest doses of PCMP(+) and ketamine only one and two animals, respectively, of the eight 
to 24 hours, but PCP psychosis can last tested made more than ten responses during the test session. 
for 2 weeks. With PCP, subjects may 
display autistic and delusional thinking Dose 
typical of schizophrenics (4). A more Treatment (mgikg) 
striking link between PCP and schizo- 
phrenia was provided by a study in vehicle 
which PCP and other hallucinogens were p c p  0.1 
given to hospitalized schizophrenics (2). 
The effects of LSD were no more severe 
in the schizophrenics than in normal 
subjects. By contrast, schizophrenics 
given PCP became extremely disorga- 
nized and the reactions persisted for up 
to 6 weeks. 

The similarity between PCP-induced 
psychosis and schizophrenia suggests 
that antagonists of PCP might be useful 
as antipsychotic agents. However, there 
has been no known specific antidote for 
PCP, although phenothiazines, haloper- 
idol, and diazepam have been used for 
their antipsychotic and sedating effects 
(3, 5 ) .  

In searching for an antagonist of PCP, 
we required an animal subject that would 
be sensitive to alterations in PCP-in- 
duced subjective effects. PCP can serve 
as a discriminative stimulus in rats (6). 
That is, rats can learn to make one 
response when under the influence of 
PCP (pressing the left lever in a two- 
lever operant chamber for a food reward) 
and another response when given saline 
(pressing the right lever for reward). The 
rats can then be tested with various 
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5.6 
Ketamine 3.2 

5.6 
10.0 
17.8 
32.0 

Dexoxadrol 0.32 
1 .o 
3.2 
5.6 

Tiletamine 0.1 
0.32 
0.56 
1 .o 

Number Number of 

of animals 

animals choosing 
PCP lever 

Mean 
number of 
responses 
per test 

553 + 21* 
536 + 47 

*Significantly different from the number of PCP-associated responses by the same animals (P < .05, 
Student's two-tailed t-test). tsignificantly different from the number of saline-associated responses by the 
same animals (P < ,051. 
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Table 2. Stereoselective antagonism of PCP cuing by adenosine analogs. All the compounds 
were administered 30 minutes before a 15-minute test. All were given subcutaneously except for 
theophylline, which was administered orally. Essentially identical results were obtained by 
administering CHA, L-PIA, or D-PIA up to 2 hours before testing. 'Theophylline alone (32 mgi 
kg) did not alter PCP discriminability, but prevented CHA from blocking PCP's effects. 

-- -- 

Number Mean 

Dose Number of number 
Treatment of animals of 

(mglkg) animals choosing responses 
PCP lever per test 

- - -~ -- p~ 

PCP* + saline 24 24 471 ? 23 
PCP + CHA 0.032 8 5 277 2 58t 

0.10 8 3 331 2 60 
0.178 16 5 182 + 34t 
0.32 12 2 75 ? 18t 

PCP + L-PIA 0.1 1 I 4 312 + 56 
0.178 10 1 209 + 42t 

PCP + D-PIA 0.1 10 7 337 + 54 
0.178 1 I 9 339 + 66 
1 .O 10 8 165 ? 46t 

Dexoxadrol (5.6 mglkg) + saline 24 21 574 + 27t 
Dexoxadrol (5.6 mglkg) + L-PIA 0.1 10 4 323 + 38t 

0.178 8 0 100 2 23t 
PCP + haloperidol 0.056 8 8 296 2 75 

0.1 7 4 184 2 69t 
0.178 9 5 64 2 23t 
0.32 3 2 20 + I l t  

PCP + diazepam 1 .O 8 7 383 ? 86t 
3.2 7 6 153 2 40 

PCP + chlorpromazine 0.32 10 7 196 + 41t 
1 .O 3 2 137 + 47t 

PCP + theophylline (32 mglkg) + CHA 0.32 10 7 188 ? 37t 
p-p-~ -~ 

'The PCP dose in each case was 3.2 mgikg. tSignificantly different from the number of responses by the 
same animals given PCP alone ( P  < .05). 

ent with reported stereoselective recep- 
tor binding (10). Thus the PCP cue can 
be elicited by various agents stereoselec- 
tively. This effect appears to be specific 
for PCP-like compounds, since many 
agents, including LSD, did not mimic 
PCP (11). 

In searching for PCP antagonists, we 
tested a number of agents that affect 
neurotransmitter systems for their ability 
to block the PCP cue. We found that 
when rats were treated with potent aden- 
osine receptor agonists the discrimina- 
tive effects of PCP could be abolished 
(Table 2). Thus, most animals injected 
with N6-cyclohexyladenosine (CHA) 
(0.32 mgikg) or I.-phenylisopropyladeno- 
sine (L-PIA) (0.178 mgikg) in combina- 
tion with PCP (3.2 mgikg) chose the 
saline-associated lever. By contrast, the 
dextrorotatory isomer of PIA, which is 5 
to 100 times weaker in binding to the 
adenosine receptor than L-PIA, failed to 
alter PCP discrimination at doses up to 
1.0 mgikg (12). 

Since dexoxadrol mimicked PCP's dis- 
criminative properties (Table 1) and is 
structurally different from the other com- 
pounds that mimicked PCP (8),  we invcs- 
tigatcd the ability of L-PIA to block 
dexoxadrol's PCP-like effects. All ani- 
mals given dexoxadrol plus I.-PTA 
pressed the saline-associated lever (Ta- 
ble 2), indicating that the blocking effects 

1 IS8 

of L-PIA are not limited to structural 
variants of PCP. 

The combination of PCP and adeno- 
sine receptor agonists often significantly 
reduced the number of responses made 
during the 15-minute test (13). While 
adenosine analogs are potent sedative 
agents (14), generalized sedation alone 
cannot account for the observed antago- 
nism of the PCP cue, since haloperidol, 
diazepam, and chlorpromazine also dis- 
rupted responding without significantly 
antagonizing the ability of PCP to act as 
a discriminative stimulus (Table 2) (15). 

Theophylline and other methylxan- 
thines antagonize many of adenosine's 
effects (16). Therefore, we tested such 
antagonists for their ability to prevent 
the blockade of PCP discrimination pro- 
duced by adenosine analogs. Theophyl- 
line (32 mglkg, orally) partially reversed 
the anti-PCP action of CHA (Table 2). 
This finding supports the contention that 
the actions of CHA and L-PTA are medi- 
ated by adenosine receptors. However, 
it does not appear that PCP's effects are 
attributable to antagonism of the effects 
of endogenous adenosine, because meth- 
ylxanthines neither mimicked PCP's dis- 
criminative properties nor potentiated a 
subthreshold dose of PCP. 

The mechanism by which adenosine 
analogs antagonize PCP's discriminative 
stimulus properties is unknown. PCP 

and adenosine may compete for a sub- 
population of receptor sites, preventing 
PCP from exerting its effects. With 
claims being made for the existence of 
stereoselective PCP receptors (9, 10, 17), 
it will be of interest to determine whether 
labeled PCP can be displaced from such 
binding sites by potent adenosine recep- 
tor agonists (18). PCP is known to in- 
crease the release of neurotransmitters 
and to block their inactivation by reup- 
take (19). Since adenosine analogs de- 
crease catecholamine release from syn- 
aptic terminals (20, 21), we may be ob- 
serving the balancing of two opposing 
pharmacological effects, resulting in a 
normalization of catecholamine secre- 
tion and a "vehicle-like" discriminative 
state. PCP is also known to exert com- 
plex effects on acetylcholine-containing 
neurons (22). Thus, PCP increases the 
turnover of acetvlcholine in various ar- 
eas of the brain, has anticholinergic 
properties, and inhibits acetylcholines- 
terase. Since adenosine and related nu- 
cleotides inhibit the release of acetylcho- 
line by a methylxanthine-sensitive mech- 
anism (21, 23), a functional antagonism 
may exist between PCP and adenosine 
analogs on cholinergic neurons. 

Regardless of the mechanisms in- 
volved, this study demonstrates antago- 
nism of PCP's subjective effects and 
raises the possibility that adenosine re- 
ceptor agonists might be useful in treat- 
ing PCP-induced as well as endogenous 
psychosis. 
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Female Control of Male Reproductive Function in a 
Mexican Snake 

Abstract. Male Thamnophis melanogaster court immediately when exposed to 
estrogen-treated, attractive females and continue courting for 6 to 8 days. Males 
exposed to estrogen-treated females will court both intact and ovariectomized 
females. These males undergo a period of testicular recrudescence, whereas males 
exposed only to ovariectomized females do not. Sexual attractivity can be induced in 
female T. melanogaster without estrogen treatment by heavy feeding, which results 
in significant increases in liver size and activity. 

The semiaquatic garter snake Tham- 
nophis melanogaster is active through- 
out the year at Lago de Cuitzeo, Michoa- 
can, Mexico (1). Several brief, synchro- 
nous breeding periods can occur each 
year, and the timing of these periods may 
vary within and between years. We re- 
port that female T ,  melanogaster, treat- 
ed with estrogen, elicited a period of 
sexual activity in males both in the field 
and the laboratory. This period of sexual 
activity lasts 6 to 8 days, with males 
becoming less discriminatory and court- 
ing ovariectomized and intact untreated 
females as well as estrogen-treated fe- 
males. Measures of testicular activity 
increased after sexual activity ceased in 
males exposed to estrogen-treated fe- 
males both in the field and the lab- 
oratory. Female sexual attractivity in- 
creased after extensive feeding. The re- 
sults indicate that (i) female T ,  melano- 
gaster initiate the breeding periods and 
in turn stimulate testicular activity in 
males, and (ii) female T ,  melanogaster 
can become attractive and initiate the 
onset of a breeding period in response to 
nutritional condition. 

Perception of a pheromone present on 
the skin of attractive female Thamnophis 
is necessary to elicit courtship behavior 
from male conspecifics (2, 3). This at- 
tractiveness pheromone is synthesized in 
the liver and is chemically related to 
vitellogenin, the circulating precursor of 
yolk (3). Sexual attractivity can be in- 
duced in female Thamnophis by treating 
them with exogenous estrogen (4-9, 
which stimulates the liver. Conversely, 
ovariectomy renders female Thamnophis 
unattractive (4). 

Ten males, maintained in isolation 
cages, were offered two females daily in 

behavioral tests (7). Ovariectomized fe- 
males were offered for the first 5 days, 
and no courtship activity was observed. 
Beginning on day 6, estrogen-treated in- 
tact females (5-9 were offered and were 
immediately courted. After day 13 no 
additional courtship activity was ob- 
served even though estrogen-treated fe- 
males were changed every 5 days. How- 
ever, ovariectomized females, when of- 
fered to males in daily alternation with 
estrogen-treated females, were courted 
after day 3, although not to the extent 
that estrogen-treated females were. We 
thus hypothesized that breeding periods 
could be initiated in nature by some 
females becoming attractive in a cyclic 
fashion. Males exposed to those females 
would then court other females, and a 
synchronous breeding period could re- 
sult. 

At Lago de Cuitzeo, two adjacent pop- 
ulations of approximately 300 snakes 
each were monitored for 7 days; no 
sexual activity was observed in either 
population. Twenty percent of the adult 
females of the test population (N = 28) 
were collected, marked, treated with es- 
tradiol (5-9, and released. After 1 hour 
and 15 minutes, three males were ob- 
served courting a treated female. Sexual 
activity continued for 7 days in the test 
population; no sexual activity was ob- 
served in the control population. Males 
collected after courtship activity had 
ceased were more reproductively active 
than males collected before the breeding 
period, as judged by measures of testicu- 
lar activity (Table 1). In the laboratory, 
groups of males, killed at intervals dur- 
ing a period of controlled daily exposure 
to estrogen-treated females, showed in- 
creases in serum androgens and spermio- 
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