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ABSTRACT

Commissaris, R. L., W. H. Lyness, K. E. Moore and R. H.
Rech: Differential antagonism by metergoline of the behavioral
effects of indolealkylamine and phenethylamine hallucinogens
in the rat. J. Pharmacol. Exp. Ther. 219: 170-174, 1981.

The effects of metergoline were examined on the behavioral
disruption produced by hallucinogens of the indolealkylamine
[ad-lysergic acid diethylamine and N,N-dimethyltryptamine] and
the phenethylamine [2,5-dimethoxy-4-methylamphetamine and
mescaline] classes. Food-deprived male rats were trained to
press a bar on a fixed-ratio 40 operant schedule of food
presentation. Administration of the hallucinogens immediately
before the start of the session resulted in a dose-dependent
cessation of responding (i.e., an increase in ‘‘pausing’’) for
some period of the 40-min test session. Administration of d-
amphetamine or phenobarbital produced slow and erratic intra-
session response rates not characterized by pausing, except

at the highest doses.Metergoline (1 mg/kg, 180 min before the
start of the fixed-ratio 40 session) antagonized the pause-
producing effects of all four hallucinogens, although the char-
acteristics of this blockade were different for the indolealkyl-
amine and the phenethylamine classes. The metergoline treat-
ment employed in this experiment shifted the dose-response
patterns of the indolealkylamines to the right, whereas the
antagonist completely blocked the disruptive effects of the
phenethylamines at all doses tested. The behaviorally disrup-
tive effects of d-amphetamine and phenobarbital, in contrast,
were not altered by metergoline pretreatment. These data
support the hypothesis that 5-hydroxytryptamine neuronal sys-
tems are involved in the behavioral effects of the hallucinogens,
but suggest that there are differences in the mechanisms by
which the phenethylamine and indolealkylamine hallucinogens
interfere with these neurons.

Although hallucinogens can be divided into phenethylamine
and indolealkylamine classes on the basis of their chemical
structures, examples of both classes appear to produce many of
their behavioral effects through interactions with 5-HT neu-
ronal systems. Andén et al. (1968, 1974) have shown that the
exaggerated extensor reflex in reserpinized rats, reportedly spe-
cific for 5-HT agonists, can be produced by the hallucinogens
of both classes. Moreover, results of stimulus control experi-
ments (Kuhn et al., 1978; Winter, 1978, 1979) reveal that the
discriminative stimulus effects of both classes of hallucinogens
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generalize to quipazine, a 5-HT agonist, and can be blocked by
cinanserin, a putative 5-HT antagonist. Furthermore, destruc-
tion of 5-HT nerve terminals with intracerebroventricular ad-
ministration of 5,7-dihydroxytryptamine potentiates the behav-
iorally disruptive effects of hallucinogens of both classes (Jo-
seph and Appel, 1977; Appel et al., 1977; Commissaris et al.,
1980).

Metergoline (1-methyl-8-carbobenzyloxyaminomethyl-10a-
ergoline, fig. 1) is a relatively specific central 5-HT antagonist
when administered in doses ranging from 0.5 to 2.0 mg/kg with
a 180-min pretreatment (Samanin et al., 1980). Higher doses of
this compound competitively antagonize the “5-HT behavioral
syndrome” produced by 5-HT agonists and hallucinogens of
both classes (Sloviter et al., 1980). Moreover, the results of
Fuxe et al. (1975) have led these authors to suggest that
metergoline may be useful as an antidote against the effects of
hallucinogens. The present study was designed to examine the
effects of metergoline on the disruption of FR-40 operant be-
havior produced by four well known hallucinogens: LSD and

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; FR-40, fixed-ratio 40; LSD, d-lysergic acid diethylamide; DMT, N,N-dimethyltryptamine; DOM,

2,5-dimethoxy-4-methylamphetamine.
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Fig. 1. The structure of metergoline (1-methyl-8-carbobenzyloxyami-
nomethyl-10-a-ergoline).

DMT as examples of indolealkylamines and DOM and mesca-
line as examples of phenethylamines.

Materials and Methods

Subjects. Sixteen male Sprague-Dawley rats (Spartan Research
Animals, Inc., Haslett, MI) weighing 200 to 250 g at the start of the
experiment were used. All animals were housed individually in a room
with a 12-hr day-night light cycle (lights on 7:00 A.M.-7:00 p.M.) All
subjects had no previous drug treatment before the start of the exper-

. iment.

Behavioral apparatus. Behavioral training and testing was con-
ducted in one of four standard operant chambers (LVE 143-20-215)
equipped with food pellet dispensers; these chambers were located in
sound-attenuating boxes. Each chamber contained a single lever which
required a force of 10 to 15 g to activate. All experimental events were
controlled by electromechanical programming circuits and responses
were recorded on electromagnetic counters and cumulative recorders.

Hallucinogens have been reported to produce a pattern of disrupted
FR-40 operant responding characterized by periods of nonresponding
(Appel and Freedman, 1968; Rech et al., 1975; Commissaris et al., 1980,
1981). To quantitate this pausing, a 10-sec pause interval timer (Com-
missaris et al., 1980, 1881) was incorporated into the FR-40 program.
Each response by the subject reset a 10-sec timer. If the subject
responded before 10 sec elapsed, the timer reset and the program
continued. If the subject failed to respond during this 10-sec interval,
a count was registered and the timer automatically reset. Therefore,
the number of counts registered by the pause interval timer was an
index of the period of nonresponding in terms of cumulated 10-sec
pause intervals. In addition to pause intervals, the number of reinforce-
ments obtained in each FR-40 session was recorded as a reflection of
the average response rate. The combined display of the frequency of
pause intervals obtained and reinforcements received has been used to
differentiate the “pausing” produced by hallucinogens from the slowed
and erratic intrasession response rates produced by the stimulant d-
amphetamine (Commissaris et al., 1980) and the depressant phenobar-
bital (Commissaris et al., 1981).

Behavioral procedure. The subjects (maintained at 75% of their
free-feeding weights) were trained to respond on a continuous reinforce-
ment schedule for food (45-mg Noyes pellets). Daily sessions were 40
min in duration. Each animal was run at the same time of day and in
the same cage 7 days a week. After all subjects were responding on the
continuous reinforcement schedule (1-3 days), a FR schedule was
introduced and gradually increased to FR-40. Control FR-40 sessions
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were continued for 2 to 3 weeks, by which time responding was stable
for all subjects. At this time, drug testing was conducted. One-half of
the subjects received various doses of LSD (12.5-400 ug/kg), mescaline
(5.0-28.4 mg/kg) and d-amphetamine (0.25-2.0 mg/kg) alone and after
pretreatment with metergoline (1.0 mg/kg; 180 min before testing). The
other half of the subjects received various doses of DOM (0.125-4.0
mg/kg); DMT (1.0-8.0 mg/kg) and phenobarbital (12.5-50.0 mg/kg)
alone and after metergoline pretreatment. All subjects received met-
ergoline alone at some point in the study. The order of drugs and doses
administered was completely randomized for each subject. The hallu-
cinogens and d-amphetamine were administered immediately before
the start of the FR-40 session; phenobarbital was administered 30 min
before the start of the session. In these studies, all test days were
preceded by at least 3 nondrug days to avoid the possibility of tolerance
development.

Statistical analyses. Drug effects were assessed by comparing the
data from test days to the average of the 3 days before the test day
(base line). Student’s ¢ test for paired data was used to evaluate the
effects of individual doses of the hallucinogens. Dose-response relation-
ships with and without metergoline pretreatment were examined by
analysis of variance in a block design. In all statistical evaluations, P
< .05 was used as the criterion for statistical significance.

Drugs. All drugs were administered i.p. LSD tartrate (12.5-400 ug/
kg), DOM hydrochloride (0.125-4 mg/kg), mescaline hydrochloride (5-
28.4 mg/kg), d-amphetamine sulfate (0.25-2 mg/kg) and phenobarbital
sodium (12.5-50 mg/kg) doses refer to the salt. DMT (1-8 mg/kg) and
metergoline (1 mg/kg) doses refer to the free base suspended in 0.5%
corn starch. The hallucinogens were obtained from National Institute
on Drug Abuse; d-amphetamine and phenobarbital were purchased
from Sigma Chemical Company (St. Louis, MO); metergoline was a gift
from Farmitalia Carlo Erba, Milan, Italy.

Results

Control FR-40 responding is characterized by a rapid, con-
stant rate of responding with a number of brief “minipauses”
(1-3 pause intervals each) throughout the session. These mini-
pauses often but not always follow the delivery of a food pellet.
The response pattern of an individual animal is depicted in
figure 2, panel A, and the characteristics of control responding
in all animals are summarized in table 1. Metergoline treatment
alone increased the number of reinforcements obtained and
reduced the number of pause intervals produced (table 1; fig. 2,
panel E).

The pattern and extent of disruption produced by LSD,
DOM and d-amphetamine alone or after metergoline pretreat-
ment are illustrated in figure 2. LSD alone (200 ug/kg; panel B)
produced a pattern of disrupted FR-40 responding character-
ized by a fairly long period of nonresponding. Metergoline
pretreatment greatly reduced, but did not eliminate, the pause-
producing effect of this dose of LSD (panel F). DOM alone (2.0
mg/kg; panel C) produced a prolonged period of nonresponding;
metergoline pretreatment completely antagonized this effect
(panel G). Administration of d-amphetamine (1.0 mg/kg; panel
D) produced a pattern of disruption characterized by slowed,
erratic intrasession response rates without any clear-cut paus-
ing. Metergoline pretreatment did not alter this pattern of
disruption produced by d-amphetamine (panel H).

Quantification of the effects of metergoline pretreatment on
the disruption of FR-40 performance produced by the indole-
alkylamine hallucinogens LSD and DMT can be seen in figure
3. In control animals, these agents produced dose-dependent
increases in the frequency of pause intervals and dose-depen-
dent decreases in reinforcements. These hallucinogen-induced
effects were significantly antagonized by metergoline pretreat-
ment, but the antagonism was surmountable as evidenced by



172

Commissaris et al.

I

METERGOLINE PRETREAT.

Fig. 2. Cumulative recordings illustrating the effects of various treat-
ments on FR-40 responding. A, saline; B, 200 ug/kg of LSD; C, 2.0
mg/kg of DOM; D, 1.0 mg/kg of d-amphetamine. Treatments A to D
were administered by i.p. injection immediately before the start of the
FR-40 session. Treatments E, F, G and H denote metergoline pretreat-
ment (PRETREAT) (1.0 mg/kg, 180 min before the start of the session)
and administration of saline, LSD, DOM or d-amphetamine, respec-
tively, as in A, B, C and D. Upper trace of each panel: each response
produces a slight upward deflection of the pen, 550 upward deflection
returns the pen to the start position. Reinforcements are indicated by
hashmarks on the record. Lower trace of each panel: the time between
vertical hashmarks equals 10 min.

TABLE 1
The effects of metergoline on characteristics of FR-40 operant
responding

Values represent mean + S.E.M. for 16 subjects. Metergoline (1 mg/kg) admin-
istered i.p. 180 min before the start of the operant session.

Pause Intervals Reinforcements
Control 47 + 4 116 £ 7
Metergoline 29 + 5° 126 + 8*
% of control 63 108

* P < .05; Student's t-test for paired values. Reinforcement data normalized
by square root transformation to reduce variability before statistical analysis.

the shift to the right in the dose-response curves (P < .05 by
factorial analysis of variance).

The effects of metergoline pretreatment on the FR-40 disrup-
tive effects of the phenethylamines DOM and mescaline are
shown in figure 4. These agents also produced dramatic dose-
dependent increases in the frequency of pause intervals and
dose-dependent decreases in the number of reinforcements;
metergoline pretreatment completely blocked the effects of
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these agents, even at supramaximal doses (4.0 mg/kg of DOM;
28.4 mg/kg of mescaline).

In control animals, d-amphetamine produced a dose-depen-
dent decrease in the number of reinforcements obtained similar
to that observed after administration of the hallucinogens, but
did not produce an increase in the frequency of pause intervals,
except at the highest dose (fig. 5). Examination of the cumula-
tive records from these animals indicated that (as shown in fig.
2, panel D) administration of d-amphetamine generally pro-
duces slowed, erratic intrasession response rates not character-
ized by pausing. This pattern of disruption produced by d-
amphetamine results in a decrease in reinforcements with little
or no change in the frequency of pause intervals except at
higher doses. Metergoline pretreatment did not significantly
alter the effect of d-amphetamine on reinforcements or pause
intervals.

Phenobarbital, like d-amphetamine, produced a dose-depen-
dent decrease in reinforcements without altering the frequency
of pause intervals until relatively high doses (35 and 50 mg/kg)
were administered (fig. 5). Examination of the cumulative rec-
ords indicated that, as with d-amphetamine, administration of
this agent also produced slow and erratic response rates within
the FR-40 session. Metergoline pretreatment did not alter the
disruptive effects of phenobarbital.

Discussion

As described previously (Appel and Freedman, 1968; Rech et
al., 1975; Commissaris et al., 1980, 1981), the four representative
hallucinogenic drugs (LSD, DMT, DOM and mescaline) caused
pausing in FR-40 operant behavior. The use of the pause
interval counter permitted the clear demonstration that this
effect is dose-related for all four agents. The increase in the
frequency of pause intervals was well correlated with the de-
crease in reinforcements induced by these classes of drugs.
Phenobarbital and d-amphetamine, on the other hand, did not
effect a clear dose-related pattern of pausing, even though the
decrease in reinforcements was comparable to that observed
after the hallucinogens. Thus, although many agents produce
dose-dependent decreases in overall response rates, the pause
interval timer can be used to differentiate the pausing produced
by the hallucinogens from the erratic response rates produced
by d-amphetamine and phenobarbital. These findings are in
agreement with earlier reports from our laboratory comparing
d-amphetamine and phenobarbital to the hallucinogens LSD,
DOM and mescaline (Commissaris et al., 1980, 1981).

Administered alone, metergoline was found to increase rein-
forcements earned and to reduce the frequency of pause inter-
vals. Since metergoline is purported to be a potent 5-HT
receptor antagonist, the results suggest that 5-HT neurons may
modulate response rates and promote some pausing in the
control FR-40 behavior of rats. This slight degree of pausing
may relate to partial satiation within a control session after the
subject has earned and consumed a number of reinforcers.
Other investigators have described an increase in operant re-
sponse rates after treatment with 5-HT receptor antagonists
(see Graeff, 1974). However, these earlier studies involved re-
sponding suppressed by punishment. The present findings in-
dicate that operant schedules devoid of punishment are suscep-
tible to the rate increasing effects of 5-HT antagonists.

Metergoline antagonized the effects of all four hallucinogens
investigated. These data support the hypothesis that 5-HT
neuronal systems are important in the FR-40 behavioral effects
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Fig. 3. Metergoline antagonism of the effects of in-
dolealkylamine hallucinogens. The change in pause
intervals and percentage of control reinforcements
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produced by various doses of LSD (circles) and DMT
(hexagons) during FR-40 operant sessions are plotted
for control (open symbols) or metergoline-pretreated
(1 mg/kg, 180 min before session; filled symbols)
subjects. Changes in the number of pause intervals
and percentage of control reinforcements were deter-
mined by comparing the data on test days to the
average of the 3 days before the test day (base line).
Each symbol and vertical bar represents the mean +
S.E.M. for eight subjects; where vertical lines are not
shown the S.E.M. is less than the radius of the symbol.
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Fig. 4. Metergoline antagonism of the effects of the phenethylamine
hallucinogens DOM (circles) and mescaline (triangles). See figure 3
legend for further information.

of the hallucinogens. This finding is in agreement with previous
studies involving other types of behavior or neurophysiological
responses, which suggested that these hallucinogens are ago-
nists at 5-HT receptors (Andén et al., 1968, 1974; Kuhn et al,,
1978; Winter, 1978, 1979; Solviter et al., 1980). Moreover, the
fact that metergoline did not attenuate the disruption produced
by the nonhallucinogens d-amphetamine and phenobarbital
suggests that the latter drugs do not produce disruptions of FR-
40 operant behavior through interactions with 5-HT neurons.
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Sloviter et al. (1980) recently have reported that metergoline
blocks the capacity of hallucinogens of both classes to produce
a 5-HT behavioral syndrome characterized by side-to-side
headweaving or head tremor, forepaw treading and splayed
hindlimbs. These authors indicated no differences in the met-
ergoline blockade for the phenethylamine vs. the indolealkyl-
amine hallucinogens. In the present studies, the antagonism of
the effects of DOM and mescaline by metergoline was complete,
even for very high doses of the phenethylamines. Additional
studies conducted on the antagonism of the phenethylamine
DOM have indicated that the metergoline antagonism can be
overcome by doses of 8.0 mg/kg of DOM or greater. Moreover,
a lower dose of metergoline (0.1 mg/kg) is less effective than
the 1.0 mg/kg dose, producing about a 6-fold shift to the right
in the DOM dose-response curve (R. L. Commissaris and R. H.
Rech, unpublished results). On the other hand, the block of
LSD and DMT effects provided by 1.0 mg/kg of metergoline
could be overcome by a moderate increase in the doses of these
agonists, as the dose-response curves for the effects of these
agents were shifted approximately only 2-fold. On the basis of
these results alone, it is possible that the metergoline antago-
nism of the indolealkylamines represents a physiological and
not pharmacological antagonism (i.e., summation of pause-in-
creasing and pause decreasing effects). However, in another
behavioral paradigm in which metergoline has no effect per se,
we have found that administration of this agent again produced
about a 2-fold shift in the LSD dose-response curve (R. L.
Commissaris and R. H. Rech, unpublished results). Further-
more, a physiological antagonism by metergoline would have
extended to the disruptive effects of d-amphetamine and phe-
nobarbital, which clearly was not the case.

The results of this study strongly implicate 5-HT neurons in
the behavioral effects of these two classes of hallucinogens.
However, there are now clear-cut differences between the phen-
ethylamine and indolealkylamine classes as shown by their
differential antagonism by metergoline. Much of the data may
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Fig. 5. The effects of metergoline on the disruption of FR-
40 operant responding produced by d-amphetamine and
phenobarbital. See figure 3 legend for further information.
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be explained by postulating the presence of two or more sites of
action for the hallucinogens to affect FR-40 responding. Alter-
natively, both classes may exert their effects on 5-HT receptors
in various regions of the brain, but by different mechanisms. In
any case, there is a reasonable theoretical basis for presuming
that the two classes of hallucinogens act by different drug-
receptor interactions. By using the methods of Schild and
others (see Schild, 1957; Barlow, 1964) to estimate absolute
antagonist activity and index of activity (PA,) vs. an indole or
a phenethylamine agonist, one may conclude that the two
classes of agonists must involve dissimilar receptor mechanisms.
Further analyses of these proposals will require careful, appro-
priately designed experimental approaches beyond the scope of
the present effort.
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