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Abstract. Recordings of the electroencephalogram (EEG) and of the sleep-wakefulness cycle. Upon continued administration
the electromyogram (EMG) were collected continuously from of the drug, partial tolerance to the arousal effects of mescaline
rats equipped with permanent cortical and temporalis muscle developed, which was reflected by a gradual reduction in the
electrodes. Automatic injections of mescaline were admin- latencies to onset of SW sleep and REM sleep. Rats rendered
istered through indwelling i.p. cannulas at an initial dose of tolerant to mescaline in this manner were found to be cross

_-_" 30 mg/kg every 6 hrs for the first 2 days. This dose was then tolerant to lysergic acid diethylamide (LSD'I and N,N-diethyl-
increased to 60 mg/kg/6 hr which was given for the duration tryptamine (DE'I'). In contrast, cross tolerance did not occur
of the study. The initial injections of the mescaline induced to amphetamine, which exerts similar arousal and FEG desyn-
an immediate desynchronization of the EEG and behavioral chronizing effects. These results agree with physiological and
arousal of the rat, which endured for 2- 3 hrs. After this time, behavioral studies of tolerance and cross tolerance among
slow wave (SW) sleep and rapid eye movement (REM) sleep hallucinogens and support the usefulness of the EEG as a
episodes reappeared, with the return of regular alternations quantitative indicator of central nervous system functions.
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The similarity of the constellation of physiological and animals have revealed characteristic desynchroniza-
psychological effects produced in man by the acute tion of the EEG tracings with a flattening of amplitude
administration of hallucinogens containing an indole- and a decrease of slow activity (Bradley, 1953 ; Pierre,
aikylamine or a phenylethylamine moiety has been 1957; Khazan and McCash, 1965). Quantitative into-
well-documented (Hoch et al., 1952; Balestrieri and gration of the EEG in man after the administration
Fontanari, 1959; Wolbach etal., 1962). Following the of LSD has likewise demonstrated a reduction in
chronic administration of these hallucinogens, direct amplitude, as reflected by a 25 _0decrease in the "mean

tolerance and cross tolerance develop to many of the EEG energy content", or EEG voltage output (Gold-
sympathomimetic effects and to the behavioral changes stein et al., 1963a). A decrease in the EEG voltage

- as well (Balestrieri and Fontanari, 1959; Wolbach et output and its variability has also been observed after
al., 1962). Laboratory studies in animals have demon- the acute administration of amphetamine to experi-
strated that hallucinogens such as lysergic acid diethyl- mental animals (Munoz and Goldstein, 1961) and to
amide (LSD) and mescaline given acutely disrupt the man (Goldstein et al., 1963b). These changes in the
performance of previously learned behaviors (Freed- amplitude of the EEG correlated with the central
man et al., 1958; Smythies and Sykes, 1964). After nervous system (CNS) stimulant properties of the
repeated injections of these drugs, however, tolerance hallucinogens and of amphetamine (Goldstein et al.,
and cross tolerance to these behavioral effects were 1963b).
found to occur (Freedman et al., 1958; Freedman et In a limited number of studies, the EEG was

al., 1964; Appei and Freedman, 1968). recorded during the chronic administration of a hallu-
Electroencephalographic (EEG) studies on the cinogen. After repeated injections of LSD, tolerance

acute effects of hallucinogenic drugs in experimental was found to develop to the EEG changes induced in
* Supported by NIMH Grants DA 00461 and DA 01050. cats (Adey et al., 1962; Gillin et al., 1973). After the
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Virginia University Medical Center, Morgantown, West (DMT) to cats, however, tolerance development didVirginia 26506, U.S.A.
2 Present address: Department of Pharmacology and not occur (Gillin et al., 1973).

Toxicology, University of Maryland School of Pharmacy, The present study examined the effect of chronic
Baltimore, Maryland 21201, U.S.A. administration of mescaline on the EEG and sleep-



202 Psychopharmacologia (Berl,), Vol. 43, Fasc. 3 (1975)

wakefulness cycle of the rat. The latter cycle is corn- studied in this manner and the doses used were: LSD- 100,

prised of three behavioral states; namely, a synchro- 200, and 400 Ixg/kg; DET-5 and 10 mg/kg; and amphet-
nized sleep state which is also called slow wave (SW) amine-0.625, 1.25, and 2.5 mg/kg. These compounds were

given in random order, with at least a 48-hr interval between
sleep, an activated sleep state often called rapid eye administrations of the same drug at different doses.
movement (REM) sleep, and the state of wakefulness.

The development of tolerance to the stimulant prop-
erties of mescaline was determined by evaluation of

the latencies to SW sleep and REM sleep onset pro- Results
duced by successive injections of the drug. Possible

cross tolerance was then measured between the rnesca- EEG and EMG recordings during the control period
line EEG effects and the similar effects of LSD, N,N- of the rats to be treated with mescaline revealed the

diethyltryptamine (DET), and amphetamine, presence of regular alternations among the three

behavioral states of SW sleep, REM sleep, and wake-
fulness. The latencies to SW sleep onset and to REM

Methods sleep onset after the administration of saline did not

appear to be related to the saline injection. Instead,
Adult female Sprague-Dawley rats weighing 250-300 g at
the time of surgery were used in these experiments. Permanent extremely short latencies were lbund to occur after

..... electrodes for polygraphic recording were implanted into a injections given during the daytime hours, while longer
total of 10 rats under pentobarbital (30 mg/kg i.p.) and ether latencies were manifest after injections given during

anesthesia. For bipolar recording of the cortical EEG (ECoG), the night (Fig. I).
stainless steel screws as electrodes were placed over the frontal The administration of mescaline at an initial dose
and parietal cortices. For bipolar recording of the electro-
myogram (EMG), stainless steel wires were inserted into the of 30 mg/kg/6 hr was followed, as expected, by EEG
temporalis muscles. Polyethylene cannulas were also im- activation or desynchrony and by behavioral arousal of
planted i.p. at this time (Weeks, 1972) into the 5 rats to be the rat. This stimulant effect of mescaline was reflected
treated chronically with mescaline. After a period of I week in the delay to onset of both SW sleep and REM sleep
for recovery from surgical procedures, the rats were phiced
in individual EL!(i recording cages and connected to a cable, after injection (Fig. 1). By the third day of chronic mes-
Lighting condition,s in the laboratory provided a timer- caline administration, when the dose was changed to
regulated dark period from 10:00 in the evening to 6:00 in 60mg/kg/6hr, SW sleep and REM sleep onsets after in-

the morning. EEG aitd i'_MG tracings from these relatively jections were still markedly prolonged. These latencies
unrestrained and freely moving rats were monitored on a

to onset subsequently became somewhat reduced byGrass model 7 polygraph and a Beckman type R Dynograph.
During a control period of 2 days, EEG and EMG the third day after maintenance of the rats at the 60 nag/

recordings were collected continuously from the 5 experimen- kg/6 hr dose, but the development of tolerance to the
tal rats during i.p. injections of isotonic saline (0.25 ml once stimulant effecl of mescaline at this time was still not

every 6 hrs), delivered automatically by motor driven syringes, complete.
Automatic injections of mescaline to the experimental group
were then begun at noon (12:00 p.m.). An initial dose of The administration of a 30 or a 60 mg/kg dose
30 mg/kg was d¢livered every 6 hrs for the first 48 hrs. This of mescaline to the control group of rats induced a
dose was then increased to 60 mg/kg/6 hr, which was given delay in the onset of both SW sleep and REM sleep.

_ for the duration of the study (15 days). Rats treated chronically with mescaline and injected
The development of tolerance to mescaline was assessed simultaneously demonstrated much shorter latenciesby determination of the latencies to onset of SW sleep and

REMsleep, respectivcly, aftersuccessiveinjectionsofthcdrug, to SW sleep onset and REM sleep onset (Fig. 2).
The criterion used for eslablishing the onset of bolh SW sleep Administration of LSD at the 100 or the 200 lag/kg
and REM sleep from EEG and EMG recordings was the dose level likewise resulted in a marked shortening of

appearance of the first episode o1"no less than 1 rain in dura- these latencies in the group of rats chronically treated
tion. REM sleep episodes were identilied by the appearance
of characteristic low voltage fast EEG activity resembling with mescaline in comparison with the control animals
wakefulness but occurring in association with an extreme (Fig. 3).
reduction in the EMG activity surpassing that of SW sleep. In contrast, the latencies to SW sleep onset and

Statistical comparisons of the data obtained on the last day RE M sleep onset after the administration of amphet-
of saline treatment and on each successive drug day were amine were found to be the same in both the control
made by Student's 2 tailed t-test.

Experiments on cross tolerance to mescaline were begun and mescaline-treated groups of rats at the 0.625, 1.25,
on the sixth day of chronic mescaline administration. Cross and 2.5 mg/kg dose levels (Fig.4). DET administered

tolerance was determined by the substitution ofanother drug at the dose of 5 mg/kg likewise produced silnilar SW
for the mescaline injection ordinarily given at noon. The test sleep and REM sleep onsets in the 2 groups of n_ts

compound was administered simultaneously to 5 control rats. (Fig. 5). At the dose of 10 triglkg, however, a irlarkedSW sleep and REM sleep onsets after the injection were then
" determined as above for both groups of rats, and the results shortening in these times to onset was seen in the

were ev,'iluated statistically by Student's t-test. The drugs mescaline-treated animals.
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Fig. I. Latencies to onset of SW sleep (vertical striped bars) and REM sleep (open bars) in the rat after successive i.p. injections
of mescaline initiated at noon (12:00 p.m.) and given every 6 hrs. Although the stimulant effect of this hallucinogen gradually

decreased, SW sleep and REM sleep onsets after mescaline injections given on the fifth day of the chronic treatment remained

significantly elevated over the comparable values obtained after saline administration (P < 0.01 ; n = 5 rats)
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i Fig. 2. Latencies to onset of SW sleep and REM sleep after Fig. 3. Latencies to onset of SW sleep and REM sleep :d'ter the
the administration of mescaline at the specified dose levels administration of LSD at the specified dosages to control
to control rats (broken lines) and rats treated chronically rats (broken lines) and rats treated t.hronically with mescaline

: with mescaline (solid lines). The onset of both SW sleep and (solid lines). Both SW sleep and REM sleep onsets after the
REM sleep after each dose occurred much earlier in the rats two lower doses of LSD occurred much earlier in the

having prior exposure to mescaline. (Each point represents chronically mescaline-treated rats. (Each point represents the
the mean for 5 rats, while the vertical bars indicate +__S.E.M.; mean _+ S.E.M. for 5 rats; * P < 0.05; ** P < 0.01;

• * P < 0.01 ; *** P < 0.001) *** P < 0.001)

Discussion and was still incomplete by the fifth day of chronic mes-
caline treatment, lfthe mescaline had been given longer

The results of this study indicate the occurrence of prior to administration of test drugs, more tolerance

some degree of tolerance to the central effects of mesca- would have probably developed.
line in the rat. Tolerance to the stimulant effect of mes- The presence of cross tolerance to the arousal
caline, as reflected by the iatencies to SW sleep and effect of mescaline in LSD and DET should indicate
REM sleep onset after the drug, developed very slowly that these drugs may either share a common mode

I I
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_oo sw SLEtP _EMSLC_P and Fontanari, 1959; Wolbach etal., 1962; Rosenberg

t et al., 1963).25o , The finding of cross tolerance between mescaline

__ /_ / ,,' and DET reported in this study and the presence of

2oo partialcrosstolerancebetweenLSDand DMTinman
_- , ,' (Rosenberg et al., 1964) should provide an indication

that thesehallucinogensmaysharea commonmodeo 150

o of action. The demonstration of cross tolerance

between LSD and tryptamine in chronic spinal dogs•_ I00

7- (Martin and Eades, 1972) adds support to this con-
tention. The failure of tolerance to DMT to emerge in

_o the EEG study ofGillin et al. (1973), on the other hand,
may be partially related to the extremely short duration

o.6z5 t_,_ a:.5 o6a5 t.25 25 of action of this hallucinogen, a factor that would

LO0OOSEA.PH_rA.mEtm0/kU) render the demonstration of tolerance to this agent

Fig.4. Times to onset of SW sleep and REM sleep after the particularly difficult.
administration of amphetamine to control rats (broken lines) Behavioral studies on mescaline have demon-
and rats treated chronically with mescaline (solid lines). The strated that, while tolerance develops to the inhibitory,
onsets of both SW sleep and REM sleep were similar in the or disruptive, effects of the drug (Freedman et al., 1958;
2 groupsofanimals. (Each point represents the mean _+S.E.M. Appel and Freedman, 1968), tolerance does not readilyfor 5 rats)

occur to the excitatory, or enhancing, effects (Bridger
et al., 1973). Tolerance to inhibitory effects of a drug

sw SLEEP hEMSLEEP on performance has been characterized as behavioral
250 tolerance due to learning under the influence of the

drug, as opposed to functional, or pharmacological,
i 200 J tolerance (Kalant et al., 1971). A lack of tolerance to
_- ,' the rate-increasing effects of amphetamine has previ-

g_ _5o ,,:I//" ously been reported by Schuster et al. (1966). This

o ,,_ / group consequently hypothesized that under circum-

_oo " " stanceswhereenhancingeffectsof drugs on perform-to /

-_ ,' ance emerge, tolerance would not be expected to
I-- / eO0

50 _y! develop.The results of this report have demonstrated that
the EEG provides a facile quantitative tool for studying

_o _ io tolerance and cross tolerance among hallucinogens.
LoGoosEoEr (mg/kU) The usefulness of this method in testing the biological

....... Fig. 5. Latencies to onset of SW sleep and REM sleep in control activity of chemical substances predicted on the basis
rats (broken lines)and rats treated chronically with mescaline of structure to be hallucinogenic has previously been
(solid lines) in response to administration of DET. While postulated (Greenet al., 1973). The present work may
these latencies were similar in both groups of animals after further serve to demonstrate the applicability of thethe lower DET dose, a significant shortening of both SW sleep
and REM sleep onset for the mescaline-treated rats became technique of continuous EEG and EMG recording
apparent after the higher dose of DET. (Each point represents during drug administration to the study of adaptive
the mean + S.E.M. for 5 rats; ** P < 0.01; *** P < 0.001) mechanisms to drugs affecting the central nervous

system (Khazan, 1975).
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