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i. Proc. It has been demonstrated (Abramson, 1956; in duration. The number of reinforcements ob-

5, 1958. Isbell et al., 1956) that, in man, tolerance develops tained on any given day depended on the value of
_,_s, B. : to the psychotomimetic and autonomic effects of the ratio studied (FR 5, FR 15, FR 40) and on the

D Bow- d-lysergie acid diethylamide (LSD-25). In the rate of response. Tile animals usu-dly receivedfrom 80 to 140 reinforcements during each FR
_2, 1957. rat, some autonomic effects of the drug show session. The VI had a mean interval between rein-
D Bow- tolerance (Rothlin and Cerletti, 1956) as does
)7,1958. forcementsof 1.5minutes.Sessionswere60min-
OWMAN, the behavioral response of rope-climbing (Freed- utes long when this schedule was in effect so that
Soc. 81: man et al., 1958; Mahler and Humoller, 1959). rats received about 40 reinforcements each day.

The present experiments investigate the effects Pharmacologicat procedures. LSD-25, in ampules
, TURN-

Y. 107: of LSD-25 and tolerance to thes@ effects on bar- containing 100 _g/ml, was supplied by Sandoz
pressing maintained by food reinforcement. Pharmaceuticals. The drug was administered in-

OW._AN, Fixed-ratio and variable-interval schedules, along traperitoneally immediately before the animal was
• placedinthebox.Toleranceschedulesconsistedof

chem. with several pharmacological variables, were a specified number of daily doses. In tim study of
)1, 1962. sttidied, acute tolerance, rats were (i) injected with 130
esearch,
_r Book , METHODS ANn MAT_.RIALS. Behavioral pro- _g of LSD-25/kg at hourly intervals and, after

• cedures and apparatus. Male albino rats of their third injection, were placed in the box for 32
pl. 118, Sprague-Dawley strain were kept on a restricted minutes on FR 15, (2) given a single injection of

diet until their body weights reached 70% of their 390 _g of LSD-25/kg and run immediately there-
expected normal weights. Animals were 60 days after, or, (3) given a single injection of 130 _g of
old at the beginning of the investigation and were LSD-25/kg and run on FR 15.
experimentally naive. The experiments were Methods of presenting drug effects. LSD-25 effects
run in light-shielded and sound-insulated boxes are shown on cumulative-response curves of repre-
each of which contained a single lever. Approxi- sentative animals drawn from the sessions follow-
mately 15 grams of force activated the lever. Bar- ing either saline control or drug injections, or as a
pressing responses were recorded in an adjacent perce_/tage change in the number of responses
room on cumulative recorders and electromagnetic normally emitted during a session. The percent for
counters. Reinforcements consisted of 45 mg of any given animal on any day is 100 times the total
Noyes rat pellets or a liquid diet of sweetened number of responses on that day, divided by the
milk, eggs and vitamins. The weight of each ani- average number of responses during the four
real was maintained at 70% by feeding supple- saline sessions preceding the first dose of LSD-25.
mentary pellets when necessary. No difficulty was The means of this percentage score are then ealcu-
encountered in maintaining constant body weights fated and plotted for the daily performances of all
when drugs were administered. Daily experimental animals.

sessions were programmed automatically in the RESULTS. Within 4 to 8 minutes following a

adjoining room by means of relay and timing dose of 130 _g of LSD-25/kg to rats on FRcircuits.

Two schedules of reinforcement were studied, schedules there was an abrupt onset of drug
fixed-ratio (FR) and variable-interval (VI). When effect. This was ordinarily characterized by the
animals were run on FR, sessions were 32 minutes complete cessation of responding which normally

occurred for 20 minutes. The period of no re-

Received for publication May 21, 1963. sponding sometimes, but by no means always,
This research was supported by Public Health was observed immediately after reinforcement.

Service Research Grant MY-3363, from the Na- The animal's normal ratio performance recovered
tional Institute of Mental Health.

Now at Lenox Hill Hospital, New York, N.Y. by the last 4 minutes of the 32-minute experi-
3 Now at Harvard Medical School. mental session (fig. 1).

" 309

\



\

310 FREEDMAN ET AL. VOL 11_3 19ff._

f _II I rC,lsEc]

/ o.,. '

'//:2I
LSO-?__ NQ CI O=y S

LSO-Z5 '/ , LSD'Zl

Fro.I.Cumulativerecordsofbar-pressingon anFK 40 (fixed-ratio40)scheduleofreinforcementfor Fro.
singlerat. Co_
Control sessions before and after the tolerance run and the first, third, fifth and seventh days of treat'- ment

•ment with 130 _g of LSD-25/kg are shown.
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nt for F'm. 4. Cumulative records of bar-pressing on an FR 40 schedule of reinforcement for a single rat.
Control sessions before and after, the tolerance run and the first, third, fifth and seventh days of treat-

treat- ment with 195_g of LSD-25/kg are shown.

Dosage.determined the response to LSD:25 on local rates of response (FR straining). These
FR schedules (fig. 2). Forty _g of LSD-25/kg disruptions usually occur at doses with which
rarely induced an effect. All animals usually re- there is little or no tolerance (fig. 4).
acted to ]30 and 195 #g of LSD:25/kg but Four animals reinforced on a VI 1.5 schedule

: neither intensity nor duration Of effect differed were given doses of 130 and 195 _g of LSD-25/kg.
with these doses. With doses of 390 _g/kg (and A gradual lowering of the rate of bar-pressing
above) the period of no responding Was con- rather than a period of no responding is observed

: siderably prolonged. The value of the FR (5, 15 on this schedule (fig. 5). There are no differences
or 40) did not influence the animal's response to in the intensity or duration of effects following
LSD-25. Therefore, average data are pooled over doses of 130 or 195 of _g/kg. Although the effects
ratios(fig.3). of LSD-25on the interval scheduleare quail-

Tolerance to the drug can be demonstrated in tatively different from those observed on ratio
all rats following a daily dose of 130 #g of LSD- schedules, onset and recovery times are similar.

_so 25/kg for 7 to 8 days on each of the three ratio With seven daily doses of 130 _g/kg, tolerance
: schedules; with 195 #g/kg, only two out of 10 develops on the VI schedule, i.e., there is a

rats developed tolerance (fig. 3). Thus, while decrease in drug effect each day. In contrast to
no significant differences in the effects of the the findings with FI_ (fig. 4), there is some

0 and two doses are seen with an initial single treat- evidence that tolerance does occur with a dose

form- ment, a schedule of repeated injections demon- of 195/_g/kg (fig. 5). However, this occurs more
d 40) strates a difference between these doses, slowly (i.e., requires more days) than the toler-
"line When tolerance occurs, the decrease in drug ance which develops to 130 _g/kg on VI or on

form- effect is primarily a shortening of the period ofno FR (fig. 1).
apper responding (fig. 1). Occasignally, repeated in- In the study of acute tolerance the animals

]ections of LSD-25 also induce disruptions in which received three injections of 130 /_g of
\
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FIG. 5. Cumillative records of bar-pressing on a VI 1.5 schedule of reinforcement for a single rat. ' ttg/kg,
Control sessions and the first, fifth, and ninth days of treatment with 195_g of LSD-25/kg are shown, in rnal

escape
LSD-25/kg, group 1, were less impaired than TABLE 1 to the
those given the same total amount of drug in a Acute tolerance to LSD-2g in rats 'tolerar_
single dose, group 3 (P < .05). They were also ttg/kg,

' Dose of LSD-25 (#g/kg) Percent _a
lessimpairedthanrats givena singletreatment werer
of 130 ug of LSD-25/kg, group 2, but this perforr

difference was not significant._ The means and 3 )<390130 44.815.24-4- 19.217.6 of LSZ
standard deviations of drug effects for this 130 26.54- 9.3 mento
experimentaregivenintable1. (Freed:

DlscCSSlO.N'.The ability of LSD-25 to disrupt _ Mean and standard deviation of the percent which
behavior depends upon dose. In rat, the minimal change in the number of responses on fixed-ratio Cerlett
dose which affects observed but nonmeasured 15 (FR 15)following administration of LSD-25. pyre.dr
behaviorin allanimalsappearsto be about130 and m:
t_g/kg. At this dose, grooming behavior ceases, rope-climbing (Winter and Flataker, 1956; Freed- Thus,
and an ataxia of the hind limbs occurs, man et al., 1958) and mating (Gillett, 1960), the patterI

Effective doses of LSD-25 decrease the fre- period of no responding usually bdgins within" particu
queney of food reinforced bar-pressing. On FR 3 to 8 minutes after a dose of 130 gg of LSD- being s
schedules, the drug effect is seen as a dose-de- 25/kg. A similar time of onset is seen on the VI For
pendent period of no responding. This failure to schedule, with the EEG in rat (Hartman, 1962), toleran
respond cannot be ascribed to a simple inhibition for the occurrence of a number of autonomic ministe
of motor function since bar-pressing occurs on effects in rat and rabbit (Rothlin and Cerletti, toleran,
the VI schedule and, with strong electric shock, 1956; Rothlin, 1957), and for an increase in the Tolerar
an increase in running speed is observed after the leveI of brain serotonin (Freedman, 1961).
drug (Hamilton,1960). The duration of drug effectvaries with dose daily d

The time of onset of drug effects is the samo in and with the response being measured. The (130 to
a number of test situations. In studies of FR, effect of 130 pg of LSD-25/kg on ba_'-pressing
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/./ and rope-climbing is usually not seen after 40 not normally develop oll FP_ with 32-minuteminutes while the effects on mating behavior last sessions and the rate of its development oll vr is

approximately 90 minutes (Gillett, 1960). Brady- slower than that observed with 130 _g/kg. Ap-cardia in the unrestrained rat can be observed for parently, patterns of tolerance to LSD-25 depend
approximately 90 minutes (Freedman et al., upon the interaction of a number of factors such

1958), and the effects of 130 tzg/kg on shock- as the particular response measured, multiple
induced escape behavior (Hamilton, 1960) last behavioral variables, the quantity of drug ad-
for approximately 4 hours, ministered and the schedule of dosage.

Tolerance can be defined as a decrement of a
SUMMARY

specific drug effect contingent upon dosage
schedule. Tolerance to the behavioral effects of The effects of I_SD-25 on bar-pressing main-

tained by food reward, and tolerance to these
LSD-25 in rope-climbing studies was shown to
depend upon drug regimen rather than upon effects, were investigated in the rat with two
learning or practice. The development and loss schedules of reinforcement, fixed-ratio (FR) and

of tolerance in bar-pressing situations is similarly variable-in_;erval (VI). With FR, the drug effect

contingent upon drug regimen. This is evident in was defined by a period of no-responding; a
gradual decline in response rate occurred on the

the studies of acute tolerance in which the rat interval Schedule. The onset of behavioral dis-
received three injections of drugs spaced at
intervals of 1 hour, but was tested only after the turbances began 4 to 8 minutes after i.p. injection

final injection and showed partial tolerance, and the duration depended upon dosage.
Tolerance was obser.ved on both FI_ and VIStudies of acute tolerance also show that tolerance

can develop rapidly, within 7 to 8 days with daily doses at or below
130 _g of LSD-25/kg. It was characterized by a

Tolerance does not develop to each and every shortening of the time required for recovery from
• behavioral effect of LSD-25. The period of no

responding measured intherope-climbing, mating, the maximal drug effect. The study of acute
tolerance shows that partial tolerance develops

and bar-pressing tests do show.tolerance to 130 rapidly (within 3 hours). With increased doses
gle rat. t_g/kg, but theratio of copulationstoejaculations of LSD-25 tolerance to these effects on bar-
shown, in mating studies and the running time in the

escape'from shock situation do not show tolerance pressing behavior is less likely to develop.
to the same dose. In the rope-climbing situation, The imp_tance of both behavioral and phar-

macological variables in affecting both the re-tolerance was observed after 4 daily doses of 130
sponse to LSD-25. and the development of

_ ttg/kg, while On the FR and the VI, 7 to 8 days _/olerance was stressed.
were required to observe a complete return of

9.2 performance to base line. The autonomic effects REFERI_NCES
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