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FALK, J. L. AND C. E. LAU. Stimulus control of addictive behavior: Persistence in the presence and absence of a drug.
PHARMACOL BIOCHEM BEHAYV 50(1) 71-75, 1995.—Rats were exposed daily to a food schedule-induced polydipsia
condition, in which water and 0.16 mg/ml cocaine solution were available concurrently, with the cocaine solution indicated
by a discriminative stimulus (SP) light. The cocaine solution was preferred, and the preference was maintained when the SP
was gradually eliminated by fading its intensity. For a second group, if cocaine concentration was the stimulus gradually
eliminated, preference for the resulting solution (water) indicated by the S® was stably maintained. For two additional groups,
if either the light SP or the cocaine stimulus was removed abruptly rather than gradually, few animals retained preferences.
These studies reveal the importance of establishing strong stimulus control for the initiation and persistence of drug abuse

behavior.
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RESEARCH with nonhuman primates and rats given oppor-
tunities to self-administer drugs intravenously (IV) has dem-
onstrated the abuse potential of agents from several pharma-
cologic classes (3,17,28,31). There is concordance between
drugs that produce high and persistent self-injection rates in
animals, and those possessing notable abuse liabilities in hu-
mans (13). However, an apparent discontinuity exists between
the virtual certainty with which animals acquire strong and
persistent IV drug taking, and the comparative resistance to
addictive use most humans display, even after several episodes
of self-administering a drug with high abuse potential. For
example, of those individuals experimenting with cocaine, a
drug with a clear potential for abuse, a relatively small propor-
tion proceed to high-frequency use (14). Furthermore, for
drugs with abuse liability that are taken over a long period by
prescription, iatrogenic addiction and dependence is a com-
paratively rare event (23). Once acquired, however, drug
abuse in humans can persist even when the available active
agent has been greatly diluted. For example, the modal
amount of heroin in samples obtained from street purchases
during the 1970s was only 0.5% (18). In contrast, the self-
injection behavior of animals remains sensitive to changes in

the IV unit dose and its rate of delivery, with self-injection
quickly decreasing to low levels upon the substitution of saline
for drug solution (1,15).

Animals exposed to the usual experimental arrangement
require no facilitating factors to initiate long-term IV drug
self-injection because a brief episode of responding results
in an immediate pharmacologic effect. Although drugs can
compromise behavioral functioning, this does not limit drug
taking, because impaired behavior results in little or no nega-
tive consequence in a protective laboratory environment, nor
is drug taking by animals constrained by social disapproval.
Under such conditions, contingent pharmacologic effects
alone are sufficient to initiate and maintain IV self-injection
of a wide range of drugs (31).

In situations in which humans are exposed, factors in addi-
tion to pharmacologic effects may be crucial for facilitating
both the acquisition and maintenance of excessive drug taking
(14,29,30). Pharmacologic consequences occur only after
drug-seeking behavior has led to drug taking, imposing a delay
between the initiation of behavior relevant to acquiring a drug
and the consequent pharmacologic effects. In the present ex-
periments, this delay of effect was accomplished by allowing
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animals to ingest a drug solution orally, rather than by self-
injection. In addition, situations within which humans de-
velop their drug seeking have embedded within them stimuli
that begin to evoke considerable drug-seeking behavior result-
ing from their past association with ultimate drug availability
(2,4,16). Thus, exteroceptive stimuli guide and facilitate drug
seeking under conditions in which the ensuing pharmacologic
effects may be delayed or minimal. One aim of the present
experiments was to evaluate the relative importance of stimu-
lus control and pharmacologic consequences in determining
the choice between a drug solution and its vehicle.

Chronic drug abuse in humans typically develops out of an
antecedent context that gives rise to a range of disturbed and
excessive behaviors. Drug abuse is only one feature of this
broader picture of behavioral difficulties (21). Analogously,
previous research exposing food-deprived animals to a context
of intermittent food pellet delivery found they often develop
concurrent, excessive behaviors (5,6). Although several nonin-
gestive behavioral excesses have been explored (e.g., aggres-
sion and hyperactivity), an ingestive alternative, schedule-
induced drug intake, has proved useful in evoking chronic,
excessive drug-solution drinking, as well as facilitating weak
IV self-injection behavior (7). In the present experiment,
schedule-induced polydipsia was used to provoke chronic and
excessive fluid intake upon which drug overindulgence could
develop.

When rats were allowed a history of preferring an ethanol
solution to concurrently available water under a schedule-
induced polydipsia condition, drug preference was maintained
when the solution was gradually changed from ethanol to co-
caine (9). (In a previous study, which did not use an initial
history phase of ethanol preference, rats did not prefer co-
caine solution to water [12].) The daily left-right position at
which the drug solution was available varied, and its location
was indicated by the adjacent presence of a discriminative
stimulus (SP) light. The choice and excessive intake of cocaine
was found to be a function of the associative history of the S°
with the ethanol solution. After association of the S° with a
series of drug solutions, animals continued to choose and in-
gest the fluid indicated by the S°, even when that fluid was
simply an alternative source of water.

The efficacy and durability that the S® acquired in deter-
mining the polydipsic choice suggested an important function
for environmental S” in the development and maintenance of
drug abuse. The present experiments were designed to ascer-
tain several features of the S® control of excessive intakes: a)
the durability of the SP control of intake when drug content
was discontinued —that is, the susceptibility of S” control to
extinction; b) the possibility that gustatory properties of a
drug solution could serve an SP function; and c) determination
of whether a gradual transformation of one S controlling
condition into another is a necessary feature in effecting a
transfer in the environmental control of drug seeking and drug
taking, or whether an abrupt SP change also would permit a
transfer of control.

METHOD

Animals

Animals were 32 adult, albino, male rats of the Holtzman
strain with a mean initial body weight of 385 g (range 380-
408). They were housed individually in a temperature-regu-
lated room with a 12-h light-dark cycle (lights on at 0700 h).
They were maintained at 80% of their adult free- feeding body
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weights by limiting daily food rations over a 2-week period
before the beginning of the experiment.

Procedure

Animals were divided into four groups (n = 8 each). They
were transferred daily to individual Plexiglas chambers (26.5
X 26.5 % 20.7 cm) and exposed to a fixed-time (FT), 1-min
food delivery schedule (FT 1 min) for 3-h sessions, with one
or two sources of fluid available. The FT 1-min food schedule
automatically delivered a 45-mg food pellet (BioServ, French-
town, NJ) once per minute, accompanied by an audible click,
Food supplements required to maintain animals at 80% were
given immediately after daily sessions in the individual home
cages, where tap water was freely available. Experiments were
executed in accordance with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health Publ.
No. 85-23, revised 1985).

For 3-4 weeks, a single fluid, 2.5% (v/v) ethanol, was
available during the session, which was was presented at a
position to the left or right of the center position on one panel
of the session chamber. This panel was opposite the food
delivery panel. Session fluids were available from stainless-
steel drinking spouts attached to Nalgene graduated cylinders.
The center-to-center distance between spout positions was 7.5
cm. For the two groups exposed to the fading conditions
(group conditions are subsequently described), the position of
a drug solution was alternated daily, except as noted for the
terminal condition in Fig. 1, for which drug position was qua-
sirandom. For the two groups exposed to the abrupt-change
conditions, the daily position of a drug solution was always
quasirandom. Both positioning procedures proved adequate
to control for side preference. Drug solution position always
was indicated by illuminating an S light (0.65 candlepower)
that transilluminated a beveled Plexiglas block (3.8 x 3.8 cm;
Med Associates, ENV-227) next to the drinking spout. Two
fluids were made available during sessions for the next 2
weeks, 2.5% ethanol and water, with the same drug position-
ing and SP procedure remaining in effect.

After the establishment of chronic ethanol polydipsia and
ethanol preference, the drug solution was altered. Ethanol
content was gradually reduced to zero, whereas its cocaine
HCI concentration was increased in two steps to (.16 mg/ml.
First, 0.08 mg/ml cocaine HCIl was added to the 2.5% ethanol
solution (two sessions), and then the ethanol content was re-
duced to 2.0% (two sessions). Next, the following concentra-
tion combinations were presented for four to six sessions each:
Cocaine content remained constant at 0.16 mg/ml, whereas
the ethanol concentration of the solution was reduced progres-
sively to 2.0, 1.5, 1.0, 0.5, and 0.25%. Ethanol was then
reduced to zero, and 0.16 mg/ml cocaine was presented for 16
sessions. Water remained the alternative fluid available.

The groups were then given different treatments, although
all continued to receive daily FT 1-min, schedule-induced
polydipsia sessions. For the SP-fade group, the same fluid
choices were continued, but the intensity of the S light associ-
ated with cocaine was gradually reduced (10-turn potentiome-
ter fader; Med Associates, ENV-226) over a 4-week period
from full intensity (fader setting = 10) to off (fader setting =
0), and remained off for an additional 4 weeks. The fading
sequence for the SP settings was two sessions each at 9.2 and
8.8, and four sessions each at 8.4, 8.0, 7.5, 7.0, 6.5, and 3.0,
with the left-right drug alternating sequence maintained for
22 sessions at setting 0, and a quasirandom sequence main-
tained for eight sessions. For the cocaine-fade group, the SP
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FIG. 1. Mean (SE) preference for oral cocaine solution as its discrim-
inative stimulus light (S®) was gradually decreased in intensity over 4
weeks from 10 to 0 (top), and preference for SP-indicated solution as
its cocaine concentration was gradually decreased over 4 weeks from
0.16 to 0 mg/ml (bottom). The last two bars (right, top and bottom)
represent an additional 4 weeks for which the terminal condition was
maintained. Daily session length = 3 h. n = 8 for each group. Con-
current alternative fluid offered was always water. (Visual fader set-
tings are values on linear 10-turn potentiometer.)

light remained at full intensity, but the cocaine concentration
was gradually reduced over a 4-week period from 0.16 to 0
mg/ml, and remained at zero for an additional 4 weeks. The
fading sequence for cocaine was six sessions each at 0.12,
0.08, 0.06, 0.04, and 0.02 mg/ml, with the left-right S® alter-
nating sequence maintained for 20 sessions at 0 mg/ml, and a
quasirandom sequence maintained for eight sessions.
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RESULTS

The FT 1-min schedule induced a concurrent polydipsia
during each session. In Figs. 1 and 2, the leftmost bar for each
of the four groups shows that 2.5% ethanol was preferred to
water almost exclusively when both were available concur-
rently. The mean (SE) session ethanol intake for each group is
shown above each of these filled bars. After ethanol had been
faded out, the second bar from the left for all groups shows
the result for the 16-session period for which 0.16 mg/ml
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FIG. 2. Mean (SE) preference for oral cocaine solution when its dis-
criminative stimulus light (S®) was abruptly decreased in intensity
from 10 to 0, with the middle five-bar block composed of five consec-
utive, six-session means (top); preference for SP-indicated solution as
its cocaine concentration was abruptly decreased from 0.16 mg/ml to
water, with the middle five-bar block composed of five consecutive,
six-session means (bottom). In both top and bottom, the rightmost
bar shows the final control condition offering water concurrently at
both positions without the SP. Daily session length = 3 h. n = 8 for
each group.
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cocaine solution and water were concurrently available: The
cocaine solution was preferred to water almost exclusively.
The result of fading the light S® is shown in Fig. 1 (top). Most
of the animals in the SP-fade group continued to show a strong
preference for cocaine solution during SP fading, and the pref-
erence remained high for the additional 4-week exposure pe-
riod after the completion of S® fading. One animal developed
a position preference at and beyond fader setting 8.0, and
drank whichever fluid was present in the righthand position.
This is reflected in the slightly lower group cocaine preferences
in Fig. 1 (top) at and beyond fader setting 8.0.

The cocaine-fade group (Fig. 1, bottom) continued to pre-
fer the cocaine solution (proximate to the daily position of the
SP light) during solution concentration fading, and preference
for the SP-proximate fluid remained at its high level for the
additional 4-week exposure period after the cocaine concen-
tration had been reduced to zero. Neither group showed evi-
dence of extinction of its preference during this final 4-week
exposure period. (Preference extinction usually manifests as a
preference for a particular position [left or right], so that
whichever fluid is present at the preferred location is ingested,
yielding a 50% preference value for both fluids.) Further-
more, the polydipsic intake levels of neither group decreased.
In Fig. 2 (top), the center block of five bars indicates the
preference for cocaine solution in successive, six-session
blocks after the abrupt removal of the SP for the SP-removal
group. The established cocaine preference (second bar) imme-
diately fell precipitously, and the numbers of animals retain-
ing = 80% preference for the cocaine solution across the five
blocks were two, three, three, three, and three of eight. As a
final 10-day control condition, the SP remained off, and both
fluids offered were water. All animals in the group showed a
preference for the water offered in the righthand position (Fig.
2, top, rightmost bar).

Upon cocaine removal (Fig. 2, bottom, 5-bar block) for the
cocaine-removal group, preference for the SP-proximate water
source fell gradually, and the numbers of animals retaining =
80% preference for the SP-proximate fluid source across the
five blocks were six, four, five, three, and two of eight. As a
final 10-day control condition, the SP was removed, and all
animals showed a preference for the water offered in the right-
hand position (Fig. 2, bottom, rightmost bar).

DISCUSSION

The preference for ethanol solution to water for all groups
confirmed previous results using low ethanol concentrations
under schedule-induction conditions (22,25). This preference
also occurred when the fluids were available under concurrent
FR 6 schedules and food was available on a fixed-interval,
1-min schedule (9). Likewise, in the latter experiment, fading
out ethanol from the same cocaine solution resulted in a pref-
erence for cocaine solution to water. The milligram per kilo-
gram intakes of cocaine shown in the second bar for each
group (Figs. 1 and 2) were similar and agree with the values
observed in our previous research when this concentration was
presented without a concurrent water alternative (11,26,27).
Previous studies (10,24,26) have also shown that the schedule-
induced intake of 0.16 mg/ml cocaine solution produced rat
serum cocaine levels comparable to levels observed in humans
chewing coca leaves.

The SP-fade results demonstrated that a stable, chronic
preference for cocaine solution to water was maintained in the
absence of the visual S® when the SD was faded gradually. The
cocaine-fade results revealed that a stable, long-term choice of
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a water source was maintained when the water was presented
proximate to the SP light that had indicated cocaine, provided
that the cocaine content was gradually faded to become water.
In this operant study (9), in which a preference for cocaine
solution to water was instituted by similar means (fading in
cocaine while fading out ethanol, with S present), either
abrupt SP removal or abrupt S” reversal (S° relocated to be
adjacent to water) resulted in the immediate loss of preference
for cocaine solution. This result suggested that the retention
of the preferences shown in Fig. 1 was critically dependent on
gradual fading of whichever stimulus (visual or gustatory S°)
was associated with the unaltered stimulus that remained to
control preference behavior. To confirm this conjecture, the
same procedures were used with the groups shown in Fig.
2, except that when they were manipulated, the stimuli were
changed abruptly (removed), rather than faded.

Figure 2 shows that abrupt removal of either the S° or the
cocaine content led to a loss of preference behavior for the
majority of animals in the respective groups. This loss was
immediate for the SP-removal group, but developed more
gradually for the cocaine-removal group. It is interesting that
removal of the exteroceptive S° effected a more rapid change
in preference behavior than did the removal of cocaine con-
tent. Thus, rapid removal of salient S°s from a drug abuse
context in which this is feasible may be a more effective thera-
peutic device than attempting to extinguish the SPs by present-
ing them in the absence of the drug. Insofar as both sorts
of abrupt removal ultimately resulted in a loss of preference
behavior for the majority of animals in both groups, it indi-
cates that neither stimulus alone was sufficient for maintain-
ing preference when its supporting counterpart was summarily
discontinued. Both were important factors sustaining the con-
tinuing preference for cocaine solution. Clearly, one or the
other was dispensible when faded, in contrast to its abrupt
removal. But the difference between the result of fading and
abrupt removal is not absolute; a few animals in each of the
abrupt-removal groups did maintain their preferences.

Although these experiments demonstrated that, under an
SP condition indicating drug location, a preference for cocaine
solution to water could be substituted for a previous prefer-
ence for ethanol to water, the gradual fading of either the SP
intensity to zero or the cocaine concentration to zero left intact
a strong preference for the unchanged stimulus condition: ei-
ther cocaine solution or the water associated with the S°. The
strong and stable preference, as well as the persistent, exces-
sive level of intake in both cases, indicates that current mainte-
nance of addictive behavior may be attributable as much to
the SP determination of self-administration behavior as it is to
past or present pharmacologic consequences (8). In both
cases, the stimulus that remained unchanged after the other
was gradually faded came to serve strong and equivalent S°
functions with respect to ingestive preference. Whether the
SP-fade group, which continued to prefer cocaine solution,
also continued this preference as a result of a concurrent rein-
forcing effect of cocaine cannot be derived from these experi-
ments. The previous demonstration of place-preference condi-
tioning resulting from the schedule-induced intake of a 0.16
mg/ml cocaine solution is consistent with such a concurrent-
reinforcement interpretation (24).

Individuals within the groups for which the manipulated
stimulus was abruptly changed were much less likely to come
under the enduring S® control of the unchanged stimulus. The
combined abrupt-removal conditions for these groups may be
analogous to conditions faced by human drug abusers for
whom an abrupt discontinuation of the drug, together with a
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change in environmental S”s, leads to a dramatic and enduring
decrease in drug addiction. This phenomenon was docu-
mented by the classic study of the rapid, unassisted recovery
from heroin addiction by the great majority of dependent
Vietnam veterans upon their return to the United States (20).
The current interpretation of these results is that they reflect
not the outcome of an unusual overseas situation, but rather
the normal course of heroin addiction for an unselected sub-
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ject population—that is, not one studied because they have
come to treatment (19).
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