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Abstract Rationale: The neurobiological systems that
mediate the discriminative stimulus effects of self-ad-
ministered drugs are largely unknown. The present study
examined the discriminative stimulus effects of self-ad-
ministered ethanol. Methods: Rats were trained to dis-
criminate ethanol (1 g/kg, IP) from saline on a two-lever
drug discrimination task with sucrose (10% w/v) rein-
forcement. Test sessions were conducted with ethanol 
(0 or 10% v/v) added to the sucrose reinforcement to de-
termine if self-administered ethanol would interact with
the discriminative stimulus effects of investigator-admin-
istered ethanol, or with the ethanol-like discriminative
stimulus effects of the GABAA-positive modulator pen-
tobarbital or the non-competitive NMDA antagonist
MK-801. Results: During a saline test session, ethanol
(10% v/v) was added to the sucrose reinforcement. Re-
sponding by all animals began accurately on the saline-
appropriate lever and then switched to the ethanol-appro-
priate lever after rats self-administered a mean dose of
1.2±0.14 g/kg ethanol. During cumulative self-adminis-
tration trials, responding initially occurred on the saline
lever and then switched to the ethanol-appropriate lever
after ethanol (0.68±0.13 g/kg) was self-administered. In-
vestigator-administered MK-801 (0.01–1.0 mg/kg, cu-
mulative IP) and pentobarbital (0.3–10.0 mg/kg, cumula-
tive IP) dose-dependently substituted for ethanol. When
ethanol (10% v/v) was added to the sucrose reinforcer,
MK-801 and pentobarbital dose-response curves were
shifted significantly to the left. Conclusions: Self-admin-
istered ethanol substituted for and potentiated the stimu-

lus effects of investigator-administered ethanol, suggest-
ing that the discriminative stimulus effects of self-ad-
ministered ethanol are similar to those produced by in-
vestigator-administered ethanol. Self-administered etha-
nol enhanced the ethanol-like discriminative stimulus ef-
fects of MK-801 and pentobarbital, which suggests that
the discriminative stimulus effects of self-administered
ethanol are mediated by NMDA and GABAA receptors.

Keywords Ethanol · GABAA · NMDA · Rat · 
Self-administration · Drug discrimination · 
Investigator-administered

Introduction

Drug self-administration is maintained by the ability of a
drug to function as a positive reinforcer. However, drugs
of abuse produce reinforcement-independent effects that
may also influence drug self-administration. The dis-
criminative stimulus (cue) effects of drugs comprise a
second major behavioral process that is thought to influ-
ence abuse liability (Haretzen and Hickey1987; Holtz-
man 1990; Stolerman 1992). For instance, many drugs of
abuse can both maintain self-administration and function
as discriminative stimuli in experimental animals (Over-
ton 1987; Overton et al. 1986). The discriminative stim-
ulus effects of drugs may reinstate drug-seeking behav-
ior because a history of self-administration repeatedly
associates the positive reinforcing aspects of a drug with
distinctive stimulus effects. Accordingly, passive admin-
istration of low doses of a drug reinstates drug-seeking
behavior that has been previously extinguished (Stretch
and Gerber 1973; de Wit and Stewart 1983). Thus, the
discriminative stimulus properties of drugs may reinstate
drug-seeking behavior in ways that are not predicted by
the simple positive reinforcement hypothesis (Stolerman
1992).

Pharmacological evidence supports the idea that alco-
hol self-administration and discrimination are mediated
by similar neurobiological mechanisms. Positive modu-

Initial results from this study were presented at the annual meeting
of the Research Society on Alcoholism in 1997 (Hodge and Cox
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lators of GABAA receptor function decrease alcohol self-
administration behavior (Hodge et al. 1995; June et al.
1992, 1994; McBride et al. 1988; Rassnick et al. 1993;
Samson et al. 1989). Allosteric GABAA-positive modu-
lators such as barbiturates (Barry 1991; Barry and Krim-
mer 1978; Kline and Young 1986; Overton 1977; York
1978) and benzodiazepines (Hiltunen and Järbe 1986;
Kubena and Barry 1969) produce ethanol-like discrimi-
native stimulus effects. Although systemic administra-
tion of the direct GABAA agonist muscimol does not
substitute for ethanol (Shelton and Balster 1994), micro-
injection of muscimol in the nucleus accumbens produc-
es full substitution for the discriminative stimulus effects
of systemic ethanol (Hodge and Aiken 1996; Hodge and
Cox 1998) and reduces operant ethanol self-administra-
tion (Hodge et al. 1995). Thus, GABAA receptor activa-
tion within mesolimbic pathways may reduce alcohol-
seeking behavior by drug substitution.

This hypothesis is complicated, however, by the fact
that drug discrimination and drug self-administration
procedures require distinct methods of drug administra-
tion. Recent evidence indicates that self-administered
drugs produce different effects on the central nervous
system as compared to investigator-administered drugs
(i.e., in drug discrimination procedures). Self-adminis-
tered cocaine produces greater increases in nucleus acc-
umbens extracellular dopamine as compared to increases
seen after investigator-administered cocaine (Hemby et
al. 1997). Self-administered ethanol modulates function-
al brain activity in a manner that is distinct from that ob-
served when equivalent doses of ethanol are adminis-
tered by the investigator (Eckardt et al. 1988; Porrino et
al. 1998). Consequently, the issue of whether drug self-
administration and drug discrimination procedures ad-
dress the same neurobiological effects of drugs of abuse
remains open to question.

To address this issue, the present study was designed
to investigate whether the discriminative stimulus effects
of self-administered and investigator-administered etha-
nol are mediated by similar neurobiological systems.
First, we asked if self-administered ethanol would sub-
stitute for and/or potentiate the discriminative stimulus
effects of investigator-administered ethanol. Second, to
further address the mechanism of action, we asked if
self-administered ethanol would enhance the ability of a
GABAA-positive modulator or NMDA non-competitive
antagonist to substitute for investigator-administered eth-
anol.

Materials and methods

Animals

Eight male Long-Evans hooded rats served as subjects. Body
weights (mean ± SEM) were maintained at 320±15 g by food reg-
ulation. Rats were housed individually in hanging stainless steel
cages with ad libitum access to water in the home cage and access
to a liquid sucrose (10% w/v) solution during experimental ses-
sions. The animals were maintained on a 12-h light-dark cycle
(lights on at 0630 hours). Temperature and humidity were main-

tained within National Institutes of Health guidelines. All experi-
mental sessions were conducted during the light portion of the cy-
cle. Rats were weighed and inspected daily for general health. All
rats were experimentally and drug naive. All animal procedures
were conducted according to the “Guide for the Care and Use of
Laboratory Animals” (National Research Council, 1996).

Apparatus

Discrimination sessions were conducted in eight operant chambers
(31L×32H×24W cm) located in sound-attenuating cubicles with
exhaust fans that helped to mask external noise (Med Associates,
Lafayette, Ind., USA). Chambers were equipped with two retract-
able levers along the right wall separated by a liquid dispenser.
Responses on one of two levers activated the liquid dispenser pre-
senting fluid in a 0.1-ml dipper for 4 s during each operation. The
operant chambers were interfaced (Med Associates) to a 200-MHz
computer (Gateway 2000, North Sioux City, S.D., USA) that was
programmed to control sessions and record data. An 8-W light lo-
cated on the left wall 28 cm above the dipper illuminated the
chambers and signaled the start of each session.

Procedure

Rats were allowed to adapt to individual housing conditions and
daily handling for 1 week, during which time food and water were
always available. When target body weights were obtained, food
was restricted to approximately 16 grams/day. Rats were trained to
press a single lever on a fixed-ratio 1 (FR 1) schedule of reinforce-
ment that resulted in presentation of 0.1 ml of a liquid sucrose so-
lution (10% w/v). After 3 days, they were then trained to press ei-
ther the left or the right lever during daily 30-min sessions. The
side of the active lever was alternated on a daily basis. Responses
on the inactive lever were recorded but produced no programmed
consequences. The schedule of reinforcement was gradually in-
creased to FR 10 with only one lever active during each session.
All animals received an equal history with each lever at each FR
value. Ethanol discrimination training was initiated when response
rates stabilized (<10% daily variation).

Discrimination training

Training sessions were conducted 5 days per week (Monday
through Friday) during which ethanol 1.0 g/kg (E) or saline (S)
was administered IP 10-min prior to the start of 15-min sessions.
The animals were placed in the operant chambers and illumination
of the house-light signaled the beginning of the session. The lever
associated with E or S administration was assigned randomly and
counterbalanced between animals. Following E or S injections,
completion of ten responses on the appropriate lever produced the
sucrose solution. Responses on the inappropriate lever were re-
corded but produced no programmed consequences. There were
an equal number of E and S training days that varied on a double
alternation schedule (E, E, S, S...). Training sessions were con-
ducted until the following criteria were met: the percentage of E
and S appropriate lever press responses emitted prior to the first
reinforcer, and during the entire session, exceeded 80% for
10 consecutive days. These criteria allowed no more than two “er-
rors” prior to completion of the first FR 10. Once the accuracy cri-
teria were met, test sessions were conducted during which an etha-
nol (0.1–1.5 g/kg, IP) substitution curve was determined.

IP ethanol substitution testing

Ethanol substitution test sessions were identical to training ses-
sions except: (a) they were 2-min in duration, (b) completion of an
FR 10 on either lever produced the sucrose solution, and (c) novel
doses of ethanol were administered. Test sessions began after per-
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formance during training met the accuracy criteria for ten consec-
utive sessions. A minimum of two training sessions was conduct-
ed between test sessions. If performance during these training ses-
sions failed to meet the accuracy criteria, test sessions were post-
poned until response accuracy was greater than 80% for ten con-
secutive training sessions. Ethanol was administered in single
acute IP injections at doses of 0.1, 0.5, 1.0, and 1.5 g/kg.

Substitution testing in real-time with self-administered ethanol

After demonstration that IP ethanol was functioning as a discrimi-
native stimulus, rats were given a single injection of saline and
then tested during two single 30-min sessions with ethanol (0 or
10% v/v) added to the sucrose reinforcement. During these two
sessions, behavior was free to vary between the two levers since
completion of an FR 10 on either lever produced the ethanol/su-
crose solution. Responses were recorded in real-time on each lever
to determine if self-administered ethanol would result in respond-
ing switching from the saline-associated to the ethanol-associated
lever.

Substitution testing with cumulative self-administered ethanol

As a second method to test the ability of self-administered ethanol
to substitute for investigator-administered ethanol, four consecu-
tive IP saline test sessions were conducted within the same day
with ethanol (0 or 10% v/v) added to the sucrose reinforcement.
This allowed the rats to self-administer a cumulative dose of etha-
nol during four repeated sessions in a manner analogous to cumu-
lative dosing procedures, which have been used to test the dis-
criminative effects of investigator-administered drugs (see, for ex-
ample, Hiltunen and Järbe 1989; Järbe et al. 1981). The key differ-
ence in the present procedure is that the cumulative drug was self-
administered during four discrete 2-min trials, not investigator-ad-
ministered. Prior to each cumulative self-administration session,
rats were injected with saline (IP) and placed in the chambers for a
10-min presession delay. Each cumulative self-administration ses-
sion was 2-min in duration. Thus, the total time required to com-
plete four cumulative ethanol self-administration trials (i.e., one
dose-response curve) was 48 min. Again, behavior was free to
vary between the two levers since completion of an FR 10 on ei-
ther lever produced the ethanol/sucrose solution.

Substitution testing with cumulative investigator- 
and self-administered ethanol

To further explore an interaction between the discriminative stim-
ulus effects of self-administered and investigator-administered
ethanol, test sessions were conducted to evaluate whether self-ad-
ministered ethanol (0 or 10% v/v) would interact with the stimulus
effects of cumulative doses of IP ethanol. Thus, two cumulative
dose response curves were established. First, the stimulus effects
of cumulative IP ethanol (0.1, 0.3, 1.0, and 1.7 g/kg, IP) were de-
termined with sucrose-only reinforcement (ethanol 0% v/v). Then,
during a second session, the effects of cumulative ethanol (0.1,
0.3, and 1.0 g/kg, IP) were determined with ethanol (10% v/v)
added to the sucrose reinforcement. This procedure tests the abili-
ty of cumulative self-administered ethanol to interact with cumu-
lative investigator-administered ethanol. For each cumulative test
session, rats were injected with IP ethanol and placed in the oper-
ant chambers for a 10-min presession delay. Each cumulative test
session was 2 min in duration. Thus, the total time required to
complete four cumulative trials (i.e., one dose-response curve)
was 48 min. Again, behavior was free to vary between the two le-
vers since completion of an FR 10 on either lever produced the
ethanol/sucrose solution.

Substitution testing with MK-801 and pentobarbital

Substitution test sessions were conducted by administering cumu-
lative doses of MK-801 (0.01, 0.03, 0.10, 0.20 mg/kg; IP) or pen-
tobarbital (1.0, 3.0, 10.0 mg/kg; IP) with sucrose-only reinforce-
ment. Then, cumulative dose-response curves for MK-801 (0.01,
0.03, 0.10, 0.20 mg/kg; IP) and pentobarbital (0.30, 1.0,
3.0 mg/kg; IP) were determined with ethanol (10% v/v) added to
the sucrose (10% w/v) reinforcement. This procedure tests the
ability of cumulative self-administered ethanol to interact with cu-
mulative investigator-administered MK-801 or pentobarbital. Cu-
mulative dosing sessions were performed by conducting sequen-
tial 2-min trials, each separated by a 10-min postinjection interval.

Drugs

For peripheral administration, ethanol (95%) was diluted in physi-
ological saline to a concentration of 20% v/v and was adminis-
tered in varied volumes relative to body weight. The non-competi-
tive NMDA antagonist (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801)
and the GABAA-positive modulator pentobarbital were dissolved
in physiological saline and administered in a constant volume of
1.0 ml/kg. All drugs were obtained from Research Biochemicals
International (Natick, Mass., USA). Drug solutions were prepared
immediately prior to injection.

Data analyses

Response accuracy was expressed as the percentage of ethanol-ap-
propriate lever presses upon delivery of the first reinforcer. Re-
sponse rate (responses/min) was analyzed for the entire session as
a measure of possible non-specific effects of drugs on behavior.
Group averages for the saline and ethanol training sessions from
10 days immediately prior to the beginning of testing represented
control performance for the effects of IP ethanol in Fig. 1. Com-
plete ethanol substitution was defined as >80% choice of the etha-
nol lever upon completion of the first FR 10 during test sessions,
whereas partial substitution was defined as between 40% and 80%
ethanol lever responding. Response accuracy and response rate da-
ta were tested for statistical differences with one- or two-way re-
peated measures analysis of variance (ANOVA). When significant
main effects were observed, post hoc comparisons were conducted
with Tukey t-tests. When ANOVA was used to compare dose re-
sponse curves, analyses were conducted only on doses that were
tested under both conditions. Mean (± SEM) ED50 values for the
dose effects on response accuracy were determined by log-dose
probit analysis of data from individual animals where appropriate
and compared by paired t-test. All data are presented as mean
(± SEM).

Results

IP ethanol discrimination

One rat failed to acquire the ethanol discrimination task
and was excluded from the study. All data are presented
for n=7 animals. Performance during control conditions
and IP ethanol substitution test sessions is shown in
Fig. 1. The percentage of ethanol-appropriate lever
presses upon completion of the first FR 10 was approxi-
mately 90% during ethanol control sessions and less than
10% during saline control sessions indicating that the
procedures established reliable stimulus control
(Fig. 1A). Both the 1.0 and 1.5 g/kg doses of ethanol
substituted fully for the 1.0 g/kg training dose. The be-
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havior of all individual animals demonstrated dose-de-
pendent substitution to the training dose of at least one
test-dose of ethanol. The ED50 value for ethanol substi-
tution was 0.68 (±0.10 g/kg). Repeated measures 
ANOVA indicated that ethanol significantly increased
the percentage of ethanol-appropriate responses
[F(4,23)=49.9, P<0.001] in a dose-dependent manner
(Fig. 1A). Ethanol (1.5 g/kg) significantly reduced the
response rate [F(4,23)=8.01, P<0.001] during test ses-
sions (Fig. 1B).

Self-administered ethanol substituted 
for investigator-administered ethanol

After the discriminative stimulus function of IP ethanol
was verified, saline test sessions (30-min in duration)
were conducted with sucrose (10% w/v) reinforcement
or with ethanol (10% v/v) added to the sucrose reinforce-
ment. During these test sessions, responses on both le-
vers produced the available reinforcer. The left column
of Fig. 2 shows that after IP saline injection, responding
occurred almost entirely on the saline lever with sucrose
reinforcement (Fig. 2A top left). Virtually no responses
occurred on the ethanol lever after saline injection

16

Fig. 1A,B Discriminative stimulus function of investigator-ad-
ministered ethanol. A Mean (± SEM) percentage of ethanol appro-
priate lever presses upon completion of the first fixed-ratio 10
(FR 10) and B mean (± SEM) total session response rate plotted as
a function of ethanol dosage. Data points to the left of the x-axis
break represent performance during the last ten saline (S) or etha-
nol (E) training sessions prior to the start of the test sessions. Data
points to the right of the x-axis break represent test-session perfor-
mance following IP ethanol administration. Training and test ses-
sions began 10 min after IP ethanol administration. The horizontal
dashed line (at 80%) represents full substitution for the discrimi-
native stimulus effects of ethanol (1.0 g/kg, IP). All points repres-
ent mean performance of n=7 animals. Error bars represent
± SEM. * Significantly different from saline, P<0.05 Tukey test

(Fig. 2A bottom left). However, when ethanol was added
to the sucrose reinforcer, responding accurately began on
the saline-appropriate lever (Fig. 2B top right) and then
switched to the ethanol-appropriate lever after rats self-
administered an average of 1.2±0.14 g/kg ethanol during
an average period of 14.9±2.9 min (Fig. 2B bottom
right). Under these conditions, responding of all seven
rats switched from the saline-appropriate to the ethanol-
appropriate lever.

To further address the ability of self-administered eth-
anol to substitute for investigator-administered ethanol,
cumulative saline test sessions were conducted during
which sucrose (10% w/v) or sucrose (10% w/v) plus eth-
anol (10% v/v) were used as reinforcers. Results indicat-
ed that sucrose (10% w/v) reinforcement resulted in less
than 2% ethanol-appropriate responding during all four
sessions (data not shown) and produced no changes in
response rate (Fig. 3B). Self-administered ethanol during
discrete cumulative 2-min test sessions produced full
substitution for the discriminative stimulus effects of in-
vestigator-administered ethanol (Fig. 3A). Full substitu-
tion for the stimulus effects of investigator-administered
ethanol (1.0 g/kg, IP) occurred when the cumulative dose
of self-administered ethanol reached an average of
0.68±0.13 g/kg, which was upon completion of the first
FR 10 during the fourth cumulative session (Fig. 3A).
Repeated measures ANOVA of lever choice data
(Fig. 3A) indicated that self-administered ethanol in-
creased the percentage of ethanol-appropriate responses
[F(1,6)=48, P<0.001] as a function of cumulative ses-
sion [F(3,18)=6.1, P<0.005] and that the effect of the 
reinforcer was dependent on cumulative intake
[F(3,18)=6.3, P<0.004]. Self-administered ethanol (g/kg)
increased linearly over the four cumulative trials to a to-
tal self-administered dose of 0.96±0.18 g/kg, which pro-
duced a significant effect of cumulative trial on ethanol
intake [F(3,18)=24.4, P<0.001]. The discriminative
stimulus effects of this dose of ethanol were not tested
since it would have required a fifth session. Self-admin-
istered ethanol produced no effects on response rate
(Fig. 3B).

Self-administered ethanol enhanced the effects 
of investigator-administered ethanol

When sucrose-only was the reinforcer, cumulative etha-
nol (1.7 g/kg, IP) substituted fully for the training dose
of ethanol (1.0 g/kg) in six of seven animals tested
(Fig. 4A). The mean (± SEM) ED50 for cumulative etha-
nol substitution was 1.06±0.16 g/kg with sucrose (10%
w/v) reinforcement. This ED50 was not statistically dif-
ferent [t(6)=–2.338, P=0.06] from the ED50 obtained
from non-cumulative ethanol administration (see Fig. 1).
For the one rat that failed to show full substitution, etha-
nol-lever selection was 71% upon completion of the first
FR 10 and 91% during the total session. Further inspec-
tion of individual data showed that the cumulative etha-
nol (1.0 g/kg) substituted fully for the training dose in



Fig. 3A,B Ethanol self-administered during cumulative 2-min tri-
als substituted fully for the discriminative stimulus effects of in-
vestigator-administered ethanol (1.0 g/kg). A Mean (± SEM) per-
centage of ethanol-appropriate responses plotted as a function of
mean (± SEM) self-administered ethanol (g/kg) upon completion
of the first FR 10 of each cumulative session. B Response rate
plotted as a function of each cumulative saline test session. Dose-
response curves were determined by conducting sequential 2-min
trials, each separated by a 10-min intersession interval. Horizontal
dashed line indicates threshold for ethanol substitution (i.e.,
>80%). Vertical and horizontal error bars are ± SEM. * Signifi-
cant increase in ethanol intake (g/kg) as compared to the first ses-
sion, † significant increase in ethanol-lever selection as compared
to the first session, P<0.05 Tukey test
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Fig. 2A,B Emergence of the discriminative stimulus function of
self-administered ethanol in real-time. A The left side of the figure
shows representative cumulative response records, which depict
the temporal pattern of responding on the saline-appropriate (top
left) and ethanol-appropriate (bottom left) levers during a saline
test session with sucrose (10% w/v) reinforcement. Responding
occurred almost exclusively on the saline-appropriate lever indi-
cating saline discrimination. B Cumulative response records
showing temporal pattern of responding on saline-appropriate (top
right) and ethanol-appropriate (bottom right) levers during a saline
test session in which ethanol (10% v/v) was added to the sucrose
reinforcement. Responding accurately began on the saline lever,
but switched to the ethanol-appropriate lever as an increasing
amount of ethanol was self-administered. The slope of the line in-
dicates response rate and the angled “pips” on each line indicate
presentation of a reinforcer. Data are from a single animal follow-
ing saline injection (IP) with sucrose-only reinforcement (A left
column) or with ethanol (10% w/v) added to the sucrose reinforce-
ment (B right column)

three of seven animals but failed to produce any substitu-
tion in the other four animals.

When 10% ethanol was added to the sucrose reinforc-
er a lower dose of cumulative ethanol (1.0 g/kg, IP) sub-
stituted fully for ethanol in all seven animals tested
(Fig. 4A). The addition of ethanol (10% v/v) to the su-
crose reinforcement significantly shifted the ED50 for
cumulative ethanol substitution over fourfold to the left
to 0.25±0.06 g/kg as compared to sucrose-only rein-
forcement [t(5)=3.4, P=0.02; paired t-test]. Two-way re-
peated measures ANOVA on the lever choice data
showed a significant effect for reinforcer [F(1,6)=22.1,
P<0.01], cumulative dose of IP ethanol [F(2,12)=15.4,
P<0.001], and a significant interaction between reinforc-
er and ethanol dosage [F(2,12)=5.7, P<0.05], which in-
dicates that self-administered and IP ethanol interactive-
ly influenced ethanol discrimination. There was no main
effect of reinforcer on response rate; however, ethanol



Fig. 4A–C Self-administered ethanol enhanced the discriminative
stimulus effects of investigator-administered ethanol. Mean
(± SEM) percentage of ethanol appropriate responses (A), total
session response rate (B), and cumulative ethanol intake (C) plot-
ted as a function of cumulative ethanol dosage. Dose response
curves were determined with sucrose (10% w/v) reinforcement
(10S Reinforcement) or with ethanol (10% v/v) added to the su-
crose reinforcement (10S/10E Reinforcement). Each cumulative
dose-response curve was determined by conducting sequential 2-
min trials, each separated by a 10-min postinjection interval. Hori-
zontal dashed line indicates threshold for ethanol substitution (i.e.,
>80%). * Significantly different from lowest dose of IP ethanol, 
† significantly different from 10S reinforcement at corresponding
dose of IP ethanol, P<0.05 Tukey test
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concentration [F(2,12)=7, P<0.01] and the interaction
between reinforcer and concentration [F(2,12)=10.7,
P<0.01] reached statistical significance indicating that
self-administered ethanol interacted with cumulative IP
ethanol to reduce response rate (Fig. 4B).

Figure 4C shows the dosage of ethanol that was self-
administered during cumulative IP ethanol test sessions.
Self-administered ethanol increased significantly over
the three sessions [F(2,12)=161, P<0.001] reaching a
maximal mean dosage of 0.68±0.01 g/kg. The total etha-
nol dosage (IP + self-administered) at the time of full
substitution shown in Fig. 4A was 1.0+0.53=1.53 g/kg.
This dosage was obtained from three cumulative IP in-
jections and two cumulative self-administration opportu-
nities since the data in Fig. 4A represent performance
upon delivery of the first reinforcer during the third cu-
mulative test session.

Self-administered ethanol enhanced 
the ethanol-like effects of NMDA and GABAA ligands

Investigator-administered MK-801 substituted fully for
the discriminative stimulus effects of IP ethanol with su-
crose-only reinforcement (Fig. 5A). Cumulative MK-801
substituted for ethanol in six of the seven animals tested

with an ED50 of 0.12±0.02 mg/kg. The addition of etha-
nol to the sucrose reinforcement shifted the MK-801
ED50 value for ethanol substitution significantly to the
left to a value of 0.05±0.01 mg/kg [t(5)=3.4, P=0.02,
paired t-test] and produced full substitution in five of
seven animals tested. MK-801 failed to substitute for
ethanol in one rat under both reinforcement conditions.
One-way ANOVA showed that MK-801 significantly in-
creased the percentage of responses on the ethanol-asso-
ciated lever [F(3,18)=25, P<0.001]. Two-way ANOVA
indicated that the addition of ethanol to the sucrose solu-
tion resulted in a significant difference in lever choice
[F(1,6)=26, P=0.002] that was dependent on the dosage
of MK-801 [F(2,12)=9.2, P=004]. The highest dose of
MK-801 alone produced a significant decrease in re-
sponse rate [F(3,18)=11, P<0.001] but there were no re-
ductions in response rate at any doses of MK-801 tested
in conjunction with ethanol added to the reinforcer
(Fig. 5B).

With sucrose reinforcement, pentobarbital substituted
fully for the discriminative stimulus effects of ethanol
(1.0 g/kg, IP) in six of seven animals tested with an
ED50 of 4.7±1.1 mg/kg (Fig. 5C). Self-administered eth-
anol shifted the pentobarbital ED50 significantly to the
left [t(5)=4.2, P<0.01, paired t-test] to a value of
1.28±0.35mg/kg. One-way ANOVA indicated that pen-

Fig. 5A–D Self-administered ethanol enhanced the ethanol-like
discriminative stimulus effects of the NMDA antagonist MK-801
and the GABAA-positive modulator pentobarbital. Mean (± SEM)
percentage of ethanol appropriate responses (A) and total session
response rate (B) plotted as a function of cumulative drug dosage
of MK-801. Mean (± SEM) percentage of ethanol appropriate re-
sponses (C) and total session response rate (D) plotted as a func-
tion of cumulative drug dosage of pentobarbital. Each cumulative
dose-response curve was determined by conducting sequential 
2-min trials, each separated by a 10-min postinjection interval.
Horizontal dashed line indicates threshold for ethanol substitution
(i.e., >80%). * Significantly different from the lowest dose of each
drug, † significantly different from 10S reinforcement at corre-
sponding dose of IP ethanol, P<0.05 Tukey test



tobarbital significantly increased the percentage of etha-
nol-lever responses [F(2,12)=9.9, P=0.003]. Two-way
ANOVA showed that self-administered ethanol produced
a significant change in the percentage of response on the
ethanol-associated lever [F(1,6)=7.5, P<0.05] that was
dependent on dosage of pentobarbital [F(1,6)=13.6,
P<0.01]. No significant changes in response rate were
seen at any dosage of pentobarbital either with sucrose
or sucrose/ethanol reinforcement (Fig. 5D).

Discussion

The results of the present study indicate that self-admin-
istered ethanol substitutes for the discriminative stimulus
effects produced by investigator-administered ethanol.
These data support and extend a similar study in which
rats were trained to discriminate ethanol from saline and
then subsequently trained to self-administer ethanol
(Shelton and Macenski 1998). In that study, ethanol
(mean = 1.1 g/kg) self-administered prior to a discrimi-
nation test session substituted for the discriminative
stimulus effects of investigator-administered ethanol
(1.0 g/kg). In the present study, ethanol was self-admin-
istered during discrimination test sessions. Under these
conditions, self-administered ethanol substituted for the
stimulus effects of investigator-administered ethanol
(1.0 g/kg) in real-time after 14.9 min at an average dose
of 1.2 g/kg. Self-administered ethanol (0.68 g/kg) 
also substituted for investigator-administered ethanol
(1.0 g/kg) when self-administration occurred during four
cumulative 2-min sessions. These findings demonstrate
that self-administered ethanol substitutes for a compara-
ble dose of investigator-administered ethanol.

The present study also sought to determine if self-ad-
ministered ethanol would interact with the discriminative
stimulus effects of investigator-administered ethanol.
This was accomplished by combining a cumulative dos-
ing procedure (see, for example, Hiltunen and Järbe
1989) with cumulative self-administration sessions. Re-
sults indicated that cumulative investigator-administered
ethanol substituted fully for non-cumulative investigator-
administered ethanol (1.0 g/kg, IP) with sucrose
(10% w/v) reinforcement. When ethanol (10% v/v) was
added to the sucrose (10% w/v) reinforcement, a lower
dose of cumulative investigator-administered ethanol
(1.0 g/kg, IP) produced full substitution. Moreover, the
ED50 for cumulative IP ethanol substitution was shifted
significantly to the left when ethanol was added to the
sucrose reinforcer (Fig. 4). These data demonstrate that
self-administered ethanol enhanced the discriminative
stimulus effects of investigator-administered ethanol in a
dose-dependent and additive manner.

When administered in cumulative doses, ethanol
(1.7 g/kg, IP) substituted fully for the training dose of
ethanol (1.0 g/kg, IP). This dose was higher than the
dose of ethanol (1.0 g/kg, IP) that produced full substitu-
tion when administered by single acute injection. These
data are in contrast with results from other studies that

reported equal efficacy of ethanol (1.0 g/kg) when ad-
ministered in cumulative or acute doses (see, for exam-
ple, Green and Grant 1998; Hiltunen and Järbe 1989).
Analysis of the data from individual animals showed that
partial substitution was a function of divided perfor-
mance among the seven animals with three rats respond-
ing at an average of 97% on the ethanol lever and the
other four rats responding at approximately 2%, which
might reflect intersubject variability in response to the
cumulative dosing regimen (Colpaert 1987). In agree-
ment with these previous studies, however, the ED50 for
ethanol substitution did not differ as a function of cumu-
lative or acute dosing, which indicates that the potency
of ethanol was not different between the two procedures.
Equal potency of ethanol in the cumulative and acute
dosing procedures suggests comparable discriminative
stimulus effects.

In this study, ethanol pharmacokinetics appeared to be
an important determinant of ethanol discrimination.
First, when ethanol was self-administered during free op-
erant conditions (Fig. 2), lever press behavior switched
from the saline-appropriate lever to the ethanol-appropri-
ate lever after rats self-administered an average dose of
1.2±0.14 g/kg, indicating substitution of self-adminis-
tered ethanol. This dose of ethanol was similar to the
training dose of ethanol (1.0 g/kg, IP). In view of that,
evidence suggests that the brain ethanol levels obtained
immediately following free operant self-administration
of 1.2 g/kg would be similar to the brain levels of etha-
nol obtained 10 min after IP injection of 1.0 g/kg (see,
for example, Ferraro et al. 1990, 1991). Second, differ-
ential pharmacokinetics of oral versus IP ethanol admin-
istration appeared to influence the dose of ethanol that
substituted for the training dose. Our results indicated
that cumulative self-administered ethanol (0.68±0.13 g/kg)
substituted fully for investigator-administered ethanol
(1.0 g/kg; Fig. 3A). However, a twofold higher dose of
cumulative investigator-administered ethanol (1.7 g/kg)
was required to produce full substitution for the training
dose (Fig. 4A). Substitution by both self-administered
ethanol and investigator-administered ethanol occurred
during the fourth cumulative dosing trial. Although these
data are consistent with increased sensitivity to the dis-
criminative stimulus effects of self-administered ethanol,
evidence indicates that the obtained brain ethanol levels
would be similar under these two conditions. Specifical-
ly, brain ethanol levels 40 min after self-administration
of ethanol (0.79 g/kg) are approximately twofold greater
than brain ethanol levels at the same time after IP injec-
tion of ethanol (0.80 g/kg; Ferraro et al. 1990, 1991).
This corresponds to our finding that substitution by cu-
mulative investigator-administered ethanol occurred at a
dose twofold greater than the dose of cumulative self-ad-
ministered ethanol that produced full substitution.

There is very little evidence that directly addresses
the relative ability of a self-administered drug to interact
with its discriminative stimulus effects. However, inter-
actions between the discriminative and reinforcing ef-
fects of midazolam have been reported in two baboons
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trained to discriminate midazolam (0.32 mg/kg, IV) from
saline (Ator and Griffiths 1993). A history of IV midazo-
lam self-administration shifted the midazolam substitu-
tion curve to the left as compared to the substitution
curve determined before self-administration. Alternative-
ly, after a history of investigator-administered midazo-
lam, the midazolam substitution curve was shifted to the
right. These data suggest that sensitivity to the discrimi-
native stimulus effects of a drug can be enhanced by ex-
perience self-administering the drug. In the present
study, ethanol was not independently established as a re-
inforcer and all of the effects of self-administered etha-
nol appeared to be additive.

Another manner in which the discriminative stimulus
effects of drugs are thought to interact with drug-seeking
behavior is through “drug priming” mechanisms 
(Pickens and Harris 1968). That is, when intravenous
drug self-administration is extinguished by substituting
saline for the drug, administering small doses of the drug
prior to behavioral sessions can reinstate drug-seeking
behavior. Drug priming has been observed with most
drugs of abuse including amphetamine (Stretch and 
Gerber 1973), heroin (de Wit and Stewart 1983), barbitu-
rates (Slikker et al. 1984), and cocaine (Gerber and
Stretch 1975). Consistent with the importance of drug
discrimination to this effect, the priming efficacy of
drugs is positively correlated with the similarity between
the discriminative stimulus effects of the priming drug
and the self-administered drug (Gerber and Stretch 1975;
Slikker et al. 1984; de Wit and Stewart 1983). The data
from the present study confirm that self-administered
drug enhances the discriminative stimulus effects of in-
vestigator-administered drug via similar neurobiological
mechanisms. Thus, it appears that the discriminative ef-
fects of self-administered drugs have the potential to in-
duce drug-seeking behavior, but additional studies that
utilize methods like those in the present study are re-
quired to further examine the relationship between these
two behavioral processes.

A key finding of the present study is that self-admin-
istered ethanol enhanced the ethanol-like discriminative
stimulus effects produced by the non-competitive
NMDA antagonist MK-801 and by the GABAA-positive
modulator pentobarbital. One implication of this finding
is that the neurobiological mechanisms that mediate the
discriminative stimulus effects of alcohol are also re-
cruited during alcohol self-administration. NMDA and
GABAA receptor systems are known to mediate the dis-
criminative stimulus effects of ethanol (Barry 1991; 
Barry and Krimmer 1978; Grant et al. 1991; Hiltunen
and Järbe 1986; Hodge and Cox 1998; Kline and Young
1986; Kubena and Barry 1969; Overton 1977; York
1978) and to modify alcohol self-administration behavior
(Hodge et al. 1995; June et al. 1992, 1994; McBride et
al. 1988; Rassnick et al. 1992, 1993; Samson et al.
1989), suggesting that discrimination and self-adminis-
tration behavior are jointly mediated by NMDA and
GABAA systems. The results of the present study extend
these findings and suggest that self-administered ethanol

produces its discriminative stimulus effects via modula-
tion of NMDA or GABAA receptor systems.

An alternative consideration is that self-administered
ethanol might have enhanced the discriminative stimulus
effects of MK-801 or pentobarbital by altering the phar-
macokinetics of these compounds. Studies have shown
differential pharmacokinetic interactions between acute
or chronic ethanol and sedative hypnotics. Chronic etha-
nol exposure can result in reduced plasma drug concen-
tration, shorter elimination half-life, and reduced effica-
cy of CNS depressants, such as pentobarbital (see Sellers
and Bendayan 1987), possibly by metabolic cross-toler-
ance. It is not likely that self-administered ethanol en-
hanced drug clearance in the present study as this would
have resulted in a rightward shift in pentobarbital or
MK-801 dose-response curves, which was not observed.
Alternatively, acute ethanol has been shown to produce a
100% increase in blood diazepam concentrations 18-min
after diazepam administration as compared to subjects
who received diazepam alone (Sellers et al. 1980), which
is predictive of supra-additive effects. However, since
the effects of self-administered ethanol in the present
study were additive, not supra-additive, and the animals
received chronic intermittent ethanol treatment, it is un-
clear to what extent acute pharmacokinetic interactions
contributed to the results. A plausible interpretation of
additive drug effects is that self-administered ethanol in-
teracted pharmacologically with pentobarbital or MK-801
at GABAA or NMDA receptors, respectively.

The findings of this study suggest overlap between
the neurochemical systems that mediate ethanol self-ad-
ministration and discrimination. This is in apparent con-
trast with recent evidence, which indicates that self-ad-
ministered and investigator-administered drugs produce
differential changes in neurochemical (see, for example,
Hemby et al. 1997), physiological (Carelli et al. 1993),
and functional brain (Eckardt et al. 1988; Porrino et al.
1998) activity. Although these studies suggest that self-
administration behavior can change the neurobiological
effects of drugs, it is not known if differential biochemi-
cal and physiological effects produced by self-adminis-
tered and investigator-administered drugs produce differ-
ential functional effects on behavior. In view of that, the
present findings indicate that any differential neurobio-
logical effects that might have resulted from the two dif-
ferent methods of drug administration did not alter the
discriminative stimulus function of ethanol.

Accordingly, evidence suggests that the neurobiologi-
cal mechanisms that mediate ethanol self-administration
are similar to those that mediate ethanol discrimination.
For instance, administration of the direct GABAA agonist
muscimol in the nucleus accumbens terminates alcohol
self-administration at 15-min postinfusion (Hodge et al.
1995), which corresponds exactly with the time-course of
intra-accumbens muscimol substitution for the discrimi-
native stimulus effects of systemic ethanol (Hodge and
Aiken 1996). These data suggest that normal termination
of ethanol self-administration may correspond with the
onset of ethanol discrimination via its activity at GABAA
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receptors in the nucleus accumbens. A caveat to this no-
tion, however, is that dopamine transmission in the nucle-
us accumbens also mediates ethanol self-administration
(see, for example, Hodge et al. 1992) but has no effect on
ethanol discrimination (Hodge unpublished observa-
tions). Therefore, it is probable that some portion of the
neurobiological control of ethanol self-administration in-
volves important overlapping systems with those that me-
diate discrimination, but the two are not isomorphic.
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