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POPKE, E. J., C. M. FOGLE AND M. G. PAULE. Ethanol potentiates nicotine’s effects on DRL performance in rats.
PHARMACOL BIOCHEM BEHAYV 66(4) 819-826, 2000.—The present experiment examined effects of nicotine (0.0, 0.3,
0.56, and 1.0 mg/kg; IP) and ethanol (0.0, 0.5, 1.5, and 3.0 g/kg; IG) on operant behavior using a differential reinforcement of
low response rate (DRL) schedule in rats. DRL schedules are sensitive to effects of nicotine and provide an assessment of the
subject’s ability to accurately estimate time and to inhibit schedule-controlled responding. When administered alone, nicotine
shifted the mode of the interresponse time distribution to the left and reduced the percentage of reinforced responses. Nico-
tine also had an inverted U-shaped dose effect on the number of “bursting” responses. When administered after pretreat-
ment with ethanol, nicotine’s effects on the distribution of interresponse times and bursting were potentiated. These effects
are consistent with previous reports and with the suggestion that ethanol pretreatment can potentiate effects of subsequently

administered nicotine. Published by Elsevier Science Inc.
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A positive epidemiological relationship exists between the
use of cigarettes and the use of alcohol. Drinkers are more
likely to be smokers than are nondrinkers (55), and alcohol
consumption poses a significant risk for relapse among people
who are trying to quit smoking (7,17). Although the mecha-
nisms that underlie this relationship are not known, reports
that ethanol can potentiate responses to subsequently admin-
istered nicotine suggest an effect of these drugs which may
contribute to the propensity of some smokers to smoke more
when they drink. This effect may be particularly relevant
when the initial effect of nicotine is experienced positively,
and when no ceiling effect exists with respect to this experi-
ence. Ethanol has been shown to potentiate nicotine’s effects
on locomotor behavior and on intracranial self-stimulation in
mice (52), and can enhance nicotine-induced rotation in rats
(21). In humans, cigarettes and alcohol can act synergistically
to improve performance on measures of motor performance
and decision times (30). Because cognitive-behavioral effects
of nicotine are known to contribute to the maintenance of the
smoking habit (11,58,62), reports that ethanol can potentiate
cognitive-behavioral effects of nicotine may suggest a mecha-
nism by which alcohol consumption can lead to increases in
smoking.

The present experiment extends previous research by ex-
amining nicotine’s effects, with and without ethanol, on
schedule-controlled behavior using a differential reinforce-
ment of a low response-rate schedule (DRL) in rats. Previous
experiments have examined effects of nicotine alone on DRL
responding, and suggest that nicotine administration can in-
crease response rates while concurrently reducing reinforce-
ment rates (38). Subsequent experiments, including those
conducted in our laboratory, indicate that this pattern of re-
sults reflects a shift in the distribution of responses in the di-
rection of shorter interresponse times (44,46). Studies of etha-
nol’s effects on DRL responding suggest that ethanol, like
nicotine, reduces DRL reinforcement rate (16,22,53), but that
ethanol does not consistently shift the mode of the interre-
sponse time distribution (35,45).

In the present experiment, ethanol was administered 10
minutes prior to nicotine administration to assess the effects
of ethanol pretreatment on subsequent nicotine-induced
DRL performance. Because responding under DRL sched-
ules is known to be sensitive to effects of nicotine (38,44,46),
such schedules may provide a useful model to study ethanol’s
effects on nicotine-induced behavior. Further, DRL sched-
ules generate behavior that is thought to reflect cognitive pro-
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cesses that cannot easily be measured using simple locomo-
tion and reaction time measures (20,23,34,36,48,55).

METHOD
Subjects

Subjects in the present experiment were eight male Sprague—
Dawley rats, approximately 12 months old, and weighing
roughly 325 g (322.5 + 184 g) at the start of testing. Subjects
were housed in 35.6 X 15.2 X 20.3-cm Plexiglas cages with absor-
bent wood-chip bedding. Temperature and humidity in the
housing room were maintained at 21°C and at 45-55%, respec-
tively. Food was available ad lib from weaning (postnatal day 22)
through postnatal day 70. Beginning on Postnatal day 70, sub-
jects were gradually food deprived to 80-85% of their free-feed-
ing body weight, and were maintained at this weight throughout
the experiment. Water was available ad lib throughout.

Subjects in the present experiment had previously been
trained to perform the DRL task and also had served in two
earlier experiments to determine the effects of acute ethanol
(0.5-3.0 g/kg ethanol administered twice weekly for 5 weeks)
and acute nicotine (0.3-1.0 mg/kg administered twice weekly
for 4 weeks) administration on operant performance (44,45).
The time between the end of the previous experiments and
the start of the present experiment was 31 days.

Drug Administration

Each dose of nicotine (0.0, 0.3, 0.56, and 1.0 mg/kg, pre-
pared as base and administered IP) was administered alone,
and after pretreatment with each of four doses of ethanol
(0.0, 0.5, 1.5, and 3.0 g/kg; via orogastric gavage). These doses
were selected based on previous experiments in our labora-
tory, which examined the separate acute effects of nicotine
and ethanol on operant performance in rats (44,45). Each of
the 16 possible dosing combinations was administered twice,
in a randomized repeated measures design. Tap water was
used to prepare the ethanol solutions from 95% ethanol (40%
v/v), and was used as the ethanol control (vehicle) solution.
Physiologic saline (0.9% NaCl) was used to prepare the nico-
tine solutions from nicotine hydrogen tartrate, and was used
as the nicotine control (vehicle) solution. Volumes of the oro-
gastric ethanol injections did not exceed 3.2 ml. Volumes of
the IP nicotine injections did not exceed 0.37 ml.

Procedure

Behavior was assessed using one of 12 identical operant
test chambers. Each 24.6 X 22.9 X 21.0-cm chamber was
housed in a sound-attenuating box equipped with a ventilat-
ing fan. The test panel contained three retractable levers
(Stoelting, Co., #26446) each positioned under an array of
nine stimulus lights (3 X 3). Food reinforcers (45-mg dustless
precision food pellets, Bioserve, Frenchtown, NJ) were deliv-
ered into a feeding trough located immediately beneath the
middle retractable lever. Each operant test panel was inter-
faced with a microcomputer that administered the DRL
schedule and that recorded the behavioral responses. Each
operant chamber was equipped with a house light that re-
mained on for the duration of each test session.

DRL Training

At the start of DRL training (training level 1), subjects were
required to withhold responding to an extended operant lever
for at least 0.5 s to receive reinforcement. After 40 reinforce-
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ments were earned at level 1, the duration that subjects were re-
quired to withhold responding was increased to 1.0 s (training
level 2). After each 40 reinforcers were earned at level 2, the du-
ration requirement was increased to 1.5, 2.0, 2.5 s, and so on, un-
til subjects were required to withhold responding for the full 10s.

DRL Testing

DRL testing was conducted for 30 min per day, and was
followed by testing of a conditioned position responding and a
progressive ratio task (data not shown). On Tuesdays and Fri-
days, subjects received one of four doses of ethanol, followed
by one of four doses of nicotine, as previously described. Testing
without prior injection was conducted on Mondays and
Wednesdays, and vehicle(s) (saline and water) was adminis-
tered on Thursdays. There were no behavioral test sessions
conducted on Saturdays or Sundays. Ethanol was adminis-
tered 10 min prior to nicotine administration, and nicotine
was administered 15 min prior to the start of DRL testing.

At the start of each DRL test session, the center retractable
lever was extended and the house light was illuminated. To re-
ceive reinforcement, subjects were required to withhold re-
sponding to this lever for at least 10, but not more than 14 s.
The first response emitted within this 10-14-s window resulted
in food delivery. Responses emitted outside of this 10-14-s win-
dow were not reinforced and resulted in the initiation of a new
trial. At no time during the test session was the house light ex-
tinguished or the operant lever retracted. A maximum of 120
reinforcers could be earned during a 30-min DRL test session.

Statistical Analyses

Prior to analysis, data were combined for each dosing rep-
licate to derive mean values for each subject under each dosing
condition. Two subjects died during the experiment, and were
removed from consideration during subsequent analyses.
These deaths did not appear to be treatment related.

The percentage of reinforced responses was determined by
dividing the number of correct responses by the total number
of responses and multiplying by 100. The resulting scores were
analyzed using one-way analysis of variance for repeated mea-
sures. Dunnett’s a posteriori comparisons were used to com-
pare each dosing condition to vehicle and to control.

To examine drug-induced changes in mode of the interre-
sponse time distributions, DRL responses were first classified
as either “targeted” responses or “bursting” responses. Tar-
geted responses were defined as those having interresponse
times of 3 s or more. Bursting responses were defined as those
having interresponse times of less than 3 s. The total number
of bursting responses was analyzed separately from targeted
responses using one-way ANOVA for repeated measures.
Dunnett’s a posteriori comparisons were used to compare
each dose condition to vehicle and to control.

To examine changes in the distribution of interresponse
times, the modes of the distributions under each treatment
condition were paired, and a Wilcoxon matched-pairs, signed-
rank test was used (3,19) This analysis was used to maintain
consistency between the present report and previous reports
that have examined effects of nicotine and ethanol on the
temporal distribution of operant responding (25,44,45).

RESULTS

Table 1 presents the mean percentage of responses that
were reinforced under each of the 16 dosing conditions de-
scribed above. When administered alone, nicotine signifi-
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TABLE 1

EFFECTS OF NICOTINE AND ETHANOL ON THE PERCENTAGE
OF REINFORCED RESPONSES

Nicotine dose

Ethanol

dose 0.0 mg/kg 0.3 mg/kg 0.56 mg/kg 1.0 mg/kg
0.0 g’kg 394 =32 20.9 £ 4.0* 18.1 = 2.0* 189 = 4.1*
0.5 g/lkg 39339 12.2 £ 2.3%f 12.2 = 4.1%% 17.7 = 4.2%%
1.5 g/kg 322+1.1 8.8 £ 1.7*%f 12.2 = 2.8*F 11.8 = 3.6%F
3.0 glkg 21.6 = 3.6 11.1 = 2.3*% 8.9 £ 2.6%f 11.6 = 2.7*

Table 1 presents the percentage of responses reinforced in each of
the 16 treatment conditions (mean * SEM).

*Denotes significant difference from vehicle condition (saline/water).

tIndicates significant difference from the appropriate dose of eth-
anol administered without nicotine (p < 0.05).

cantly reduced the percentage of reinforced responses, with
each dose of nicotine differing significantly from vehicle con-
ditions, F(3, 27) = 7.18, p < 0.01. Similar effects were ob-
served when subjects were pretreated with 0.5 g/kg ethanol,
F(4,19) = 34.71, p < 0.0001, 1.5 g/kg ethanol, F(4,34) = 32.74,
p < 0.0001, and 3.0 g/kg ethanol, F(4, 39) = 23.24, p < 0.0001.
When administered without nicotine, ethanol reduced the per-
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centage of reinforced responses with the 3.0 g/kg dose differ-
ing significantly from vehicle, F(3, 23) = 5.361, p < 0.05).

Figure 1 presents the distributions of interresponse times
(averaged across subjects) for each of the 16 dosing conditions.
Effects of nicotine alone are presented in Fig. 1a. Effects of nic-
otine following pretreatment with varying doses of ethanol are
presented in Fig. 1b—d. When administered alone (Fig. 1a), 0.3
mg/kg nicotine and 0.56 mg/kg nicotine each shifted the mode
of the interresponse time distribution to the left (p < 0.05 and
p < 0.01, respectively). When administered after pretreatment
with 1.5 g/kg ethanol (Fig. 1c), the effects of nicotine were po-
tentiated in a manner consistent with a leftward shift in nico-
tine’s dose effect. Direct comparisons made between the ef-
fects of nicotine alone and the effects of nicotine after ethanol
pretreatment indicate that 0.3 mg/kg nicotine produced a sig-
nificantly shorter modal interresponse time when administered
following 1.5 g/kg ethanol than when administered without eth-
anol pretreatment (p < 0.05). Pretreatment with either 0.5 or
3.0 g/kg ethanol had a similar but less pronounced potentiating
effects. Despite the apparent effect of 3.0 g/kg ethanol to shift
the mode of the interresponse time distribution to the left
when administered alone (Fig. 1d), there were no significant ef-
fects of any dose of ethanol to alter DRL responding when ad-
ministered without nicotine. Modal interresponse times for in-
dividual subjects are presented in Fig. 2.
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FIG. 1. (a) Presents effects of nicotine alone on DRL responding. (b—d) Presents effects of nicotine following pretreatment with 0.5, 1.5, and 3.0
g/kg ethanol, respectively. VEH values represent conditions in which subjects were treated with vehicle (water and saline) only. CON values rep-
resent control conditions in which subjects received the appropriate dose of ethanol without nicotine. *Denotes significant difference from VEH
(p < 0.05). **Denotes significant difference from VEH (p < 0.01). *Denotes significant difference from CON (p < 0.05). #Denotes significant
difference from CON (p < 0.01). The shaded area represents the reinforced “window.”
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Figure 3 presents the effects of nicotine on the number of
“bursting” responses measured with and without ethanol pre-
treatment. Bursting responses, defined as those responses
with interresponse times of less than 3 s, are common to DRL
schedules, and were exhibited by all subjects in the present
experiment. When administered alone (Fig. 3a), nicotine had
an inverted U-shaped dose effect on bursting with the effects
of 0.56 mg/kg nicotine differing significantly from control,
F(3,18) = 3.24, p < 0.05. Pretreatment with 0.5 g/kg ethanol
(Fig. 3b) produced an apparent shift in the low dose effect of
nicotine, with the effects of 0.3 mg/kg nicotine differing signif-
icantly from control, F(4,20) = 4.79, p < 0.01. A similar result
is apparent following administration of 1.5 g/kg ethanol and
3.0 g/kg ethanol, F(4, 20) = 3.58, p < 0.05, but the individual
dose effects did not achieve statistical significance (p = 0.10).
There were no significant effects of any dose of ethanol on
bursting responses when administered without nicotine.

DISCUSSION

The present experiment examined the effects of nicotine
and ethanol on differential reinforcement of low response-

% 14
08121 -,
m§10— [ ] ::. L XN ] (X ]
nlcg .o cos .
xon 8- . .
ez .
z- 61 .
- w
<= 4
9" ol

0

VEH 0.3 0.56 1.0
NICOTINE DOSE (mg/kg)

2a
w144
58121 . - ‘
28104 - :
n:‘-’ 0o oo
x6 8 . ceee  ee e
EZ . X X3
Z; 6_ cee
L 4 .
==
9" o

0

VEH CON 0.3 0.56 1.0
NICOTINE DOSE
2c

POPKE, FOGLE AND PAULE

rate (DRL) performance in rats. When administered alone,
nicotine shifted the mode of the DRL interresponse time dis-
tribution to the left and reduced the percentage of reinforced
responses. Nicotine also had an inverted U-shaped dose effect
on bursting. When subjects were pretreated with ethanol,
some of the effects of nicotine were potentiated. Specifically,
ethanol pretreatment enhanced the leftward shift in the mode
of the interresponse time distribution and enhanced the effect
of low-dose nicotine on bursting. The highest dose of ethanol
(3.0 g/kg) also reduced the percentage of reinforced responses
when administered alone.

The results of the present experiment are consistent with
previous reports of nicotine’s effects on DRL responding
(38,44,46) and with the suggestion that ethanol pretreatment
can potentiate effects of subsequently administered nicotine
(21,24,30,52). Further, the results of the present experiment
appear largely consistent with previously reported effects of
nicotine and alcohol on cognitive-behavioral performance in
other paradigms. Lyon and colleagues (30) reported effects of
ethanol on decision time and motor speed in deprived smok-
ers, smokers who were not deprived, and in nonsmokers.
Smokers who were not deprived exhibited faster motor and
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FIG. 2. Presents the modal interresponse times of each individual animal under each of the 16 treatment conditions. (a) Presents the effects of
nicotine alone. (b—d) Presents effects of nicotine after pretreatment with 0.5, 1.5, and 3.0 g/kg ethanol, respectively. VEH values represent condi-
tions in which subjects were treated with vehicle (water and saline) only. CON values represent control conditions in which subjects received the

appropriate dose of ethanol without nicotine.



NICOTINE, ETHANOL, AND DRL
*

125 .

100+
754

50+

NUMBER OF BURSTING
RESPONSES

N
ki

VEH 0.3 056
NICOTINE DOSE (ma'kg)

NUMBER OF BURSTING
RESPONSES

VEH CON 0.3 0.56 1.0
NICOTINE DOSE (mg/kg)

3c

823

#i#

125 *
1004
751
504

254

NUMBER OF BURSTING
RESPONSES

VEH CON 0.3 056 1.0
3b NICOTINE DOSE (mglkg)

125
100
75

50

NUMBER OF BURSTING
RESPONSES

25

‘ I T
i | |
o | £ oan | l
VEH CON 0.3 0.56 1.0
NICOTINE DOSE (mg/kg)

3d

FIG. 3. (a) Presents effects of nicotine alone on bursting. (b—d) Presents effects of nicotine following pretreatment with 0.5, 1.5, and 3.0 g/kg
ethanol, respectively. VEH values represent conditions in which subjects were treated with vehicle (water and saline) only. CON values repre-
sent control conditions in which subjects received the appropriate dose of ethanol without nicotine. *Denotes significant difference from VEH
(p < 0.05). **Denotes significant difference from VEH (p < 0.05). *Denotes significant difference from CON (p < 0.05). #Denotes significant

difference from CON (p < 0.01).

decision times than did either of the other two groups, with
the fastest times recorded in nondeprived smokers who had
also received alcohol. Like the present results, this finding is
consistent with the suggestion that ethanol pretreatment can
potentiate the effects of subsequently administered nicotine.
It is interesting to note, however, that this finding reflects a
nicotine-induced enhancement of performance rather than a
nicotine-induced impairment, as described presently. Al-
though the reasons for this apparent discrepancy are unclear,
it seems likely that differences in the experimental demands
imposed by these behavioral procedures could result in differ-
ent interpretations of their respective results. In the experi-
ment by Lyon et al., for example, nicotine-induced increases
in rapid responding could be viewed as an improvement in
performance. Under conditions imposed by the present ex-
periment, however, nicotine-induced increases in rapid re-
sponding result in increased bursting and reductions in the
percentage of reinforced responses (i.e., impairments in per-
formance). Future experiments, which address nicotine’s ef-
fects on a variety of specific cognitive-behavioral abilities, will
help to clarify nicotine’s effects on performance.

Previous experiments examining effects of ethanol alone
on DRL performance have yielded similarly unsettled results.

Flynn and Harris (16), for example, reported effects of etha-
nol to reduce DRL reinforcement rates in a manner similar to
those reported in subjects having received 3.0 g/kg ethanol
presently. Because this report did not present the distribution
of interresponse times, however, it is difficult to discern
whether the effects resulted from a systematic shift in the
mode of interresponse times or from a generalized disruption
of responding. McMillan (35) reported ethanol-induced shifts
in the mode of the DRL interresponse time distributions in
humans, but only in those subjects that had received very spe-
cific feedback regarding their performance (referred to as the
“high-feedback” group). In other words, only subjects that
were told whether their responses were too early, too late, or
correct (i.e., within a 5-s window) demonstrated discernable
shifts in the mode of the interresponse time distributions after
ethanol administration. Subjects that were told only when
their responses were correct (the “low-feedback” group) and
subjects that received no feedback at all (the “no-feedback”
group) showed no consistent shifts in the distribution of their
responses after ethanol. In the present experiment, rats were
tested under conditions most similar to the low-feedback con-
dition presented by McMillan, with feedback provided in the
form of reinforcers only when the responses were correct.
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Given this notable methodological similarity, it is not surpris-
ing that subjects in the present experiment behaved in a man-
ner that was strikingly similar to that exhibited by McMillan’s
low-feedback subjects with reductions in the rate of reinforce-
ment that were not accompanied by discernible shifts in the
interresponse time distribution.

Although the present experiment does not directly address
the mechanisms that may underlie ethanol’s effect on nico-
tine-induced responding, a review of the relevant literature
suggests several plausible hypotheses. Recent reports suggest
that ethanol may potentiate agonist-induced ion currents me-
diated by the a3B4, a3B2, a4p2, and a4p4 subtypes of nico-
tinic receptors (1,10,12,32). Conversely, ethanol may inhibit
agonist-induced ion currents mediated by the a7 subtype of
nicotinic-cholinergic receptor (1,10,12,13). Although the rela-
tive contribution of each of these nicotinic receptor subytpes
to nicotine’s effects on DRL responding are unknown, the ef-
fects of ethanol to alter currents mediated by these receptors
suggest an effect of ethanol that may alter effects of subse-
quently administered nicotine. Alternatively, ethanol may al-
ter nicotine-induced responding through its interaction with
dopaminergic (4,61), serotonergic (29,63), GABAergic (2,37),
opioid (4,47), or excitatory amino acid (60) systems. Dopa-
minergic and serotonergic function in particular, are known
to influence DRL performance (6,28,31,49,56), and therefore,
may provide a substrate for ethanol’s effects on nicotine-
induced responding (26,27). Although each of these hypothe-
ses is consistent with published literature, it is important to
emphasize that neither has been systematically investigated.
Therefore, statements regarding mechanisms that may under-
lie behavioral interactions of nicotine with ethanol should be
regarded cautiously.

As with any behavioral model, it is important to comment
on the use of DRL procedures to study cognitive processes
and to comment on the relationship between the present re-
sults and the positive relationship between the use of ciga-
rettes and alcohol. Variations of the DRL schedule have been
used to model a variety of cognitive functions including time
estimation (34,50) impulsivity (36), and delay of reward (7).
DRL schedules also have been used to screen compounds for
potential antidepressant activity (31,48) and to characterize
behavioral disorders in children (33,54) and adults (40). Al-
though the relationship between each of these cognitive vari-
ables and the use of cigarettes and alcohol is unclear, the re-
sults of the present experiment suggest that a functional
interaction exists between the effects of nicotine and ethanol
that may be relevant to the propensity of some smokers to
smoke more when they drink. Future experiments are re-
quired to define the effects of nicotine and ethanol on each of
these cognitive functions and to identify their respective sig-
nificance for the positive relationship between the use of ciga-
rettes and alcohol.
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Finally, it is relevant to note the effects of nicotine and eth-
anol on “bursting,” and to discuss their possible implications
for the positive relationship between the use of cigarettes and
alcohol. Many of the drugs that increase bursting under DRL
schedules such as diazepam (9,48), chlordiazepoxide (50,59),
pentobarbitone (51), and nicotine (44) also demonstrate effi-
cacy in behavioral models of anxiety (8,14,15,39,42). Simi-
larly, drugs that do not increase bursting under DRL sched-
ules such as d-fenfluramine and other amphetamine analogues
(49) do not demonstrate efficacy in behavioral models of anx-
iety (18). The fact that the effects of drugs on bursting often
correspond with anxiolytic activity in other behavioral para-
digms (5,9,48) have led some authors to speculate that burst-
ing under DRL schedules may be part of a general anxiolytic
profile (48) and may reflect an “attenuation of the punish-
ment effect of nonreward” (5). Because nicotine is known to
be anxiolytic in humans (41,43), and because anxiolytic ef-
fects of smoking are known to be important factors in the
maintenance of the smoking habit (43,57), effects of ethanol
to potentiate effects of nicotine on bursting may reflect a po-
tentiated anxiolytic effect that motivates some people to
smoke more when they drink. This interpretation must be
tempered somewhat by the fact that ethanol, which is known
to exhibit anxiolytic effects in other paradigms, did not alter
bursting in the present experiment. Future experiments that
examine the effects of nicotine and ethanol in animal models
of anxiety may help to address this hypothesis.

In summary, the present experiment examined effects of
nicotine and ethanol, alone and in combination, on perfor-
mance of a differential reinforcement of low response rates
(DRL) schedule in rats. When administered alone, nicotine
shifted the mode of the DRL interresponse time distribution
to the left and reduced the percentage of reinforced re-
sponses. Nicotine also had an inverted U-shaped dose effect
on bursting. When subjects were pretreated with ethanol,
these effects of were potentiated. Ethanol pretreatment en-
hanced the leftward shift in the interresponse time distribu-
tion and enhanced the effect of low-dose nicotine on bursting.
The highest dose of ethanol (3.0 g/kg) also reduced the per-
centage of reinforced responses when administered alone.
Together, the results of the present experiment are consistent
with previous reports (44,45) and with the suggestion that eth-
anol pretreatment can potentiate effects of subsequently ad-
ministered nicotine (30,52).

ACKNOWLEDGEMENTS

The work was supported by NCTR protocol E6914. All experimen-
tal procedures involving nonhuman subjects were reviewed and ap-
proved by the NCTR Institutional Animal Care and Use Committee.

REFERENCES

1. Aistrup, G. L; Marszalec, W.; Narahashi, T.: Ethanol modulation
of nicotinic acetylcholine receptor currents in cultured cortical
neurons. Mol. Pharmacol. 55:39-49; 1999.

2. Antkowiak, B.: Different actions of general anesthetics on the fir-
ing patterns of neocortical neurons mediated by the GABAA
receptor. Anesthesiology 91:500-511; 1999.

3. Bartz, A. E.: Basic statistical concepts in education and the
behavioral sciences. Minneapolis, MN: Burgess Publishing Com-
pany; 1976.

4. Benjamin, D.; Grant, E. R.; Pohorecky, L. A.: Naltrexone
reverses ethanol-induced dopamine release in the nucleus accum-
bens in awake, freely-moving rats. Brain Res. 621:137-140; 1993.

5. Bizot, J. C.: Effects of various drugs including organophosphorus
compounds (OPC) and therapeutic compounds against OPC on
DRL responding. Pharmacol. Biochem. Behav. 59:1069-1080; 1998.

6. Bizot, J. C.; Thiebot, M. H.; Bihan, C. L.; Soubrie, P.; Simon, P.:
Effects of imipramine-like drugs and serotonin uptake blockers
on delay of reward in rats. Possible implications in the behavioral



NICOTINE, ETHANOL, AND DRL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

mechanism of action of antidepressants. J. Pharmacol. Exp. Ther.
246:1144-1151; 1988.

. Borland, R.: Slip-ups and relapse in attempts to quit smoking.

Addict. Behav. 15:235-245; 1990.

. Brioni, J. D.; O’Neill, A. B.; Kim, D. J.; Decker, M. W.: Nicotinic

receptor agonists exhibit anxiolytic-like effects on the elevated
plus-maze test. Eur. J. Pharmacol. 238:1-8; 1993.

. Canon, J. G.; Lippa, A. S.: Use of DRL in differentiating anxi-

olytic and neuroleptic properties of CNS drugs. Pharmacol. Bio-
chem. Behav. 6:591-593; 1977.

Cardoso, R. A.; Brozowski, S. J.; Chavez-Noriega, L. E.; Harpols,
M.; Valenzuela, C. F.; Harris, R. A.: Effects of ethanol on recombi-
nant human neuronal nicotinic acetylcholine receptors expressed
in Xenopus oocytes. J. Pharmacol. Exp. Ther. 289:774-780; 1999.
Carton, S.; Jouvent, R.; Widlocher, D.: Nicotine dependence and
motives for smoking in depression. J. Subst. Abuse 6:67-76; 1994.
Coverton, P. J. O.; Connolly, J. G.: Differential modulation of rat
neuronal nicotinic receptor subtypes by acute application of etha-
nol. Br. J. Pharmacol. 122:1661-1668; 1997.

Dahong, Y.; Zhang, L.; Eisele, J.; Bertrand, D.; Changeux, J.;
Weight, F. F.: Ethanol inhibition of nicotinic acetylcholine type
a-7 receptors involves the amino-terminal domain of the recep-
tor. Mol. Pharmacol. 50:1010-1016; 1996.

Fernandes, C.; Arnot, M. L; Irvine, E. E.; Bateson, A. N.; Martin,
I. L.; File, S. E.: The effect of treatment on the development of
tolerance to the sedative and anxiolytic effects of diazepam. Psy-
chopharmacology (Berlin) 145:251-259; 1999.

File, S. E.; Wilks, L. J.; Mabbutt, P. S.: Withdrawal, tolerance,
and sensitization after a single dose of lorazepam. Pharmacol.
Biochem. Behav. 31:937-940; 1988.

Flynn, W. E.; Harris, D. R.: DRL responding by rats during initial
and prolonged alcohol administration. J. Stud. Alcohol 36:21-26;
1975.

Gmiir, M.; Tschopp, A.: Factors determining the success of nico-
tine withdrawal: 12-year follow-up of 532 smokers after suggestion
therapy (by a faith healer). Int. J. Addict. 22:1189-1200; 1987.
Graeff, F. G.; Netto, C. F.; Zangrossi, H.: The elevated T-maze as
an experimental model of anxiety. Neurosci. Biobehav. Rev.
23:237-246; 1998.

Hays, W. L.: Statistics, 4th ed. Orlando, FL: Harcourt Brace
Jovanovich; 1988.

Jackson, A.; Koek, W.; Colpaert, F. C.: Can the DRL 72s sched-
ule selectively reveal antidepressant activity? Psychopharmacol-
ogy (Berlin) 117:154-161; 1995.

Lapin, E. P.; Maker, H. S.; Bhardwaj, A.: Ethanol enhancement
of the motor-stimulating effect of nicotine in the rat. Alcohol
12:217-220; 1995.

Laties, V. G.; Weiss, B.: Effects of alcohol on timing behavior. J.
Comp. Physiol. Psychol. 55:85-91; 1962.

Lau, C. E;; Wang, Y.; Falk, J. L.: Independent interaction of
alprazolam and caffeine under chronic dose regimens on differ-
ential reinforcement of low-rate (DRL 45-s) performance. Psy-
chopharmacology (Berlin) 134:277-286; 1997.

Leigh, G.: The combined effects of alcohol consumption and cig-
arette smoking on critical flicker frequency. Addict. Behav.
7:251-259; 1982.

Levin, E. D.; Conners, C. K.; Sparrow, E.; Hinton, S. C.; Erhardt,
D.; Meck, W. H.; Rose, J. E.; March, J.: Nicotine effects on adults
with attention-deficit/hyperactivity disorder. Psychopharmacol-
ogy (Berlin) 123:55-63; 1996.

Levin, E. D.; McGurk, S. R.; Rose, J. E.; Butcher, L. L.: Cholin-
ergic-dopaminergic interactions in cognitive performance. Behav.
Neural Biol. 54:271-299; 1990.

Levin, E. D.; Rose, J. E.: Acute and chronic nicotinic interactions
with dopamine systems and working memory performance. Ann.
NY Acad. Sci. 757:245-252; 1995.

Levine, T. E.; McGuire, P. S.; Heffner, T. G.; Seiden, L. S.: DRL
performance in 6-hydroxydopamine-treated rats. Pharmacol.
Biochem. Behav. 12:287-291; 1980.

Lovinger, D. M.; Zhou, Q.: Alcohol effects on the 5-HT3 ligand-
gated ion channel. Toxicol. Lett. 100-101:239-246; 1999.

Lyon, R. J.; Tong, J. E.; Leigh, G.; Clare, G.: The influence of

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

825

alcohol and tobacco on the components of choice reaction time.
J. Stud. Alcohol 36:587-596; 1975.

Marek, G. J.; Li, A. A.; Seiden, L. S.: Evidence for involvement
of 5-hydroxtryptamine receptors in antidepressant-like drug
effects on differential-reinforcement-of-low-rate 72 second
behavior. J. Pharmacol. Exp. Ther. 250:60-71; 1989.

Marszalec, W.; Aistrup, G. L.; Narahashi, T.: Ethanol-nicotine
interactions at alpha-bungarotoxin-insensitive nicotinic acetyl-
choline receptors in rat cortical neurons. Alcohol. Clin. Exp. Res.
23:439-445; 1999.

McClure, F. D.; Gordon, M.: Performance of disturbed hyperac-
tive and non-hyperactive children on an objective measure of
hyperactivity. J. Abnorm. Child Psychol. 12:561-571; 1984.
McClure, G. Y. H.; McMillan, D. E.: Effects of drugs on response
duration differentiation VI: Differential effects under differential
reinforcement of low rates of responding schedules. J. Pharma-
col. Exp. Ther. 281:1368-1380; 1997.

McMillan, D. E.: The effects of ethyl alcohol on temporally
spaced responding in humans. J. Pharmacol. Exp. Ther. 371:159-
165; 1970.

McMillen, B. A.; Means, L. W.; Matthews, J. N.: Comparison of
the alcohol-preferring P rat to the Wistar rat in behavioral tests
of impulsivity and anxiety. Phsyiol. Behav. 63:371—375; 1998.
Mihic, S. J.: Acute effects of ethanol on GABAA and glycine
receptor function. Neurochem. Int. 35:115-123; 1999.

Morrison, C. F.: A comparison of the effects of nicotine and
amphetamine in DRL performance in the rat. Paychopharmaco-
logia 12:176-190; 1968.

O’Neill, A. B.; Brioni, J. D.: Benzodiazepine receptor mediation
of the anxiolytic-like effect of (—)-nicotine in mice. Pharmacol.
Biochem. Behav. 49:755-757; 1994.

Oscar-Berman, M.; Zola-Morgan, S. M.; Oberg, R. G.; Bonner,
R. T.: Comparative neuropsychology and Korsakoff’s syndrome.
III—Delayed response, delayed alternation, and DL perfor-
mance. Neuropsychologia 20:187-202; 1982.

Parrott, A. C.: Stress modulation over the day in cigarette smok-
ers. Addiction 90:233-244; 1995.

Pereira, J. K.; Vieira, R. J.; Konishi, C. T.; Riberio, R. A.; Frussa-
Filho, R.: The phenomenon of “one-trial tolerance” to the anxi-
olytic effect of chlordiazepoxide in the elevated plus-maze is
abolished by the introduction of a motivational conflict situation.
Life Sci. 65:101-107; 1999.

Perkins, K. A.; Grobe, J. E.: Increased desire to smoke during
acute stress. Br. J. Addict. 87:1037-1040; 1992.

Popke, E. J.; Mayorga, A. J.; Fogle, C. M.; Paule, M. G.: Effects
of acute nicotine on several operant behaviors in rats. Pharmacol.
Biochem Behav. 65:247-254; 2000.

Popke, E. J.; Allen, S. R.; Paule, M. G.: Effects of acute ethanol
on indices of cognitive-behavioral performance in rats. Alcohol
20:187-192; 2000.

Pradhan, S. N.; Dutta, S. N.: Comparative effects of nicotine an
amphetamine on timing behavior in rats. Neuropsychopharma-
cology 9:9-16; 1970.

Reddy, B. V.; Sarkar, D. K.: Effect of alcohol, acetaldehyde, and
salsolinol on b-endorphin secretion from hypothalamic neurons in
primary cultures. Alcohol. Clin. Exp. Res. 17:1261-1267; 1993.
Richards, J. B.; Sabol, K. E.; Hand, T. H.; Jolly, T. H.; Marek, G.
J. Seiden, L. S.: Buspirone, gepirone, ipsapirone, and zalospirone
have distinct effects on the differential-reinforcement-of-low-rate
72-s schedule when compared with 5-HTP and diazepam. Psy-
chopharmacology (Berlin) 114:39-46; 1994.

Sabol, K. E.; Richards, J. B.; Layton, K.; Seiden, L. S.: Amphet-
amine analogues have differential effects on DRL 36-s schedule
performance. Psychopharmacology (Berlin) 121:57-65; 1995.
Sanger, D. J.: The effects of caffeine on timing behaviour in
rodents: Comparisons with chlordiazepoxide. Psychopharmacol-
ogy (Berlin) 68:305-309; 1980.

Sanger, D. J.; Blackman, D. E.: The effects of tranquilizing drugs on
timing behaviour in rats. Psychopharmacologia 44:153-156; 1975.
Schaefer, G. J.; Michael, R. P.: Interactions between alcohol and
nicotine on intracranial self-stimulation and locomotion in rats.
Drug Alcohol Depend. 30:37-47; 1992.



826

53.

54.

55.

56.

57.

58.

Sidman, M.: Technique for assessing the effects of drugs on tim-
ing behavior. Science 122:925; 1955.

Singh, N. N.; Dawson, M. J.; Manning, P.: Effects of spaced
responding DRL on the stereotyped behavior of profoundly
retarded persons. J. Appl. Behav. Anal. 14:521-526; 1981.

Sobel, L. C.; Sobel, M. B.: Alcohol abuse and smoking: Dual
recoveries. Alcohol Health Res. World 20:124-127; 1996.
Sokolowski, J. D.; Salamone, J. D.: Effects of dopamine deple-
tions in the medial prefrontal cortex on DRL performance and
motor activity in the rat. Brain Res. 642:20-28; 1994.

Stewart, S. H.; Karp, J.; Pihl, R. O.; Peterson, R. A.: Anxiety sen-
sitivity and self-reported reasons for drug use. J. Subst. Abuse
9:223-240; 1997.

Tate, J. C.; Pomerleau, C. S.; Pomerleau, O. F.: Pharmacological
and non-pharmacological smoking motives: A replication and
extension. Addiction 89:321-330; 1994.

59.

60.

61.

62.

63.

POPKE, FOGLE AND PAULE

Tripp, G.; McNaughton, N.; Oei, T. P.: Naloxone blocks the
effects of chlordiazepoxide on acquisition but not performance of
differential reinforcement of low rates of response (DRL). Psy-
chopharmacology (Berlin) 91:112-118; 1987.

Wang, M. Y.; Rampil, 1. J.; Kendig, J. J.: Ethanol directly
depresses AMPA and NMDA glutamate currents in spinal cord
motor neurons independent of actions on GABAA or glycine
receptors. J. Pharmacol. Exp. Ther. 290:362-367; 1999.

Weiss, F.; Lorang, M. T.; Bloom, F. E.; Koob, G. F.: Oral alcohol
self-administration stimulates dopamine release in the rat nucleus
accumbens: Genetic and motivational determinants. J. Pharma-
col. Exp. Ther. 267:250-258; 1993.

West, R.; Lennox, S.: Function of cigarette smoking in relation to
examinations. Psychopharmacology (Berlin) 108:456-459; 1992.
Yan, Q. S.: Extracellular dopamine and serotonin after ethanol
monitored with 5-minute microdialysis. Alcohol 19:1-7; 1999.



