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HOLLOWAY, F. A., D. C. BIRD, J. A. HOLLOWAY AND R. C. MICHAELIS. Behavioral factors in development of 
tolerance to ethanol's effects. PHARMACOL BIOCHEM BEHAV 29(1) 105-113, 1988.wDose.effect analyses were used 
to monitor the development of tolerance for ethanol's effects on FR30 operant performance in rats under different 
conditions of chronic ethanol exposure: (a) pre-session ethanol injections (PRE) vs. post-session ethanol injections (POST) 
in Experiment 1; and (b) an ethanol liquid diet (ED) vs. a control diet (CD) in Experiment 2. The PRE and ED groups 
developed tolerance at the conclusion of the chronic regimens, which declined by six months but not to baseline levels. 
These data suggest that tolerance results from learned compensatory adjustments (through intoxicated practice) to 
ethanol's disruptive effects. The POST, but not the CD, group developed a progressively increasing degree of tolerance 
after several ethanol challenge tests. These results suggest that some threshold level of passive ethanol exposure in the 
POST group interacted with their fimited intoxicated practice. Finally, the tolerance developed under intoxicated practice 
conditions did not appear to reflect a generalized tolerance to rate-reducing properties of drugs, changes in ethanol kinetics, 
or age-related changes. 
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TOLERANCE has been suspected of playing a role in the 
development of  alcoholism because it allows one to consume 
increasing quantities of ethanol with fewer of  the drug's de- 
bilitating effects on behavior. It has been suggested that 
conclusive evidence of  tolerance development in experi- 
mental studies should include the demonstration of  a shift- 
to-the-right in the dose-effect curve. That is, as a result of 
repeated ethanol exposure: (a) the effect of  a given dose 
should be reduced; and (b) an increased dose should be re- 
quired to reinstate the initial degree of  impairment [4, 8, 23]. 
The latter requirement is important because conditions can 
exist (e.g., chronic toxic effects) under which the initial de- 
gree of  drug impairment may not be reinstateable. 

While tolerance to a variety of  the behaviorally disruptive 
effects of  ethanol has been reported [2, 6, 7, 11, 15, 16, 
24-27, 32, 34, 35, 41--43], virtually all of the thoroughly 
documented tolerance effects are relatively short-lived, last- 
ing several days to several weeks. In addition, with very few 
exceptions [25, 27, 34, 43], ethanol tolerance studies have 
examined only a single post-tolerance ethanol test dose. 
Studies using only one test dose can only satisfy the first 
criterion for tolerance mentioned above. Further, significant 
shifts in baseline response rates can change the shape of drug 
dose-effect curves [13]. Therefore, it is important to use 

complete dose-effect analyses, with contemporary saline 
baseline determinations, in order to fully characterize the 
changes which may result from chronic ethanol exposure. 
However, it should also be noted that the very act of measur- 
ing tolerance development and loss may affect the process 
being measured. 

There is disagreement in the literature regarding the de- 
gree to which tolerance depends on physiological (i.e., 
changes in disposition, metabolism, or cellular sensitivity) 
versus behavioral (i.e., depending on intoxicated perform- 
ance of  the behavior in question) phenomena. Prior attempts 
to differentiate between "physiological" and "behavioral" 
tolerance have used an experimental design in which the 
behavioral group received intoxicated practice (pre-session 
injections) for several consecutive sessions while the physi- 
ological group received identical amounts of  ethanol after the 
training session (post-session injections). The test session 
involved a pre-session ethanol injection for both groups. 
Such studies typically demonstrated tolerance development 
after a single ethanol exposure/test cycle in the behavioral 
group, but not the physiological group [6, 7, 24]. However, if 
this exposure/test cycle is repeated, the physiological group 
eventually developed the same degree of  tolerance as seen in 
the behavioral group. This finding led to the suggestion that 
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rapid tolerance development under conditions of intoxicated 
practice resulted from "behavioral ly  augmented"  tolerance 
[24,26]. Some have suggested that the "physiological"  
tolerance induced by ethanol exposure p e r  se is produced 
through the same mechanism as that responsible for "behav-  
iorally augmented" tolerance [24]. An alternative explana- 
tion is that the post-session injections eventually result in 
tolerance purely as a consequence of  the intoxicated practice 
received during the repeated ethanol test sessions [41,42]. 

At  least two kinds of  functional or behavioral tolerance 
have recently been described. One theoretical account in- 
vokes a Pavlovian conditioning model (see [18, 20, 39]), in 
which tolerance is attributed to the development of a con- 
ditioned compensatory response. Such conditioning results 
from the pairing of  the environmental cues associated with 
the drug's  administration with some " secondary"  effect of  
the drug, which is antagonistic to the drug's  "p r imary"  un- 
conditioned effects. This environmentally-dependent 
tolerance [29,30] would be expected to appear  more strongly 
when the route of  drug administration is the same in both the 
chronic exposure phase and the ethanol tests (e.g., tolerance 
produced by repeated injections) as opposed to when the 
route of  administration differs between the chronic exposure 
phase and the ethanol tests (e.g., tolerance produced by liq- 
uid diet or inhalation). 

An alternative view of tolerance is exemplified by several 
researchers [I0, 14, 37, 42] who suggest that the effective 
condition for the development of  tolerance to a drug's  effects 
on behavior depends on an interaction between the drug 
dose and the functional demands placed on the organism. 
This view also stresses the role of  learning in tolerance de- 
velopment but emphasizes the acquisition of  adaptive or 
compensatory responses through instrumental conditioning 
rather than through Pavlovian conditioning. In such models, 
little tolerance would be expected to develop in situations 
where the drug is administered after the behavioral task 
since the animal receives the drug while in its home cage 
where there is a low level of  functional demand. Further,  
even when behavioral demands are placed on the animal 
following the post-session injections, the tolerance which 
develops appears to be specific to the behaviors for which 
there is intoxicated practice [13,28]. The role of  such instru- 
mental learning factors in the development of  tolerance to 
amphetamine in operant tasks has been convincingly 
demonstrated [10, 13, 37]. However ,  comparable studies 
systematically investigating the role of  instrumental learning 
factors in the development of  ethanol tolerance are not yet 
available. The latter deficiency in the ethanol tolerance field 
is largely related to the inconsistent use of  dose-effect 
analysis to detect  changes in ethanol sensitivity. 

In a recent study, significant shifts in dose-effect curves 
were found for ethanol 's  rate-decreasing effects on food- 
motivated schedule-controlled behavior in rats [3]. This 
tolerance effect persisted for up to six months, well past the 
usual report  for metabolic or physiological tolerance. These 
data are consistent with a behavioral or " intoxicated prac- 
t ice"  basis for such tolerance. However ,  in that study, the 
possibility that the persistence of  the tolerance resulted from 
testing once or twice a month was not ruled out. The intent 
of  Experiment 1 was to extend the latter study by applying 
the pre-/post-injection model (described earlier) to 
schedule-controlled performance in rats. Experiment 2 was 
designed to assess development and maintenance of ethanol 
tolerance when the animals were chronically exposed to an 
ethanol liquid diet or an isocaloric-control diet. Otherwise, 

the design features of  Experiments 1 and 2 were virtually the 
same. The second experiment permitted assessment of 
whether any tolerance development is specific to the en- 
vironmental context factors related to the chronic ethanol 
administration procedure.  The liquid diet control group also 
provides a basis for assessing any tolerance development 
resulting from repeating dose-effect curve determinations 
p e r  se. Each rat in both experiments was tested on a full 
range of ethanol doses prior to chronic ethanol exposure, 
after a period of  chronic ethanol exposure,  and six months 
after withdrawal from ethanol. Further,  the course of  ethanol 
sensitivity changes after termination of  the chronic exposure 
period was assessed periodically with single dose ethanol 
challenges. 

METHOD 

Sub jec t s  

Eight adult male Sprague-Dawley rats weighing 300-350 g 
were used in each of the two experiments.  Rats were ob- 
tained locally from the OUHSC Department of Comparative 
Medicine breeding colony. They were 90-110 days old at the 
beginning of each experiment.  During each experiment,  all 
rats were individually housed in standard wire-mesh, sus- 
pended cages with continuous access to water. The rats were 
food-deprived and maintained at 80% of their free-feeding 
weights. All supplementary feeding occurred at least 2-4 
hours after the daily operant sessions. The home cages were 
located in a temperature and humidity controlled room with 
lighting on a 12 hour light/dark cycle. The behavioral ses- 
sions for each animal were run at the same time each day 2-6 
hours after light onset. 

A p p a r a t u s  

Four rodent operant chambers (Model No. RTC-022, 
Lehigh Valley Electronics, Lehigh Valley, PA) were used in 
this study. Each chamber was housed within a sound and 
light attenuating chamber which included an exhaust fan and 
house light. The chambers were equipped with two response 
levers located 17.0 cm apart and 3.0 cm above the grid-rod 
floor. Approximately 18 g was required to deflect the lever 
sufficiently to result in a response. Food pellets (45 nag each, 
P. J. Noyes,  Lancaster ,  NH), served as the reinforcer and 
were delivered into a food cup located equidistant between 
the response levers. The house lights functioned as the dis- 
criminative stimulus for food availability. All schedule pro- 
gramming and data collection was accomplished by solid- 
state and electromechanical  devices located in an adjacent 
room. 

Procedure  

In each experiment,  two groups of  four animals were 
shaped by successive approximation to press the right lever 
for food pellets during 30-rain sessions. Presses on the left 
lever (which had no programmed consequences) were also 
recorded but did not appear  to vary in a dose-dependent 
manner. The fixed-ratio (FR) schedule of  reinforcement was 
gradually increased over  sessions until a terminal schedule of 
FR30 was attained. All subsequent training and test sessions 
lasted 30 rain. As soon as responding was judged stable (less 
than ---10% variation on seven consecutive days), a 4-point 
dose-effect curve (DEC) for ethanol was obtained for each 
animal (0.375, 0.75, 1.125, and 1.5 g/kg). Each DEC also 
included a saline injection (baseline) session. All ethanol 
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doses were prepared as a 10% w/v solution in physiological 
saline and were administered intraperitoneally (IP). A 
minimum of three control sessions, again with less than 
---10% between-session variation, were required prior to 
each test dose to allow time to recover baseline responding. 
The order of test doses at each DEC systematically varied 
across subjects within each group. Although this regimen 
does not exclude the possibility of short-term tolerance de- 
velopment, others have shown that rats given intoxicated 
practice every fourth day do not develop tolerance to 
ethanol's effects on treadmill performance [26]. Pilot data 
indicated that within 15 min following the IP injection of 1.5 
g/kg ethanol, the blood level had reached its peak (190 
mg/dl). Therefore, all ethanol test doses were administered 
15 rain prior to testing. 

Experiment 1 

The intent of this first experiment was to assess ethanol 
tolerance development and loss in rats receiving intoxicated 
practice on the operant task and in rats receiving equivalent 
amounts of ethanol but no intoxicated practice. Following 
completion of the fh'st dose-effect curve, rats in Experiment 
1 began to receive dally IP injections of ethanol. The behav- 
ioral or PRE group (N=4) received ethanol injections 15 min 
prior to the training sessions. The physiological or POST 
group (N =4) received ethanol 1.5 to 2.0 hours after the train- 
ing session as a result of a report indicating progressive de- 
pression of response rates when the injections were adminis- 
tered immediately following the session [18]. During the 
period of chronic ethanol administration each member of the 
POST group was yoked, by weight, to a member of the PRE 
group. This procedure ensured identical ethanol exposure in 
the PRE and POST groups. An isocaloric IP injection control 
group was not employed in this study since the principal 
focus was on the PRE/POST conditions and since the 
isocaloric control issue was specifically addressed in Exper- 
iment 2. As the members of the PRE group demonstrated 
tolerance at a given dose, the daily maintenance dose was 
increased for both it and the yoked POST animal, until the 
maximally tolerable dose was reached. The maximally toler- 
able dose was defined as the dose that did not completely 
suppress responding but which reduced responding to less 
than 20% of the saline baseline performance on DEC-1 for 5 
consecutive sessions. The escalating regimen of ethanol 
doses started at 1.125 g/kg, and in order, progressed to 1.5 
g/kg, 2.25 g/kg, and 3.0 g/kg until the maximal dose was 
reached, at which time the second DEC (DEC-2) was ob- 
tained. The doses employed in this and the subsequent DECs 
were determined in part by the maximally tolerable dose 
achieved by each animal. If the test dose was less than the 
daily maintenance dose, the difference was administered fol- 
lowing the test session. After completion of DEC-2, the dally 
ethanol injections were terminated. The mean number of 
sessions required for the PRE group to achieve maximal 
tolerance at the 1.125, 1.5, 2.25, and 3.0 g/kg doses, respec- 
tively, were 18.5, 13.75, 21.25, and 2.5 sessions. Two rats 
achieved maximal tolerance at the 2.25 g/kg dose and two at 
the 3.0 g/kg dose. 

Operant responding continued on a daily basis between 
DEC-2 and DEC-3 determinations. The loss of tolerance was 
monitored with a 1.5 g/kg challenge dose administered once 
every second week for the next 10 weeks, and then once 
every fourth week for an additional 12 weeks. This was fol- 
lowed (four weeks after the challenge dose) by the third and 

final DEC (DEC-3) determination. Thus, the loss of 
tolerance was monitored for a total of 26 weeks before the 
final DEC determination. 

Experiment 2 

The intent of the second experiment (run after the com- 
pletion of Experiment 1) was to minimize the effects of clas- 
sical conditioning associated with the IP ethanol injection 
procedure by chronically exposing a group of rats (N=4) to 
ethanol in a standard liquid diet (BioServ, Inc.) containing 
40-50% ethanol as calories. This group is designated as ED. 
A control group of rats (N=4, designated as CD) received an 
iso-caloric (maltrose-dextrin added) amount of the liquid diet 
each day. Each CD rat was matched with one of the ED rats 
to determine the amount of control diet it received. In order 
to maintain relatively stable blood ethanol levels throughout 
each day, each ED rat received its daily ethanol diet ration in 
three evenly distributed portions. Following the completion 
of DEC-l, rats in the two groups were given control diets for 
two days. The ED group then began a three-week period on 
the ethanol diet regimen (Week 1: 40% ethanol-derived calo- 
ries; Week 2: 45% ethanol-derived calories; and Week 3: 50% 
ethanol-derived calories. One day after the start of the ED 
group's chronic regimen, the CD rats began to receive their 
iso-caloric amounts of control diet (again for three weeks). 
An independent group of four rats, receiving a similar 
ethanol diet regimen as the ED group in this experiment, had 
tail-vein blood samples taken two days before the end of the 
chronic ethanol period. Standard gas chromatography blood 
ethanol assays were performed and indicated a mean blood 
ethanol level of 85.0 mg% (SE=5.3). 

At the conclusion of the chronic ethanol period, both 
groups were placed on ad lib control liquid diet for two 
weeks. During the latter period, the DEC-2 was determined. 
All animals continued to receive operant training sessions 
2-3 times per week for the next five and one-half months. At 
intervals of four weeks following termination of the chronic 
ethanol diet period, challenge tests of 1.5 g/kg ethanol were 
administered IP 15 min before the operant session. Approx- 
imately 26 weeks following termination of the ethanol diet 
phase, a third DEC was determined (DEC-3). 

For Experiment 2 groups, several other procedures were 
employed at the conclusion of DEC-3 tests. First, in order to 
compare ethanol absorption and elimination rates, blood 
ethanol levels after 1.5 g/kg IP injections of ethanol were 
determined for several post-injection time points. Next, in 
order to determine whether the tolerance observed reflected 
a generalized tolerance to the rate-reducing properties of 
drugs, caffeine dose-effect curves were obtained for per- 
formance on the FR30 operant task (3.2-56 mg/kg; 15 min 
pre-session). Caffeine has rate-reducing properties but obvi- 
ously is not of the same drug class as ethanol [5]. Finally, in 
order to determine whether the chronic ethanol exposure 
regimen had lasting effects on behavior, acquisition per- 
formance on a one-way, active avoidance task was assessed. 
The methods for this last procedure have been described 
elsewhere [19]. Briefly, this procedure consists of training 
the rats to avoid shock by climbing onto a platform within 10 
sec of its being introduced into the avoidance chamber. Re- 
spectively, these latter procedures permitted an assessment 
of possible differences in the ED and CD groups for: (a) peak 
blood ethanol levels and elimination rates; (b) drug sensitiv- 
ity using a dissimilar drug; and (c) long-term chronic effects 
of ethanol exposure (see [40]). 
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FIG. 1. Dose-Effect Curve (DEC) analysis of tolerance development. Means and standard errors for % 
contemporary baseline responses in the Behavioral (A=PRE) and Physiological (B=POST) Tolerance groups 
of Experiment 1 and the ethanol diet (C=ED) and control diet (D=CD) groups of Experiment 2. DEC-I was 
determined before the chronic period, DEC-2, just after the chronic period, and DEC-3, six months after the 
chronic period. (N=4/group) 

Data Analysis 

The response rate data from individual animals were 
analyzed both as absolute numbers (responses/see) and as 
the percent of  saline baseline. The percent data were calcu- 
lated by dividing the response rate at each dose by that of  the 
saline session for that DEC. Since comparable results were 
obtained with both types of  measure,  only the percent of  
baseline data are presented in this report.  Separate three- 
way analyses of  variance (ANOVAs) were performed on the 
data from Experiments 1 and 2 to examine the between- 
subject main effects of  group (PRE vs. POST or CD vs. ED) 
and the within-subject main effects of  dose (0.375--1.50 g/kg) 
and DEC (1-3). Post-hoc comparisons were made with the 
Duncan 's  New Multiple Range Test. Since the doses higher 
than 1.5 g/kg were not included in DEC- l ,  separate two-way 
or three-way ANOVAs were employed to compare groups 
and DEC (2 and 3) at the higher dose(s). To compare the 
development and loss of  tolerance among groups from both 
experiments,  a three-way A N O V A  was performed on the 
data from the 1.5 g/kg ethanal dose at each DEC and the 
monthly challenge doses,  also 1.5 g/kg, following termination 
of  the chronic ethanol regimen. This analysis examined the 
main effects of  group (PRE, POST, ED and CD) and serial 
tests (1-8). 

Finally, to quantify the extent of  shift in ethanol sensitiv- 
ity between DECs 1-3, the estimated ethanol dose which 

was effective in reducing response rates by 50% of saline 
baseline responding (ED50 scores) was calculated for each 
subject and for each DEC. This calculation was based on a 
linear regression of  the log dose and the percent of  saline 
baseline response rate (transformed to standard scores). A 
two-way ANOVA (groups by DEC) was used to examine 
main effects of  groups (between) and DEC (within). 

RESULTS 

Experiment 1: % Baseline Responses 

The data for % Baseline Responses for the PRE and 
POST groups at each DEC and dose level are represented in 
Fig. IA and lB.  Analysis of  these data indicated significant 
main effects for Dose, F(3,18)=20.33, p<0.01,  DEC, 
F(2,12)= 17.44, p<0.01,  and the Group by DEC interaction, 
F(2,12) =5.91, p <0.05, plus a marginally significant Group 
by DEC by Dose interaction effect, F(6,36)=2.29, p<0.10.  
At DEC-2, the PRE group had significantly higher % baseline 
scores than the POST group at the 0.75 (o<0.05) and at the 
1.125, 1.5, and 2.25 g/kg doses (p 's<0.01).  

The PRE group also displayed significant overall differ- 
ences across DECs (p <0.01), these differences being signifi- 
cant at the 0.75, 1.125, and 1.5 g/kg doses (p's<0.01).  At 
each of  the latter doses,  the PRE group displayed higher 
scores on DEC-2 and DEC-3 than on DEC-1. At  the 1.5 and 
2.25 g/kg doses,  the PRE group displayed lower scores on 
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FIG. 2. Tolerance development as indexed by ED50 scores (the 
ethanol dose at which responding is reduced to 50% of contemporary 
baseline levels). Means and standard errors for groups from Exper- 
iments 1 and 2 at each DEC. 

DEC-2 than on DEC-3. The overall differences across DECs 
for the POST group approached significance (p <0.10), how- 
ever significant DEC differences were evident at the 1.5 g/kg 
dose (p <0.01). At the latter dose, the POST group displayed 
higher scores on DEC-2 and DEC-3 than o n  DEC-1 
(p's<0.01). 

This pattern of results reflects several trends: (a) greater 
tolerance development in the PRE than in the POST groups 
at the end of the chronic injection period (DEC-2); (b) a 
persistent but declining level of tolerance in the PRE group 
six months after termination of the chronic injection regimen 
(DEC-3); and (c) a lesser level of tolerance development in 
the POST group at the end of the chronic injection period, 
which persisted, and possibly increased slightly (1.5 g/kg 
dose), during the six months after the chronic period. 

Experiment 2: % Baseline Responses 

The data for % Baseline Responses in the Control (CD) 
and Ethanol Liquid Diet (ED) groups is presented in Figs. 1C 
and 1D. Analysis of these data indicated significant main 
effects for Dose, F(3,18)=38.33, p<0.01, DEC, 
F(2,12)=6.47, p<0.05, Group, F(1,6)=6.47, p<0.05, Group 
by DEC interaction, F(2,12)=6.0"/, p<0.05, and the Group 
by DEC by Dose interaction, F(6,36)=2.59, p<0.05. At 
DEC-2, the ED group displayed higher % baseline scores 
than the CD group at the 0.75, 1.125, 1.5, and 1.875 g/kg 
doses (p's<0.01). At DEC-3 levels, the ED group scores 
were only higher than the CD group scores at the 1.125 and 
1.5 g/kg doses (p's<0.01). 

The ED group, but not the CD group, displayed signifi- 
cant differences among the three DECs (p<0.01). This latter 
difference was significant at the 1.125 and 1.5 g/kg dose 
levels (p's<0.01). At each of the latter doses, the ED group 
displayed higher scores on DEC-2 and DEC-3 than on 
DEC-1 (p's<0.01). Further, the ED group scores were lower 
on DEC-3 than on DEC-2 at the 1.5 and 1.875 g/kg dose 
levels (p's<0.01). 

Asain, this pattern of results reflected tolerance devel- 

450' 

t a  t 2 5 '  (/) 
7 
o 
0. 

iO0 '  
rr 

~ 25 

i 

o I 
D E C - i  

TOLERANCE DEVELOPMENT AND LOSS 
LEGEND: 

~ ,  H P R E  

0 OPOST 

I - - - I E T O H - D  

---E)CONT-D 

e 

0 t 2 3 4 5 6 

MONTHS POST-CHRONIC INJECTION PERIOD 
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tests for group from Experiments 1 and 2. The DEC-I test is indi- 
cated on the figure and Tests 0 and 6 were from DEC-2 and DEC-3, 
respectively. Tests 1-6 were given one month apart beginning one 
month after the chronic period. (N=4/group) 

opment in the ethanol diet group but not the control diet 
group. While the level of tolerance declined by six months 
post-withdrawal, a significant level of tolerance still re- 
mained. 

The next two segments of the Results section compare 
tolerance development and loss across groups in Experi- 
ments 1 and 2, examining first the ED50 metric and then the 
1.5 g/kg ethanol challenge tests. 

Experiments 1 and 2:ED50 Analysis 

The mean ED50 scores for all groups and DECs in Exper- 
iments 1 and 2 are presented in Fig. 2. Analyses of these data 
indicated significant main effects by Groups, F(3,12)=9.77, 
p<0.01, DEC, F(2,24)=28.32, p<0.01, and the Group by 
DEC interaction, F(6,24)=7.34, p<0.01. Significant group 
differences were found at DEC-2 and DEC-3 (p's<0.01), but 
not at DEC-1. At the DEC-2 tests, the CD group had signifi- 
cantly lower ED50 scores than the ED (p<0.01), PRE 
(p<0.01), and POST (p<0.05) groups, and the POST group 
had significantly lower ED50 scores than the PRE (p<0.01) 
and ED (/7<0.05) groups. At the DEC-3 tests, the CD group 
had significantly lower EDS0 values than all other groups 
(p's<0.01), and the PRE, POST, and ED groups were not 
different from one another. 

The ED and PRE groups displayed significant differences 
in their ED50 scores across DECs 09<0.01). The CD group 
showed no changes across DECs and DEC differences in the 
POST group only approached significance (p<0.10). Both 
the ED and PRE groups displayed significant increases in 
their ED50 scores from DEC-1 to DEC-2 and DEC-3 
(p's<0.01). Both of these latter groups also displayed signifi- 
cant decreases in their ED50 scores from DEC-2 to DEC-3 
(ED: p<0.05; PRE: p<0.01). The only significant shift in 
ED50 scores in the POST group was an increase from DEC-1 
to DEC-3 09<0.05). 

These data confirm the % Baseline analyses presented 
earlier. For the behavioral tolerance groups: (a) regardless of 
whether intoxicated practice is attained from pre-session IP 
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FIG. 4. Other tests for Experiment 2 groups (ED and CD) after DEC-3 determinations. (A) Blood 
ethanol levels and (B) caffeine dose-effect curve for operant performance (means and standard errors). 

injections (PRE group) or from drinking the ethanol diet (ED 
group), significant shifts-to-the-right in the ethanol DEC 
were produced;  (b) a significant portion of the tolerance ac- 
quired through intoxicated practice was lost after six months 
following the chronic ethanol regimens; but (c) the level of 
ethanol sensitivity displayed at this six-month post- 
withdrawal test was still significantly less than that for the 
original DEC. The physiological tolerance group displayed a 
different pattern, with a small amount of tolerance evident at 
the termination of  the chronic ethanol regimen (significant 
POST vs. CD difference at DEC-2 but no significant differ- 
ence between DEC-1 vs. DEC-2 in the POST group), and a 
continued development of tolerance evident at DEC-3 (sig- 
nificant difference between DEC-1 vs. DEC-3 in the POST 
group). 

Experiments 1 and 2: Ethanol Challenge Tests 

The % Baseline scores on eight 1.5 g/kg ethanol tests (the 
three DECs and the five monthly tests between DEC-2 and 
DEC-3) for all groups in Experiments 1 and 2 are presented 
in Fig. 3. Analysis of  these data indicate significant main 
effects for Groups,  F(3,12)=43.68, p<0.01,  Ethanol Tests,  
F(7,84)=25.79, p <0.01, and the Groups by Test interaction, 
F(21,84)=5.75, p<0.01.  Significant group differences were 
apparent at all tests except the first one (all p ' s<0 .01)  and 
significant differences across tests were evident in all groups 
except the CD group (all p ' s<0.01) .  The scores for the ED, 
POST, and PRE groups remained significantly higher than 
those for the CD group on all tests after Test 1 (p's<0.01).  

Although the PRE and ED groups did not differ at Tests 1 
and 2 (the first two DECs), by one month after (Test 3) and 
continuing until four months after (Test 6) termination of the 
chronic regimen, the ED group's  scores dropped to levels 
significa.ntly lower than the PRE group (p's<0.01).  Further,  
the ED group differed significantly from the POST group at 
Tests 2 and 3 (p 's<0.01 and 0.05, respectively) but not on the 
remaining tests.  Finally, the PRE group had significantly 
higher scores than the POST group (after DEC-I)  at all but 
the last two tests (p's<0.01).  These latter two findings were 
due both to declining tolerance in the PRE and ED groups 
and to increasing tolerance in the POST group. The PRE 
group displayed significant tolerance loss relative to Test 2 
on all tests after Test 4 (all p ' s<0 .05) ,  while the ED group 
displayed significant tolerance loss on all tests after Test 2 

(p<0.01). In contrast,  the POST group demonstrated a pro- 
gressive increase in tolerance on all tests after Test 2 
(p's<0.05). 

Experiment 2: Other Procedures 

In order to gain some additional understanding of  the na- 
ture of the residual ethanol sensitivity differences between 
the ED and CD groups in Experiment 2, several other proce- 
dures were performed in the first month following comple- 
tion of DEC-3. In order, these procedures were: (a) determi- 
nation of ethanol blood levels at several time points follow- 
ing a 1.5 g/kg ethanol IP dose; (b) caffeine DECs on the FR30 
operant task; and (c) acquisition performance in a one-way 
active avoidance task (criterion of  four consecutive 
avoidances). 

Figure 4A shows the blood ethanol levels for the ED and 
CD groups. Significant t ime-dependent decreases across 
time are evident (p<0.01), but there are no significant group 
differences at any time point. Figure 4B illustrates the caf- 
feine DECs for the two groups. Again, significant dose- 
related decreases in response rate are evident in both groups 
(p<0.01), but no significant differences between groups are 
evident at any dose. Finally, examination of  avoidance ac- 
quisition performance indicates that the ED group took sig- 
nificantly more trials, t(6)=3.97, p<0.01,  to meet the acqui- 
sition criterion (mean=37 trials, SE=5.7)  than the CD group 
(mean= 17.3 trials, SE=  1.3). 

DISCUSSION 

The data from Experiments 1 and 2 indicate several inter- 
esting features regarding the development and loss of  ethanol 
tolerance as reflected by FR30 operant performance. These 
points are summarized as follows. First ,  the opportunity for 
intoxicated practice clearly enhanced the degree of  tolerance 
generated. Tolerance, as measured by shifts in the DEC after 
chronic ethanol exposure,  is greatest in the two groups 
which experienced prolonged intoxicated practice (i.e., the 
PRE and ED groups). The physiological tolerance group 
(i.e., POST) displayed tolerance at a level significantly lower 
than the PRE or ED groups but significantly higher than the 
CD group, which showed no tolerance development at all. 
Secondly, both the "behaviora l"  tolerance groups (PRE and 
ED) displayed some tolerance loss when tested six months 
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after the end of the chronic ethanol period, but the level of 
tolerance was still significantly greater than that for the CD 
group. Analysis of ethanol tests during this six-month inter- 
val revealed that the PRE group's decrease in ethanol 
tolerance was gradual, while the decline in the ED group was 
quite abrupt. The POST group never displayed tolerance loss 
but, in fact, showed a slight, but progressive, increase in 
tolerance during this six-month interval. Third, blood 
ethanol determinations suggested that the differences in 
ethanol sensitivity between the ED and CD groups are not 
attributable to differences in absorption or elimination of 
ethanol. Fourth, age-related changes cannot account for the 
persistence of decreased ethanol sensitivity since no such 
changes were detected in the CD group. Fifth, there did not 
appear to be a general decline in drug sensitivity in the ED 
group (no differences between the ED and CD groups in their 
sensitivity to caffeine was detected). Finally, the ED group 
displayed a deficit in acquiring a learned active avoidance 
behavior compared to the CD group. The latter finding is 
similar to that reported earlier for rodents exposed to a 
chronic ethanol diet [19]. 

One particularly noteworthy aspect of these data is the 
persistence of decreases in ethanol sensitivity in the PRE, 
POST, and ED groups. Few reports indicate that ethanol 
tolerance persisted as long as described here [5, 16, 35], and 
fewer still document such tolerance effects with complete 
dose-effect analyses [5]. It is quite possible that the in- 
frequent and widely spaced ethanol challenges given during 
the six-month post-withdrawal period may have acted to 
maintain tolerance in these groups. However, this schedule 
of tests clearly cannot induce tolerance by itself. No trace of 
tolerance development was evident in the CD group which 
received no chronic ethanol, but did receive a similar pattern 
of DEC determinations and ethanol challenges (17 sessions 
in all). This is compatible with another report indicating that 
tolerance was not produced for treadmill performance with 
ethanol exposure every four days [26]. However, in animals 
which had reached a significant degree of tolerance earlier 
(PRE and ED groups), this schedule of intoxicated practice 
opportunities may have been sufficient to maintain a signifi- 
cant portion of this tolerance for at least six months after 
chronic ethanol exposure. In addition, in animals which had 
extensive exposure to ethanol, but without intoxicated prac- 
tice or significant tolerance development (POST group), this 
schedule of intoxicated practice opportunities was sufficient 
to induce a progressive increase in tolerance even after 
chronic ethanol exposure was discontinued. Further work is 
underway to assess the role of these continued intoxicated 
practice sessions in the maintenance or the further develop- 
ment of tolerance. A comparable long-term tolerance effect 
in humans would appear to constitute an obvious risk factor 
in "recovering" alcoholics and, consequently, could have 
important implications for treatment strategies. 

As noted earlier, some have suggested that behavioral 
tolerance may develop through Pavlovian conditioning when 
cues associated with ethanol administration come to elicit a 
conditioned compensatory response opposite in direction to 
ethanol's acute effects [29,30]. Such stimulus-control of op- 
erant behavior also can occur [40]. An environmentally- 
dependent model does not appear appropriate here, how- 
ever, since in Experiment 2 the ED group developed a con- 
siderable degree of tolerance, despite the fact that the cues 
associated with the chronic diet and those associated with 
the IP test injections are clearly different. It is interesting 
that the ED group displayed a more rapid decline in 

tolerance after withdrawal from ethanol than did the PRE 
group. It will be recalled that the liquid diet groups remained 
on the control diet regimen during the DEC-2 determinations 
but were subsequently placed on ad lib lab chow. It is possi- 
ble that the absence o f  the liquid diet during all subsequent 
ethanol tests contributed to the more rapid decline in 
tolerance seen in the ED group. However, the present data 
are not conclusive regarding this point. The slower loss of 
tolerance in the PRE versus the ED group may be due to 
higher blood ethanol levels in the PRE group during chronic 
injections (a 1.5 g/kg dose yields levels ranging from 140-190 
mg%) relative to the blood levels produced by the ethanol 
diet at the time of testing (i.e., an average of 85 mg%). 
Further work is underway to examine these possibilities. 

It has been proposed that the extent of tolerance devel- 
opment may reflect an interaction between the ethanol dose 
and the specific behavioral demands placed upon the animal 
while intoxicated [39,42]. In Experiment 1, it would appear 
that passive exposure to ethanol in the POST group inter- 
acted with the limited amount of intoxicated practice experi- 
enced by that group during challenge sessions to produce the 
level of tolerance noted at the end of the experiment. The CD 
group, which had a comparable number of intoxicated prac- 
tice sessions during DEC determinations and the ethanol 
challenge session, developed no tolerance at all. The POST 
group had a degree of ethanol exposure equivalent to the 
PRE group. However, only a modest amount of tolerance 
was evident in the POST group at DEC-2, after the chronic 
injection period. The POST group in the present study, how- 
ever, eventually did display a significant shift in ED50 scores 
(relative to DEC-I), but only at the end of the study (DEC-3) 
after numerous ethanol challenge tests. These latter chal- 
lenge doses would appear to provide additional intoxicated 
practice experience with minimal additional ethanol expo- 
sure. These results are consistent with the suggestion [41,42] 
that such intoxicated practice in post-injection groups during 
ethanol test or challenge sessions may have prompted 
learned behavioral adjustments in the POST as well as the 
PRE groups. 

From the above discussion, the question remains con- 
cerning the nature of the post-session ethanol intoxication 
experience. One recent study [38] suggests that such post- 
session ethanol injections also may produce a "learning" 
influence on the target behavior, even though that behavior 
occurred without intoxicated practice. In the case of the 
POST group in this present study, the animal may have 
learned some unspecified adaptive behavior while intoxi- 
cated in its home cage (e.g., adjusting to ethanol's ataxic 
effects). Further, it is documented that behaviors not under 
the explicit control of external stimuli (as in the post- 
injection condition) are more sensitive to control by internal 
stimuli [31]. Thus, the ethanol cue itself, according to this 
argument, may be sufficient to re-elicit any learned adaptive 
behavior on subsequent tests with ethanol. Clearly, more 
research is required to assess this hypothesis. 

Finally, the exact nature of the putative compensatory 
responses which are supposed to be acquired through intoxi- 
cated practice also is unknown at this time. From the present 
results it is unknown whether such compensatory processes 
are under stimulus control by context factors related both to 
the cue properties of ethanol and to the specific stimuli 
associated with its administration. Similar context-specific 
tolerance effects have been reported for the effects of chlor- 
diazepoxide in a Geller-Seffter conflict task [14] and recently 
for the effects of midazolam on spontaneous locomotor ac- 
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tivity and shock- induced suppress ion o f  l ocomoto r  act ivi ty  
[9]. Addit ional ly,  it has p roven  difficult to direct ly measure  
condi t ioned compensa to ry  responses .  Invest igators  seeking 
to detec t  a compensa to ry  hyperac t ive  response  in experi-  
ments  employ ing  act iv i ty-depress ing drugs somet imes  have  
been  successful  [21,33] and somet imes  not  [17]. King and 
col leagues [21] have  suggested at least  three possible sources  
o f  difficulty in assessing the compensa to ry  response  effect.  
First ,  the  drug cue itself, alone or  in combina t ion  with o ther  
con tex t  cues ,  may  be an impor tant  componen t  of  the 
st imulus which elicits the compensa to ry  response.  The  re- 
suits o f  Expe r imen t  2 o f  the present  invest igat ion indicate 
that the control  diet plus the e thanol  state p roduced  by IP 
inject ions was sufficient to produce  e thanol  to lerance effects 
observed  at DEC-2  in the E D  group.  Second,  some condi-  
t ionable physiological  mechan i sm (e.g.,  pept ide release)  
might counte rac t  drug effects but  p roduce  no not iceable  ef- 

fect  on behav ior  in the absence o f  the drug. Such a mech-  
anism may  prove  difficult to demons t ra te  aside f rom showing 
that  manipulat ion of  one or  more  endogenous  agents acts to 
enhance  or  p reven t  to lerance deve lopment .  Finally,  the 
condi t ioned tolerance effect may not  depend on compensa-  
tory processes  at all, but ra ther  on some o ther  associa t ive  
mechanism,  such as habituat ion (see [36]). One potential  
solution to the problems in assessing possible compensa tory  
responses  may  lie in contrast ing such condi t ioned effects 
against another  behavior .  Dickenson  [12] cites this strategy 
as useful in detect ing condi t ioned inhibitory effects.  In the 
present  context ,  to lerance deve loped  to e thanol ' s  depressant  
effects on FR30 operant  per formance  might be tested in a 
task sensit ive to the hypothet ical  " ra te - increas ing  compen-  
satory b e h a v i o r "  (e.g., a D R L  task). Such a study is cur- 
rently underway  in this laboratory.  
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