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Abstract
Ethanol drinking was assessed in the P/NP, HAD1/LAD1, and HAD2/LAD2 lines of rats under
environmental conditions that produce schedule-induced polydipsia. Female rats (n = 8/line),
maintained at 85% of free-feeding body weights, underwent daily 1-h sessions during which 45-mg
food pellets were delivered every 60 s. Water, 2, 4, 8, 16, or 32% w/v ethanol solution was available
from a single bottle for 8 consecutive sessions at each concentration, with blood-ethanol levels
(BELs) determined after selected sessions. P and HAD2 rats drank more water and ethanol than their
non-preferring counterparts, while HAD1 and LAD1 rats did not differ. Ethanol intake and BELs
were positively correlated (r = 0.75) across lines. Finally, rats were allowed 14 daily choice sessions
with 8% ethanol and water concurrently available. Water intake generally exceeded ethanol intake
in all lines, while P rats drank similar amounts of both fluids. These line differences indicate
pleiotropic effects of genes that mediate ethanol intake and schedule-induced behaviors.
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It is well accepted that alcoholism is a complex behavioral genetic trait accounted for by the
interaction effects of multiple genes and environmental factors (Crabbe 2002; Enoch and
Goldman 2001). A useful approach to the development of an animal model of the genetic
contribution to alcohol drinking has been the development of programs in which rats are
selectively bred for extremes of high and low voluntary oral alcohol consumption (Lumeng et
al. 1995). Perhaps the most powerful, albeit controversial, animal model of the contribution of
environmental factors to excessive alcohol drinking is drinking engendered by schedule-
induced polydipsia (Falk 1998). The purpose of the present investigation is to study gene-
environment interactions by examining alcohol drinking by selectively bred rats under
conditions that produce schedule-induced polydipsia.

The alcohol-preferring (P) and-nonpreferring (NP) lines were developed at Indiana University
through bidirectional selective breeding from a randomly bred closed colony of Wistar rats
from the Walter Reed Army Institute of Research, Washington, D.C. (Lumeng et al. 1977; Li
et al. 1991). The selection criterion for P rats is intake greater than 5 g ethanol/kg body weight/
day and the selection criterion for NP rats is intake less than 1.5 g ethanol/kg body weight/day
with 10% (v/v) ethanol, water, and food continuously available (Lumeng et al. 1977). The P
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rats have characteristics important for an animal model of alcoholism (Cicero 1979). Voluntary
oral consumption of ethanol by P rats results in high blood ethanol concentrations (50–250 mg
%) even in the presence of food and water (Murphy et al. 1986). P rats consume ethanol for
its pharmacological effects rather than its taste, smell or caloric content, as evidenced by
intragastric (Waller et al. 1984) and intracerebral (Gatto et al. 1994) self-administration of
ethanol. Finally, chronic voluntary ethanol consumption results in tolerance (Gatto et al.
1987) and physical dependence (Waller et al. 1982) in P rats.

The high alcohol-drinking (HAD) and low alcohol-drinking (LAD) rat lines also were
developed at Indiana University and have been selectively bred for high and low alcohol
preference and consumption using similar phenotypic criteria to those used for the P and NP
lines (Li et al. 1993). However, the HAD and LAD lines were derived from the N/Nih stock
rat, which was developed from crossing eight inbred rat strains with a wide range of alcohol
intakes (Li and Lumeng 1984). The ethanol consumption of the N/Nih stock animals is
intermediate in the range of the eight inbred strains from which the N/Nih rats were derived
(Li and Lumeng 1984). Thus, the HAD and LAD rat lines were derived from a more
heterogeneous foundation stock than the Wistar stock rats used to derive the P and NP rat lines,
and should have greater genetic diversity than the P and NP lines. Within-family selection and
a rotational breeding design were used to discourage inbreeding. Replicate lines (HAD1/LAD1,
HAD2/LAD2) were independently developed.

In a classic study of schedule-induced polydipsia, Falk (1961) reduced rats to 80% of their
free-feeding body weight and allowed them to lever-press on a variable interval 1-min (VI 1)
schedule for single 45-mg food pellets, with water available. Previously normal water intake
by these rats increased to nearly one half of body weights, a level of intake far beyond that
which is necessary to maintain water balance (Falk 1961). Schedule-induced polydipsia has
since been demonstrated in a variety of species ranging from macaques to humans (see Falk
1998). In this procedure, substitution of ethanol solution for water results in substantial ethanol
intake (Lester 1961; Freed and Lester 1970).

In a study designed to maximize daily ethanol intake and induce physical dependence on
ethanol (Falk et al. 1972), weight-reduced rats were exposed daily to six 1-h polydipsia sessions
across each 24-h period, with 5% (v/v) ethanol available. During three months of exposure,
rats consumed more than 13 grams ethanol per kilogram body weight (g/kg) per day, and
exhibited audiogenic seizures following discontinuation of polydipsia sessions. Perhaps more
impressive, rats exposed daily to 3-h polydipsia sessions with 5% (v/v) ethanol available
consumed about 6 g/kg ethanol per session, and exhibited signs of hyperexcitable behavior
following the removal of ethanol (Tang and Falk 1983).

Schedule-induced polydipsia is the most well-researched example of adjunctive behavior,
defined explicitly as a behavior maintained at high probability not by variables which directly
affect its unconditioned, conditioned, or operant probability, but rather by variables which
determine the probability of some other class of behavior (Falk 1971). That is, adjunctive
behaviors are normal behaviors that occur in excess due to seemingly unrelated conditions of
intermittence (Falk 1981). There has been considerable debate in the literature as to whether
schedule-induced polydipsia is capable of providing a good animal model of alcoholism. The
primary issues of concern have been whether food-deprived animals are drinking ethanol
strictly for its caloric value (Freed and Lester 1970), that the effects of intermittent schedules
are not specific for ethanol drinking (Falk 1971), and whether or not schedule induction can
reliably cause ethanol dependence in animals (Heintzelman et al. 1976).

The P/NP, HAD1/LAD1, and HAD2/LAD2 pairs of lines are selected on the basis of homecage
ethanol drinking (preference under 2-bottle free-choice continuous access conditions).
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However, the genes which have been selected for homecage ethanol preference are likely not
identical to the genes which account for ethanol drinking under different environmental
conditions. For example, the selectively bred rat lines were tested for operant self-
administration, during which delivery of small amounts of ethanol solution was contingent on
lever press responding during daily 30-min sessions (Samson et al. 1998). About two-thirds
of the genetic variance across these pairs of lines in operant self-administration is accounted
for by the genes selected for homecage drinking, indicating that some genes have pleiotropic
effects on both operant and homecage ethanol drinking, and that multiple genes contribute to
each individual behavior (i.e., epistasis; Samson et al. 1998). When one behavior differs
between lines selectively bred to diverge on a second behavior, a genetic correlation is said to
exist between these two behavioral traits. Therefore, it is of interest to examine whether selected
differences in homecage ethanol drinking are genetically correlated with differences in
susceptibility to adjunctive behavior (i.e. schedule-induced polydipsia). Inbred strains of mice
known to drink large (C57BL/6J) and small (DBA/2J) amounts of ethanol (Crabbe 2002) have
been tested for polydipsic water and ethanol intake using 1-h sessions with intermittent food
delivery (Mittleman et al. 2003). When presented with 5 10, or 20% (v/v) ethanol in a single-
bottle test, C57BL/6J mice drank greater amounts than DBA/2J mice, but these two strains did
not differ in fluid intake when water was presented in a single-bottle test (Mittleman et al.
2003).

The purpose of the present study was to examine the effects of response-independent
intermittent scheduled delivery of food pellets on water- and ethanol-drinking behavior in lines
of rats selectively bred for high and low alcohol preference. This approach was used to reveal
any genetic correlations that exist between selection for homecage ethanol drinking and
susceptibility to schedule-induced polydipsia. Behavioral differences were compared between
the lines of each selected pair and also across pairs of selectively bred lines.

Method
Subjects

Subjects were 48 experimentally naïve female rats bred at the Indiana University School of
Medicine. Following reduction to 85% of free-feeding body weight, P (n = 8) and NP (n = 8)
rats from the 52nd generation of selective breeding weighed 243.3 (±3.7) g and 254.8 (±3.0)
g, respectively; HAD1 (n = 8) and LAD1 (n = 8) rats from the 40th generation of selective
breeding weighed 154.2 (±3.4) g and 176.0 (±16.2) g, respectively; and HAD2 (n = 8) and
LAD2 (n = 8) rats from the 38th generation of selective breeding weighed 157.5 (±4.2) g and
174.1 (±4.7) g, respectively. All rats were double-housed in plastic tub-style cages in a vivarium
maintained on a 12:12 h light/dark cycle (lights off at 1900 h). Water was always available ad
libitum. Food (Lab Diet 5001, PMI Nutrition International Inc., Brentwood, MO) was available
immediately following operant sessions (see below). The protocol for this study was approved
by the IUPUI School of Science IACUC and was conducted in accordance with NIH guidelines
(National Research Council 1996).

Apparatus
Sessions took place in Habitest operant cages (Coulbourn Instruments; Allentown, PA) with
dimensions of approximately 26 cm L × 29 cm W × 29 cm H. The floor of the operant cages
consisted of parallel metal bars, and 2 sides of the boxes were metal while 2 sides were
transparent plexiglass. No levers were available in the operant box during sessions. A food
receptacle was located on one wall of the box. On the wall opposite the food receptacle were
two holes through which sipper tubes attached to graduated cylinders were inserted. During
the concentration response phase, only one sipper tube was available, and during the two-bottle
choice phase, two sipper tubes were available.
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Sessions
For 1 h each day, rats were placed in an operant chamber where single 45-mg food pellets were
delivered on a fixed-time (FT)-1 schedule. Rats were not required to perform an operant
response to receive food pellets. This FT-1 schedule was used for both the concentration
response phase and the two-bottle choice phase (see below). There was a house light within
the operant chamber. Following each daily session in the operant chamber, rats were weighed,
placed in tub-style cages alone, and given an amount of food appropriate to maintain them at
85% of their free-feeding body weight. All sessions for each individual rat occurred in the same
operant chamber. The walls of the operant chambers, floor grids, and trays were cleaned
between all rats.

Concentration response phase
Rats were food-deprived to 85% of their free-feeding body weight and then maintained at this
body weight for several days before operant sessions began. Each day, during the vivarium
light cycle, rats were placed in operant chambers as described above. The side of the chamber
on which the available fluid was placed was alternated daily.

Rats underwent between 16 and 20 daily operant sessions during which water was available
from a single sipper tube. Thereafter, rats were administered consecutive blocks of 8 daily
sessions in which ascending concentrations (2, 4, 8, 16, 32% [w/v]) of ethanol solution were
available from a single sipper tube. The 8% (w/v) ethanol solution was then reintroduced as
the sole fluid available during daily sessions in order to determine blood-ethanol levels (BELs).
This ethanol concentration remained the only fluid available during daily sessions until rats
met criterion for BEL assessment. Criterion required that each rat consume an amount (ml) of
8% (w/v) ethanol solution no less than the mean volume consumed (ml) from its previous 8-
day block of sessions at the same ethanol concentration.

Two-bottle choice test
Finally, 14 consecutive daily choice sessions were given in which 8% (w/v) ethanol and water
were concurrently available from two sipper tubes. The side of the chamber on which the
ethanol was placed was alternated daily.

Blood-ethanol level determination
In order to determine BELs, blood was collected from animals by cutting the tip of the tail.
Blood samples were collected immediately following selected sessions in which only 8% (w/
v) ethanol was available. BELs were determined with an alko-analyzer (AM1 series, Analox
Instruments Ltd., MA) that measures oxygen levels (proportional to ethanol concentrations)
following oxidation of ethanol to acetaldehyde and hydrogen peroxide by alcohol oxidase.

Data analysis
The amount of fluid consumed was determined according to the graduated marks on hanging
bottles attached to the sides of operant cages. Volumes of water (ml) and ethanol (ml) consumed
as well as ethanol intake (g/kg) during the ethanol concentration response phase were analyzed
using 2-way and 3-way mixed-design (line and/or replicate as between-subjects factors and
ethanol concentration as a within-subjects factor) ANOVAs. Volumes of water and ethanol
(ml) consumed during the choice phase were compared using similar 2-way and 3-way mixed-
design ANOVAs. Planned paired-samples t-tests were used to compare water and ethanol
intake within lines. Comparison of ethanol intake (g/kg) and ethanol preference ratio (ethanol/
total; E:T) during the choice phase were analyzed using 2-way and 3-way mixed-design (fluid
as a within-subjects factor) ANOVAs and independent-samples t-tests. The relationship
between ethanol intake (g/kg) and BELs were analyzed using simple regression analysis.
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Comparison of mean BELs between replicates and lines were analyzed using 1-way and 2-way
ANOVAs and independent-samples t-tests. In all cases, significance was determined at P <
0.05. Post-hoc analyses were conducted using the Student-New-man-Keuls method where
appropriate.

Results
Fluid consumption during ethanol concentration response phase

P and NP rats—A 2-way (line × ethanol concentration) ANOVA revealed that P rats
consumed significantly more fluid (ml) during daily sessions than NP rats, F(1, 14) = 48.77,
P < 0.001, as well as a significant effect of ethanol concentration, F(5, 70) = 59.81, P < 0.001,
and a significant line × concentration effect, F(5, 70) = 3.05, P = 0.015, on fluid intake (see
Fig. 1). Post-hoc analyses revealed that, across 8-day blocks, P rats consumed significantly
more water, 2% ethanol, 4% ethanol, and 8% ethanol than NP rats (P < 0.01 in all cases). An
independent-samples t-test indicated that P rats weighed significantly less than NP rats
throughout the concentration response phase, t(14) = 2.59, P = 0.022.

Also shown in Fig. 1, a separate 2- way (line × ethanol concentration) ANOVA revealed that
P rats exhibited significantly higher ethanol intake (g/kg) during daily sessions than NP rats,
F(1, 14) = 131.47, P < 0.001, as well as a significant effect of ethanol concentration, F(4, 56)
= 9.18, P < 0.001, and a significant line × ethanol concentration effect, F(4, 56) = 10.29, P <
0.001. Post-hoc analyses revealed that, across 8-day blocks, P rats exhibited significantly
higher ethanol intake (g/kg) than NP rats at every concentration tested (P < 0.001 in all cases).

HAD and LAD replicate lines of rats—A 3-way (line × replicate × ethanol concentration)
ANOVA on volume of fluid (ml) consumed revealed a significant effect of ethanol
concentration, F(5, 140) = 125.50, P < 0.001, a line × replicate interaction effect, F(1, 28) =
19.85, P < 0.001, and a line × replicate × ethanol concentration interaction effect, F(5, 140) =
8.49, P < 0.001. A separate 3-way (line × replicate × ethanol concentration) ANOVA on ethanol
intake (g/kg) revealed that HAD rats consumed significantly more ethanol than LAD rats, F
(1, 28) = 8.02, P = 0.008, as well as a significant effect of ethanol concentration, F(4, 112) =
5.52, P < 0.001, and significant interaction effects of replicate × ethanol concentration, F(4,
112) = 7.30, P < 0.001, and line × replicate, F(1, 28) = 6.19, P = 0.019. These interaction effects
were a result of less divergence in fluid and ethanol intake in the HAD1/LAD1 pair of lines as
compared to the HAD2/LAD2 pair of lines (see below). Finally, a 2-way (line × replicate)
ANOVA on water intake revealed a significant line × replicate interaction effect, F(1, 28) =
16.80, P < 0.001, but no significant main effects. A 2-way (line × replicate) ANOVA indicated
that HAD rats weighed less than LAD rats throughout the concentration response phase, F(1,
28) = 45.28, P < 0.001.

Figure 2 illustrates that a 2-way ANOVA (line × ethanol concentration) on volume of fluid
(ml) consumed in only HAD1 and LAD1 rats revealed a significant effect of ethanol
concentration, F(5, 70) = 67.03, P < 0.001, but not rat line. Also shown in Fig. 2, a separate 2-
way ANOVA (line × ethanol concentration) on ethanol intake (g/kg) in only HAD1 and LAD1
rats revealed a significant effect of ethanol concentration, F(4, 56) = 5.37, P < 0.001, but not
rat line. A planned independent-samples t-test indicated that HAD1 and LAD1 rats drank
similar amounts of water when it was the only fluid available during test sessions, t(14) = 1.82,
P > 0.05.

Figure 3 illustrates that a 2-way ANOVA (line × ethanol concentration) on volume of fluid
(ml) consumed in only HAD2 and LAD2 rats revealed significant effects of rat line, F(1, 14)
= 21.74, P < 0.001, and ethanol concentration, F(5, 70) = 60.68, P < 0.001, as well as a
significant line × ethanol concentration interaction effect, F(5, 70) = 8.24, P < 0.001. Post-hoc
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analyses revealed that, across 8-day blocks, HAD2 rats consumed significantly more water,
2% ethanol, and 4% ethanol than LAD2 rats (P < 0.05 in all cases). Also shown in Fig. 3, a
separate 2-way ANOVA (line × ethanol concentration) in only HAD2 and LAD2 rats revealed
that HAD2 rats exhibited significantly higher ethanol intake (g/kg) than LAD2 rats, F(1, 14)
= 8.99, P < 0.01, as well as a significant effect of ethanol concentration, F(4, 56) = 5.37, P <
0.001, on ethanol intake (g/kg). Finally, a planned independent-samples t-test indicated that
HAD2 rats drank significantly more water than LAD2 rats when it was the only fluid available
during test sessions, t(14) = 3.81, P < 0.01.

Fluid consumption during two-bottle choice test
Figure 4 shows average intake of 8% ethanol and water, as well as ethanol (E:T; ethanol/total
fluid) preference, across the 14-day choice phase. A 2-way (line × fluid) ANOVA of the P and
NP data yielded no significant effects (P > 0.05 in all cases). A 3-way (line × replicate × fluid)
ANOVA of the HAD and LAD data revealed that, across both replicate and lines, rats drank
more water than ethanol, F(1, 28) = 35.22, P < 0.001. Planned paired-samples t-tests indicated
that HAD1 rats, t(7) = 2.52, P < 0.05, LAD1 rats, t(7) = 3.51, P < 0.01, and LAD2 rats, t(7) =
4.27, P < 0.001, drank significantly more water than 8% ethanol across the 14-day choice
phase. HAD2 rats and NP rats exhibited a tendency toward drinking more water than ethanol
(P < 0.08), while P rats drank similar amounts of water and ethanol over the same time period.

Table 1 shows mean ethanol intake (g/kg) during the choice phase. A 2-way (line × replicate)
ANOVA indicated that, across replicates, HAD rats exhibited significantly higher ethanol
intake (g/kg) than LAD rats, F(1, 28) = 9.30, P < 0.01. A separate set of independent-samples
t-tests indicated that HAD2 rats exhibited significantly higher ethanol intake (g/kg) than LAD2
rats, t(14) = 2.58, P < 0.05, and P rats exhibited significantly higher ethanol intake (g/kg) than
NP rats, t(14) = 12.12, P < 0.001. There was no significant difference in ethanol intake (g/kg)
between HAD1 and LAD1 rats (P > 0.05).

Figure 4 also illustrates ethanol preference ratios in the P/NP, HAD1/LAD1, and HAD2/LAD2
pairs of rat lines. An independent-samples t-tests indicated that P rats had significantly higher
ethanol preference than NP rats, t(14) = 4.63, P < 0.001. A 2-way (line × replicate) ANOVA
indicated that, across replicates, HAD rats exhibited significantly higher ethanol preference
than LAD rats, F(1, 28) = 9.47, P < 0.01. Planned independent-samples t-tests further revealed
that HAD1 rats had significantly higher E:T preference than LAD1 rats, t(14) = 2.19, P < 0.05,
and HAD2 rats had significantly higher E:T preference than LAD2 rats, t(14) = 2.16, P < 0.05.

Blood-ethanol levels
Figure 5 consists of scatter plots of ethanol intake (g/kg) and BELs (mg%) in individual rats
of the P/NP pair of rat lines, the HAD1/LAD1 pair of rat lines, and the HAD2/LAD2 pair of
rat lines. Regression analysis indicated that, within the P/NP pair of rat lines, ethanol intake
(g/kg) and BELs were positively correlated, r(14) = 0.96, P < 0.001. Within the HAD1/LAD1
pair of rat lines, ethanol intake (g/kg) and BELs were positively correlated, r(14) = 0.69, P <
0.01. Also, within the HAD2/LAD2 pair of rat lines, ethanol intake (g/kg) and BELs were
positively correlated, r(14) = 0.53, P < 0.05. Finally, across all rats, ethanol intake (g/kg) and
BELs were positively correlated, r(14) = 0.68, P < 0.001.

For sessions during which blood samples were collected, mean BELs as well as mean ethanol
intake (g/kg) for all lines of rats are shown in Table 2. A 2-way (line × replicate) ANOVA
indicated that, across replicates, HAD rats had higher BELs than LAD rats, F(1, 28) = 14.94,
P < 0.001). An independent samples t-test showed that P rats had higher BELs than NP rats, t
(14) = 20.57, P < 0.001).
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Discussion
In the present investigation, three pairs of rat lines selectively bred for high and low ethanol
preference were tested for differences in polydipsic behavior induced by an intermittent
schedule of food deliveries. In a single-bottle situation, P rats and HAD2 rats consumed more
fluid relative to their nonpreferring counterparts when that fluid was water or a low to moderate
ethanol concentration. P rats and HAD2 rats also exhibited significantly higher ethanol intake
(g/kg) under these conditions than NP and LAD2 rats, respectively. In contrast, HAD1 rats did
not drink more fluid (water or ethanol), nor did they differ from LAD1 rats on ethanol intake
(g/kg). When a choice between water and ethanol was available, P rats drank similar amounts
of both fluids, whereas all other lines preferred water to ethanol. P rats and HAD2 rats exhibited
significantly higher ethanol intake (g/kg) during the choice phase than their nonpreferring
counterparts, whereas HAD1 rats did not. These results indicate that the genes that govern
ethanol preference might also play a role in susceptibility to schedule-induced polydipsia.

In the single-bottle situation, P and HAD2 rats drank significantly more water than NP and
LAD2 rats under intermittent schedule conditions, and HAD1 and LAD1 rats did not differ in
water intake, despite the fact that P/HAD1/HAD2 rats weighed less than their nonpreferring
counterparts. Alcohol-preferring rats do not drink more water than alcohol-nonpreferring rats
under normal environmental conditions (unpublished observations from this lab). Since all
lines of rats were similarly maintained at 85% of their free-feeding body weight and had ad
libitum access to water in the home cage, it is unlikely that alcohol-preferring rats were more
motivated to consume water during test sessions because of food deprivation schedules inherent
to this procedure. It is also unlikely that increased water intake by P/HAD2 rats relative to NP/
LAD2 rats was due to prandial (post-feeding) effects because all rats received equivalent
amounts of food on identical delivery schedules during test sessions, and also alcohol-
preferring rats weighed less than non-preferring rats. Taken together, these results suggest that
a genetic correlation exists between ethanol preference and schedule-induced water intake.

P rats and HAD2 rats also exhibited significantly higher ethanol intake (g/kg) than NP rats and
LAD2 rats during test sessions in which it was the only fluid available. This result was
anticipated since these pairs of rat lines are selectively bred to diverge on this behavioral trait.
Unexpectedly, HAD1 rats did not consume more ethanol than LAD1 rats during single-bottle
sessions because (a) HAD1 rats exhibited lower ethanol intake (g/kg) than rats of the HAD2
replicate line (although consumption by HAD1 rats more closely resembled consumption by
P rats), and (b) LAD1 rats consumed the same amount of ethanol as rats in the LAD2 replicate
line (and both of these lines consumed more ethanol than NP rats). This result is especially
peculiar because another study that examined limited-access intake by all three pairs of lines
indicated that the HAD1/LAD1 pair of lines is at least as divergent, if not more divergent than
the P/NP and HAD2/LAD2 pairs of lines (Samson et al. 1998). In that study, operant intakes
(g/kg) by HAD1 and HAD2 rats were similar to each other and greater than intake by P rats
across multiple ethanol concentrations; intakes by LAD1 and LAD2 rats were similar to each
other and less than intake by NP rats across multiple ethanol concentrations. Therefore, in that
study, the P/NP pair of lines was less divergent than the HAD/LAD replicate pairs of lines.
This discrepancy may be attributable to the different reinforcement schedules in the two studies,
or the sucrose-substitution procedure employed by Samson et al. (1998).

It is beyond the scope of these data to explicitly calculate heritability (h2) estimates of schedule-
induced polydipsia, mainly because rats from a single generation of each selected line were
tested. However, studies in mice have also suggested a genetic component of schedule-induce
ethanol polydipsia (Mittleman et al. 2003; Goldowitz et al. 2006). It would be of great interest
to repeat the present experiment in rats from subsequent breeding generations to determine
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how the genetic correlation between ethanol preference and schedule-induced polydipsia may
have changed over time.

Perhaps the most impressive result of this experiment was the amount of ethanol (g/kg)
consumed by rats during 1-h sessions under intermittent schedule conditions. All of the alcohol-
preferring rat lines surpassed 3 g/kg ethanol intake at some point during the ethanol
concentration response phase, and HAD2 rats even consumed amounts of ethanol in 1 h that
approached the selection criterion 24-h intake (∼5 g/kg ethanol). Likewise, LAD1 and LAD2
rats, which are selected to drink less than 1.5 g/kg ethanol per day, consumed substantial
amounts of ethanol (2–3 g/kg) during 1-h test sessions (NP rats never reached 1 g/kg ethanol
intake). These results indicate that polydipsic behavior induced by intermittent reinforcer
schedules works additively with genetic susceptibilities to drink ethanol, cooperatively in the
case of alcohol-preferring rats and antagonistically in the case of alcohol-nonpreferring rats.
This study reflects the powerful control that intermittent food schedules can exert over ethanol
drinking, regardless of genetic selection. This result is partly consistent with another study that
showed the ability of intermittent ethanol sipper tube presentations to produce increases in
ethanol intake (g/kg), although that effect was not augmented by response-non-contingent
intermittent food deliveries (Tomie et al. 2006).

During the choice phase of this experiment, rats either consumed similar amounts of water and
ethanol (P, HAD2, and NP rats) or significantly preferred water over ethanol (HAD1, LAD1,
and LAD2 rats). This pattern of results seems to contradict the high- and low-ethanol-
preference traits presumably instilled in these animals by many generations of selective
breeding. However, these lines of rats are selected for high and low ethanol preference on the
basis of continuous-access home cage drinking, and the genes that mediate ethanol drinking
under different environmental conditions are not necessarily identical (Samson et al. 1998).

An alternative explanation for the lack of ethanol preference in the P and HAD lines might be
that fluids were presented to these animals in single-bottle situations prior to the choice phase.
Quantities of ethanol consumption by an organism are dependent on prior ethanol drinking
initiation procedures (Samson and Czachowski 2003). Furthermore, prior experience with a
single adjunctive behavioral option may attenuate the expression of a second adjunctive
behavior when both behavioral options are available together (Williams et al. 1992). More
specifically, all rats in this study were first trained in sessions during which water was the sole
fluid available, followed by the ethanol concentration response phase, and then the two-bottle
choice phase. It is possible that schedule-induced ethanol intake and preference ratio during
the choice phase were affected by the availability of water as the sole fluid during the training
phase.

The lack of preference for ethanol over water by any line of rats argues against the caloric
hypothesis regarding polydipsic ethanol intake by rats, since rats reliably chose the noncaloric
fluid over the caloric fluid. It is likely that at the doses and BELs obtained, many of the rats
tested in this experiment are experiencing the pharmacological effects of ethanol, although this
does not necessarily indicate that those effects are the primary cause of the high ethanol intake.
Tang et al. (1982) showed a complete reversal of robust ethanol (and water) polydipsia (only
one fluid available at a time) when food is given to rats in a single ration following extensive
training with those fluids in the presence of intermittent food delivery schedules. These results
provide further evidence against the hypotheses that the caloric and/or pharmacological effects
of ethanol are the lone motivating factors for high ethanol intake under conditions of
intermittence.

Few studies have simultaneously examined aspects of ethanol self-administration in all three
of the Indiana University selectively bred pairs of rat lines (Murphy et al. 2002). In a study
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published in two parts, the P/NP, HAD1/LAD1 and HAD2/LAD2 pairs of rat lines were tested
for ethanol initiation and ethanol self-administration in a limited and continuous access operant
paradigm (Files et al. 1998; Samson et al. 1998). Those studies concluded that the genes that
are selected for home cage ethanol preference during the selective breeding process overlap
with, but are not identical to those which contribute to operant ethanol self-administration. This
notion is supported by the results of the present investigation since the P/NP and HAD2/LAD2
rats diverged on schedule-induced water and ethanol polydipsia, but the HAD1/LAD1 rats did
not diverge on schedule-induced polydispic intake of water or ethanol.

The behavioral profiles of the HAD1/LAD1 and HAD2/LAD2 replicate pairs of rat lines were
not identical under conditions of an intermittent schedule in this study. When lines of a pair
selectively bred for responses on a single trait respond differently on a second trait, it is said
that a genetic correlation exists between the two traits and that the genes contributing to each
response are having pleiotropic effects (Crabbe 1999). Further, proposed genetic correlations
between two traits in one pair of lines are corroborated or negated by the response profiles of
a replicate pair of lines selected for the same trait. According to a scheme introduced by Crabbe
et al. (1990), the strength of these genetic correlations is dependent on the statistical
significance and direction of differences between lines and replicates, as well as line × replicate
interactions. For example, strong evidence for a genetic correlation is indicated by a significant
main effect of line and the presence of the effect in both replicates (regardless of line × replicate
interaction effects). Moderate evidence for a genetic correlation is indicated by a significant
main effect of line and a significant interaction effect, where the effect is present in only one
of the two replicates. Finally, weak evidence for a genetic correlation is indicated when there
is no main effect of line, but there is a significant interaction effect, where the effect is present
in only one of the two replicates.

The strength of genetic correlations between criteria responses for selection traits and fluid
intake under conditions of intermittency were analyzed in the HAD/LAD replicate pair of lines
according to the scheme devised by Crabbe et al. (1990). There was a strong positive genetic
correlation between criteria responses and ethanol preference as well as ethanol intake (g/kg)
during the 2-bottle choice phase of this experiment. This finding indicates that similar genetic
loci mediate ethanol preference under normal environmental conditions and under conditions
of intermittent reinforcer deliveries. There was also a moderate genetic correlation between
criteria responses and ethanol intake (g/kg) during the concentration response phase of the
experiment, again suggesting that similar genetic loci contribute to ethanol intake under normal
environmental conditions and under conditions of intermittent reinforcer deliveries. During
the concentration response phase, there was also a weak genetic correlation between criteria
responses and fluid (ml) as well as water (ml) consumed. These latter two findings reflect the
increased water intake and fluid intake in HAD2 rats relative to LAD2 rats, in the absence of
differences between HAD1 and LAD1 rats. Still, according to Crabbe et al. (1990), this result
allows for the “cautious” conclusion that there exists a genetic correlation between schedule-
induced polydipsic water intake and criteria responses on selection traits in HAD/LAD rats.
Further evidence for such a notion is provided by the increased water intake observed in P rats
relative to NP rats under conditions of intermittent reinforcer deliveries.

In summary, this study examined schedule-induced polydipsic intake of water and ethanol in
the P/NP, HAD1/LAD1, and HAD2/LAD2 pairs of rat lines selectively bred for high and low
ethanol preference. Food pellets were delivered to food-deprived rats on a FT-1 schedule in a
response-non-contingent manner. The P/NP and HAD2/LAD2 pairs of rat lines behaved
similarly since P rats and HAD2 rats consumed more water, more ethanol, and had higher
ethanol preference ratios than their nonpreferring counterparts in the presence of an intermittent
schedule. Although HAD1 rats did exhibit a higher ethanol preference ratio than LAD1 rats
when both fluids were available, this ethanol preference ratio was lower than those of P rats
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and HAD2 rats. Further, HAD1 rats did not drink more water than LAD1 rats when it was only
the fluid available, and also they did not differ on ethanol intake (g/kg) relative to LAD1 rats
at any point during the experiment. All rat lines consumed impressive amounts of ethanol
during 1-h test sessions (approaching 24-h selection criterion in alcohol-preferring rats and far
exceeding 24-h selection criterion in alcohol-nonpreferring rats). Finally, according to the
scheme presented by Crabbe et al. (1990), results from the HAD/LAD replicate pairs of lines
indicate that genetic correlations may exist between the selected traits in these lines of rats and
behavioral traits indicative of susceptibility to schedule-induced polydipsia. Therefore,
polydipsic behavior induced by intermittent reinforcer schedules may work additively with
genetic susceptibilities to drink ethanol.
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Fig. 1.
(Upper panel) Mean (±SEM) consumption of water (ml; open symbols) and solutions
containing various ethanol concentrations (w/v; solid symbols) in P rats (circles) and NP rats
(triangles) across 8-day blocks of the ethanol concentration response phase during which a
single fluid was available during test sessions. (Lower panel) Mean (±SEM) ethanol intake (g/
kg) from solutions of various ethanol concentrations (w/v) by P rats (circles) and NP rats
(triangles) across 8-day blocks of the ethanol concentration response phase during which a
single fluid was available during test sessions. * P < 0.01 significant difference from NP rats

Gilpin et al. Page 12

Behav Genet. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(Upper panel) Mean (±SEM) consumption of water (ml; open symbols) and solutions
containing various ethanol concentrations (w/v; solid symbols) in HAD1 rats (circles) and
LAD1 rats (triangles) across 8-day blocks of the ethanol concentration response phase during
which a single fluid was available during test sessions. (Lower panel) Mean (±SEM) ethanol
intake (g/kg) from solutions of various ethanol concentrations (w/v) by HAD1 rats (circles)
and LAD1 rats (triangles) across 8-day blocks of the ethanol concentration response phase
during which a single fluid was available during test sessions
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Fig. 3.
(Upper panel) Mean (±SEM) consumption of water (ml; open symbols) and solutions
containing various ethanol concentrations (w/v; solid symbols) in HAD2 rats (circles) and
LAD2 rats (triangles) across 8-day blocks of the ethanol concentration response phase during
which a single fluid was available during test sessions. (Lower panel) Mean (±SEM) ethanol
intake (g/kg) from solutions of various ethanol concentrations (w/v) by HAD2 rats (circles)
and LAD2 rats (triangles) across 8-day blocks of the ethanol concentration response phase
during which a single fluid was available during test sessions. * P < 0.05 significant difference
from LAD2 rats
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Fig. 4.
(Upper panel) Mean (±SEM) consumption of water (ml; open bars) and 8% (w/v) ethanol (solid
bars) in P/NP rats, HAD/LAD1 rats, and HAD2/LAD2 rats across test sessions of the 14-day
2-bottle choice phase. (Lower panel) Mean (±SEM) ethanol preference (ethanol/total fluid) in
P/NP rats, HAD/LAD1 rats, and HAD2/LAD2 rats across test sessions of the 14-day 2-bottle
choice phase. * P < 0.05 significant difference from water intake
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Fig. 5.
Scatter plots of ethanol intake (g/kg) and blood-ethanol levels (mg%) by individual rats of the
P/NP, HAD/LAD1, and HAD2/LAD2 pairs of lines on criterion day of the 8% (w/v) ethanol
reintroduction phase
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