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Phenotypic and Genotypic Characterization of the Indiana
University Rat Lines Selectively Bred for High and Low
Alcohol Preference
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INTRODUCTION

The Indiana lines of selected rats, the HAD and LAD replicates and the P and NP lines, were
bred for high and low alcohol preference. The P and HAD lines have met criteria for an animal
model of alcoholism in that they voluntarily consume sufficient ethanol to achieve significant
blood alcohol concentrations, and their alcohol-seeking behavior is reinforced by the pharma-
cological effects of ethanol rather than its taste, caloric content, or other properties. These lines
have been characterized extensively for associated behavioral and physiological phenotypes.
The P and HAD rats show an enhanced responsiveness to the stimulatory effects of ethanol and
reduced sensitivity to the aversive sedative effects of ethanol. Consistent findings with the
selected lines include differences in the mesolimbic dopamine reward system, as well as dif-
ferences in serotonin, GABA, endogenous opioid, and neuropeptide Y systems. Genetic mapping
studies have identified quantitative trait loci influencing alcohol preference on chromosomes 3,
4, and 8 in the inbred P/NP rats and on chromosomes 5, 10, 12, and 16 in the noninbred
HAD1/LADL1 rats. The elucidation of the genotypes and phenotypes that result in excessive al-
cohol intake may lead to a better understanding of alcohol abuse and alcoholism and could guide
strategies for potential treatment and prevention.

KEY WORDS: Alcohol-preferring P rats; alcohol-nonpreferring NP rats; high-alcohol-drinking (HAD)
rats; low-alcohol-drinking (LAD) rats; selective breeding; phenotypes.

tal backgrounds often differ considerably in alcohol
consumption has lead to the hypothesis that heredity

There is widespread variation in alcohol consumption,
suggesting that multiple factors influence drinking, in-
cluding environmental and hereditary variables. The
observation that people with very similar environmen-
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contributes to behaviors that result in some individu-
als drinking excessively (Cotton, 1979; Schuckit, 1986).
Although this idea has been entertained for many years,
scientific inquiry into inherited predispositions for
alcohol abuse has not been seriously pursued until the
last few decades. During the mid-1900s, correlational
studies of human populations were published on the fa-
milial incidence of alcohol abuse and alcoholism (see
Cotton, 1979). Concurrently, experimental investiga-
tions using animal models of genetic influences on
alcohol drinking and the consequences of alcohol in-
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two complementary avenues of investigation were in-
strumental in advancing an understanding of how
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hereditary differences may account for a portion of the To date, five separate sets of alcohol-preferring
variance influencing the development of alcohol abuse and -nonpreferring lines of rats have been developed
and alcoholism. Among the diverse approaches used tahrough selective breeding programs. Three sets include
examine the contribution of heredity and its interaction the ALKO alcohol/nonalcohol (AA/ANA) lines (Eriks-
with environmental variables on alcohol-related be- son, 1968), the University of Chile A and B (UChA/
haviors, the present review focuses on recent findingsUchB) lines (Mardones and Segovia-Riquelme, 1983),
from one program that has investigated this questionand the Sardinian alcohol-preferring/nonpreferring
through the use of rodent models. (sP/sNP) lines (Colombo, 1997). Two other sets are the
Indiana lines, which include the alcohol-preferring/
nonpreferring (P/NP) lines (Lumergg al., 1977), and
high/low alcohol-drinking (HAD/LAD) replicate lines,
The Indiana selection studies have been carrieddesignated HAR'LAD, and HAD,/LAD, (Li et al.,
out to obtain lines of rats that differ widely in their pref- 1993). Although the selection criteria have differed
erences for ethanol solutions. The objectives were tosomewhat among the various sets of lines, ethanol pref-
establish high and low ethanol-drinking lines that could erence or nonpreference is defined in terms of a bench-
serve as reliable and economical models for assessingnark ethanol intake expressed in grams of absolute
genetic predispositions to the disparate extremes of al-ethanol/kg body weight/day consumed by animals that
cohol use found in human populations. Selective breed-have continuous access to an aqueous ethanol solution
ing of high vs. low ethanol-consuming animals from a in the presence @d libitumfood and water. A second,
heterogeneous population is accomplished through sys-often used, criterion measure is the percentage or ratio
tematic mating of animals from the same extreme of of ethanol intake relative to total fluid consumed, which
the normal distribution over successive generations toeliminates animals with high intakes resulting from
obtain divergent lines that exhibit the extremes of anomalous ingestive behaviors, such as polydipsia. For
ethanol preference. In this manner, the selectively bredthe Indiana lines, the general selection criteria have
lines have been developed to display high or low been that the P and HAD lines, when given free access
ethanol-drinking phenotypes based solely on selectionto food, water, and a 10% (v/v) ethanol solution, should
history, without requisite environmental manipulations consume at least 5.0 g ethanol/kg/day with an ethanol
to induce ethanol preference or nonpreference. The seto water ratio of at least 2:1, whereas the NP and LAD
lectively bred rodent lines are presumed to possess dines should drink less than 1.5 g/kg/day with an ethanol
high frequency of genes that influence the desired phe-to water ratio of less than 0.5:1. At present, P/NP breed-
notype, while trait-irrelevant genes hypothetically re- ing is beyond the 50th generation, with P rats averaging
main randomly distributed. Selected lines have beenapproximately 6.5 g ethanol/kg/day and NP rats con-
used in alcohol research since the pioneering work of suming approximately 0.5 g/kg/day. HAD/LAD breed-
Williams et al. (1949) and Mardones and Segovia- ing is now around the 35th generation, with HAD rats
Rigquelme (1983), who demonstrated a genetic influ- consuming approximately 9.5 g ethanol/kg/day and
ence on ethanol self-administration in rodents through LAD rats consuming approximately 0.5 g/kg/day.
selective breeding and characterization of the selec- The P/NP and HAD/LAD lines have been bred
tively bred UChA (low alcohol-consuming) and UChB from different foundation stocks in separate breeding
(high alcohol-consuming) rats. Inbred strains also have programs, and, in the case of the HAD and LAD lines,
been observed to possess wide differences in ethanoindependent replicates have been maintained. Thus, it
preference. For example, C-57 mice display high is presumed that spurious fixations of genes unrelated
ethanol preference, whereas DBA mice display low to ethanol preference are unlikely to emerge in com-
ethanol preference (e.g., McClearn and Rodgers, 1959 mon for the separate breeding programs, whereas
1961). However, because inbreeding also results in fix- genes yielding phenotypes that are necessary and/or
ation of trait-irrelevant genes, inbred strains may not sufficient to manifest high or low ethanol preference
be the best models to examine correlated traits and reshould consistently result as a consequence of selec-
sponses (Eriksson, 1968; Crabbe, 1989). Thus, selection pressure among the different lines. The P and NP
tive bi-directional breeding for ethanol preference vs. rat lines were derived by selective breeding from an
nonpreference may serve as a more effective researcloutbred Wistar stock at Walter Reed Army Institute of
tool for examining genetic factors affecting excessive Research (Lumenet al.,1977), whereas the HAD and
ethanol intake. LAD replicate lines were derived from the N/Nih het-

Development of the Models
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erogeneous stock rats (Hansen and Spuhler, 1984; Liwill self-administer ethanol intragastrically (Waller
et al.,1993). et al., 1984) as well as intracranially, directly into the
The goal of selective breeding for ethanol prefer- ventral tegmental area (VTA; Gatét al., 1994), sug-
ence has been reached in at least five different breedgesting that the high/low intake of ethanol by P/NP rats
ing programs, but the theoretical and pragmatic utility is primarily mediated by the postingestive, presumably
of the rat lines as animal models rests partly upon central nervous system (CNS), effects of ethanol rather
whether the rats selected for high ethanol preferencethan by its gustatory properties. Also, P rats maintain
reasonably approximate alcohol intake levels and dis-high ethanol intake even when a chocolate or saccha-
play distinguishing behaviors seen with human alco- rin solution is presented as a third-choice (Lankford
holics. Thus, important criteria for an animal model of etal.,1991). Finally, despite the fact that ethanol-naive
alcoholism, as initially proposed by Cicero (1979) and P and NP rats display similar levels of ethanol clear-
Lester and Freed (1973), include voluntary intake of ance (Lumenget al., 1982; Li and Lumeng, 1977), P
ethanol for its pharmacological effects and not solely rats, given chronic free-choice access to ethanol, drink
because of the taste, smell, or caloric properties; ap-sufficient amounts to develop metabolic and functional
parent willingness to work for ethanol through operant tolerance to the motor-impairing and aversive effects
responding; and the development of tolerance and de-of ethanol (Gattet al.,1987a; Lumeng and Li, 1986;
pendence through free-choice drinking. To date, only Stewartet al., 1991). In addition, they develop depen-
the P line has been thoroughly tested and found to ful-dence, as indicated by physical signs upon ethanol with-
fill these criteria. P rats, with free-choice drinking, drawal (Kampov-Polevoyt al., 2000; Walleret al.,
attain pharmacologically relevant blood alcohol con- 1982). In summary, the P line has been well charac-
centrations (BACs) of 50-200 mg% (Table 1) by con- terized behaviorally in terms of the criteria proposed
suming 5-8 g ethanol/kg/day. This amount of ethanol, as essential for an animal model of alcoholism. How-
after adjusting for the greater ethanol metabolism rate ever, future studies will be necessary to fully charac-
in rats, is the approximate equivalent of an averageterize the validity of the HAD replicate lines in terms
adult human drinking in the range of 8—14 standard al- of the animal model criteria.
coholic drinks per day. P rats will perform an operant
response to drink 10—-40% (v/v) ethanol solutions while
food and water are freely available, suggesting that
ethanol can function as a reinforcer for these animals In addition to evaluating the selected lines in terms
(Murphy et al., 1989). Ethanol-naive P and NP rats of how they fulfill the basic criteria initially proposed
have similar initial orofacial and behavioral responses for an animal model of alcoholism (Cicero, 1979; Lester
to the taste and smell of ethanol in a taste reactivity testand Freed, 1973), other lines of experimental inquiry
(Bice and Kiefer, 1990). However, P but not NP, rats have focused on how well these rat models parallel

Extending the Models

Table I. Summary of BACs Attained by P Rats Under Different Conditions of Ethanol (E) Intake

Condition BAC (mg %) Ethanol Intake (g/kg)
24-h free access 10% E 9010 (3h, dark) 6.9+ 0.2 (24 h)
4-h limited access 10% E 120 15 (after 1 h) 2.1+0.2(4h)

1-h limited access 10% E 76 13 (after 1 h) 1.3+0.1(1h)
24-h free access 20% E (IG) 200 (range: 115-300) 5.5+ 0.2 (24 h)
24-h free access 40% E (IG) 230 (range: 90-415) 9.4+ 1.7 (24 h)
24-h relapse 10, 20 or 30% E 180 (range: 160-205) 5.3+ 0.6 (2h)

Values are the means (SEM).

2From Murphyet al. (1986). Samples taken from retro-orbital sinus at set times throughout 24-h period. Peak value at-
tained 3 h into dark cycle.

b From Murphyet al. (1986). Samples taken from retro-orbital sinus 1 hour into the session.

¢From Walleret al. (1984). Samples taken from retro-orbital sinus 30—40 min after completing an intragastric (1G) self-
administration episode.

4From Rodd-Henricket al. (2001). Trunk blood sampled 2 h after ethanol solutions were restored following 2 weeks of
alcohol deprivation.
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various behavioral phenotypes reported to be com-and shifted preference toward the higher ethanol con-
monplace in children of alcoholics, alcohol abusers, centrations in P rats (Rodd-Henriakisal.,2001). This
and alcoholics compared with nondrinkers or light model can result in ethanol intakes up to 16 g/kg/day,
drinkers. For example, individuals prone to alcohol with 4.5-6.0 g/kg consumed in the first 2 h of rein-
abuse and alcoholism typically progress through stagesstatement of access to ethanol. Thus, repeated depri-
of increased alcohol drinking. The pattern often begins vations yielded a drinking pattern in P rats very simi-
with social drinking that makes a transition into heav- lar to binge drinking observed in human alcoholics
ier drinking episodes and possibly into extended binges(Finney and Moos, 1991; Nezlak al., 1994). After
(Finney and Moos, 1991; McMillen, 1997; Nezlek adjusting for the faster ethanol elimination rate in rats
et al.,1994). Voluntary or forced abstinence may ensue compared with humans, intake of 16 g ethanol/kg/day
upon recognition of deleterious health and social con- is approximately equivalent to consumption of 24 stan-
sequences resulting from continued alcohol use, but thedard-size alcoholic drinks by a 150-160 pound person
abstinence is frequently complicated by increasingly per day. Therefore, repeated alcohol deprivations and
intense craving for alcohol, which can precipitate the ensuing deprivation effects, which more closely par-
heightened alcohol seeking, followed by relapse drink- allel the human alcohol drinking pattern (McMillen,
ing and loss of control. Because alcoholics often go 1997), may be a valid model for studying relapse, “loss
through cycles of relapse drinking and abstinence, theof control,” and “binge” drinking.
issue of relapse should be considered in animal models
McBride and Li, 1998), and relapse might be regarded
;s an additional pert?nent criteprion f(?r an adgquate BEHAVIORAL PHENOTYPES OF THE

. SELECTED LINES
animal model.

Toward this end, the alcohol deprivation effect The selected lines have proved to be useful in de-
(ADE), and more recently the repeated alcohol depri- lineating phenotypic behaviors that may be associated
vation effect (RADE), have been investigated in P and with the extremes of high and low alcohol drinking.
HAD rats as models for loss of control and relapse Thus, various innate differences in ethanol-naive ani-
behaviors seen in humans. The ADE is defined as amals and differences in responses to ethanol have been
temporary increase in the ratio of ethanol to total fluid compared in the selected lines with the aim of identi-
intake and voluntary intake of ethanol solutions over fying associated phenotypic traits that may be relevant
baseline drinking conditions, when ethanol is reinstated to neurogenetic mechanisms underlying ethanol pref-
following a period of alcohol deprivation (Sinclair and erence or nonpreference. This process presumes that
Senter, 1967). Recently, the RADE, as a model of the multiple genes underlie ethanol preference and that
prototypical human condition of repeated abstinence these genes also contribute to other behaviors; i.e., the
and relapse, has been investigated in P rats by emassociated behavioral characteristics constitute a prod-
ploying a sequence of repeated deprivation-reinstatementct of the putative plieotropic influences of the gene
cycles. In P rats given continuous free-choice betweenfrequencies emerging from the selection pressure for
10% (v/v) ethanol and water for 2 to 6 weeks, repeatedethanol preference. Table Il summarizes many of the
2-week deprivations prolonged the expression acrossmore recent publications on behavioral phenotyping of
days of the RADE, but did not alter the magnitude of the selected lines.
the ADE (Rodd-Henricket al.,2000c). In contrast to
the P line of rats, when HAIZHAD, lines were tested
with a single 10% ethanol concentration and concur-
rent water, the expression of an ADE was dependent Studies of human subjects with a family history of
upon repeated deprivations, and the HADe showed alcoholism suggest that there is an association between
a prolonged RADE with repeated deprivations (Rodd- a low level of response (or sensitivity) to ethanol and
Henrickset al., 2000b). In a further extension of this risk for the development of alcoholism (Schuckit 1986,
model, a modification of a “loss of control” experiment 1994). When ethanol sensitivity (responsiveness to a
(Wolfgramm and Heyne, 1995) was used in P and HAD single moderate to high dose of ethansll[0 g/kg])
rats tested with concurrent access to three concentrahas been examined in P and NP rats, most studies found
tions of ethanol (10, 20, and 30% v/v) and water. Under that P rats are less sensitive than NP rats (Ketrtd.,
these conditions, repeated deprivations enhanced thel996; Stewaret al. 1992; Lumenget al.,1982). When
magnitude and prolonged the duration of the RADE HAD and LAD rats have been compared, the results

Ethanol Sensitivity
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Table Il. Phenotypic Differences in Behavioral Responses in P/NP and HAD/LAD rats (1995-2001)

Correlated response

Innate difference

Differences in response to ethanol Tolerance development

Taste reactivity: Kiefer
et al. (1995)

Operant self-
administration:
Samsoret al. (1998);
Fileset al. (1998)

Ontogeny of alcohol
intake: McKinzieet al.
(1998b)

Conditioned place
avoidance:

Stewartet al. (1996)

Conditioned taste
aversion (CTA):
Badia-Elderet al. (1999a)

Jump test to avoid
foot-shock:

Stewartet al. (1998a);
Suwakiet al. (2001)

Oscillating bar test:
Stewartet al. (1998a);
Suwakiet al. (2001);

Bell et al. (2001)

Loss of righting

reflex; Kurtzet al. (1996);

Froehlich and Wand (1997)

Sleep time:
Kurtz et al. (1996);

Froehlich and Wand (1997)

Hypothermia:
Kurtz et al. (1996)
Anxiolytic effects:
Stewartet al. (1999)
Preference for flavored
substances:
Stewartet al. (1998b)
Forced swim test:
Godfreyet al. (1997)
Viglinskayaet al. (1995)

Acquisition of
responding for food
compared to acquisition
of shock avoidance:
Blackenshipet al. (1998);
Steinmetzet al. (2000)

HAD = LAD

Elevated plus maze: HAD1/
HAD2 = LAD1/LAD2
Saccharin: HAD> LAD

NP > immobility than P,
HAD = LAD

P > NP at escape attempts
in modified forced swim
test (four escape alleys).

P < NP on both tasks when
appetitive training fol-
lowed by aversive training.
NP < P when order of
training was reversed. Ap-
petitive training: HAD1=
LADL1. Aversive training:
HAD1 and HAD2 did not
learn; LAD1 and LAD2
learned normally.

HAD = LAD Increased ingestive and less aver-
sive responding in HAD but not
in LAD following 3 weeks of
free-choice alcohol drinking

FR-4: 10% EtOH (limited access):

HAD1 > HAD2 = P; NP>
LAD1 = LAD2

FR-4: 10% EtOH (continuous ac-
cess): PIHAD1/HAD2>
NP/LAD1/LAD2 in ethanol intake.

P/HAD1/HAD2 > NP/LAD1/LAD2
in number of drinking bouts/day.

HAD1 has fewer bouts/day, but
larger bouts than P/HAD2.

P/HAD2: High ethanol intake at 3—4
weeks old. NP/LAD2: Low
ethanol intake at 3—4 weeks old. Tolerance to aversion in P rats

P < NP in avoidance of place paired after chronic free-choice alcohol
with ethanol. drinking

1 g/kg ethanol, less CTA in HAD
Rapid tolerance in HAD1, but not

in LAD1; equal rapid tolerance
in HAD2 and LAD2

Faster recovery in LAD1 than
HAD1; HAD2 = LAD2

Rapid tolerance in HAD1 but not
LAD1; tolerance over 5 daily
trials in P and NP rats (1.0, 1.25,
1.5 g/kg); P> NP (1.5 g/kg)

Rapid tolerance in P/HAD, but not
NP/LAD; sensitization in NP

Faster, recovery in LAD1 than
HAD1; HAD2 = LADZ2; faster
recovery in P than NP

P and HAD take longer to lose right-
ing reflex than NP and LAD.

Persistence of greater tolerance in
P than NP (2 injections of 3.5
g/kg, separated by 1 day); sensi-
tization in NP rats (2 injections
of 3.5 g/kg separated by 3 days)

Faster recovery in P and HAD than
in NP and LAD.

Greater temperature drop in NP
than P.
No effect in HAD and LAD

(continued)
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Table Il. (Continued)

Correlated response

Innate difference

Differences in response to ethanol Tolerance development

Ultrasonic vocalization
in response to stress:
Knappet al. (1997);
Overstreeet al. (1997)
Pain sensitivity (hot plate):
Kampov-Polevoyet al. (1996)
Step down passive
avoidance and operant
responding under DRL
schedule (behavioral
disinhibition):
Steinmetzet al. (2000)
Open field activity:
Badishtovet al. (1995)

Acoustic startle
response (ASR);
fear-potentiated startle
(FPS); prepulse inhibition
(PPI): McKinzieet al. (2000);
Joneset al. (2000)

Ethanol discrimination:
McMillan et al. (1999);
McMillan and Li (1999)

Novelty seeking:

Nowak et al. (2000a)

Neurophysiological
response during
associative learning:
Slaweckiet al. (1999)

Baseline EEG and ERP:
Slaweckiet al. (2000)

NP > P; HAD > LAD

P lower threshold than NP

Task performance: R NP =
HAD1 = LAD1

P > active than NP; NP~
defecation in open field
than P

ASR: P= NP or P> NP;

FPS: P> NP;

PPIl: P= NP

Greater behavioral activation
in P .and HAD than in NP
and LAD in response to
novel odors; P= NP =
HAD = LAD in nose-
poking response to novel
odors

Enhanced event-related po-
tentials (ERPs) in P rela-
tive to NP

EEG power: HAD> LAD;
ERP amplitude: LAD> HAD

ASR: Low dose ethanol (0.5 g/kg)
reduced ASR in P but not NP;
higher doses (1.0, 1.5 g/kg) re-
duced ASR more in NP than P.

PPI: Disrupted in P but not NP
(0.5 g/kg)

P > NP; HAD = LAD

have been less consistent. In agreement with studies oEthanol Tolerance

P/NP rats, HAD rats took longer to lose the righting
reflex, regained the righting reflex more quickly and
did so at higher BACs than LADats (Froehlich and

The development of tolerance to the sedative-
hypnotic and motor-impairing effects of ethanol may

Wand 1997). However, in contrast to the studies with permit the alcoholic to drink greater amounts of alco-
P/NP rats, in a test of motor impairment in which rats hol over time (Kalanet al., 1971). Acute tolerance,
must jump up to a descending platform, HABts took

longer to recover to criterion performance than LAD
rats, but HAD and LAD, rats did not differ (Suwaki
et al. 2001). HAD, and LAD, rats recovered at times

which develops during the course of a single ethanol
exposure, was examined in P and NP rats using the
jump-up test by administering two successive ethanol
doses (Walleet al.,1983). Both lines of rats developed

that were approximately midway between the recovery acute tolerance, but P rats developed acute tolerance
times of the HADR and LAD; rats.

more rapidly and/or to a greater degree than NP rats.
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The term rapid tolerance has come to be applied to aAgain, P rats demonstrated lower initial responsivity
procedure in which two equivalent ethanol injections and greater tolerance compared with NP rats. Chronic
are administered separated by a time interval suffi- tolerance has not yet been examined in the HAD and
ciently long for the BAC from the first injection to re- LAD lines.
turn to zero before the second injection is administered.
The selected I_mes of rats ha_ve been studied for devel—The Aversive Effects of Ethanol
opment of rapid tolerance using a number of dependent
measures, with tolerance defined as reduced respon-  The initiation and acquisition of oral ethanol in-
siveness after the second injection compared with thetake by P rats consists of a negatively accelerating in-
first. When ethanol-induced hypothermia was used to crease in ethanol intake over about 30 days with stable
index tolerance (Stewast al., 1992), both P and NP  levels of drinking thereafter (Stewattal.,1991). Such
lines showed tolerance when 1 day separated the twaa pattern could reflect tolerance to the reinforcing ef-
injections. With 2 or 3 days separating the injections, fects of ethanol, but other interpretations cannot be
the P rats no longer showed tolerance, whereas the NRuled out. It also is possible that tolerance to some
rats showed sensitization (i.e., an increase in hypother-effect of ethanol may be occurring that normally con-
mia after the second injection compared with the first). strains or limits ethanol intake. For example, ethanol-
When sleep time or time to regain righting reflex after induced sedation or motor-impairment may interfere
ethanol treatment was used to index tolerance (Kurtzwith ethanol drinking, and the development of toler-
et al.,1996) and 1 day separated the two injections, P ance to these effects may permit higher intake over
rats regained the righting reflex more quickly and at a time. Indeed, as described above, tolerance to the
higher BAC after the second injection (tolerance). motor-impairing effects of ethanol is observed in P rats
However, NP rats regained the righting reflex more after chronic ethanol consumption (Gadtal.,1987a).
slowly and at a lower BAC after the second injection It also is possible that tolerance to the aversive effects
(sensitization). Using the jump-up test of motor im- of ethanol may allow the rats to consume higher ethanol
pairment (Gattet al.,1987b), tolerance was observed doses without suffering negative consequences.
in the P rats when the two injections were separated by The aversive effects of ethanol have been exam-
as many as 10 days, whereas tolerance in the NP raténed in ethanol-naive P and NP rats and in HADd
dissipated within 3 days. This was interpreted as aLAD, rats using a conditioned taste aversion (CTA)
greater persistence of tolerance in P than in NP rats.procedure (Froehliclet al., 1988, Badia-Eldeet al.,
The HAD/LAD; and HAD,/LAD, lines also were ex-  1999a). A negative relationship was found between se-
amined with the jump-up test (Stewaittal., 1998a). lective breeding for high ethanol intake and CTA de-
When two equivalent ethanol injections were separatedvelopment, i.e., the CTA was smaller in P and HAD
by 1 day, HAD rats recovered more quickly after the than in NP and LAD rats. The same results were seen
second injection, indicating the development of toler- testing P and NP rats with a place conditioning mea-
ance. LAD rats’ recovery time did not change after the sure in which the aversive effects of ethanol were in-
first and second injection, suggesting that no tolerancedexed by the avoidance of environmental cues paired
had developed. However, both HARNd LAD, rats with ethanol injections (Stewaeet al.,1996). Together,
showed similar degrees of tolerance after the secondthese observations suggest that the high ethanol con-
injection. sumption shown by P and HAD rats may result, at least
With 6 weeks of chronic free-choice drinking, P in part, from a reduced sensitivity to the aversive effects
rats develop metabolic tolerance (Lumeng and Li, of ethanol. Conversely, the low ethanol consumption
1986), as evidenced by a 15% increase in ethanol elim-shown by NP and LAD rats may result from an in-
ination rate. Neuronal or functional tolerance also was creased sensitivity to the aversive effects of ethanol.
seen following 14 days of free-choice drinking (Gatto Indeed, P rats develop tolerance to the aversive effects
et al.,1987a), as evidenced by faster recovery and at aof ethanol, as evidenced by a reduced ethanol-induced
higher BAC, on a jump-up test after a single ethanol CTA following chronic free-choice ethanol drinking
injection. Chronic tolerance to moderate doses of (Stewartet al.,1991). In addition to the aversive CNS
ethanol (injected over multiple test days) has been ex-effects of ethanol that may be experienced when ethanol
amined in P and NP rats using the oscillating platform is administered, the aversive effects experienced after
task (Bellet al.,2001) in which rats are trained to stay ethanol elimination, i.e., ethanol withdrawal, have been
on an oscillating platform to avoid electric shock. examined in P/NP and HAILAD; rat lines. Follow-
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ing the same ethanol treatments, P and HA&s active avoidance paradigm, rats are trained to bar press
showed less severe behavioral signs of withdrawal thanto avoid a signaled footshock. Under baseline condi-
NP and LAD rats (Chesteet al., 2002). Thus, more tions, NP rats showed superior performance in com-
severe aversive withdrawal effects may constrain parison to P rats in learning the avoidance task, batsP?
ethanol drinking in the alcohol-nonpreferring rat lines showed superior performance relative to NP rats if they
while less severe ethanol withdrawal may permit higher learned to bar press for reinforcement in an appetitive
ethanol drinking in the alcohol-preferring lines. task first (Blankenshipt al.,1998). These observations
suggest a complex relationship between selection for
divergent ethanol intake, behavioral inhibition, and sen-
sitivity to conditioned fear. When ultrasonic vocatina

It recently has been hypothesized that alcoholics (USV) was assessed as a measure of reactivity to nox-
and those at risk for alcoholism may have a deficit in ious stimuli, a negative correlation was reported be-
CNS inhibition that results in an excess of CNS exci- tween number of USVs emitted to a noxious air-burst
tation, and that this hyperexcitation is temporarily al- and ethanol intake (Knapg al.,1997). In general, NP
leviated by ingestion of alcohol (Begleiter and Porjesz, rats emitted more USVs compared with P rats, and NP
1999). The amplitude of the startle response to a whiterats vocalized longer than P rats.
noise burst was used as a measure of neuronal excita-

tion in the selectively bred lines of rats. In general,
naive P and NP rats did not differ in startle threshold Taste Effects of Ethanol and Preference for

. Flavored Substances
at lower dB levels, but P rats appear to display greater
reactivity to higher dB levels. However, P rats displayed Taste reactivity has been evaluated in P/NP and
greater startle responses to startle alone and to potentiHAD/LAD rats (Bice and Kiefer, 1990; Kiefeat al.,
ated startle stimuli after fear conditioning (McKinzie 1995). Initially, ethanol-naive P and HAD rats did not
et al., 2000a). Prepulse inhibition (PPI) refers to a differ from NP and LAD rats in their reactivity to a
decrement in startle response if a stimulus (e.g., a nonwide range of ethanol concentrations or to solutions of
startling white noise burst) precedes the startle white sucrose or quinine. However, after 3 weeks of free-
noise burst (Hoffman and Ison, 1980). This decrement choice ethanol drinking, P and HAD rats displayed in-
in startle response has been attributed to sensory deereased ingestive and less aversive responses to ethanol,
tection processes. P rats appeared to be more sensitiveompared with NP and LAD rats. When preference for
to ethanol-induced reduction of reactivity to startle and nonalcoholic flavored solutions was assessed using a
to disruption of PPI produced by low doses of ethanol two-bottle preference test, P rats showed a higher pref-
(Joneset al., 2000). erence for, and greater intake of, solutions of saccha-
rin (Sinclairet al., 1992) or sucrose (Stewaet al.,
1994) than NP rats. However, P and NP rats did not
differ in preference for sour or bitter flavored solutions.

It has been proposed that ethanol has anxiolytic The association between ethanol and sweet preference
effects and is consumed in an attempt to reduce anxietyhas been confirmed in the HARAD, and
(Cappell and Herman, 1972; Pohorecky, 1981, 1990). HAD,/LAD , replicate lines (Stewagt al.,1998b) and
Anxiety has been assessed in P/NP rats using the slipin the F, progeny of inbred P x NP crosses (Foroud
funnel test, elevated plus maze test, and a passiveet al.,2002) and HADR x LAD, crosses (Stewast al.,
avoidance paradigm. In the slip-funnel test, anxiety is 1998b). These findings are consistent with observations
determined by the amount of escape behavior (fromthat avidity for sweet solutions is positively associated
standing in water covering the rat’s hind legs) com- with high ethanol intake in other rodent lines and strains
pared to passive behavior. In the elevated plus maze(Overstreetet al., 1993; Belknapet al., 1993) and in
test, reduced time spent in open vs. closed arms is arcertain populations of human alcoholics (e.g., Kampov-
index of increased anxiety. In the passive avoidancePolevoyet al.,1997).
paradigm, greater anxiety is indexed by increased time
spent on an elevated Iedgg to avoid foot shock. On t.heseActivating Effects of Ethanol and Novelty
three tests, alcohol-preferring rats showed more anxiety-
like behavior, compared with alcohol-nonpreferring Low doses of ethanol reportedly are excitatory.
rats (Salimowet al.,1996; Stewaret al.,1993). In an For example, ethanol produces increases in spontaneous

Acoustic Startle Response

Anxiety Associated Behaviors
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motor activity in rodents (Pohorecky, 1977). It has been (Murphy et al., 1989). With continuous access to
hypothesized that the stimulatory or behaviorally acti- ethanol solution (2-30% w/v) and water under an FR5
vating effects of ethanol and other drugs may be a man-schedule of reinforcement (i.e., five responses required
ifestation of the reinforcing effects of the drugs (Wise for each reinforcement), ethanol responding was greater
and Bozarth, 1987). P rats display higher responsivity, than water responding at all ethanol concentrations for
compared with NP rats, to low dose stimulatory (loco- P rats, whereas with NP rats, water responding was
motor activating) effects of ethanol (Wallet al., greater than ethanol responding at concentrations of
1986). Adolescent P, HADand HAD, rats also show  10% and higher. Subsequent testing of P/NP and
greater activation than their adolescent alcohol-non- HAD/LAD rats (Samsoret al.,1998; Schwarz-Stevens
preferring counterparts (Rodd-Henricésal., 2000a). et al.,1991; Fileset al., 1992, 1993, 1998; Ritet al.,
High novelty-seeking behavior, defined as behav- 1994a, 1994b) confirmed that responding maintained
ioral activation in the presence of an unknown stimulus by ethanol is consistently greater in the alcohol-
(Cloninger, 1996), appears to be predictive of current preferring lines than in the alcohol-nonpreferring lines
and future alcohol abuse (Andrucst al., 1989). In- across a wide range of experimental conditions. The
creases in locomotor activity in response to a novel sucrose substitution procedure (Samson, 1986) was de-
olfactory stimulus have been used to assess noveltyveloped to initiate ethanol-reinforced responding in un-
seeking in rats, and P and HAD rats demonstrate greateselected rats. With the sucrose substitution procedure,
increases in activity in comparison to NP and LAD rats increased levels of ethanol self-administration occurred
(Nowaket al.,2000a). in NP rats (Samsoet al.,1998), but this procedure was
The arousing/activating effects of ethanol have relatively ineffective in LAQ and LAD, rats (Samson
also been examined using autonomic and electrophys-et al., 1998). Examination of patterns of responding
iolgical indices. During non-REM sleep, intragastric with continuous access to ethanol solution and water
administration of a low dose of ethanol produced a per- (Files et al., 1998) indicates that the higher levels of
sistent increase in EEG spectral power in NP rats, butethanol intake seen in P and HAfts are due to larger
P rats displayed an initial decrease in power with a re-and more frequent drinking bouts per day relative to
turn to baseline (Morzoraét al.,1988). EEG spectral NP and LAD rats. The HAD rats, however, drink
power increases from wakefulness to drowsiness andfewer bouts per day but have larger bouts than P and
non-REM sleep. Therefore, the decrease in EEG specHAD, rats. Thus, although selection for ethanol pref-
tral power seen in the P rats indicates that the ethanolerence and nonpreference using a two-bottle test gener-
was arousing for these rats. When event-related poten-ally is associated with high and low levels of lever-press
tials (ERPs) following ethanol injections were exam- responding maintained by ethanol, there appears to be
ined, NP rats displayed a dose-dependent decline in N1differences among the lines in ethanol drinking patterns
amplitude, whereas P rats showed increased N1 am+that are manifested when an operant procedure is used.
plitude, particularly in the hippocampus (Ehletsal., A robust alcohol deprivation effect (ADE) can also
1991). These data suggest that ethanol produces greatdre demonstrated using the operant procedure (Rodd-
stimulatory effects in P rats relative to NP rats. P rats Henrickset al., 2002b; Rodd-Henricket al., 2001;
also show increased heart rate when presented with lim-McKinzie et al., 1998a). When the operant procedure
ited access free-choice ethanol (Betlal., in press). included repeated deprivations, ethanol reinforcement
Further, P rats displayed increased activity and heartwas enhanced during the first session after the second
rate during the pretest period in the third week of and third reinstatements of ethanol. Water responding
access. Thus, these arousing effects can be conditionetvas low and unaltered by repeated deprivations. Re-
to the environment associated with ethanol availability peated deprivations also produced a significantly higher
(see also Melendeat al.,2002). However, changes in  breakpoint (16 3 for nondeprived vs. 3& 5 for de-
heart rate have yet to be examined in low alcohol- prived) during a modified progressive ratio procedure
preferring rat lines. (Rodd-Henrickset al., 2000b). Thus, the rewarding
properties of ethanol appear to be enhanced in P rats
that have undergone repeated alcohol deprivations. As
stated above, P, but not NP, rats will intracranially self-
In the initial investigation of lever-press respond- administer nanoliter quantities of ethanol (50-200
ing maintained by oral ethanol reinforcers, P rats self- mg%) directly into the ventral tegmental area (VTA;
administered greater amounts of ethanol than NP ratsGattoet al.,1994). This suggested that the VTA of the

Operant Self-Administration of Ethanol
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P rat is sensitive to the reinforcing effects of ethanol, Preference for and intake of sweetened solutions are
whereas this is not the case for NP rats. consistently associated with selection for high ethanol
consumption, suggesting that common mechanisms
- . may underlie the rewarding effects of ethanol and
Development of Ethanol Self-Administration sweets (Sinclaiet al., 1992, Stewaret al., 1998b).
In general, selection for divergent ethanol intake
levels in adulthood holds true for periadolescent rats
as measured by ethanol intake (g/kg/day; McKinzie
et al., 1999, 1998b). As seen in adult rats, ethanol
drinking during periadolescence results in an alcohol Over the past two decades, a considerable litera-
deprivation effect (ADE), when the deprivation ma- ture has accrued from studies on various aspects of CNS
nipulation is done in late adolescence/early adulthood neurochemical and neurobiological comparisons within
(Rodd-Henrickset al.,2001; McKinzieet al., 1998a). the Indiana selected line pairs. A previous review by
This suggests that experimental/environmental manip- McBride and Li (1998) provides a comprehensive ac-
ulations in periadolescent rats can alter ethanol intakecount of these findings, and only select neurochemical
and possibly lead to “loss of control” drinking. These systems and neurotransmitters that have received con-
studies with periadolescent rats are in accord with ob-temporary experimental attention are discussed in this
servations in human clinical populations that occasional review. One approach in these studies has been to com-
and frequent adolescent and young adult binge drinkerspare innate differences in ethanol-naive animals defined
experience more alcohol-related problems than non-as P, NP, HAD, or LAD based solely on breeding his-
binge drinkers (Wechslaat al., 2000). tory, so that factors predisposing to high or low ethanol
drinking behavior might be identified. A working hy-
pothesis is that when similar differences are found in
more than one line pair, then the disparate ethanol
On the basis of studies in which P/NP and drinking characteristics between the lines are more
HAD/LAD replicate lines have been adequately com- likely to have resulted from those differences. Because
pared under similar experimental conditions, some the phenotype of high ethanol preference is likely me-
tentative conclusions can be made about which behav-diated by multiple neurotransmitter systems and many
ioral phenotypes are most likely to be associated with complex interactions among the CNS systems, an al-
selection for high and low ethanol intake. Low sensi- teration in one or more of these systems could yield ab-
tivity and greater tolerance development to the motor- normal ethanol drinking behavior. Many of the studies
impairing and sedative-hypnotic effects of high doses have focused on CNS limbic system areas thought to be
of ethanol are seen in P relative to NP rats (Waller involved in alcohol self-administration, and Table Il
etal.,1983; Kurtzet al.,1996). However, this does not updates from McBride and Li (1998) some important
appear to be the case for the HAD/LAD replicate lines, neurotransmitter system differences observed between
which either do not differ or differ in the opposite lines of rats selected for high and low alcohol prefer-
direction to the findings seen with the P/NP lines (Stew- ence. Another approach has been to examine neurobi-
artet al.,1998a). The phenotypes that are consistently ological changes in response to ethanol consumption
observed across the replicate lines appear to be in meaer in response to ethanol injections, to determine if rats
sures that may be more closely related to motivational predisposed to high or low ethanol drinking might
processes than ethanol-induced motor impairment andexhibit unique responses to ethanol.
sedation. P and HAD rats show greater stimulatory
responses to low ethanol doses than NP and LAD ratsSerotonin
(Walleret al.,1986; Rodd-Henrickst al.,2000a), per-
haps reflecting greater sensitivity to the rewarding One of the earliest and most robust findings with
effects of ethanol in the alcohol-preferring lines. NP naive rats from lines selectively bred for ethanol pref-
and LAD rats show greater ethanol-induced CTAs than erence or nonpreference is an association between high
P and HAD rats (Froehlickt al., 1988; Badia-Elder  ethanol preference and lower serotonin (5-HT) contents
et al.,1999a), suggesting that differential sensitivity to in several CNS areas. Compared with NP rats, P rats
the aversive postingestional effects of ethanol also mayhave 12-26% lower levels of 5-HT and its primary
contribute to differences in oral ethanol consumption. metabolite 5-HIAA in the cerebral cortex, frontal

"NEUROBIOLOGICAL AND NEUROCHEMICAL
PHENOTYPES IN THE SELECTED LINES
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Table Ill. Summary of Major Innate Neurobiological Differences in Limbic Regions Between High Ethanol-Preferring
and Low Ethanol-Preferring Rats

Neurotransmitter system/receptor

Differences

Selected references

Serotonin (5-HT) system
5-HT content, innervation

Postsynaptic 5-Hi, receptor

5-HT,g receptor
5-HT, receptor

5-HT,c receptor
5-HT; receptor

Dopamine (DA) system
DA content, innervation

D, receptor

D, receptor

D3 receptor
GABA system
Innervation within ACB

GABA, receptor
response to agonist

response to BDZ

response to barbiturate
Opioid system
B-Endorphin content

enkephalin mRNA

mu-opioid receptor

delta-opioid receptor

NB P

LAD > HAD
AA = ANA

sNP > sP (frontal cortex)
P> NP

HAD = LAD

AA = ANA

NP> P

NP> P

HAD = LAD

AA = ANA

sNP> sP

P> NP

P= NP

AA = ANA

NP > P (amygdala)

NB- P
LAD > HAD
AA = ANA
sNP > sP
P= NP
HAD = LAD
sNP > sP
sNP> sP
NP > P
HAD = LAD
AA = ANA
P= NP
HAD = LAD

P> NP
HAD > LAD

£ NP
AA = ANA
P- NP
AA > ANA
P NP

ANA= AA
sP> sNP
P = NP
P> NP (opposite in HIP)
AA > ANA
sNP> sP
LAD = HAD
AA= ANA
NP> P

Murphyet al. (1982, 1987)

Zhouet al. (1991a, 1991b, 1991c)

Gongweret al. (1989)

Ahtee and Eriksson (1972, 1973); Korgti al. (1988)
Devotet al. (1998)

McBrideet al. (1994, 1997b)

McBride et al. (1997a)

Korpi et al. (1992)

McBrideet al. (1997b)

McBrideet al. (1993b)

McBride et al. (1997a)

Korpi et al. (1992)

Ciccocioppeet al. (1999)

Pandeyet al. (1996)

McBrideet al. (1997b)

Ciccocioppoet al. (1998)
Ciccocioppet al. (1998)

Murphyet al. (1987); Zhouet al. (1995)
Gongweret al. (1989)
Korpi et al. (1988)
Castet al. (2002)
McBrideet al. (1997b)
McBride et al. (1997a)
DeMontiset al. (1993)
Stefaninit al. (1992)
McBrideet al. (1993b)
McBride et al. (1997a)
Syvalahtiet al. (1994)
McBrideet al. (1997b)
McBride et al. (1997a)

Hwanget al. (1990)
Hwang et al. (1990)

Thielenet al. (1993, 1998)
Wong et al. (1996)
Thielenet al. (1997)
Wong et al. (1996)
Thielenet al. (1998)

Gianoulakiset al. (1992); Nylandeeet al. (1994)
Faddeet al. (1999)
Li et al. (1998)
McBridet al. (1998)
DeWaeleet al. (1995)
Faddat al. (1999)
Gonget al. (1997)
DeWaeleet al. (1995); Soiniet al. (1998)
Strotheret al. (2001)

(Continued)
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Table Ill. (Continued)

Neurotransmitter system/receptor Differences Selected references

Neuropeptides

Neuropeptide Y content NB P Ehlerset al. (1998)
(CeA) NP> P; LAD > HAD Hwanget al. (1999)
(hypothalamus) P> NP; LAD > HAD Hwanget al. (1999)

Neuropeptide Y mRNA ANA> AA Caberlottoet al. (2001)

Arginine vasopressin content P NP Hwanget al. (1998)
(hypothalamus) LAD> HAD Hwanget al. (1998)

CRF content NP> P Ehlerset al. (1992)

Substance P content NP P Slaweckiet al. (2001)

Neurokinin content NP> P Slaweckiet al. (2001)

NP> P Ehlerset al. (1999)
TRH content (septum) NB P Morzorati and Kubek (1993)

NP = alcohol-nonpreferring line; P alcohol-preferring line; LAD= low alcohol-drinking line; HAD= high alcohol-drinking line; AA=
ALKO alcohol line; ANA = ALKO non-alcohol line; sSNR= Sardinian alcohol nonpreferring line; sPSardinian alcohol preferring line; BD2
benzodiazepine; HIR- hippocampus; CeA= central nucleus of the amygdala.

cortex, whole corpus striatum, anterior striatum, nu- sequent to 5-HT abnormalities (e.g., low impulse con-
cleus accumbens, hippocampus, thalamus, and hypoirol) when it occurs as a product of selective breeding
thalamus (Murphyet al., 1982, 1987). HADR rats also for high ethanol preference.

have lower 5-HT and/or 5-HIAA levels in the cerebral The earlier findings on 5-HT were followed up by
cortex, striatum, nucleus accumbens, septal nuclei, hip-immunocytochemical studies revealing fewer 5-HT im-
pocampus, and hypothalamus compared with |rdds munostained fibers in the anterior frontal cortex, nu-
(Gongweret al., 1989). Studies of Fgeneration P x  cleus accumbens, and part of the ventral hippocampus
NP intercrosses further support an association betweerof P rats, compared with NP rats (Zheual., 1991a,

low contents of 5-HT in the nucleus accumbens and 1991hb). The dorsal and median raphe of P rats also have
high ethanol preference (McBrids al., 1995). Given fewer 5-HT immunostained neurons, compared with
the proposed role of some of these structures (e.g., nuNP rats (Zhowet al., 1991c). Thus, lower 5-HT fiber
cleus accumbens and frontal cortex) in the reinforcing density in the CNS of P rats is likely due to fewer 5-
effects of ethanol, serotonergic deficits may be one pre-HT projection neurons from the raphe. There is also
disposing factor to excessive ethanol drinking. These evidence for an up-regulation of post synaptic 5.HT
findings are similar to those from human alcohol receptors in the cerebral cortex and hippocampus of P
abusers when using 5-HIAA from cerebral spinal fluid rats, compared with NP rats (Worg al., 1993;

as an index of CNS 5-HT activity (Cloninger, 1987). McBride et al.,1994). This up-regulation might result
Relatively low serotonin has not been a universal ob- as a consequence of the lower 5-HT innervation (Zhou
servation in all rats bred for high ethanol preference, et al.,1991c). On the other hand, densities of 5(51T
nor has it been for human alcoholics. For example, receptors were moderately lower in some limbic re-
higher levels of 5-HT were found in only certain CNS gions (e.g., nucleus accumbens, septum, and amygdala)
regions in AA rats compared with ANA rats (Ahtee and of the P compared to NP rats (McBrideal., 1997h).
Eriksson, 1972, 1973; Korgit al.,1988). While some  Some observations with mice suggest that lower func-
limbic structures (e.g., nucleus accumbens) have nottioning of 5-HT,z receptors is associated with high
been studied in the same way among the various mod-ethanol intake (Crabbet al., 1996; Risingeret al.,

els, the different findings with the AA and ANA rats 1996). In general, densities of 5-KHTeceptors were
may be taken to indicate that selective breeding for also lower in several CNS regions of P compared with
ethanol preference can yield a variety of phenotypes.NP rats (McBrideet al.,1993a), although higher num-
Certain neurobiological effects, such as lower 5-HT, bers of 5-HT receptors were demonstrated in the hip-
may not be requisite phenotypes for the manifestationpocampus and amygdala (Pandsyal., 1996). When

of high ethanol intake but may augment ethanol pref- the HAD, and LAD; lines were compared, no substan-
erence and underlie some behavioral phenotypes contial differences in the densities of 5-HT receptors were
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found in the same CNS regions as the P and NP ratd-or example, ondansetron, another 5;tdceptor an-
(McBride et al.,1997hb), and no differences were found tagonist, resulted in fewer drinks per day, compared to
in 5-HT; and 5-HT, receptor densities in several CNS placebo, for presumed biologically predisposed alco-
regions (e.g., brainstem, hippocampus, frontal cortex, holics that had an early age of alcoholism onset, but not
and hypothalamus) of AA compared with ANA rats for a group of late-onset alcoholics (Johnsral.,
(Korpi et al., 1992). 2001), suggesting a difference in 5-HT systems between

In lines of rats in which differences in 5-HT sys- the these alcoholic subtypes.
tems have been found, the potential consequence for
excessive ethanol drinking has been supported by theDO amine
efficacy of serotonergic pharmacological treatments on pami
ethanol drinking. Administration of fluoxetine, a 5-HT The CNS content of dopamine (DA) has been ex-
reuptake inhibitor, significantly reduced ethanol intake amined in P/NP (Murphgt al.,1982, 1987) and HAD/
of P rats under limited or continuous access conditionsLAD (Gongweret al., 1989) lines. Alcohol-preferring
(Murphy et al., 1985) and also reduced ethanol intake rats have 10-30% lower levels of DA and its metabo-
of HAD rats (McBrideet al., 1990, 1992). In P and lites (DOPAC and HVA) in the nucleus accumbens
HAD rats, agonists for the 5-Hg and 5-HT, 4 recep- and 15-20% lower contents in the anteritrrasum,
tors reduced ethanol intake (McBrig¢ al., 1990). compared with their alcohol-nonpreferring counterparts,
DOI, a 5-HT, agonist, also reduced ethanol intake in P suggesting a deficiency in the dopamine pathway that
rats (McBrideet al., 1992), but caused a biphasic ef- projects from the VTA to these regions in alcohol-
fect in reducing the ethanol intake of HAD rats, such preferring rats. In support of this conclusion, Zlebal.
that low doses increased intake and high doses de{1995) found a decreased number of neuronal projec-
creased intake. LY53857, a 5-klfieceptor antagonist, tions from the VTA to the nucleus accumbens in P rats
also significantly reduced ethanol intake in HAD rats relative to NP rats, indicating that the accumbens shell
(McBride et al., 1992). These findings suggested that had fewer dopamine fibers. Additional support for these
the 5-HT, receptor may subserve ethanol reinforcement findings comes from studies on generation rats from
in HAD rats, such that low doses of a 5-Hagonist P x NP intercrosses, such that the adtfépring with
may potentiate the reinforcing effects of ethanol, high high ethanol intakes had 25% lower content of DA in the
doses of a 5-HTagonist may maximally activate the nucleus accumbens compared to low ethanol-drinking
receptor, and a 5-HTantagonist would block the re- F, rats (McBrideet al.,1995). When neuronal activity
inforcing effects of ethanol. Investigations with 5-HT  of VTA DA neurons was compared in P and Wistar
receptor agents have also suggested an important roleats, VTA DA neurons were found to have more fre-
of 5-HT; receptors in ethanol intake. McKinzé al. quent burst firing in P rats (Morzorati, 1998). It can be
(1998c, 2000b) found that MDL 72222, a 5-{Hie- speculated that this increased activity in P rats is a com-
ceptor antagonist, was effective in reducing alcohol in- pensatory mechanism for the reduced DA neurons.
take of P rats in conditions where an alcohol drinking Quantitative autoradiography revealed 20-25% lower
solution was continuously available or when environ- binding of tritiated sulpiride in the caudate putamen,
mental cues were minimized by randomizing the time the medial and lateral nucleus accumbens, and the VTA
of a daily ethanol access period. However, when sched-of P rats, compared with NP rats (McBrie¢ al.,
uled access to ethanol occurred at the same time eaci993b). Research on the Sardinian sP and sNP rats has
day MDL 72222 was largely ineffective. revealed similar findings (Stefaniet al.,1992). These

In sum, considerable work has implicated a role neurobiological and neurochemical findings are con-
for various functional aspects of 5-HT systems in al- sistent with an association of high ethanol-drinking be-
cohol preference and nonpreference of the selectedhavior and altered functioning within the mesolimbic
lines. Studies in human alcoholic populations have alsoDA system projecting from the VTA to the nucleus ac-
implicated altered 5-HT system functioning in alcohol cumbens, which has been hypothesized to mediate
abuse, and human studies have investigated aspects afome of the reinforcing actions of ethanol and various
5-HT functioning, such as the 5-HT transporter, which other drugs of abuse (Koddi al., 1998).
has received comparatively little attention in studies Responses to ethanol in the DA system have been
with the selected lines (Heirat al., 2001). Clinical demonstrated, either as measured by tissue levels of
investigations have also found that 5-HT pharma- DA and its metabolites, or by in vivo microdialysis dur-
cotherapies may be efficacious in human alcoholics. ing ongoing behavior, where DA in the microdialysate
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is measured as an index of synaptic DA overflow near ethanol-naive P rats for DA content in dialysate from
the site of a microdialysis probe. Oral self-administra the nucleus accumbens while either a DA uptake in-
of ethanol, contingent on operant responding, was hibitor, GBR12909, was being delivered by reverse
found to increase DA overflow above baseline values microdialysis (Englemaat al.,2000), or while deliver-

to a greater extent in the nucleus accumbens of P ratsng the DA D, receptor antagonist sulpiride by reverse
than in unselected Wistar rats (Wegtsl.,1993), sug- microdialysis (Englemast al.,2001). Compared with
gesting that the VTA DA system of the P line of rats the naive P rats, GBR12909 caused a greater increase,
may be more sensitive to the reinforcing actions of and sulpiride caused a lower increase, in DA content
ethanol. Anticipation for ethanol access increased ex-in the dialysate from the ethanol-drinking P rats. These
tracellular nucleus accumbens DA levels in micro- findings are consistent with a down-regulation of DA
dialysate from P rats but not Wistar rats (Kateeal., D, autoreceptors as a consequence of ethanol exposure.
1996), and olfactory or environmental cues that were Taken together, these findings suggest that adaptive
associated with anticipated access to operant respondehanges are induced in the mesolimbic DA pathway in
ing for ethanol resulted in elevated DA levels in the the selectively-bred rats that drink ethanol chronically,
microdialysate from the nucleus accumbens of Wistar even in the scheduled access condition when daily total
or P rats (Katneet al., 1999; Melendezt al., 2002). ethanol consumption is relatively moderate.

In addition, the elevated extracellular accumbal DA lev- Pharmacological studies also support the role of
els occurred during operant responding for oral ethanol,dopamine in ethanol reinforcement. GBR12909, am-
but the elevated DA levels were not directly correlated phetamine, “a DA releaser,” and bromocriptine, a D
with motor activity (Melendezt al., 2002). P rats  and D, agonist, all decreased ethanol intake in P rats
tested in a similar behavioral paradigm also exhibited (McBride et al., 1990). Another study showed that
elevated DA in microdialysates from the ventral pal- bromocriptine decreased operant responding for ethanol
lidum, which receives input from the VTA, but not in while increasing responding for water (Wekssal.,

the globus pallidus (Melendez al.,2001). Katnerand  1990). Microinjection of sulpiride, a Danatagonist,
Weiss (2001) also compared rats from the HAD into the nucleus accumbens dose-dependently increased
LAD,, AA, ANA, and Wistar lines for the release of ethanolintake in P rats (Lewt al.,1991). Nowalet al.

DA from the nucleus accumbens using a no-net-flux (2000b) found that microinjections of quinpirole or
microdialysis procedure. Their results indicated that ex- quinelorane, both Pagonists, in the anterior VTA de-
tracellular DA levels predicted high ethanol preference, creased ethanol intake, but not saccharin solution intake,
and that rats predisposed to high ethanol intakes havan P rats during 30 min of limited access. Microinjec-
a greater DA response to ethanol. That genetic factorstion of the B antagonist sulpiride into the anterior VTA
influencing development of the mesolimbic DA system had no effect, but it attenuated the effects of quinpirole
may mediate the reinforcing effects of ethanol is further on ethanol intake. Posterior VTA microinjections of
supported by the observation that P rats self-adminis-quinpirole nonselectively decreased both ethanol and
ter 50—-200 mg% ethanol directly into the VTA, whereas saccharin intakes. These observations suggest only
the NP rats do not (Gattd al.,1994). Overall, the find-  certain D receptors on VTA cell bodies in P rats se-
ings indicate that the mesolimbic DA system is activated lectively regulate DA neurons involved in ethanol
by ethanol and suggest that genetic factors resultingdrinking behavior.

from selective breeding for ethanol preference may
influence the rewarding actions of ethanol within this
DA pathway.

The response of DA systems in P rats made toler- Most evidence for involvement of noradrenergic
ant to ethanol through chronic free-choice drinking, systems in ethanol consumption comes from pharma-
compared with ethanol-naive P rats, is blunted when cological studies. Injections of desipramine, a norepi-
challenged by a dose of ethanol (Murpdtyal., 1988). nephrine uptake inhibitor, reduced ethanol intake in P
AA rats allowed free-choice access to 10% ethanol for rats and reduced intake of a palatable ethanol solution
several weeks also showed a reduced DA overflow inin NP rats (Gatteet al., 1990; McBrideet al., 1988;
the nucleus accumbens to a challenge dose of ethanoMurphy et al., 1985). However, other consummatory
compared with ethanol-naive rats (Nuretial., 1996). behaviors also were decreased, indicating that the ef-
In recent studies, P rats drinking ethanol during daily fect probably reflected a general damping of consum-
scheduled access for several weeks were compared withmatory behavior. Some evidence for CNS differences

Noradrenergic Systems
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is suggested with quantitative autoradiography of [3H]- intake. An operant design was used to study activation
tomoxetine binding sites in the locus ceruleus, which of alpha-1 receptor subunits of the GABBDZ re-
revealed that P and HAD rats had reduced binding, ceptor complex in the anterior and medial ventral
compared with NP and LAD rats (Hwaegal.,2000). pallidum (Harveyet al., 2002; Juneet al., in press).
This finding may indicate a down-regulation of norep- Microinjection of a selective alpha-1 agonist produced
inephrine transporters in the locus ceruleus of rats pre-marked reductions in ethanol-maintained responding of
disposed to ethanol preference. P and HAD rats. Taken together, the findings suggest
that the GABA neurons that form interconnections
within the mesolimbic DA system are important in reg-
ulating ethanol consumption in these alcohol-preferring
Higher densities of GABAergic terminals were rats. However, other structures may also be involved
identified in the nucleus accumbens of ethanol-naive Pin the control of ethanol consumption. Jwtel. (2001)
and HAD lines, compared with the low ethanol-drinking examined the effects of intrahippocampal infusions of
NP and LAD counterparts (Hwargg al., 1990), indi- an alpha-5 subunit selective BDZ inverse agonist,
cating that innate differences within GABAergic in- RY023, on lever pressing in P rats maintained by con-
hibitory neurons of the nucleus accumbens may con-current presentation of ethanol (10% v/v) and saccharin
tribute to disparate ethanol preferences of P/HAD vs. (0.05% g/v) solutions as reinforcers. RY023 dose-
NP/LAD lines. Thieleret al. (1997) used quantitative  dependently decreased ethanol-maintained, but not
autoradiography to compare ethanol-naive P and NPsaccharin-maintained, responding. A competitive BDZ
rats for CNS regional densities of benzodiazepine antagonist, ZK 93426, reversed the RY023-induced
(BDZ) recognition sites that are coupled to GABA suppression of ethanol-maintained responding, con-
receptors. Significantly greater GABA-enhanced flu- firming that the effect was mediated via the BDZ site
nitrazepam binding was found in P than in NP rats in on the GABA, receptor complex. The RY023 effect on
several cortical areas, whereas lower binding was foundethanol-maintained responding was apparently specific
in entorhinal cortex, the mediodorsal thalamus, and theto hippocampal microinjections, because no antago-
posterior hippocampus. The innate functional proper- nism by RY023 occurred after microinjections into the
ties of the GABA receptor complex may be similar in  nucleus accumbens or the VTA. This specificity is
the cerebral cortex for the two lines, because GABA- likely because these mesolimbic DA system structures
mediated CI influx was not generally different between contain high densities of GABAreceptor complex
the P and NP lines (Thieleat al., 1998). However, BDZ alpha-1 and alpha-2 receptor subunits, but not the
GABA-stimulated Cf influx enhanced by flunitrazepam alpha-5 subunit.
was significantly higher in cortical microsacs from P
than from NP rats that were individually housed, but
not when pair housed (Thielest al., 1993), suggest-
ing an important differential sensitivity between the Comparisons of ethanol-naive P and NP rats re-
lines to environmental factors of the different housing vealed no line differences in preproenkephalin mRNA
conditions. contents in the nucleus accumbens, striatum, amygdala,
Systemic administration of BDZ antagonists and or hypothalamus, but intragastric infusion of 2.5 g/kg
inverse agonists that act at the GABA-BDZ receptor ethanol increased the mRNA content in the nucleus ac-
complex have generally been found to reduce ethanolcumbens of P rats, but not in NP rats ¢ltial., 1998).
intake or operant responding maintained by ethanol in This finding suggests that the accumbens enkephalin-
P rats (McBrideet al.,1988; Junet al.,1998a, 1998b).  ergic system of the P line is more sensitive to the ef-
Microinjections directly into CNS sites have provided fects of ethanol. Using quantitative autoradiographic
additional evidence of GABAreceptor complex in-  methods, McBrideet al. (1998) reported higher densi-
volvement in high ethanol-drinking behavior. Blocking ties of w-opioid receptors in the CNS limbic areas of
GABA, receptors in the anterior VTA with picrotoxin the P relative to NP rats, including the nucleus accum-
microinjections decreased ethanol but not saccharin in-bens shell and core. These differences are in general
take in P rats given daily 2-h limited access to ethanol agreement with differences observed between the AA
and saccharin drinking solutions (Nowekal.,1998). and ANA lines (DeWaelet al., 1995). Overall, the
Co-microinjection of the GABA agonist muscimol  results indicate that innate differences exist between
attenuated the picrotoxin-induced decrease in ethanolhigh and low ethanol drinkers within the opioid sys-

GABA Systems

Opioidergic Systems
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tems of the VTA and nucleus accumbens, and thatet al., 1998). A second study assessed NPY im-
ethanol drinking can alter some of these systems, sugsnunoreactivity in the paraventricular and arcuate nu-
gesting that these differences may be factors con-clei of the hypothalamus and central nucleus of the
tributing to the disparate ethanol drinking behaviors of amygdala and found greater NPY immunoreactivity in
the AA and ANA rats and also the P and NP rats. The the paraventricular nucleus of P rats, compared with
endogenous opioid system has been implicated inNP rats, but reduced levels in HAD rats, compared with
ethanol reinforcement with a number of studies show- LAD rats (Hwanget al., 1999). However, there were
ing that opioid antagonists reduce ethanol intake. Nal- reduced levels of NPY immunoreactivity in the central
triben, a delta-2 receptor antagonist, has been shown t@amygdala of P and HAD rats, compared with NP and
reduce ethanol intake (Jueéal.,1999); but the high-  LAD rats, respectively, suggesting that NPY in the par-
est dose tested also reduced saccharin intake. Naloxaventricular nucleus may not affect ethanol intake,
one, which blockgw.-opiate receptors, reduces ethanol whereas reduced NPY in the central amygdala may con-
intake in HAD (Froehlictet al.,1987, 1990), P, (Badia- tribute to the high ethanol consumption of P and HAD
Elder et al., 1999b; Overstreeg¢t al., 1999) and AA rats. Given the differences in NPY levels found in the
(Sinclair, 1990) rats, but appears to be most efficaciousselected lines combined with the identification of a
in reducing limited-access ethanol intake, with only a quantitative trait locus (QTL) for the NPY precurser in
modest reduction in 24-h intake (e.g., Overstedetl., F, progeny of a P x NP rat cross (Catral.,1998; de-
1999). These authors also reported that P rats displayscribed in more detail below), research interest was
ing tolerance to chronic naloxone displayed increasedstimulated for examining the role of NPY in alcohol
[®H]-DAMGO binding top-opiate receptors. Naloxone drinking behavior. Subsequently, the effects of intrac-
also has been shown to reduce ethanol intake in P ratgerebroventricular administration of NPY on ethanol
under relapse conditions (i.e., after 2 weeks of ethanolintake were examined in P, NP, and Wistar rats (Badia-
deprivation; Badia-Eldeet al., 1999b). Interestingly,  Elderet al.,2001) and in HAD and LAD rats (Badia-
the combination of the 5-HTreceptor antagonist on- Elderet al.,2000). NPY decreased ethanol intake in P
dansetron with theu-opioid antagonist naltrexone has and HAD rats and to a lesser extent in LAD rats. Ad-
recently been reported to act synergistically to improve ministration of NPY also increased ethanol-induced
drinking outcomes in alcoholics characterized as having sedation in P rats (Badia-Eldetral.,2001). These ob-
a biological predisposition to alcohol abuse and a rangeservations were consistent with those of Thieteal.,
of impulse control disorders (Ait-Daowd al., 2001). (1998), who reported increased ethanol consumption
and decreased sensitivity to the sedative/hypnotic ef-
fects of ethanol in NPY-deficient mice as compared
to wild type mice. In contrast, transgenic mice over-
expressing the NPY gene had lower ethanol preference
Levels of corticotropin-releasing factor (CRF) and greater sensitivity to the sedative/hypnotic effects
were found to be lower in the amygdala, hypothalamus, of ethanol as compared to wild type mice. Taken to-
prefrontal cortex, and cingulate cortex in P than in NP gether, these findings support the contention that NPY
rats (Ehlerst al.,1992). In a more recent study, CRF may play a role in a genetic predisposition for excessive
levels in HAD/LAD and P/NP rat lines were measured alcohol drinking behavior.
in the paraventricular nucleus of the hypothalamus and
the central nucleus of the amygdala, and the only sig-
nificant finding was that P rats had lower CRF levels
in the amygdala relative to NP rats (Hwaegal., The LCGU technique utilizes a radiolabeled ana-
2001). These findings are of interest because CRF lev-logue of glucose to assess regional neuronal activity in
els in the amygdala are increased during restraint stresdrain. The technique has been used to compare regional

Corticotropin-Releasing Factor and
Neuropeptide Y

Local Cerebral Glucose Utilization (LCGU)

and ethanol withdrawal (Merlo-Pidt al.,1995), sug- CNS metabolic activity in various lines of animals that
gesting that this neuropeptide may be involved with the are ethanol-naive or to compare naive animals vs. ani-
aversive effects of ethanol. mals exposed to alcohol in conditions such as pro-

Neuropeptide Y (NPY) immunoreactivity was as- longed drinking. Recent work comparing LCGU rates
sessed in the amygdala, hippocampus, and frontal corin the CNS of naive rats from the selected lines has
tex in P and NP rats, and P rats were found to havefound that LCGU rates are generally higher in P com-
lower levels of NPY in these brain regions (Ehlers pared with NP rats, suggesting the CNS of P rats is in-
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herently more active than that of NPs (Sméthal., that employed selective genotyping of the very high
2001a). This finding agrees with observations that the and very low drinking Frats, a QTL on chromosome
P rats are behaviorally more active than NP rats and4 was identified with an LOD score of 8.6 (Catral.,
are more reactive in a novel environment (Wadeal., 1998). This QTL acted in an additive fashion, with F
1986; Nowaket al., 2000a). Begleiter and Projesz rats homozygous for the NP genotype having the low-
(1999) have proposed that individuals with genetic vul- est drinking scores, those homozygous for the P geno-
nerability to alcohol abuse exhibit an innate hyperex- type having the highest drinking scores, and thaose F
citable CNS state, and that excessive alcohol intakeanimals heterozygous at the chromosome 4 markers
may attenuate this excited state toward normal controlhaving intermediate drinking scores. To narrow the crit-
levels. In P rats, chronic ethanol intake reduces CNSical interval, eight additional markers were genotyped
functional activity as measured by LCGU (Snxttal., in this region of chromosome 4 (Bietal.,1998). The
2001b). Recovery of LCGU rates, after abstinence for maximum LOD score increased to 9.2, with a 95% con-
2 weeks following chronic scheduled access (4 h/day) fidence interval of only 12.5 cM. The QTL mode of
to ethanol, occurs in only some CNS regions, but no action remains consistent with an additive effect and
recovery in LCGU rates was seen in the VTA and me- accounts for 11% of the phenotypic variability. Con-
dial prefrontal cortex (Smitlet al., 2001b). Overall, genic lines are currently under development, which will
these results suggest that chronic ethanol drinking byresult in further fine mapping and localization of the
P rats can produce long-lasting alterations in functional chromosome 4 QTL influencing ethanol preference.
activity in several limbic structures. Contrary to the dif- Within the candidate interval on rat chromosome
ferences in LCGU rates found between P and NP rats,4 is the prepro-neuropeptide Y (prepro-NPY) gene. The
there was only a nonsignificant trend toward higher NPY gene is an interesting candidate because NPY,
metabolic rates in the HAD vs. the LAD replicate lines which is involved in the regulation of appetitive be-
(Learnet al., 2000). havior and has been shown to be anxiolytic, is being
investigated for its role in modulating ethanol intake
(as described above). However, sequencing of the four
exons of the prepro-NPY gene in DNA from the P and
The Indiana selected lines and inbred rat strains NP parental rats used to create the P x BBrégeny
provide homogeneous populations that may be used fordid not identify any nucleotide differences. Further se-
efficient genetic determinations to isolate candidate quencing of over 2000 bp of noncoding region revealed
chromosomal regions and loci. An inbred strain dis- two polymorphisms. One polymorphism was in the 3rd
playing the phenotype will be homozygous at both the intron (35 bp 5 of the 4th exon), with a C in inbred
loci underlying the phenotype of interest, as well as at NP rats and a T in inbred P rats. The other polymor-
most of the remaining genome. It is unlikely, however, phism was in the’3UTR (82 bp downstream of the 4th
that all loci underlying a particular phenotype can be exon), with a G in NP and an A in P. Future experi-
identified using a single inbred strain, because some lociments will determine whether these polymorphisms ac-
influencing the trait may not have segregated in the ini- count for the differential behavior between the two lines.
tial stock from which the rats were derived, and, in other QTLs identified on chromosome 8 (LOB 2.2)
instances, random fixation during selection may have and chromosome 2 (LOB 2.5) are syntenic to mouse
resulted in the loss of relevant QTLs. This makes it in- chromosomes where QTLs for ethanol preference have
creasingly important to develop and analyze multiple been previously identified. A QTL on mouse chromo-
models of phenotypic traits of interest to ensure that all some 9 (syntenic with rat chromosome 8), has been pro-
major loci contributing to the traits will be identified.  visionally identified in the B x D RI mice (Phillips
Since the 15th generation, the P and NP rats haveet al., 1994). In a short-term selection, usingrRice
been phenotypically stable. For the purpose of develop-derived from the same parental strains, there was sug-
ing inbred strains, inbreeding was initiated after 30 gen- gestion for linkage with ethanol preference in the same
erations of selection. Without selecting, the ethanol region (Belknapet al., 1997). Two receptor genes,
preference phenotype has remained stable in the inbredrd2, encoding the dopamine, Beceptor, and Htrlb,
P and NP substrains. At the 19th generation of in- encoding the serotonin 1b receptor, appear to be within
breeding, reciprocal crosses of the inbred P and NPor near this region of rat chromosome 8.
animals were performed and 384dfogeny were pro- A QTL for ethanol preference has been identified
duced (Caret al., 1998). Following a genome screen on mouse chromosome 2 (Medt al., 1996; Phillips

GENOTYPING THE SELECTED LINES
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et al., 1994; Rodriguezt al., 1995) that is syntenic was examined for each QTL region. When male and
with rat chromosome 3. Contrary to the linkage find- female F rats were analyzed separately for the QTL
ing in the rat (Caret al., 1998; Biceet al.,1998), the on chromosome 12, there was greater evidence of link-
QTL identified on chromosome 2 by Medd al. (1996) age in the males (LOB 5.0) compared to the females
is male-specific. The voltage-gated sodium channel (LOD = 1.6). For all other QTLs, there was no evi-
Scnla is located within this QTL region and is a pos- dence of gender-specific effects. Pedigree effects were
sible candidate gene. also examined for each QTL, and it was determined
To identify additional QTLs contributing to that its effect was not equal in all families (Foroud
ethanol consumption that were not segregating in theet al., 2000).
P/NP rats, a genome screen was performed in the se- Rat chromosome 12 is homologous to the telom-
lectively bred HAD and LAD lines. Six reciprocal eric portion of murine chromosome 5, beginning at
crosses of HAR and LAD, rats, from the 26th gener- approximately position 65 cM. There is a promising
ation of selection were performed; progeny from candidate gene in this region, neuronal nitric oxide syn-
each of the reciprocal crosses were intercrossed to crethase 1 (NOS1). Studies have shown that drugs that
ate 459 Frats (Foroudet al., 2000). This is the first  inhibit nitric oxide synthase produce a reduction in
published study to utilize noninbred animal models for ethanol intake (Calapat al., 1996; Lallemand and
the identification of QTLs underlying ethanol con- DeWitte, 1997). The QTL on chromosome 12 also
sumption. In the selected, noninbred HAD and LAD appears to correspond to human chromosome 12q24.2-
lines, it is likely that the rats are homozygous for the 24.3; however, no evidence of an alcoholism suscepti-
major QTLs influencing ethanol preference. However, bility locus has been reported on this chromosome in
because the original parental lines were not inbred, theyhuman studies. The QTL on rat chromosome 5 also
should still be largely heterozygous at the microsatel- exceeded an LOD score of 3.0. This region of rat chro-
lite markers tested. mosome 5 corresponds to murine chromosome 4 and
The segregation of markers and QTLs were stud- human chromosome 8q23-g24. Within the murine re-
ied in several generations and across several matinggiion, an interesting candidate gene is proenkephalin,
to identify the QTLs in the noninbred HAD/LAD rats. which is part of the opioid pathway. Evidence suggests
The HAD and LAD founders were crossed to cregte F that enhanced responsiveness of the enkephalinergic
progeny, which were then intercrossed to generate thesystem to ethanol is associated with, and may be func-
F, sample consisting of six families. Because the tionally involved in, mediating high ethanol-drinking
parental generation is heterozygous for the microsatel-behavior (Liet al., 1998; see section above).
lite markers tested, the Fats are not genetically iden- Evidence of linkage to chromosome 4, identified
tical as they are in the inbred study design. This studyin the P x NP Fsample (Caret al.,1998; Biceet al.,
design is completely analogous with the collection of 1998), was not observed in the HARLAD ; F, prog-
human pedigree data, in which markers are segregateny. One likely explanation for this discordance is the
ing in all generations and individuals are never ho- different origin of the stock rats from which the P/NP
mozygous for all marker loci. One difference between and HAD,/LAD, lines were derived. The P and NP
the human data and the noninbred HAD/LAD model is lines were derived from a randomly bred closed colony
the assumption regarding QTL fixation. Whereas it is of Wistar rats (Wrm: WRC(WI)BR) (Let al., 1981),
extremely unlikely that a human population could be whereas the HAPand LAD, lines were derived from
found in which all or even most of the relevant QTLs the N/Nih heterogeneous stock (&i al., 1993). Al-
for a phenotype have been fixed, selection for ethanolthough the N/Nih stock did have Wistar-derived rats
preference in the HAD/LAD model is likely to have within the initial 8 strain cross (WN/N, WKY/N and
fixed most of the QTLs of major effect, increasing the MR/N), these Wistar rats were of quite varied ancestry
power for QTL detection. and were already inbred (Hansen and Spuhler, 1984).
To date, five chromosomal regions (1, 5, 10, 12, Thus, they already had randomly fixed ethanol-related
and 16) were identified with LOD scores greater than QTLs that had been segregating in their outbred Wis-
2.0 in the selectively genotyped sample. Genotyping of tar ancestors. Therefore, the founders from which the
the entire sample of 459, progeny produced maxi- P/NP and HARQ/LAD, lines were selected likely seg-
mum LOD scores of 3.5 on chromosome 5, 2.4 on chro-regated unique alcohol-related QTLs, and consequently
mosome 10, 4.7 on chromosome 12, and 2.9 on chro-t is not unexpected that novel QTLs would be identi-
mosome 16 (Forouet al.,2000). The effect of gender fied in the P x NP and HADx LAD; F, crosses.
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A genome screen for saccharin consumption was obtained in the full sample near the marker D4Mit7,
performed using the selectively genotyped P x NP F where a major QTL for ethanol consumption was
rats, chosen for extreme ethanol consumption (Foroudmapped in the P and NP rats (Beteal., 2000).
et al.,2002). Evidence for a possible QTL on chromo- In summary, the analytic and molecular techniques
some 16 was observed in the selectively genotypedhave now been developed to make it feasible to begin
sample. Genotyping of the full sample resulted in an mapping genes influencing alcohol preference and
LOD score of 4.0 and a QTL that acts in a dominant other related phenotypes in animal lines selectively
manner (NP allele dominant), with rats homozygous bred for alcohol preference. QTLs influencing alcohol
for the P allele having significantly higher saccharin preference have been identified on chromosomes 3, 4,
consumption compared to those that are either het-and 8 in the inbred iP/iNP rats and on chromosomes 5,
erozygous or homozygous for the NP allele. This QTL 10, 12, and 16 in the noninbred HAD1/LAD1 rats. QTL
is not in the same region of chromosome 16 as the QTLanalysis in multiple selected inbred strains and nonin-
identified in the HAQ/LAD ; for ethanol consumption.  bred lines originally selected from two different stocks

To improve the power to detect QTLs influencing will increase the probability of identifying and con-
saccharin preference, 73 markers were genotyped in thdirming chromosomal regions influencing alcohol pref-
90 P x NP K with extreme saccharin preference to com- erence in the rat. The genes identified within these
plete a genome screen to identify additional saccharinQTLs will be excellent candidates for human studies.
QTLs. Additional LOD scores greater than 2.0 were
found on chromosomes 3, 15, and 18 in the sample se,,

. L SUMMARY AND CONCLUSIONS
lectively genotyped for extreme saccharin intake. On
chromosome 3, the maximum LOD score in the full Selectively bred rats have served as valuable tools
sample was 2.8 with saccharin preference. This QTL and models in basic research on alcohol abuse and
acts in a dominant fashion, with rats homozgyous for alcoholism. Work with the Indiana selected lines has
the P allele consuming significantly more saccharin provided significant insight into behavioral and neuro-
than either the heterozygotes or NP homozygotes. Thishiological phenotypes that may result in abnormal
QTL appears to overlap with a QTL identified for ethanol-seeking behavior. One possible shortcoming in
ethanol consumption in the P and NP lines. Of inter- the overall body of research may be the issue of
est, this region of rat chromosome 3 is syntenic with whether differences observed between alcohol prefer-
mouse chromosome 2, where a QTL influencing ethanol ring and nonpreferring lines of rats reflect a divergence
preference has been previously reported. Additional from the foundation stock mostly in the direction of
analyses for pleiotropic effects have been performed preference or in the direction of nonpreference. For var-
using QTL Cartographer (Bastet al., 1994) to ex- ious reasons, most studies have not compared the se-
amine the effect of the chromosome 3 QTL using both lected lines against the appropriate foatiah stock or
the ethanol and saccharin phenotypes simultaneouslyunselected control line. For example, it has consistently
These analyses support a locus with pleiotropic effectsbeen observed that alcohol-preferring and -nonpiefgr
on both phenotypes. The QTL on chromosome 15 (maxi-lines differ in sensitivity to the aversive effects of al-
mum LOD= 2.8) also acts in a dominant fashion, with cohol, but it is unclear whether this difference pro-
rats homozygous for the P allele drinking significantly motes high alcohol drinking due to low sensitivity or,
more than the heterozygous and homozygous NP ratsconversely, promotes low alcohol drinking due to en-
The QTL on chromosome 18 (maximum LGD2.7) hanced sensitivity.
has the opposite QTL action, with rats homozygous for McBride and Li (1998) point out that a consistent
the NP allele consuming significantly more saccharin finding with selected lines has been differences in the
than the heterozygous or homozygous P rats (Foroudmesolimbic DA system, a system believed by many to,
et al.,2002). at least partly, mediate excessive drug use. Among the

The 459 HAD x LAD; F, animals were pheno- rat lines selectively bred for disparate voluntary ethanol
typed for saccharin consumption, and a highly significant consumption, some consistent differences in the CNS
correlation was found between ethanol and saccharin conhave been reported for three different pairs of rat lines,
sumption. The same 151 rats used in the ethanol preferthe P and NP lines, the HAD and LAD lines, and the sP
ence genome screen were also used to perform aand sNP lines. Thus, discovered phenotypic differences
genome screen for saccharin preference and consumpin neurochemical systems, such as apparent imbalances
tion. A LOD score of 3.2 for saccharin preference was within serotonin or dopamine systems, may indicate
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primary contributors to excessive ethanol consumption, Andrucci, G. L., Archer, R. P., Pancoast, D. L., and Gordon, R. A.

; ; i (1989). The relationship of MMPI and sensation seeking scales
especially because many human studies have also im fo adolescent drug Usa, Pers. Asses§3:253-266.

plicated these same systems (Cloninger, 1987; 1996).gadia-Elder, N. E., Mosemiller, A. K., Elder, R. L., and Froehlich,
Experimental evidence accrued via comparisons be-  J.C. (1999b). Naloxone retards the expression of a genetic pre-

; P ; e disposition toward alcohol drinkingPsychoparmacology
tween high and low drinking lines, and common attrib 144205212,

utes that appear to occur with high ethanol-drinking be- gadia-Elder, N. E., Stewart, R. B., Powrozek, T. A., Murphy, J. M.,
havior that are discovered by comparisons between  andLi, T.-K. (2000). Effect of neuropeptide Y (NPY) on ethanol

; ; ; [ intake and anxiety in high and low alcohol drinking
different selected line pairs, add credence to the im- 15y " by Alcohol. Clin. Exp. Re24:82A (Abstract).

portance of these common systems and behaviors. Thigadia-Elder, N. E., Stewart, R. B., Powrozek, T. A., Roy, K. F.,
is a fundamental approach in which hypotheses re-  Murphy, J. M., and Li, T.-K. (2001). Effect of neuropeptide Y

. P . . . (NPY) on oral ethanol intake in Wistar, alcohol preferring (P),
garding associations with excessive ethanol intake are " -nonpreferring (NP) ratalcohol, Clin. Exp. Re©5:386—

generated and tested. Excessive ethanol intake and ab- 399,
normal ethanol-seeking behavior presumably involves Badia-Elder, N. E., Stewart, R. B., Powrozek, T. A., Woods, J. E.,

multiple genetic determinants leading to multifaceted ! Murphy, J. M., Lumeng, L, and Li, T.-K. (1999a). Ethanol-
induced conditioned taste aversion in high alcohol drinking

phenotypic substrates, including various protein prod-  (HAD) and low alcohol drinking (LAD) ratsAlcohol. Clin. Exp.
ucts, multiple neurotransmitter systems in different Res.23:104A (Abstract).

f ; : : Badia-Elder, N. E., Stewart, R. B., Roy, K. F., Kennedy, M. J., Mur-
CNS regions, and ultimately a variety of behavioral phy, J. M., and Li, T.-K. (2001). Effect of neuropeptide Y (NPY)
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