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Abstract
This article presents the proceedings of a symposium at the 2002 RSA/ISBRA Meeting in San
Francisco, California, co-organized by Julie A. Mennella and Alexander A. Bachmanov of the Monell
Chemical Senses Center. The goal of this symposium was to review the role that chemosensory
factors (taste, smell, and chemical irritation) play in the perception, preference, and consumption of
alcohol. The presented research focused on both humans and laboratory animals and used a variety
of approaches including genetic, developmental, pharmacological, behavioral, and psychophysical
studies. The presentations were as follows: (1) Introduction and overview of the chemical senses
(Julie A. Mennella and Alexander A. Bachmanov); (2) Taste reactivity as a measure of alcohol
palatability and its relation to alcohol consumption in rats (Stephen W. Kiefer); (3) Early learning
about the sensory properties of alcohol in laboratory animals (Juan Carlos Molina); (4) Early learning
about the sensory properties of alcohol in humans (Julie A. Mennella); (5) Genetic dissection of the
ethanol-sweet taste relationship in mice (Alexander A. Bachmanov and Michael Tordoff); and (6)
Human genetic variation in taste: connections with alcohol sensation and intake (Valerie B. Duffy
and Linda M. Bartoshuk). The symposium concluded with a general discussion.
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INTRODUCTION AND OVERVIEW OF THE CHEMICAL SENSES
Julie A. Mennella and Alexander A. Bachmanov

The oral consumption of alcohol is accompanied by chemosensory perception of flavor, which
plays an important role in its acceptance and rejection in both humans and laboratory animals.
Three independent sensory systems— taste, olfaction, and chemosensory irritation—are
involved in the perception of flavor. Humans perceive alcohol as a combination of sweet and
bitter tastes, odors, and oral irritation (e.g., burning sensation), all of which vary as a function

Reprint requests: Alexander A. Bachmanov, Monell Chemical Senses Center, 3500 Market Street, Philadelphia, PA 19104-3308; Fax:
215-898-2084; E-mail: bachmanov@monell.org.
Supported by grants NIH R01 AA11028 (MGT), NIH R01 AA09523 (JAM); NIH R21 AA11867 (SWK); NIH R01 DC 00283 (LMB);
NRICGP/USDA 9603745 (VBD); Agencia Nacional de Promocion Cientifica y Tecnica (PICT 5-7053) (JCM); Ministerio de Salud,
Argentina and Research Foundation of SUNY, Binghamton (JCM).

NIH Public Access
Author Manuscript
Alcohol Clin Exp Res. Author manuscript; available in PMC 2007 August 7.

Published in final edited form as:
Alcohol Clin Exp Res. 2003 February ; 27(2): 220–231.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of concentration (Bartoshuk et al., 1993;Green, 1987;Mattes and DiMeglio, 2001). Likewise,
rodents detect the sweet (sucrose-like) and bitter (quinine-like) taste (Kiefer and Lawrence,
1988;Kiefer and Mahadevan, 1993) and odor volatiles (Kiefer and Morrow, 1991;Molina et
al., 1999) of alcohol and probably the other components detected by humans as well (Belknap
et al., 1977;Nachman et al., 1971).

Many factors underlie the role that alcohol flavor plays in the development of alcohol
preference and consumption patterns. Such factors include the activation of peripheral
chemoreceptors by alcohol (Trevisani et al., 2002); central mechanisms that mediate the
hedonic responses to alcohol flavor (Ferraro et al., 2002); learned associations of alcohol’s
sensory attributes and its postingestive effects and early postnatal exposure to alcohol flavor
(Mennella, 1999;Molina et al., 1999); and genetically determined individual variation in
chemosensation (Bartoshuk et al., 1993;Duffy et al., 2003;Pelchat and Danowski, 1992). The
study of the role of chemosensory factors in alcohol intake and preferences is of special interest
because the past decade has witnessed significant technical and scientific advances, which
include identification of receptors and other key molecules involved in the transduction
mechanisms of olfaction (Buck and Axel, 1991), chemosensory irritation (Caterina et al.,
1997), and taste (Adler et al., 2000;Bachmanov et al., 2001b;Kitagawa et al., 2001;Li et al.,
2002;Matsunami et al., 2000;Montmayeur et al., 2001;Nelson et al., 2001,2002;Sainz et al.,
2001). The following presentations review the role that the chemosensory factors play in
alcohol perception, preferences, and consumption in humans and laboratory animals
throughout the lifespan.

TASTE REACTIVITY AS A MEASURE OF ALCOHOL PALATABILITY AND ITS
RELATION TO ALCOHOL CONSUMPTION IN RATS

Stephen W. Kiefer

Given that ethanol is normally introduced to one’s internal milieu only through the oral cavity,
taste factors represent an important arbiter in an organism’s decision to ingest or reject such a
solution (Garcia et al., 1974). Frequently, ethanol’s palatability is deduced from simple
consumption measures. If an animal drinks a lot of ethanol, it must like the taste. And,
conversely, if an animal avoids consumption of ethanol, it must dislike the taste. Such
conclusions, although logical, are not supported by work indicating that taste palatability and
consumption can be experimentally dissociated.

Taste palatability has been measured with the taste reactivity test, a quantitative measure of
palatability that is reflected by orofacial responses to orally infused fluids (Grill and Norgren,
1978). The measure of ethanol palatability with the taste reactivity paradigm in rats has been
used extensively in our laboratory (for a review, see Kiefer, 1995). In general, ethanol solutions
elicit a complex combination of hedonic (positive or ingestive) and aversive responses. Early
experiments focused on characterizing, in detail, the response of outbred rats to ethanol (Kiefer
and Dopp, 1989). Simple consumption measures were made, but the correlations between
ethanol reactivity measures and consumption were weak at best. In this first experiment and
in all subsequent studies, care was taken to ensure that the videotapes of the rats’ responses
were scored with the scorer blind to the solution and the rat’s experimental condition.

The majority of work with ethanol reactivity and consumption has taken advantage of the rat
lines selectively bred for high (and low) levels of ethanol consumption. In our laboratory, three
sets of rats have been tested extensively: the ethanol-preferring P rats and the nonpreferring
NP rats from the Indiana University School of Medicine (Bice and Kiefer, 1990); the replicate
line of HAD (high-alcohol-drinking) and LAD (low-alcohol-drinking) rats, also from Indiana
University (Kiefer et al., 1995); and the high-ethanol-drinking AA rats and low-ethanol-
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drinking ANA rats from Finland (Badia-Elder and Kiefer, 1999). Although these lines of rats
were tested in separate experiments and reported in separate articles, the general findings were
similar. Prior to experience with ethanol consumption (all rats were received as ethanol naïve),
the high-drinking and low-drinking rats were not significantly different in their taste reactivity
response to ethanol across a 5% to 40% range of concentrations. There was only one exception
to this characterization and that was reflected by AA rats, which showed significantly more
hedonic (ingestive) responses than ANA rats.

After 3 weeks of continuous access to 10% ethanol and water, during which time high- and
low-drinking patterns were confirmed, consistent shifts in reactivity were found. For hedonic
responding, all high-drinking rat lines exhibited a significant increase across all concentrations;
conversely, the high-drinking rats demonstrated a significant decrease in aversive responding,
particularly at the higher concentrations. Low-drinking rat lines did not alter their reactivity to
ethanol after the experience with 10% ethanol. The decreases in aversive responding to ethanol
were extremely consistent across the three sets of rats. The high-drinking rats made a small
number of aversive responses to the lowest concentrations, but, at the higher concentrations,
virtually no high-drinking rats made any aversive responses.

It is important to note that the changes in reactivity found in the high-drinking rat lines were
consistent across the range of concentrations even though the rats only had experience
consuming a single concentration: 10%. The fact that consumption of one ethanol
concentration has significant impact on the reactivity response to other concentrations (the
highest concentration was four times that of the concentration consumed) may be significant
for any transition that high-risk humans might make from low concentrations of ethanol to
more concentrated drinks.

Although reactivity and consumption appear to covary in a consistent manner with selectively
bred lines, additional data from drug manipulations suggest that ethanol reactivity and
consumption can be dissociated. Hill and Kiefer (1997) reported that naltrexone, a general
opiate antagonist, caused a significant shift in ethanol reactivity to a more negative reaction.
That is, outbred rats treated acutely with naltrexone showed a decrease in hedonic responding
and a concomitant increase in aversive responding when tested for reactivity to 10% ethanol.
The most consistent results were found with the 1 mg/kg and 3 mg/kg dosages (the 0.5 mg/kg
dose produced inconsistent results). After the reactivity tests were completed, the effect of
acute naltrexone treatment on 10% ethanol consumption was tested. Rats were placed on a
schedule of restricted fluid access and, once acclimated to the drinking schedule, were injected
with naltrexone 10 min before ethanol access. A consistent dose-dependent decrease in ethanol
consumption was found.

Reductions in both ethanol palatability and ethanol consumption after naltrexone treatment in
outbred rats have been confirmed in an additional experiment. Coonfield et al. (2002) found
that relatively low doses of naltrexone (0.25-1.0 mg/kg) produced results similar to those
reported earlier (Hill and Kiefer, 1997). Naltrexone reduced ingestive responding, increased
aversive responding, and decreased ethanol consumption, the last measure again being dose
dependent. An additional experiment (Ferraro et al., 2002), where only reactivity measures
were made, found that naltrexone shifted the palatability of a variety of taste solutions (ethanol,
sodium chloride, and quinine hydrochloride) across a range of concentrations. For each
solution, rats made fewer ingestive and greater aversive responses. The pattern of data for
sucrose concentrations was unique: naltrexone failed to alter ingestive responding to sucrose
but consistently increased aversive responding, particularly at the low concentrations. These
data support an earlier suggestion that the mechanisms mediating ingestive responding may
be independent from those mediating aversive responding (Berridge and Grill, 1984).
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We have recently combined naltrexone treatment and high-drinking rat lines to determine
whether the pattern of decreased palatability and decreased consumption would result. In one
experiment with AA rats (Coonfield et al., 2001), 1 mg/kg and 3 mg/kg naltrexone treatment
failed to produce significant changes in taste reactivity to ethanol. There was a hint of the
expected palatability shift, but the changes were not statistically significant. Despite the lack
of effect of naltrexone on taste reactivity, similar treatment clearly produced the expected
decreases in consumption of ethanol. Thus, these data suggested that ethanol reactivity and
ethanol consumption could be dissociated. When P rats were tested, a decision was made to
use a stronger dose, so both 3 mg/kg and 7.5 mg/kg doses were used in a group of naïve P rats.
The pattern of the data was similar to that already described: the naltrexone dosages had no
significant effect on taste reactivity to 10% ethanol, but the same treatments clearly produced
significant reductions in ethanol consumption. We are currently analyzing a third experiment,
again with AA rats, by using the higher 3 mg/kg and 7.5 mg/kg dosages. Although the taste
reactivity data have yet to be completely analyzed, it has been confirmed that the naltrexone
dosages significantly decrease consumption of 10% ethanol.

The ability of naltrexone to dissociate ethanol reactivity from ethanol consumption in
selectively bred rats may provide an avenue for understanding the underlying mechanisms of
the rat’s response to ethanol. We believe that it is important to consider taste or palatability as
an issue separate from the actual consumption of ethanol. Ultimately, however, attempts to
eliminate ethanol consumption and abuse would bring to bear interventions that would recruit
both taste factors (somehow render the taste of alcohol as unpalatable) and consumption factors
(particularly postingestive consequences).

EARLY LEARNING ABOUT THE SENSORY PROPERTIES OF ALCOHOL IN
LABORATORY ANIMALS

Juan Carlos Molina

The interaction comprising early development and alcohol exposure has been primarily
analyzed from a teratological perspective. The incidence and prevalence of fetal alcohol
syndrome and fetal alcohol-derived effects certainly justify this approach. This perspective
also allows us to consider the possibility that initial exposure to alcohol’s sensory and/or toxic
properties can take place during prenatal life. After maternal alcohol ingestion, the levels of
alcohol observed in the amniotic fluid closely parallel those encountered in fetal and maternal
blood (Domínguez et al., 1996). In different mammalian species, the immaturity of the
olfactory subsystems and of the gustatory sensory modality during late fetal life does not
preclude functional detection, discrimination, and learning about chemosensory cues that are
present in the amniotic fluid (Molina et al., 1999). Early alcohol-related experiences are also
likely to take place whenever the nursing infant has access to maternal milk contaminated with
the drug. In different cultures, moderate or even heavy maternal alcohol consumption is
regarded as a means to promote milk production or rectify problems that lead to milk
insufficiency (Mennella, 1999;Mennella, 2002). If alcohol consumption does not inhibit milk
production and ejection from the mammary gland, the concentration of alcohol in maternal
milk tends to be similar to that encountered in blood (Pepino et al., 1998). There are also other
cultural uses of the drug related to its sedative, analgesic, and antiseptic properties. These later
applications also imply the possibility of infantile processing of alcohol’s sensory and/or
postabsorptive effects (Choonara, 1994;Molina et al., 1999). If our purpose is to understand
how alcohol acceptance patterns develop in a given organism, it seems logical not to neglect
the likelihood of significant experiences with the drug during early ontogeny. Some of the
hypotheses that are likely to be derived from this general statement are also difficult to test via
epidemiological and clinical studies. Methodological and particularly ethical problems will
inevitably arise whenever the research strategy requires controlled exposure to alcohol during
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the course of early ontogeny. Animal studies have revealed that prenatal and/or early postnatal
alcohol experiences can have profound effects on later alcohol detection, recognition, and
acceptance patterns (Spear and Molina, 2001). We will now discuss some of our most recent
findings related to these particular issues.

Near-term rat fetuses and neonates show specific behavioral responses to chemosensory cues
experienced previously in the prenatal milieu (Robinson and Smotherman, 1995). When
alcohol accumulates in the amniotic fluid, the rat perinate seems capable of encoding sensory
information inherent to the drug and of retaining this information during considerable time
intervals. A brief (10 min) exposure to alcohol diluted in the amniotic fluid (peak alcohol
concentration: 100 mg%) prior to cesarean delivery is sufficient to (a) affect neonatal
autonomic and behavioral components of orienting responses to alcohol odor, (b) increase
infantile alcohol olfactory preferences and alcohol intake patterns, and (c) interact with
postnatal learning experiences where alcohol odor is explicitly associated with different
reinforcers (Molina et al., 1995). It is important tonote that subsequent studies indicated that
the perinatal alcohol-related sensory memory was most likely established via an associative
process (Domínguez et al., 1999). It became evident that the delay existing between alcohol
contamination of the amniotic fluid and the consequences derived from cesarean delivery and/
or perinatal manipulations was a critical factor in terms of allowing subsequent recognition
and acceptance of alcohol odor and/or taste. Specifically, and as suggested by prior studies
(Wilson and Sullivan, 1994), activating tactile stimulation applied by the experimenter during
and immediately after cesarean delivery represented an effective unconditioned stimulus
capable of supporting associative learning where alcohol’s sensory properties act as a
conditioned stimulus. Hence, we had been able to determine fetal detection and retention of
alcohol-derived cues but only under very particular experimental circumstances.

What happens when fetal exposure to alcohol is derived from maternal administration of the
drug? When moderate alcohol doses are used, will the accumulation of ethanol in the amniotic
fluid or in fetal blood reach suprathreshold levels in terms of recruiting sensory processing? If
so, will the state of fetal intoxication compete against sensory processing and/or acquisition
and retention of the information?

Some of these questions were addressed through the examination of perinatal and infantile
responsiveness to alcohol after relatively low daily alcohol doses (1 or 2 g/kg) were
administered to pregnant rats through gestational days 17 to 20. Chemosensory processing of
biological and artificial odorants, as well as nonassociative (habituation) and associative
(Pavlovian conditioning) learning processes, have been observed during this late prenatal stage
of development (Robinson and Smotherman, 1995;Ronca and Alberts, 1994).

Alcohol levels in fetal and maternal blood and in the amniotic fluid were determined through
head-space chromatography 1 hr after pregnant females received the last 1 or 2 g/kg alcohol
dose corresponding to gestational day 20. As could be expected, dose-dependent ethanol
concentrations were observed across the different sites of assessment. Alcohol levels in the
amniotic fluid resulting from maternal administration of 1 and 2 g/kg alcohol doses were
equivalent to 50 and 120 mg%, respectively. Prenatal alcohol exposure did not affect placental
or umbilical cord sizes and weights, fetal body weights, or weights and sizes of different central
nervous system structures. When perinates pretreated with alcohol were subsequently exposed
to an unscented air stream or to air scented with a novel odorant (lemon), motor activity scores
were higher than those registered in saline-pretreated subjects. This hyperactive phenomenon,
which has been described in different animal models related to fetal alcohol effects, was not a
permanent behavioral condition. When newborns pretreated with alcohol were exposed to the
smell of the drug, a dramatic decrease in their activity rate was evident (Domínguez et al.,
1996;Molina et al., 1999). Subsequent experiments demonstrated that maternal alcohol
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intoxication during late gestation generates in the progeny a specific memory of alcohol’s
chemosensory attributes (Domínguez et al., 1998). Immediately after birth, pups prenatally
exposed to saline or to 1 or 2 g/kg alcohol doses were exposed to orosensory stimuli in gas
phase (amniotic fluid, amniotic fluid compounded with alcohol, or alcohol alone). When the
durations of either overall motor activity or head movements were the dependent variables, a
consistent behavioral pattern emerged. Alcohol experience in utero, particularly with the higher
alcohol dose, predisposed pups to react to the smell of the drug in a similar way, as did alcohol-
naïve newborns when they were stimulated with the smell of the amniotic fluid. Subsequent
infantile intake tests provided further evidence for alcohol-related memories established during
fetal life. Consumption of five different palatable solutions was assessed. Prenatal alcohol
treatment failed to modify ingestive responses elicited by the palatability of two basic tastants
such as quinine and sucrose. Water intake scores were also similar across prenatal treatments.
Nevertheless, pups subjected to intrauterine alcohol experiences were more likely to ingest an
alcohol solution and a sucrose-quinine compound (a stimulus that represents a psychophysical
equivalent of alcohol in the rat; Kiefer, 1995) when compared with infants with no prior alcohol
experience (Domínguez et al., 1998).

How are these effects determined? Is prenatal exposure to alcohol’s sensory attributes the sole
determinant of subsequent differential responsiveness to alcohol odor and taste, or does this
memory also depend on alcohol’s unconditioned properties related to maternal-fetal
intoxication? This second question implies the possibility of associative learning in utero based
on the contingency between alcohol’s sensory (conditioned stimulus, CS) and toxic
(unconditioned stimulus, US) properties.

The main problem in terms of analyzing whether alcohol intoxication can support fetal
associative learning is directly related to alcohol distribution processes. Maternal alcohol
administration results in not only fetal intoxication but also an opportunity for the fetus to
process the sensory characteristics of alcohol that enters the amniotic fluid. The difficulty is
in establishing experimental procedures to evaluate potentially separable effects of (a)
alcohol’s orosensory features, (b) alcohol’s pharmacological consequences, and (c) the
association between both factors. Hence, we decided to use as a CS a nonalcohol chemosensory
stimulus (cineole, main component of essential eucalyptus oil) that could be administered to
the mother and traced through chromatography. The pharmacokinetic profiles related to the
presence of cineole and alcohol in the amniotic fluid and in maternal blood allowed us to design
experiments where prenatal temporal contiguity between peak levels of cineole in the amniotic
fluid and the induction of maternal/and or fetal alcohol intoxication was systematically varied
(Abate et al., 2000,2001). This strategy proved to be successful. For example, newborns that
during prenatal lifeexperienced cineole shortly before commencement of alcohol’s
postabsorptive effects were more likely to attach to an artificial nipple scented with this
olfactory cue than were neonates exposed to unpaired prenatal experiences involving cineole
and alcohol intoxication or relative to completely naïve controls (Abate et al., 2003). This
observation supports the possibility that prenatal alcohol exposure can result in chemosensory
associative learning mediated by alcohol’s postabsorptive effects.

As previously mentioned, the nursing environment provides alternative possibilities related to
early alcohol chemosensory processing. Dams exposed to intragastric administrations of
subnarcoleptic alcohol doses (0.5-3.0 g/kg) exhibit milk alcohol levels that range between 25
and 200 mg% (Pepino et al., 1998). Preweanling rats readily acquire sensory information about
alcohol when suckling from a mother previously subjected to a moderate alcohol dose that
results in milk alcohol levels approximately equivalent to 175 mg%. Furthermore, a relatively
brief history of infantile interaction with ethanol-intoxicated dams seems to facilitate
subsequent responsiveness to ethanol’s orosensory cues and also to predispose the animal to
express a negative affective component of the memory acquired through these interactions
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(Pepino et al., 1999,2001). Interestingly, after interacting for the first time with a non-tolerant
alcohol-intoxicated dam (postnatal day 3), socially isolated pups exhibit heightened distress
ultrasonic vocalizations and abnormal motor patterns relative to conspecifics that interacted
with an alcohol-free dam. The former animals rapidly learn to avoid a novel tactile stimulus
that is explicitly associated with the smell of alcohol. When maternal care is disrupted by
alcohol is when preweanlings are more likely to express behavioral signs of distress (Molina
et al., 2000). Under these circumstances, it is conceivable that infants learn to associate
alcohol’s sensory cues present in the nursing context with disruptive effects of alcohol on
maternal care. Later in life, when suffering social and nutritional deprivation, infants nursed
by alcohol-intoxicated dams consume more alcohol than do control pups. This effect survives
the passage of time and is likely to be observed in male rats during juvenile stages of
development (Pepino et al., 2000). It seems paradoxical that an aversive memory related to
sensory components of the drug will result in heightened alcohol intake. Nevertheless, we
should not disregard the possibility that this heightened alcohol consumption can represent a
behavioral strategy to obtain stress-relief through anxiolytic properties of the drug. This
hypothesis remains to be tested.

Is it possible to expect an interaction between the consequences of pre- and early postnatal
experiences with alcohol’s sensory attributes? At least two studies directly endorse this
possibility. Pups prenatally exposed to alcohol during late gestation and postnatally stimulated
with the orosensory components of the drug exhibit exacerbated motor and heart rate responses
when stimulated with the smell of alcohol relative to animals subjected only to pre- or postnatal
alcohol experiences (Chotro et al., 1996). Similarly, in a recently conducted study, we observed
that maternal administration of alcohol during late gestation followed by infantile interactions
with an alcohol-intoxicated mother facilitates subsequent detection of relatively small
concentrations of ethanol (175 mg%) in water (M. Pueta and J. C. Molina, unpublished data,
2002).

As a function of the studies summarized here, the following concluding remarks appear
pertinent:

1. During late gestation and breastfeeding, the developing rat processes the presence of
alcohol in the corresponding niche.

2. Alcohol-related memories arise from these early experiences and facilitate subsequent
responsiveness to the drug’s chemosensory cues.

3. A common denominator of these experiences is that they promote alcohol-self
administration later in life.

4. Prenatal and early postnatal experiences with alcohol interact and appear to facilitate
the discrimination of the sensory properties of the drug.

5. Some of these early memories are generated through associative processes that
comprise alcohol’s sensory properties and alcohol’s postabsorptive effects on the
organism itself or on other conspecifics.

EARLY LEARNING ABOUT THE SENSORY PROPERTIES OF ALCOHOL IN
HUMANS

Julie A. Mennella

Research on humans and laboratory animals has revealed remarkable consistency in how young
animals learn about the dietary choices of the mother (Mennella, 2001;Mennella and
Beauchamp, 1998b). Flavors from the mothers’ diet are transmitted to amniotic fluid and
mothers’ milk and permeate the ambient environment. Such early flavor learning may be a
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fundamental feature of all mammals because it is presumably important for the preweanling
infant to accept and be particularly (but not exclusively) attracted to the flavors consumed by
the mother. All else being equal, these are the flavors that are preferred by the mother or, at
least, foods the mother has access to. Under this hypothesis, exposure occurring in utero and
during breastfeeding, when flavors mothers consume are transferred to the infants’
chemosensory environment, would influence subsequent acceptance and preference. During
the past decade, research in our laboratory has focused on the ontogeny of responsiveness to
the sensory qualities of alcohol in humans (Mennella, 1999,2001). The goal of this research is
to identify some of the developmental, experiential, and cultural factors that contribute to an
individual’s hedonic responses to the sensory properties of alcohol. Because of the olfactory
system’s intense and immediate access to the neurological substrates underlying emotion
(Cahill et al., 1995), such investigations of the hedonic responses to sensory stimuli may
provide a window into children’s emotional responses and reveal information about contextual
effects of learning and the role of early experience on the development of preferences and
aversions.

The flavor changes resulting in human milk after the mother consumes an alcoholic beverage
parallel the changing concentrations of ethanol in her milk (Mennella and Beauchamp, 1991).
Moreover, the infant can detect the flavor of alcohol in the milk, and experience with the flavors
modifies subsequent responsiveness in the context of milk feeding (Mennella, 1997), a finding
that is consistent with the infants’ response to a wide variety of other flavors (Mennella and
Beauchamp, 1998a). In addition to the impact that maternal alcohol consumption has on infant
nutrition, experience with the sensory qualities of ethanol in mothers’ milk may affect infants
in other important ways. Animal studies revealed that memories are formed as a result of
orosensory experiences during nursing and retained for a considerable time span (Molina et
al., 1999). This is especially relevant because the infant can detect the flavor of alcohol, and
the context in which alcohol is experienced, with the mother and during breastfeeding, consists
of a variety of elements that can be positive (e.g., tactile stimulation, warmth) reinforcers for
early learning.

When breastfed infants (6-13 months) were exposed to toys that were identical in appearance
but differed in their characteristic scent (e.g., vanilla-scented, ethanol-scented, or no scent),
we found that those infants who had more exposure to ethanol, as inferred from questionnaires
about maternal and paternal alcoholism and alcohol intake, behaved differently in the presence
of an ethanol-scented toy compared with less exposed infants (Mennella and Beauchamp,
1998b). Of the four behaviors monitored in the study (mouthing, looking, manipulating the
toy, and vocalizing), this differential response was manifested in mouthing the ethanol-scented
toy more. This finding might be anticipated based on animal studies which indicated that pups
that were exposed to the flavor of ethanol in milk increased their mouthing rates to the odor of
ethanol and were more willing to ingest ethanol-flavored solutions (Hunt et al., 1993). Whether
mouthing the ethanol-odorized toy more reflects their familiarity with the flavor of ethanol,
which, in turn, leads to a greater willingness to accept ethanol-flavored substances, remains to
be investigated. Nevertheless, these data provide circumstantial evidence that prior ethanol
exposure in humans alters the willingness of infants to orally explore toys scented with this
odor. Moreover, this learning appears to be keenly selective, as it allows for the discrimination
of closely related aromas, vanilla and ethanol.

That early experiences can also generate aversive memories about alcohol was evident in a
study on older children (3-6 years). Here the children’s hedonic response to the odor of alcohol
was related to the emotional context in which parents experience alcohol and the parents’
frequency of drinking (Mennella and Garcia, 2000). That is, children of a parent or parents
who drank alcohol to change their state of mind or reduce dysphoric feelings (hereafter referred
to as “escape drinking”) were significantly more likely to judge the odor of beer as unpleasant
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compared with similarly aged children whose parents did not drink to escape. This difference
between the groups was odor specific. That is, the children in the two groups were similar in
their preference for the bubble gum and rejection of the pyridine odors. These findings concur
with previous studies on elementary school-aged children of alcoholic parents (Noll et al.,
1990) and are consistent with animal studies which demonstrate that pups exposed to an
intoxicated mother develop aversive memories toward the odor of alcohol (Molina et al.,
2000;Pepino et al., 2001).

Early childhood represents a critical period for the development of expectancies about, and the
affective disposition toward, alcohol, which may affect alcohol use during adolescence. These
findings, together with those presented by Juan Molina in this symposium, suggest that at least
some of the early learning about alcohol is based on sensory experiences and clearly anchor it
to children’s experiences at home and the frequency and the emotional context in which their
parents experience alcohol. These data support the hypothesis that associative learning in the
context of emotionally salient conditions is a powerful mechanism by which odors acquire
personal significance and that the emotional context in which children experience an odor can
influence subsequent behaviors. Whether the emotional response to the scent of alcohol
conditioned during early childhood persists or can explain behaviors during later childhood
and adolescence is not known. One of our goals is to tap into the sensory and emotional world
of the child in an attempt to learn what the child becomes.

GENETIC DISSECTION OF THE ETHANOL-SWEET TASTE RELATIONSHIP IN
MICE

Alexander A. Bachmanov and Michael G. Tordoff

Ethanol preference is associated with the liking for sweet taste. The relationship between
ethanol and sweetener perception and consumption is supported by several lines of evidence.
Electrophysiological recordings indicate that lingual application of ethanol activates
sweetener-responsive neural fibers in the gustatory nerves (Hellekant et al., 1997;Sako and
Yamamoto, 1999) and sweetener-responsive units in the nucleus of the tractus solitarius (Di
Lorenzo et al., 1986). Conditioned taste aversions generalize between ethanol and sucrose
(Blizard and McClearn, 2000;Kiefer and Lawrence, 1988;Kiefer and Mahadevan,
1993;Lawrence and Kiefer, 1987), suggesting that ethanol and sucrose share the same taste
property, most likely sweetness. Human alcoholics were shown to have a stronger liking of
concentrated sucrose compared with nonalcoholics (Kampov-Polevoy et al., 1998,1997).
Genetic associations between preferences for ethanol and sweeteners are found among many
rat and mouse strains and their segregating crosses (reviewed in Kampov-Polevoy et al.,
1999;Overstreet et al., 1999).

We analyzed the genetic association between ethanol consumption and taste by using two
mouse strains, C57BL/6ByJ (B6) and 129P3/J (129). In two-bottle choice tests, intake of
ethanol and more than a dozen sweeteners was higher in B6 than 129 mice (Bachmanov et al.,
1996b,2001d). Because both ethanol and sugars have caloric value for animals, we investigated
the possibility that the higher intakes of sucrose and ethanol by the B6 mice are due to a greater
appetite for calories in this strain compared with the 129 strain. We found that consumption
of chow, complex carbohydrates (cornstarch and Polycose), and fats (soybean oil and
margarine) was similar in the two strains (Bachmanov et al., 2001c). Although there may be
common signals related to the caloric value of ethanol and sugars (Freed, 1972;Gentry and
Dole, 1987;McMillen and Williams, 1998;Richter, 1941;Rodgers, 1966;Rodgers et al.,
1963), our data suggest that the B6 and 129 mice have similar avidity for calories, and that the
appetite for calories does not contribute to the strain differences in ethanol or sucrose
consumption.
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The B6 and 129 mice also have different responses to salty, sour, and bitter stimuli (Bachmanov
et al., 2002a,1996b;Beauchamp and Fisher, 1993), which makes them a useful model to study
the relationship between ethanol intake and taste. To examine whether differences between the
B6 and 129 mice in ethanol and taste preferences are due to common genetic mechanisms or
to independent genes fortuitously fixed during strain inbreeding, we produced the second filial
generation (F2) of hybrids between these two strains. The F2 mice were offered solutions of
ethanol, sucrose, citric acid, quinine hydrochloride, and NaCl in two-bottle choice tests.
Analysis of genetic correlations showed that ethanol consumption positively correlated with
sucrose intake, but it did not correlate with intakes of the other taste stimuli (citric acid, quinine,
and NaCl). The differences in ethanol and sweetener intake between B6 and 129 strains depend
on relatively small and partially overlapping sets of genes (Bachmanov et al., 1996a). Results
of this and other (Belknap et al., 1993;Overstreet et al., 1993;Phillips et al., 1994;Stewart et
al., 1994) studies support the presence of a genetically determined link between the
consumption of ethanol and sweet solutions, which is consistent with the hypothesis that the
higher ethanol intake by B6 mice depends, in part, on higher hedonic attractiveness of its sweet
taste component. Previous work suggested a relationship between excess ethanol consumption
and lower sensitivity to bitterness or aversion to NaCl (Grupp et al., 1991;Pelchat and
Danowski, 1992). However, we found no cosegregation in the F2 generation between intakes
of ethanol and quinine or NaCl, suggesting that independent genes fixed during inbreeding of
the parental strains are responsible for these associations in the 129 and B6 mice.

Our most recent studies have been directed toward identifying the genetic loci (quantitative
trait loci, QTL) underlying the association between ethanol and sweetener preferences. QTL
locations were determined using linkage analysis. The B6 × 129 F2 mice were tested by using
two-bottle tests with ethanol and the four sweeteners (glycine, D-phenylalanine, saccharin, and
sucrose). In each F2 mouse, we tested DNA markers on different chromosomes to find out
from which parental strain linked chromosomal regions were inherited. A genome screen that
used these F2 mice identified three significant linkages for indexes of ethanol consumption.
Two loci, on distal chromosome 4 (Ap3q) and proximal chromosome 7 (Ap7q), strongly
affected 10% ethanol intake and weakly affected 3% ethanol intake. A male-specific locus on
proximal chromosome 8 (Ap8q) affected 3% ethanol preference but not indexes of 10% ethanol
consumption. In addition, six suggestive linkages (on chromosomes 2, 9, 12, 13, 17, and 18)
affecting indexes of 3% and/or 10% ethanol consumption were detected. The loci with
significant and suggestive linkages accounted for 35% to 44% of the genetic variation in ethanol
consumption phenotypes. No additive-by-additive epistatic interactions were detected for the
primary loci with significant and suggestive linkages. However, there were a few modifiers of
the primary linkages and a number of interactions among unlinked loci. This demonstrates a
significant role of the genetic background in the variation of ethanol consumption (Bachmanov
et al., 2002b). Several linkages for ethanol consumption were also associated with sweetener
preferences. In some cases, linkages for ethanol and sweeteners had distinct peaks. This
suggests that each trait is linked to its own QTL, but because of the QTL proximity, they tend
to be inherited as a linked group, which contributes to the genetic correlation between ethanol
and sweetener intakes. However, in some other cases, linkage intervals for ethanol and
sweetener consumption overlapped, suggesting that the same QTL may have pleiotropic effect
on both traits.

One such locus that is likely to pleiotropically affect ethanol and sweetener consumption is
Ap3q on distal chromosome 4. This region also contains the saccharin preference (Sac) locus
(Bachmanov et al., 1997,Blizard, et al., 1999;Li et al., 2001;Lush et al., 1995;Phillips et al.,
1994), which has been recently positionally cloned (Bachmanov et al., 2001b) and corresponds
to a sweet taste receptor gene, Tas1r3 (Kitagawa et al., 2001;Max et al., 2001;Montmayeur et
al., 2001;Nelson et al., 2001;Sainz et al., 2001). Thus, the Sac and Ap3q loci are probably
identical, suggesting that the Tas1r3 gene is a candidate for the Ap3q locus and that genetic
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differences in perception of the sweet taste component of ethanol flavor can affect ethanol
consumption (Bachmanov et al., 2001a).

Because of evolutionary conservation between mouse and human genomes, genes positionally
cloned in the mouse are likely to have human orthologs. For example, mouse distal
chromosome 4 (including the Ap3q and Sac/Tas1r3 loci) has conserved synteny with a
subtelomeric region of the short arm of human chromosome 1 (1p36). This human region
harbors the TAS1R3 gene, an ortholog of mouse Tas1r3 (Reed et al., 2001). Moreover, a locus
influencing vulnerability to alcoholism has been mapped to human chromosome 1 (1p13-35)
(Nurnberger et al., 2001); however, the linkage peak for this locus is substantially more
centromeric than the region of conserved synteny for the Ap3q locus.

In conclusion, our data suggest that the genetic correlation between ethanol and sweetener
consumption is due to two factors: linkage of distinct loci for each trait, and presence of loci
with pleiotropic effects on both traits. The locus on distal chromosome 4 (Tas1r3/Sac/Ap3q)
appears to have a pleiotropic effect on ethanol and sweetener consumption. The Tas1r3 gene
encodes a sweet taste receptor protein, T1R3, which suggests that genetic differences in
perception of the sweet taste component of ethanol flavor can affect ethanol consumption.
Other loci with pleiotropic effects on ethanol and sweetener consumption may be involved in
common brain mechanisms, because the regulation of ingestive responses to ethanol and
sweeteners appears to involve common opioidergic, serotonergic, and dopaminergic brain
neurotransmitter systems (George et al., 1991;Gosnell and Majchrzak, 1989;Hubell et al.,
1991;Pucilowski et al., 1992). These mechanisms could be responsible for the emotional
response to the pleasantness of ethanol or sweeteners and the motivational mechanisms driving
their intakes. The mouse genes involved in association of ethanol consumption and sweet taste
are likely to have human orthologs. Thus, using the mouse as a model organism will help to
understand the genetic determination of human alcohol intake.

HUMAN GENETIC VARIATION IN TASTE: CONNECTIONS WITH ALCOHOL
SENSATION AND INTAKE

Valerie B. Duffy and Linda M. Bartoshuk

Humans show genetic variation in taste and oral sensation. One marker of genetic variation is
the ability to taste the bitterness of 6-n-propylthiouracil (PROP) or phenylthiocarbamide.
Individuals who taste PROP as intensely bitter also taste alcohol as more bitter as well as
irritating. The question of interest is if alcohol presents enough of a noxious experience to
individuals who taste PROP as intensely bitter to act as a sensory hindrance for
overconsumption of alcohol. The validity of psychophysical methods measuring variation in
PROP bitterness is the key to evaluating a link between PROP bitterness and alcohol behaviors.

Genetic variation in the ability to taste was discovered accidentally (Fox, 1931). We now know
that PROP threshold procedures produce a bimodal distribution of nontasters (individual with
high thresholds) and tasters (those with low thresholds). Bartoshuk and colleagues reported
that tasters showed great variability in the perceived bitterness of concentrated PROP (e.g.,
0.0032 M; Bartoshuk et al., 1994). Furthermore, threshold performance did not always reflect
the ability to taste more concentrated PROP (Bartoshuk et al., 1986). Through continued study
of PROP tasting, it is evident that (1) threshold procedures do not fully characterize variability
in PROP tasting and (2) valid measures of perceived intensity are required to identify
individuals who vary most in PROP bitterness (Bartoshuk, 2000). Through improved
psychophysical methodology, the ability to see associations between PROP tasting and
behaviors toward alcohol is enhanced.
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Alcohol can present a more noxious experience to individuals who taste PROP as more bitter.
Healthy adults reported the bitterness and irritation of 10% ethanol applied to the tongue tip
as well as 10% to 50% ethanol sampled with the whole mouth and expectorated. These adults
were also characterized for PROP tasting (Bartoshuk et al., 1993). The alcohol and PROP
ratings were measured with magnitude estimation and normalized to the saltiness of NaCl as
a sensory standard. Those who tasted greater PROP bitterness rated the alcohol as more bitter
and irritating than those who reported PROP as only weakly bitter. (The use of NaCl as a
sensory standard may have minimized the PROP effects, as subsequent study showed that NaCl
is saltier to those who taste PROP as more bitter.) Prescott and Swain-Campbell (2000) also
showed that ethanol was more irritating to PROP tasters, and Intranuovo and Powers (1998)
reported that some beer is more bitter to those who taste PROP as very strongly bitter.

Differences in tongue anatomy associated with PROP tasting could explain oral sensory
differences in alcohol sensation. Miller and Reedy (1990) first suggested an association
between number of fungiform papillae taste buds (indicated by taste pores) and bitterness of
PROP. In collaboration with them (Bartoshuk et al., 1994), we showed that those who taste
PROP as the most bitter had, on average, the greatest number of fungiform papillae and taste
buds. The relationship between PROP tasting and density of fungiform papillae has also been
reported by others (e.g., Tepper and Nurse, 1997). Fungiform papillae receive innervation from
taste (chorda tympani nerve, CN VII) and somatosensory (trigeminal nerve, CN V) nerve fibers
(Whitehead et al., 1985). Chorda tympani nerve fibers synapse with cells in taste buds;
trigeminal nerve fibers surround taste buds without synaptic contact.

Those who perceive the most bitterness from PROP also taste more saltiness from NaCl, more
sweetness from sucrose, more bitterness from quinine hydrochloride, and more intense
sensations from oral irritants such as alcohol and capsaicin and creamy/viscous stimuli (e.g.,
dairy fat, oil; see Prutkin et al., 2000, for a review).

PROP tasting can also associate with alcohol preference and behavior. Intranuovo and Powers
(1998) reported that those least able to taste PROP bitterness consumed a greater number of
beers during their first year of drinking than those who tasted PROP as intensely bitter. High
consumers of beer (e.g., >3.6 liters/week) were also more likely to be nontasters of PROP/
phenylthiocarbamide than low consumers (<720 ml/week) according to findings by Guinard
et al. (1996). This study further found that low consumers reported the most dislike for the beer
that was reported most bitter.

Findings from our laboratory support associations between PROP bitterness and reported
intake of alcoholic beverages. In one study (Duffy et al., 2003), healthy adults (n = 80; mean
age = 26 years) rated oral irritation from, as well as the degree of liking/disliking of, 50% ethyl
alcohol. To assess frequency of alcohol intake, subjects reported how frequently they consumed
beer, wine/wine coolers, and liquor/mixed drinks on The Block Food Questionnaire (version
98.1). Subjects who had a high level of cognitive restraint over eating were not included in the
study for fear they might underreport the consumption of alcoholic beverages. The responses
were coded as yearly intake to calculate a composite frequency of alcoholic beverages over 1
year. Those who tasted PROP as most bitter also reported the alcohol as most intense, most
disliked alcoholic beverages, and consumed alcoholic beverages significantly less frequently
than did those who tasted PROP as least bitter. Greater than 60% of those individuals who
tasted the least bitterness from PROP reported consuming at least 1 alcoholic beverage every
day.

Sex differences in PROP tasting can challenge studies assessing the relationship between PROP
tasting and dietary behaviors, especially related to alcohol consumption. Many past and current
studies show sex differences in the distribution of PROP tasting, with females showing greater
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variance and skew toward greater PROP bitterness (see Bartoshuk et al., 1994, for a review).
Duffy et al. (2003) found that the distribution in PROP tasting as well as the association between
PROP and frequency of consuming alcoholic beverages did not vary across men and women.

The literature does not show clear support for associations between PROP and risk for
alcoholism. Some studies report greater numbers of nontasters among alcoholics (e.g., DiCarlo
and Powers, 1998;Pelchat and Danowski, 1992), whereas others do not (e.g., Kranzler et al.,
1996,1998). For example, Pelchat and Danowski (1992) reported greater numbers of nontasters
among children of alcoholics, whether or not the children were alcoholic themselves.
Conversely, Kranzler et al. did not find that PROP nontasters were more likely to have a
parental history of alcohol dependence whether (Kranzler et al., 1998) or not (Kranzler et al.,
1996) they were alcoholic themselves.

The inconsistencies in the literature may be explained, in part, by differences in characterizing
PROP tasting. Pelchat and Danowski (1992) reviewed some of the methodological procedures.
Because PROP thresholds cannot consistently identify supertasters of PROP, those studies that
rely on thresholds to characterize PROP tasting may miss the effect on dietary behaviors toward
alcohol. Studies that scale the bitterness of PROP but do so with category scales may also miss
PROP effects, as explained subsequently.

Studying PROP effects on alcohol behaviors requires scaling methods that can be compared
across individuals. The challenges in studying PROP tasting have been reviewed previously
(Bartoshuk, 2000); here they are briefly summarized. Adjective-labeled scales (e.g., Likert and
category) are frequently used to make across-subject or group comparison. These scales are
only valid for within-subject comparisons. The reason for this is that those intensity adjectives
denote different absolute intensities depending on the domain in which they are applied. A
“strong” burn from grain alcohol would reflect a greater perceived intensity than a “strong”
flavor of oak in a chardonnay. Intensity adjectives also have different meaning based on the
subject’s experience with that domain. The oral sensory world of an individual who tastes
PROP as intensely strong is much different than that of a nontaster. A “strong” bitter refers to
a greater absolute intensity to the individual who tastes PROP as intensely bitter than to a
person for which PROP is tasteless. Assuming that the adjectives applied to oral sensation
mean the same to these two individuals can diminish the PROP effects, hide the PROP effects
completely, or even produce effects that are in the wrong direction (Bartoshuk et al., 2003).

We attempted to solve the problems with existing labeled scales (Bartoshuk et al., 2003). In
our studies, we also ask subjects to judge a nonoral standard as well as to judge oral sensations
such as alcohol (e.g., Duffy et al., 2003). The nonoral standard can be used to normalize the
data and ensure that the subjects are using the adjective scales consistently. Continued study
of genetic variation in taste will clarify associations between PROP tasting and alcohol
sensations. This should contribute to our understanding of the association between oral
sensations and ingestion of alcohol.
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