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Abstract

Aims: Human laboratory studies have contributed extensively in the research and development

of novel medications to treat alcohol use disorder (AUD). Alcohol tolerance may represent one

additional variable that can be utilized to expand the understanding of the AUD wide phenotypic

profile and provide support to the medication development process. Tolerance is characterized

as an individual’s subjective response to alcohol and has been recognized as a predictor of AUD

progression. Tolerance can be evaluated both by self-reported response (e.g. assessments) and

objective measurements (e.g. motor impairment); as such, it represents an exploitable variable in

the field of alcohol research.

Methods: This Narrative Review focuses on the use of alcohol tolerance, specifically within alcohol

laboratory studies, for medication development. It seeks to identify a research gap and a research

opportunity in clinical studies to evaluate biobehavioral responses captured in order to develop

medications to treat AUD.

Results: Alcohol tolerance may provide additional information on the safety and tolerability of

medications to treat AUD, in particular, when novel medications are co-administered with alcohol

within the AUD population.

Conclusions: As such, alcohol tolerance represents an additional outcome that may be included in

randomized clinical trial (RCT) protocols designed for developing AUD pharmacotherapies.

INTRODUCTION ON ALCOHOL TOLERACE AS A

BIOBEHAVIORAL MEASURE IN HUMAN

LABORATORY STUDIES

Human laboratory studies have provided an opportunity to utilize
sophisticated paradigms from preclinical models that may elucidate

not only neurobiological pathways in the development of alcohol use
disorder (AUD), but may help to explain the mechanism of action
of pharmacophores that can be utilized to treat AUD. Because sub-
jective response to alcohol is a strong predictor of AUD, medication
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development has focused on drugs that can either mitigate the pleas-
ant (e.g. naltrexone) (King et al., 1997), intensify the unpleasant (e.g.
varenicline) (Childs et al., 2012) or amplify (e.g. baclofen) (Farokhnia
et al., 2018) the effects of alcohol. One additional variable that
can be utilized to expand the understanding of the diverse AUD
phenotypic profile, modulate subjective response and contribute to
the medication development process is alcohol tolerance.

Acute alcohol tolerance is measured as a decrease in self-response
to alcohol, regardless of changes in blood alcohol concentration
(Martin and Moss, 1993). As for many addictive substances (opi-
oids, stimulants, etc.), alcohol tolerance develops when individuals
require higher doses of alcohol to achieve its original and plea-
surable effect. As such, tolerance is recognized as one of the most
established theories of alcohol adaptation (Tabakoff and Hoffman,
1988).

In the field of alcohol administration research, tolerance is a key
component of alcohol preference and subjective response (Waller
et al., 1983; Gatto et al., 1987). Alcohol tolerance is measured using
subjective intoxication ratings and motor coordination effects (Beir-
ness and Vogel-Sprott, 1984; Fillmore et al., 2005), both critical
pharmacodynamics parameters that can be evaluated within a lab-
oratory setting. Interestingly, to ensure the safety and tolerability
of medications used to treat AUD, biobehavioral responses should
be evaluated when co-administered with alcohol. As recommended
by the FDA (FDA, 2015), these outcomes need to be measured in
randomized clinical trials (RCTs) and are critical for developing AUD
pharmacotherapies.

ACUTE, RAPID, CHRONIC AND METABOLIC

ALCOHOL TOLERANCE

Alcohol tolerance has been defined in several ways; for review, see
(Kalant, 1998). Acute tolerance refers to tolerance developed during
an alcohol administration protocol (either by drinking, vapor, or
intravenous administration). There are several validated measures to
assess acute tolerance in preclinical models including discriminative
effects (Hiltunen and Jarbe, 1990), operant behavior (Hiltunen and
Jarbe, 1992), motor impairment (Tullis et al., 1977) and hypnosis
(Darbra et al., 2002). Human laboratory studies have also developed
paradigms to assess acute alcohol tolerance by measuring behavioral
control (Fillmore et al., 2005) and motor coordination in binge
drinkers (Fillmore and Weafer, 2012).

Rapid tolerance is described as the process that occurs after
a second alcohol exposure followed by complete clearance of the
first dose (with the second dose occurring within 8–24 hours after
the first) (Khanna et al., 1996). Rapid alcohol tolerance has been
evaluated using fly (Geer et al., 1988) and rodent models which
demonstrated similar mechanisms to chronic tolerance, the critical
component for the development of AUD (Khanna et al., 1996); for
review, see (Haass-Koffler et al., 2019).

Chronic tolerance is achieved by numerous and abundant
alcohol exposures and leads to central nervous system (CNS)
adaptations. Chronic tolerance however, in addition to CNS
adaptation, produces metabolic adaptation, which is characterized
by an increase in alcohol metabolism and rate of blood ethanol
clearance (Cederbaum, 2012). As such, in addition to functional or
pharmacodynamics tolerance, metabolic tolerance produces changes
in alcohol pharmacokinetics due to changes in catabolism or drug
distribution. Given the complexity of testing different forms of
alcohol tolerance, interdisciplinary approaches with pharmacody-
namics assessments and pharmacokinetic measures are critical to

engendering paradigms for the development of medications to treat
AUD (FDA, 2015).

CLINICAL PERSPECTIVE OF ALCOHOL

TOLERANCE IN THE DSM-5 AND ICD-10

CLASSIFICATION

Tolerance, along with legal problems, was considered for removal
within the latest version of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5) (APA, 2013). Tolerance, however,
represents a unique feature that does not overlap with other criteria
in the DSM-5 (Hasin et al., 2013). As such, it was kept in order to
retain diagnostic accuracy and expand medical treatment for ‘diag-
nostic orphans’ or patients that would not be included in the binary
diagnosis (dependence and abuse) of the DSM-IV (Haass-Koffler and
Kenna, 2013; Edwards et al., 2013).

While tolerance is not included in the diagnosis code system
within the International Classification of Diseases (ICD), it is used to
describe the features of alcoholism. According to the ICD-10 (Tenth
Revision, Clinical Modification), as well as in the previous ICD
versions, alcoholism is a disease characterized by four main features:
craving, loss of control, physical dependence and tolerance (the need
to drink greater amounts of alcohol in order to feel the same effect).

Tolerance is a well-recognized risk factor for developing AUD
(APA, 2013). For example, the development of acute tolerance is
affected by a family history of alcoholism (FHA) (Wetherill et al.,
2012) and individual drinking history (King et al., 2014). Individuals
whose family possesses a FHA reported significantly lower self-
ratings of subjective alcohol intoxication than individuals without
a FHA (Schuckit, 1984). Individuals with a FHA present an accentu-
ated response during the rising blood alcohol curve (i.e. acute sensi-
tization) and an attenuated response during the falling blood alcohol
curve (i.e. acute tolerance) (Newlin and Thomson, 1991) (Fig. 1).
Thus, individuals who have a FHA tend to be more sensitive and
less tolerant to the pleasant and rewarding effects and less sensitive
and more tolerant to the unpleasant effects of alcohol. Similar have
also demonstrated that there is a marked acute tolerance towards the
impairing effects of alcohol on motor coordination in binge drinkers
(at-risk drinkers) compared to nonbinge drinkers (nonrisk drinkers)
(Fillmore and Weafer, 2012).

The proposed changes of the DSM-5 highlighted many problems
and illustrated that further studies are warranted to address issues
for which less data are available. Evaluating the process of the
development of tolerance may not only represent an important tool
to formulate the diagnosis of AUD, but may also be useful to develop
and deliver individualized pharmacotherapies for specific subtypes of
individuals with AUD.

MEASURES OF ALCOHOL TOLERANCE IN

HUMAN LABORATORY STUDIES

The Biphasic Alcohol Effects Scale (BAES) was formulated in order
to better assess the pharmacological and behavioral effects of alcohol
(Martin et al., 1993b) in an acute alcohol administration paradigm.
The BAES is a unipolar 14-item scale that rates alcohol’s stimulant
and sedative effects (Martin et al., 1993b). The scale assesses subjec-
tive experiences of alcohol stimulation (e.g. elated, energized, excited,
stimulated and vigorous) and sedation (e.g. difficulty concentrating,
down, heavy head, sedated, slow thoughts and sluggish) and can
be paired to more objective responses from alcohol-induced motor
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Fig. 1. Alcohol-related biobehavioral and mood response within the biphasic effect of alcohol. Alcohol-related biobehavioral response (green boxes): ascending

limb (greater positive subjective response and increased sensitivity to stimulating effects due to alcohol); descending limb (lower negative subjective response

and decreased sensitivity to sedative or impairing effects due to alcohol). Mood-related response (yellow boxes): euphoria with stimulation at the low BAC level;

fatigue, depression, anger with sedation at the higher BAC level. Hypothetical BAC curve after one standard drink designed to reach to 0.1 g/dl, with peak reached

between 30 and 90 min after alcohol administration.

function (Brumback et al., 2007). The BAES was developed as a
predictive tool to evaluate drinking behaviors in heavy and binge
drinkers over time (Martin et al., 1993a; King et al., 2014). The
reduced impairment at a given blood alcohol concentration on the
ascending versus the descending limb of the curve suggests that the
reduction might be due to some adaptive process occurring during
physiological exposure to the drug over time (Fillmore et al., 2005).

The BAES is based on the Mellanby effect. This reaction refers
to a behavioral impairment at a given blood alcohol concentration
level in which the blood alcohol level is greater when rising than
when it is falling (Mellanby, 1919). The Mellanby measure is the most
widely used acute tolerance measure in human research (Holland and
Ferner, 2017). This procedure in a human laboratory study allows
researchers to control for breath alcohol concentration (BrAC) while
assessing alcohol’s effects over time (Haass-Koffler et al., 2017).
However, it is potentially confounded by differences in the change
in direction of BrACs on the two limbs of the blood alcohol curve
(Martin and Moss, 1993).

Several methods measuring acute tolerance that can be integrated
with the BAES are available. In all cases, there is an attempt to control
for changes in blood alcohol concentrations that occur physiologi-
cally in a time-dependent manner. The BAES is widely used to assess
the pharmacodynamics effect of alcohol when it is co-administrated
with a medication; for example, see: (King et al., 1997; Covault et al.,
2014; Haass-Koffler et al., 2015, 2017).

Acute tolerance can also be measured through a steady-state
blood alcohol concentration method. The clamp of intravenous alco-
hol infusion has been designed to avoid fluctuation of blood alcohol
concentration, and to study acute tolerance compared to impaired
behavior within a standardized function of time, (O’connor et al.,
1998). Through this measure, subjects are kept at a constant blood

alcohol concentration value and changes in the effect of alcohol are
measured over time.

Other measurements used to assess changes in blood alcohol
concentration throughout time include the Area Under the Curve
(AUC) and the slope function. The AUC measure uses computed
intoxication and blood alcohol concentrations as integrated measures
over time, computed separately for each limb of the blood alcohol
curve. These ratios describe the amount of intoxication that occurs
per unit of alcohol concentration (Haass-Koffler et al., 2017). If
acute tolerance occurs, this ratio should be greater on the ascending
compared to the descending limb of the blood alcohol curve. This
method offers a significant advantage from the Mellanby measure,
which uses less data than the AUC measure and requires matched
ascending/descending limb data points.

The slope function proposes that acute tolerance increases in
a linear trend over time during exposure to alcohol and that this
effect can be measured using an output function that relates blood
alcohol concentrations and intoxication. Acute tolerance is captured
using the rate of the increase of this function (Martin and Moss,
1993). The shape of the slope function measured during ascending
blood alcohol concentrations may differ across subjects; however, this
result is representative with regard to the shape of the slope function
during the descending limb only (Martin and Moss, 1993). Values
are lower when there is a greater alcohol effect relative to blood
alcohol concentration and are higher when there is less alcohol effect
relative to blood alcohol concentration. If acute tolerance occurs,
values from the output function will increase over time (i.e. the slope
will be positive). In addition, sharp slopes represent greater rates of
acute tolerance. Each variable discussed above requires that blood
alcohol concentrations and alcohol response measures are taken
simultaneously at multiple time points across the blood alcohol curve.
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Acute sensitization (increase in effect over time relative to blood
alcohol concentrations) may occur during early ascending blood
alcohol concentrations. The Mellanby method and AUC measure
assess both acute sensitization and acute tolerance, rather than solely
acute tolerance; a diagram of a hypothetical BrAC AUC is depicted
in Fig. 1. Given the potential importance of both acute sensitization,
tolerance and limb effects in determining drinking behaviors, as well
as the lack of association of the slope function measure with the other
measures, researchers should use both the AUC and the slope function
measure when examining individual differences in acute tolerance
(Martin and Moss, 1993), particularly when alcohol and a study
medication are co-administered in a laboratory setting.

Additional measures that may lead to acute tolerance, such as
subjective intoxication and motor performance, should be considered
(Martin and Moss, 1993). For example, changes in the pleasurable
and negative effects of drinking (measured by the BAES) can be paired
to changes in cognitive performance (as measured by the digit symbol
substitution test, DSST) (Wechsler, 2012) and in reaction time (as
measured by a continuous performance test) (Conners et al., 2003).
The DSST is impaired by low doses of alcohol. Within a human
laboratory study evaluating an AUD medication, DSST can be used
as a sensitive measure to determine whether or not a medication
enhances alcohol impairment (Brumback et al., 2007). The CPT is a
computer delivered neuropsychological test that measures sustained
attention and vigilance, requiring speed and accuracy on a sustained
reaction time task (Conners et al., 2003). Similar to outcomes of the
DSST, the CPT is impaired by low doses of alcohol and can be used as
a sensitive measure to estimate whether or not a medication enhances
alcohol impairment (Swift et al., 1994). Additional useful assessments
that can be integrated in the BAES scale include: the cued go/no-go
reaction time (Mellanby, 1919; Holland and Ferner, 2017), subjective
intoxication rate (Fillmore et al., 2005) and or session preference (i.e.
session in which they felt less/more drunk and session in which they
liked more) (Haass-Koffler et al., 2015).

INFLUENCING FACTORS FOR MEASURES OF

ALCOHOL TOLERANCE IN HUMAN

LABORATORY STUDIES

A correct interpretation of acute tolerance within the laboratory
should take into account several influencing factors. Environmental
stimuli could influence tolerance. Sex represents an additional factor
which should not be ignored due to the fact that differences in the
development of tolerance are observed between the sexes. Each factor
contributes to the rewarding effects of alcohol in terms of individual
subjective responses to alcohol behaviors (i.e. feeling more pleasant
than unpleasant effects), which in turn can influence alcohol-related
behaviors. Therefore, it is crucial that these factors are considered in
the research and development of AUD medications.

Environment in the laboratory

The intensity of the impairing effects of alcohol on behavior has an
environmental basis (Vogel-Sprott, 1992). Interestingly, environment
markedly affects tolerance and represents an important factor for
alcohol consumption in the laboratory. Learning among drug toler-
ance, originating from environmental cues, has been examined from
the perspective of either operant or classical conditioning; further-
more, tolerance has been found to be influenced by both learning
procedures (Beirness and Vogel-Sprott, 1984). Alcohol administra-
tion should occur within a laboratory setting that reflects the natural

environment in which individuals predominantly consume alcohol,
as tolerance is heavily influenced by environmental consequences
of drug-compensatory performance (Vogel-Sprott and Sdao-Jarvie,
1989). To date, many RCTs that test medications for treating AUD
have been performed in bar-laboratory settings among individuals
with AUD who are currently seeking treatment (Kenna et al., 2016)
and among those who are nontreatment seeking (Haass-Koffler et al.,
2018).

Sex differences

In preclinical research, both male and female rats portrayed marked
sensitivity to the anticonvulsant effects of alcohol administration.
Female rats, however, exhibited tolerance to alcohol-induced motor
impairment after one day of withdrawal, while male rats developed
tolerance after 3 days (Koirala et al., 2008). Ovariectomized female
rats exhibited the greatest anticonvulsant response to acute alcohol
administration (Koirala et al., 2008). Such findings suggest that
different responses to acute alcohol administration, regardless of
hormonal status, are determined by multiple neuroadaptations.

Exploration of human studies suggests that most of the incon-
sistency in sensitivity and behavior when assessing acute tolerance
is influenced more so by genetic variability (age, height, weight and
drinking history) rather than sex (Wilson and Plomin, 1985). Further-
more, sex differences were not observed when assessing performance
of the cued go/no-go task model (Fillmore et al., 2005).

The reported difference in alcohol-related response (decline of
cognitive function, memory, attention and reaction time) can be
simplified by examining pharmacokinetic profiles (such as bioavail-
ability and rate of elimination). However, some conflicting results
can arise when assessing the effect of the menstrual cycle on phar-
macokinetics parameters. One study in particular reported that ele-
vated estrogen levels appear to increase hepatic alcohol dehydroge-
nase activity, whereas lower estrogen levels tend to decrease hep-
atic alcohol dehydrogenase activity; for review, see: (Mumenthaler
et al., 1999).

A significant interaction between the menstrual cycle phase and
tolerance level was found; during the ovulation phase of the men-
strual cycle, high tolerant women were significantly less accurate
than low tolerant women in estimating alcohol’s effects (Hay et al.,
1984). Also, a trend approaching significance suggested that with
an increasing blood alcohol level, women in the oral contraceptive
group were more accurate in self-reporting intoxication (Hay et al.,
1984). Although more studies are needed to explore sex difference in
alcohol tolerance, it appears that hormonal fluctuations and the role
of sex hormones could influence alcohol metabolism in women and
consequently, sensitivity and tolerance to alcohol.

Subjective intoxicating response

Subjective response to alcohol reflects individual differences in sensi-
tivity to the pharmacological effects of alcohol. Prior to investigations
on acute tolerance, studies on subjective response to alcohol have
been conducted to detect predictors of AUD risk (Schuckit and Smith,
1996).

The low level response model (LLR) proposed that subjects who
are less responsive to the sedative effect of alcohol present a greater
risk of developing an AUD (Schuckit, 1994). The LLR model was
recognized as a robust predictive factor to develop alcohol depen-
dence beyond other well-known variables such as social environment,
alcohol expectancies, age of drinking onset, typical alcohol use and
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body mass index (Trim et al., 2009). However, when examining
tolerance as a predictor of excessive drinking, the LLR model does
not explain the increase in an individual’s motivation to take higher
doses of alcohol (Ray et al., 2016). Furthermore, studies on the LLR
focused mostly on the effects on the descending limb of the blood
alcohol concentration, accounting only for the sedative (i.e. negative)
effects of alcohol (Schuckit et al., 2005).

The differentiator model was developed based upon evidence that
the effects of alcohol are biphasic (Newlin and Thomson, 1990)
(Fig. 1). Subjective response has been characterized by ‘factor-items’
as measured by self-report assessments, one factor includes stimula-
tion and other pleasant effects; the second factor includes sedation
and unpleasant effects; the third one consists of alleviation of tension
and negative mood (Ray et al., 2016) in conjunction with craving as a
fourth component (Bujarski et al., 2015). Craving is associated with
subjective response and has the potential to make individuals less
sensitive to the effects of tolerance than the magnitude of subjective
responses themselves (Bujarski and Ray, 2014; Bujarski et al., 2015).

Self-reporting effects are perceived higher on the ascending limb,
while desire to drink tends to take precedence on the descending
limb, within consistent estimates of intoxication level. The differential
effect that alcohol has on the ascending and descending limbs has
also been observed using measures of mood. During the ascending
limb, most subjects describe themselves as euphoric; conversely,
they feel opposite effects during the descending limb (i.e. they feel
tired, depressed or angry) (Ekman et al., 1964; Babor et al., 1983;
Lukas et al., 1986). Generally, stimulant effects of alcohol occur at
a relatively low blood alcohol concentration on the ascending limb
(Tabakoff and Hoffman, 1988). Sedative effects usually occur at
higher blood alcohol concentrations on the descending limb and
result in negative correlations with drinking practices (Goldberg,
1943; O’Malley and Maisto, 1984). Tolerance to alcohol sedation
is involved through mechanisms of heavy alcohol intake (Fig. 1)
(Tabakoff and Hoffman, 1988).

Validated self-report scales have emerged as primary predictors
of alcohol risk (Heath and Martin, 1991; Trim et al., 2009). The
Subjective High Assessment Scale (SHAS), as a measure of subjective
response (Judd et al., 1977), aims to identify subjective responses as
risk factors for the development of AUD (Schuckit, 1994). Subjective
response has been identified as the single strongest predictor of AUD
(Schuckit et al., 1988). However, not all the items are clearly related
to stimulation or sedation (Martin et al., 1993b). Nevertheless, the
scale seems to be critically sensitive to the sedative/unpleasant effects
of alcohol (Ray et al., 2009; Bujarski et al., 2015). Subjects who
reported lower levels of subjective intoxication with less behavioral
impairment were more likely to underestimate their blood alcohol
concentrations than subjects who reported higher levels of subjective
intoxication and greater behavioral impairment (Martin et al., 1991).
In addition, accuracy in self-reporting was more precise on the
ascending limb, compared to the peak blood alcohol concentration
and the descending limb. It appears that cues depicting the effects of
alcohol rapidly became unavailable on the descending limb, which
may contribute to decisions concerning further alcohol consumption
and driving after drinking (Martin et al., 1991).

FUTURE DIRECTIONS AND FINAL REMARKS

Subjective responses to alcohol have been identified as potential
biobehavioral targets for the treatment of AUD; however, alcohol
tolerance has not extensively evaluated within the context of a human
laboratory for medication development. Several models exist that
aim to accurately measure alcohol tolerance on a variety of levels

(behavioral and environmental) and in varied forms (self-reporting
and biobehavioral). However, it is crucial to use existing measures
on alcohol tolerance and to develop new paradigms that are able to
integrate multiple approaches to identify research gaps and research
opportunities in order to continue developing medications to treat
AUD.

One significant gap that was illustrated though this Narrative
Review is the lack of research on sex differences among alcohol
tolerance. While it appears common knowledge that women become
more impaired than men after drinking similar quantities of alcohol,
there is not a systematic research approach that can evaluate sex
differences in alcohol tolerance neuroadaptation. Historically, this
lack of knowledge was justified by the fact that only 2% of women
are heavy drinkers, compared with 9% of men (Abuse and Adminis-
tration, 1998); however, risks of developing AUD within females are
on the rise (White et al., 2015; Slade et al., 2016).

Alcohol tolerance, when utilizing this measure as a subjective
response to the effects of alcohol, does not account for discrepancies
between cognitive or behavioral impairment and sedation. For exam-
ple, in many individuals under stress or with an underlying anxiety
disorder, these negative symptoms can be recognized as positive
responses (e.g. relaxing and calming). This observation suggests that
future research is needed to evaluate alcohol tolerance under stress
conditions.

Medications approved by the FDA (naltrexone, acamprosate and
disulfiram) and medications repurposed to treat AUD (e.g. topira-
mate, varenicline, baclofen, and gabapentin) have been inquired in
relation to their actions towards targeting and modifying subjective
response (Ray et al., 2010). Methods used to assess alcohol tolerance
within the AUD population have the potential to measure the efficacy
of these pharmacological treatments (Ray et al., 2016).

While more work must be done in order to systematically eval-
uate parameters of intoxication and impairment due to the amount
of alcohol intake, acute alcohol tolerance represents an important
variable in the development of novel pharmacotherapies for AUD,
and should be included as an additional outcome in RCTs. As
recommended by the FDA (FDA, 2015), and exemplified in previous
research, biobehavioral responses need to be evaluated when medica-
tions are co-administered with alcohol in order to develop the most
precise pharmacotherapies to target the diverse AUD spectrum.
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