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Abstract

Comorbid drug use, often alcohol with other drugs, poses significant health and societal concerns.
Methamphetamine is among the illicit drugs most often co-used with alcohol. The current review
examines the animal literature for impacts of comorbid alcohol and methamphetamine exposure.
We found evidence for additive or synergistic effects of combined or sequential exposure on
behavior and physiology. Dopaminergic, serotonergic, and glutamatergic systems are all impacted
by combined exposure to alcohol and methamphetamine and cyclooxygenase-2 activity plays an
important role in their combined neurotoxic effects. Adverse consequences of comorbid exposure
include altered brain development with prenatal exposure, impaired learning and memory, motor
deficits, gastrotoxicity, hepatotoxicity, and augmented intake under some conditions. Given high
susceptibility to drug experimentation in adolescence, studies of co-exposure during the adolescent
period and of how adolescent exposure to one drug impacts later use or sensitivity to the other
drug should be a priority. Further, to gain traction on prevention and treatment, additional research
to identify motivational and neurobiological drivers and consequences of comorbid use is needed.
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1 INTRODUCTION

Concurrent or sequential use of more than one addictive drug is common among individuals
developing or suffering from a substance use disorder (SUD). Comorbid use of two or more
addictive substances may intensify drug-related physical and mental health consequences,
negatively impacting SUD treatment success (Connor et al., 2014; Karjalainen et al.,

2017; Wang et al., 2017). Alcohol is arguably the most common addictive substance
co-used with illicit drugs, although nicotine co-use is also prominent (Kedia et al., 2007;
Midanik et al., 2007; Moeller et al., 2018; Myers and Kelly, 2006). Individuals seeking
treatment for alcohol use disorder (AUD) often have a comorbid SUD (Kedia et al., 2007,
Substance Abuse and Mental Health Services Administration, 2014a), and alcohol-related
hospital admissions frequently involve the use of other drugs (Substance Abuse and Mental
Health Services Administration, 2014b; World Health Organization, 2018). Among illicit
substances with strong addiction potential, stimulants including amphetamines are widely
used, only second to marijuana (World Drug Report, 2019). From survey data collected
about three years ago, the global prevalence of amphetamine-type stimulant use among
adults aged 15-64 was estimated at 0.6% (~29 million people; World Drug Report, 2019),
and there were 6.6 million estimated cases of amphetamine-type stimulant dependence
globally in 2015 (Peacock et al., 2018).

Methamphetamine (MA) is the most common clandestinely and illegally manufactured
amphetamine-type stimulant in the world, and shifts in the illicit stimulant market have
expanded MA use (World Drug Report, 2016, 2019). In a prospective study of young

adult MA users who completed surveys at baseline, and 12 and 30 months later, 84—

90% indicated that they consumed alcohol during their most recent episode of MA use
(Leslie et al., 2017). Furthermore, simultaneous alcohol and MA use increased the odds

of MA-related aggression and hostility by about three-fold compared to MA use alone. A
DSM-1V diagnosis of lifetime MA dependence and MA use within the last 18 months was
associated with a more extensive history of alcohol use in comparison to the alcohol use

of non-dependent MA users (Saloner et al., 2019). Given the increasing and pervasive use
of MA with alcohol and the potential for heightened adverse consequences, compared to
the use of only one of these drugs, it is important to consider why co-use occurs and what
the consequences may be. Human studies that directly examine physiological or behavioral
effects of combined alcohol and MA are rare. We are aware of two. Kirkpatrick et al.
(2012) administered a MA capsule and then an alcoholic drink to a group of individuals who
reported alcohol use in the past month and amphetamine use in the past year. Consistent
with a similar laboratory investigation conducted almost two decades earlier (Mendelson et
al., 1995), the combination of alcohol and MA resulted in greater increases in heart rate
and subjective ratings of good drug effect, compared to alcohol or MA administered alone.
However, alcohol co-administration attenuated MA-induced sleep disruptions, and MA co-
administration reduced feelings of alcohol intoxication and alcohol-induced performance
deficits in a divided attention task, providing some clues to motivations for their co-use.

Understandably, the animal literature directly addressing alcohol (ethanol; EtOH) and MA
co-exposure is richer than the human literature. Two recent reviews summarized some of
the EtOH interactions with a number of commonly used stimulant and depressant drugs

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stafford et al.

Page 3

(Althobaiti and Sari, 2016; Singh, 2019). The current review focuses specifically on EtOH
and MA, and examines the animal literature with the goals of identifying motivations

for EtOH and MA co-use, outcomes of co-exposure, and areas that would benefit from
additional research. The animal studies offer control over amount and pattern of drug
exposure and certain animal models can provide information about genetic susceptibility

to co-use and to deleterious outcomes. Because amphetamine is a major MA metabolite
that shares mechanisms of action with MA, alcohol interactions with amphetamine are

also discussed. Finally, we consider the potential differential impacts of sequential vs.
simultaneous drug exposure on the findings. The questions addressed by these patterns of
exposure are somewhat different. Simultaneous drug studies address whether the drugs have
additive, opposing, or synergistic effects; whereas sequential studies address whether neural
impacts of exposure to the first drug play a role in effects of the subsequent drug. Overall,
the literature indicates intensified deleterious effects of comorbid use, compared to effects of
each drug alone, under both patterns of exposure.

2 BEHAVIOR

2.1 Motor

For the behavioral studies not focused on genetic commonalities, experiment details and
outcomes are summarized in Table 1. Studies using genetic models are detailed in Table 2.

EtOH and MA each have motor effects that could motivate or inhibit continued use. EtOH is
typically classified as a sedative-hypnotic and a logical prediction is that EtOH would reduce
the excitatory effect of MA. However, EtOH and MA each can dose- and time-dependently
increase and decrease locomotor behavior, traits in animals that have been studied as models
of human drug euphoria/stimulation and sedation/stereotypy, respectively (Dudek et al.,
1994; Erickson and Kochhar, 1985; Kamens et al., 2005; Kitanaka et al., 2007; 2010; 2014;
Milesi-Hallé et al., 2005; Phillips and Dudek, 1991; Scaplen et al., 2019; Singh et al.,

2012; Wolf et al., 2002; Yates et al., 2007). Reward pathway activation, including increased
dopaminergic pathway activity, plays a role in the stimulant effects of both drugs, and is
hypothesized to motivate further use; long-term dysregulation of these pathways plays a role
in craving and relapse (Camarini and Pautassi, 2016; de Wit and Phillips, 2012; McCreary
et al., 2015; Robinson and Berridge, 2008; Wise and Bozarth, 1987). Depressant effects

are more likely to inhibit further use, and drug motor effects can complicate interpretation
of other behavioral outcomes. For example, animals may reduce operant responding for

a reward because the drug impacts motivation for the reward or alternatively, because it
interferes with the ability to perform the operant response. In humans, sensitivity to drug
stimulation and depression have been considered as potential predictors of future use or
abuse (Boyd and Corbin, 2018; Boyd et al., 2016; de Wit and Phillips, 2012; King et al.,
2019; Schuckit, 2018). For both drugs, sensitization of the stimulant and stereotypic effects
may occur with repeated administration (for reviews, see Phillips et al., 2011; Robinson

and Berridge, 1993, 2000; Steketee and Kalivas, 2011), reflecting neuroadaptations that may
further impact probability of use (Camarini and Pautassi, 2016; Robinson and Berridge,
2008). But what is known about effects of combined administration?
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2.1.1 Simultaneous MA and EtOH exposure—Most studies addressing the effects
of EtOH and (meth)amphetamine on motor performance, when administered together or in
close succession, have examined locomotor behavior (e.g., level of activity determined by
photocell beam breaks, sometimes converted to distance traveled); an occasional study has
examined motor coordination (e.g., latency to remain on a rotarod). When Swiss-Cox mice
were treated with EtOH alone or in combination with amphetamine just before placement
on a rotarod, the dose-dependent impairment induced by EtOH was not intensified or
abrogated by several doses of amphetamine (Maickel and Nash, 1986). However, when
EtOH and MA were administered in quick succession to ddY mice, EtOH inhibited the
stimulation of locomotor behavior induced by lower doses of MA, and enhanced stimulatory
effects of higher MA doses (Kohda et al., 1986). A similar attenuating effect of EtOH co-
administration on the low dose stimulating effect of amphetamine was found in Long-Evans
rats (Hamida et al., 2008). Finally, MA treatment attenuated EtOH-associated reductions in
activity in a study using alcohol-preferring P rats in which voluntary EtOH drinking was first
established and then continued during MA treatment (Althobaiti et al., 2019).

Overall, the outcomes of studies examining the effect of EtOH exposure on
(meth)amphetamine stimulation suggest that EtOH can reduce lower dose, but may actually
enhance higher dose, stimulatory effects. MA may attenuate depressant effects of EtOH.
These combined effects could be conceptualized as shifts in the dose-response curve induced
by two drugs that share dopaminergic actions, which are known to underlie the stimulant
effects of addictive drugs (Beckstead and Phillips, 2009; Di Chiara and Imperato, 1988;
Ferragud et al., 2014; Meyer et al., 2009). Considering data indicating that the combination
of higher drug-induced stimulation and lower sedation predict higher risk for continued use
(de Wit and Phillips; 2012; King et al., 2019; Schuckit, 2018), this mixture of outcomes
could set the stage for further combined use.

2.1.2 Sequential MA and EtOH exposure—Sequential drug studies address drug-
induced changes that have the potential to alter the subsequent effect of a second drug. One
study offered Sprague-Dawley rats access to intermittent voluntary EtOH drinking and then
administered saline or MA in a “binge regimen” known to induce neurotoxicity (Fantegrossi
et al., 2008; Grace et al., 2010; O’Callaghan and Miller, 1994). When motor function was
measured on a rotarod a week later, dysfunction was observed only in rats exposed to both
EtOH and MA (Blaker et al., 2019b). More common in the motor literature have been
studies that have examined the effects of prior EtOH drinking on later locomotor stimulant
response to (meth)amphetamine. TO mice maintained on an EtOH liquid diet for about three
weeks exhibited heightened locomotor stimulation to amphetamine, compared to non-EtOH
controls, when the mice were tested six days and two months after EtOH withdrawal, but not
one day after (Manley and Little, 1997). C57BL/6J (B6) mice with a history of binge-level
EtOH drinking later exhibited heightened stimulation to a higher MA dose, but not lower
doses, compared to water drinking controls (Tschumi et al., 2020). Two additional studies

in B6 mice, one in males (Fultz and Szumlinski, 2018) and the other in females (Sern et

al., 2020), found no significant effect of prior EtOH drinking on stimulant response to a

low dose of MA. However, although these mice had a similar history of binge-level EtOH
drinking to those tested by Tschumi et al. (2020), effects of a higher MA dose comparable
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to that tested by Tschumi et al. (2020) were not evaluated. Wistar rats given an EtOH
solution as their sole source of fluid for eight weeks exhibited an exaggerated stimulant
response to amphetamine one day later (Lograno et al., 1993). However, up to 24 days of
EtOH liquid diet consumption by Hooded Lister rats did not alter their stimulant response

to amphetamine measured five days later (Ripley et al., 2002). Clearly, these EtOH drinking
studies had large differences in methodology, species and strain that could explain disparate
findings. However, it is also clear that EtOH drinking can result in changes in sensitivity to
the locomotor stimulant effects of (meth)amphetamine. In another approach, Albino Swiss
Webster mice were treated daily by injection with EtOH and then classified as insensitive

or sensitive to locomotor stimulation, based on activity scores after the last treatment. When
later challenged with MA, the EtOH-sensitive group exhibited more stimulation than a saline
pre-exposed control group, whereas the EtOH-insensitive group did not differ from the other
two groups (Abrahao et al., 2009). These data provide an additional potential explanation for
variation in the impact of prior EtOH exposure on (meth)amphetamine-induced stimulation,
namely differential sensitivity to EtOH stimulation. However, when Albino Swiss Webster
mice were given repeated MA treatments and then classified as sensitive or insensitive to
MA stimulation, they did not differ in locomotor response to EtOH (Abrahao et al., 2009).

Prior drug exposure in the studies just summarized occurred during adulthood. Several
studies have examined the impacts of early life exposure. Sprague-Dawley or Long Evans
rats exposed to EtOH via maternal EtOH drinking (throughout gestation and lactation)
exhibited increased sensitivity to stimulant effects of amphetamine in adulthood (Barbier et
al., 2008; 2009). EtOH exposure only during gestation produced long-lasting sensitization
to the motor stimulating effects of repeated amphetamine in Sprague-Dawley rats, compared
to non-EtOH pre-exposed controls (Uban et al., 2015). Thus, again, there are several
examples of EtOH pre-exposure effects on sensitivity to the locomotor stimulant effects

of (meth)amphetamine. Given the involvement of dopaminergic processes within reward
pathways in sensitivity to drug stimulant effects, these outcomes suggest neuroadaptations
that could impact the probability of further drug use.

2.1.3 Genetic models—Although there are many studies that have addressed shared
mechanisms underlying the stimulant and sensitizing effects of EtOH, MA and other drugs
of abuse (Broadbent et al., 2005; Camarini and Pautassi, 2016; Ferragud et al., 2014; Nestby
etal., 1997; Phillips and Shen, 1996; Robinson and Berridge, 2008; Wearne and Cornish,
2019; Wise and Bozarth, 1987), an important question is whether genetically-determined
sensitivity to the effects of one of the two drugs confers sensitivity to the other drug. Perhaps
the most directly relevant studies to address the question of shared genetic influence are
those examining MA sensitivity in lines bred for EtOH sensitivity and vice versa. The

FAST and SLOW lines of mice were bred for differential sensitivity to the stimulant effects
of EtOH (Phillips et al., 1991) and were tested for amphetamine or MA stimulation in
several selection generations. Data were inconsistent in earlier generations of selection, but
in later generations, FAST mice exhibited greater sensitivity to the stimulant effects of MA
(Bergstrom et al., 2003; Phillips et al., 1992). In another selection study, mouse lines were
bred for low vs. high stimulant response to acute MA and tested for EtOH sensitivity.

The high MA stimulation line exhibited more EtOH-induced stimulation than the low MA
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stimulation line (Kamens et al., 2006). The overall evidence from these studies is for some
shared genetic influence on sensitivity to EtOH- and MA-induced stimulation, consistent
with evidence that there are mutual neurobiological processes through which stimulation and
changes in stimulation with repeated exposure are induced by these two drugs (Broadbent et
al., 2005; Camarini and Pautassi, 2016; Ferragud et al., 2014; Nestby et al., 1997; Phillips
and Shen, 1996; Robinson and Berridge, 2008; Wearne and Cornish, 2019).

The potential relationship between differences in EtOH preference and amphetamine
locomotor sensitivity have also been examined. Two studies reported that rats bred for
higher EtOH preference were less sensitive than non-preferring rats to the motor stimulating
effects of amphetamine (D’Aquila et al., 2002; McKinzie et al., 2002), whereas one

found the opposite relationship (Fahlke et al., 1995). In the Fahlke et al. (1995) study,
selectively bred rat lines were not used. Rather, Wistar rats were first categorized as high

or low preference based on their EtOH preference during a three-week period of two-bottle
choice EtOH vs. water drinking. Selected line differences depend on genetic variation upon
which selective breeding capitalizes, whereas differences in phenotype in a genetically
heterogeneous stock, like the Wistar rats, could have a genetic or environmental source

(or both). As a result, outcomes could be quite different when asking a question about the
correlation between two traits. In the case of selected lines, a significant correlation between
the selection trait and another trait would be interpreted as indicating that the two traits
have shared genetic influence. In a heterogeneous stock, a significant correlation could be
impacted by both genetic and environmental variation among individuals. In addition, the
amphetamine stimulation studies in the selected lines were performed using EtOH-naive
rats, whereas the Fahlke et al. (1995) study assessed amphetamine stimulation after a
three-week EtOH washout period.

2.2 Consumption and operant self-administration

2.2.1 MA effects on EtOH intake—Effects of prior MA exposure on subsequent EtOH
consumption were examined in several free-choice studies and at least one operant study.

In B6 mice administered a neurotoxic regimen of MA, two-bottle choice EtOH intake

and preference were greater than in saline-treated controls (Gutierrez-Lopez et al., 2010).
Similar results were obtained for the effects of prior amphetamine treatment on subsequent
two-bottle choice EtOH intake in rats (Fahlke et al., 1994; Ruiz et al., 2018). In the
Gutierrez-Lopez et al. (2010) study, MA-induced changes in the endocannabinoid system
corresponded with increases in EtOH intake and preference, and the MA-induced increases
were not found after treatment with the cannabinoid 1 receptor antagonist, AM251.
Furthermore, in another study in which B6 mice were given limited 2 h/day access to MA

in water as their sole source of fluid, subsequent intake of EtOH was increased, specifically
from the highest of four concentrations of EtOH that were simultaneously offered, compared
to a water control (Fultz et al., 2017). However, when MA was operantly self-administered,
subsequent two-bottle choice EtOH intake and preference were not significantly altered in P
rats (Winkler et al., 2018). Therefore, in the majority of studies, prior (meth)amphetamine
exposure increased subsequent EtOH intake in both mice and rats.
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2.2.2 EtOH effects on MA intake—Several studies have measured effects of prior
EtOH exposure on subsequent MA consumption. Two studies assessed effects on oral

MA intake under non-operant conditions. In selectively bred MA high drinking (MAHDR)
mice, a prior history of two-bottle choice EtOH consumption had no impact on subsequent
two-bottle choice MA intake, when compared to the MA intake of EtOH-naive mice
(Stafford et al., 2020). However, when B6 mice were given 2 h/day limited access to EtOH
solutions as their sole source of fluid and then tested in a three-bottle choice procedure,
with simultaneous access to EtOH, MA, and an EtOH+MA mixture, mice with a history

of EtOH consumption had greater total MA intake (Fultz et al., 2017). This increased MA
intake may reflect an increase in sensitivity to MA reward, as subsequent studies found that
B6 mice with an EtOH drinking history, under the same conditions, exhibited potentiation
of MA-conditioned place preference (Fultz and Szumlinski, 2018; Sern et al., 2020). The
contrasting results between the MAHDR and B6 studies may be related to their natural
avidities for MA vs. EtOH (discussed in section 2.2.3). However, it is also important to note
that the MAHDR study measured two-bottle water vs. MA choice, whereas the B6 study
offered MA and EtOH simultaneously without a water choice.

For the effect of EtOH consumption on subsequent operant MA self-administration,
outcomes are also mixed. Adult mice of a B6 by 129X1/SvJ inbred strain cross were

first allowed to consume water or EtOH and then operant oral MA self-administration was
assessed under an escalating schedule of reinforcement. MA intake was either not impacted
or reduced in the EtOH compared to water control group, depending upon the reinforcement
schedule (Fultz et al., 2017). A subsequent operant MA dose-response study generated for
increasing concentrations of MA also found that the mice with a prior history of EtOH
consumption consumed less MA, compared to water controls, particularly at the highest
MA concentration (Fultz et al., 2017). Intragastric EtOH given during adolescence did not
impact later IV amphetamine self-administration measured in adult Wistar rats (Granholm
et al., 2015). In contrast, Sprague-Dawley rats prenatally exposed to EtOH had increased
IV amphetamine self-administration under a progressive ratio schedule of reinforcement
(Wang et al., 2019), but only for a low 0.02 mg/kg/infusion dose and not the higher 0.1
mg/kg/infusion dose, which was the initial dose used by Granholm et al. (2015). Thus,

the effect of EtOH exposure on subsequent operant (meth)amphetamine self-administration
may depend on work effort (reinforcement schedule) and on when EtOH exposure occurs
(prenatally vs. during adolescence/adulthood).

Overall, the effect of prior EtOH exposure on (meth)amphetamine intake appears to be
small. One important factor to consider in these studies is the amount of EtOH exposure.
Prior EtOH exposure increased non-operant MA intake in B6, but not MAHDR mice;
however, MAHDR mice consumed ~1-3 g EtOH/kg/day, compared to ~6—-7 g EtOH/kg/day
for B6 mice. The amount of EtOH consumed by MAHDR mice may not have been high
enough to impact subsequent MA intake. Prior EtOH exposure during the prenatal period
enhanced acquisition of IV amphetamine self-administration in rats, but EtOH exposure
during adolescence did not. EtOH exposure during adulthood did not impact subsequent
oral MA self-administration in mice. Although, effects could be most profound when EtOH
exposure occurs during an early developmental period, the increase was found only for a
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low dose, which reduces the significance. Another important consideration is the potential
impact of route of (meth)amphetamine self-administration. The oral route is subject to first
pass metabolic effects and delay of reinforcement. However, the general outcome was little
impact of prior EtOH exposure on subsequent (meth)amphetamine intake, regardless of
route (IV vs. oral).

2.2.3. Concurrent EtOH and MA effects—A study in P rats examined the effect
of MA administered IP during a place conditioning procedure on concurrent EtOH
consumption. Rats first consumed EtOH or water, and then MA-induced place conditioning
was initiated while EtOH access was maintained in the home cage. Compared to intake at
baseline and on saline-conditioning days, on MA days, EtOH intake was initially reduced
and then gradually recovered (Althobaiti et al., 2019). Winkler et al. (2018) reported a
series of studies in P rats. In the first study, P rats were given home-cage access to

water and EtOH, and then daily access to 1V saline or MA self-administration. During the
self-administration sessions, home-cage EtOH access was continued. They found reduced
concurrent EtOH intake and preference in the MA group, compared to the saline control.
Next, when MA self-administration sessions occurred prior to EtOH drinking and were
continued during the EtOH access phase, there was an initial reduction and then recovery
of EtOH intake and preference in the MA group, compared to the saline control; however,
there was no impact on sucrose intake in a similar study in which sucrose was substituted
for EtOH. Finally, when EtOH drinking was introduced prior to MA self-administration,
and then self-administration was examined in the absence of further EtOH access, MA
self-administration was increased, compared to baseline and to that of water-drinking
controls. However, this higher level of MA self-administration did not persist when the
schedule of reinforcement was increased from fixed ratio 1 to fixed ratio 5, nor was there
a lasting effect when rats were subsequently tested under a progressive ratio schedule of
reinforcement. Overall, MA initially reduced EtOH intake that ultimately recovered, and
EtOH enhanced acquisition of MA self-administration under low work effort, but not did not
impact maintenance or motivation for MA self-administration.

The studies just described measured oral EtOH intake and IV MA self-administration. Fultz
et al. (2017) measured the intake of both drugs via the oral route. When male B6 mice
were given simultaneous access to EtOH, MA, and an EtOH+MA mixture, preference for
the EtOH+MA solution was greater than for either the EtOH or MA alone solution, and
preference for the EtOH solution was greater than for the MA solution. In addition, mice
consumed more MA from the EtOH+MA than from the MA alone solution and there was

a strong trend for higher EtOH intake from the EtOH+MA, compared to the EtOH alone
solution (Fultz et al., 2017). A similar study in male MAHDR mice found largely opposite
results (Stafford et al., 2020). Thus, MAHDR mice exhibited a strong preference for the
MA solution over both the EtOH and EtOH+MA solutions, and consumed more MA from
the MA alone solution. The amount of EtOH consumed was comparable for the EtOH and
EtOH+MA solutions. Female mice were not tested by Fultz et al. (2017), but when Stafford
et al. (2020) tested female MAHDR mice alongside males, unlike the greater preference for
the MA alone solution observed in males, no preference differences were found in females;
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thus, females consumed comparable amounts of EtOH and MA from the single vs. admixed
solutions.

Stafford et al. (2020) also examined intake in independent groups of MAHDR mice offered
water vs. EtOH, water vs. MA, or water vs. EtOH+MA.. There were no sex differences

and EtOH consumption was similar in mice given access to water vs. EtOH+MA or water
vs. EtOH alone. However, mice offered water vs. EEOH+MA consumed less MA than

mice offered water vs. MA alone. Thus, regardless of whether MAHDR mice were offered
just one of the three drug solutions or all three at once, MA consumption was reduced
when mixed with EtOH. The one exception was for female mice offered all three solutions
simultaneously. Females appeared to be resistant to the attenuation of MA intake by EtOH
adulteration of the MA solution.

Natural drug avidity is important to consider when interpreting these results. MAHDR

mice were bred for high MA consumption (Hitzemann et al., 2019; Shabani et al., 2011;
Wheeler et al., 2009), whereas B6 mice are MA-avoiding (Eastwood and Phillips, 2014) and
EtOH-preferring (Belknap et al., 1993; Yoneyama et al., 2008). A two-bottle choice water
vs. EtOH study in MAHDR mice, recorded EtOH consumption amounts of ~1-3 g/kg/day
(Stafford et al., 2020), which are much lower than the typical amounts of 3-16 g/kg/day
consumed by B6 mice at the same EtOH concentrations under similar choice conditions
(e.g., Belknap et al., 1993; Yoneyama et al., 2008). There were also some procedural
differences that could have impacted the results. Fultz et al. (2017) offered a choice between
20% EtOH, 10 mg/L MA, and the mixture during three daily 2-h sessions. Stafford et al.
(2020) offered a choice between EtOH at increasing concentrations (3, 6, and 10%), 20
mg/L MA, and the mixture of 20 mg/L MA with each EtOH concentration for four days
each, during 18-h sessions. The 18-h access condition is consistent with prior data collected
in the MAHDR model and Stafford et al. (2020) reported that MA intake is greater when 6-h
withdrawal periods occur between access trials.

2.2.4 Genetic models—Finally, with regard to the potential for shared genetic
contributors to MA and EtOH intake, there is virtually no literature. For example, a
significant genetic correlation between MA and EtOH intake in selected lines would support
shared genetic influence; but no data have been published comparing the MAHDR and
MALDR lines for EtOH consumption or comparing lines bred for EtOH consumption or
preference for MA intake. In mice selectively bred for high (HMACT) vs. low (LMACT)
sensitivity to the locomotor stimulant effects of MA, low MA sensitivity was associated with
greater EtOH consumption (Kamens et al., 2006) as well as greater MA intake (Kamens

et al., 2005); see Table 2. This single study suggests that genetic factors that influence
sensitivity to the stimulant effects of MA also contribute to EtOH intake and MA intake, but
additional investigation is needed to determine if there is shared genetic influence on EtOH
and MA intake.

2.3 Affective behaviors, learning, and memory

Results and experimental details from the few studies that have examined combined effects
of EtOH and MA on affective behaviors, learning, and memory are described in Table 1.
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In some cases, co-exposure to EtOH and MA has a more extreme impact, compared to
exposure to just one of these drugs. For example, repeated co-administration of EtOH and
MA produced anxiogenic effects in BALB/c mice not observed after exposure to either
drug alone. These mice had EtOH as their sole source of fluid in combination with daily
injections of an EtOH and MA mixture, and made fewer entries and spent less time in

the open arms of an elevated plus maze the following day, compared to drug-naive mice.
Mice exposed to either EtOH or MA alone did not differ from drug-naive mice (Chuang
etal., 2011). Adolescent Long Evans rats with a history of prior exposure to EtOH, MA

or both displayed increased anxiety-like behavior, compared to a saline control, when
tested about two weeks after a drug-free period (Loxton and Canales, 2017). Further, when
effects of these adolescent drug exposures were examined on radial arm maze reference and
working memory, all three drug groups exhibited comparable reference memory deficits,
but a significant working memory deficit was found only in the drug co-exposure group.

In another study, spatial memory was examined in Wistar rats one day or two weeks

after repeated treatment with MA, EtOH, or their combination given during adulthood, and
impaired spatial memory was found after MA alone, but not EtOH alone, with the MA effect
exacerbated by EtOH co-exposure (Vaghef et al., 2014). Finally, in adult Sprague-Dawley
rats, MA-associated deficits in avoidance learning were amplified by EtOH in a wheel
running shock-avoidance test (Yamamura et al., 1992).

Overall, the existing data indicate that EtOH and MA co-administration adversely impacts
affective behaviors, learning, and memory to an extent greater than each drug alone.
However, missing from the literature are studies examining potential effects of sequential
exposure and shared genetic contributions to these effects.

3 PHYSIOLOGY

3.1 Pharmacokinetics

Some behavioral or neurobiological outcomes of EtOH and MA co-use or co-addiction may
be consequences of alterations of the pharmacokinetics of one drug by the other or by
pre-existing differences in pharmacodynamics (e.g., a faster rate of MA metabolism could
impact the effect of combined EtOH and MA or amount of drug use). Table 3 describes the
existing studies and results, which indicate that simultaneous EtOH exposure affects MA
pharmacokinetics. For example, Sprague-Dawley rats were first offered water or EtOH as
their sole source of fluid for four weeks, and then MA was administered daily for five or

14 additional water or EtOH access days. Samples examined after the final MA treatment
found higher levels of MA and its metabolite, amphetamine, in blood and in several organs
including the brain, in the EtOH group compared to the water control. The MA absorption
rate was increased by EtOH, but the distribution of MA in body tissues and fluids was not
impacted (Liang et al., 2012). Similarly, in white rabbits, simultaneous administration of
MA and EtOH via oral gavage accelerated MA absorption and rate of metabolism of MA to
amphetamine, but there was no significant impact on MA distribution (Li et al., 2014).

On the other hand, MA does not appear to impact EtOH pharmacokinetics (Liang
etal., 2012; Gutierrez-Lopez et al., 2010). The kinetics of EtOH are dependent on
concentration (Cederbaum, 2012). At very low concentrations, EtOH elimination is a first-
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order process. However, when alcohol dehydrogenase (ADH) becomes saturated, EtOH
elimination becomes a zero-order process, occurring at a constant rate. This may present a
unique challenge in studying the impact of prior or simultaneous MA exposure on EtOH
pharmacokinetics, as observations of MA-induced changes may not be possible when the
EtOH metabolic process is saturated.

There do not appear to be studies addressing genetic susceptibility to EtOH effects on MA
pharmacokinetics, but we found a single paper that examined the potential impact of genetic
susceptibility to an effect of MA on EtOH pharmacokinetics (Kamens et al., 2006). Mice
with no drug exposure history, selectively bred for high vs. low sensitivity to the locomotor
stimulant effects of MA, were tested for EtOH clearance rate. Mice from the low MA
stimulation line had a significant, but small (0.1 mg/ml/h), increase in EtOH clearance rate
compared to the high MA stimulation line, and this difference was found for a 2, but not 4
g/kg dose of EtOH. These data suggest a small impact of differential genetic susceptibility to
MA stimulation on EtOH pharmacokinetics, but clearly, additional research is needed in this
area.

Overall, the existing data indicate that EtOH exposure could increase MA absorption

and metabolism. Both EtOH and MA are metabolized by cytochrome P450s (Dostalek et
al., 2008; Guengerich and Avadhani, 2018) and they could compete for the same P450
isoenzymes. Although data have not appeared in the literature examining this, the increased
formation of some MDMA metabolites found in rat hepatocyte cultures after combined
EtOH and MDMA exposure appears to have been partially mediated by the cytochrome
P450 isoenzymes CYP3A and CYP2E1 (Pontesa et al., 2010). Another consideration is
that MA was administered into the highly vascularized peritoneal cavity in the Liang et al.
(2012) study, and, at lower concentrations, EtOH is a vasodilator (Howes and Reid, 1986)
and could have increased MA absorption through this action. Blood alcohol levels obtained
from EtOH drinking rats in that study were ~9 mg/dl, which would be considered low,
although these levels likely waxed and waned. EtOH-induced increases in MA absorption
and rate of metabolism could impact MA euphoria, reward and use, although the direction of
effects will require additional study.

3.2 Thermal effects

Hyperthermia produced by MA is associated with toxicity and lethality (Matsumoto et

al., 2014). Though the basis for MA-induced hyperthermia is not fully known, activation
of non-shivering thermogenesis in brown adipose tissue and sympathetic norepinephrine
are known to contribute (Sanchez-Alavez, 2020). MA can also lower body temperature
(Harkness et al., 2015; Miner et al., 2017; Myles et al., 2008), which is a typical effect of
EtOH (Tanaka et al., 2010; Watson et al., 2020). Thus, in combination, the thermal effects
of EtOH and MA could be opposing, additive or potentially synergistic, depending on dose
and pattern of administration. Existing studies examining the thermal effects of sequential
and combined EtOH and MA are few (see Table 3). A prior history of EtOH exposure does
not appear to impact the hyperthermic effect of MA in rodents. Wistar rats with a history
of saline or EtOH administration via oral gavage did not differ in thermal response to MA
measured the following day after the last binge regimen MA injection (Althobaiti et al.,
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2016). Similarly, studies in Sprague-Dawley rats found that, compared to water drinking, a
history of intermittent two-bottle choice EtOH drinking had no effect on MA binge regimen-
induced hyperthermia measured the next day (Blaker and Yamamoto, 2018; Blaker et al.,
2019b). However, there is one study in albino mice that found blockade of the hyperthermic
effect of MA by pretreatment with EtOH 30 min before MA (Ageel and Ginawi, 1985).
Thus, a history of prior EtOH exposure may not impact MA-induced hyperthermia, but
EtOH pretreatment or perhaps co-administration may protect against the hyperthermic effect
of MA. Additional studies are needed to further characterize the impact of EtOH on the
thermal effects of MA, given the potentially detrimental effects of hyperthermia on brain
functioning, and that human alcohol use could be driven, in part, to reduce body temperature
elevation by MA. We were able to locate only one study that examined the effect of MA

on the hypothermic effect of EtOH. Pretreatment with MA 30 min before EtOH attenuated
EtOH-induced hypothermia in albino mice (Ageel and Ginawi, 1985).

Some data suggest that sensitivity to hypothermic drug effects (the lowering of body
temperature) may attenuate voluntary drug intake (Harkness et al., 2015; Mootz et al.,
2020). Mice that voluntarily consume lower amounts of morphine (Eastwood and Phillips,
2014) exhibit relatively greater sensitivity to morphine-induced hypothermia (Mootz et al.,
2020). In addition, the MALDR mice, bred for low MA intake, exhibit stronger MA-induced
hypothermia, compared to the MAHDR mice, bred for high MA intake (Harkness et al.,
2015). Higher sensitivity to MA-induced hypothermia corresponds with low MA intake
across other genetic models as well (Reed et al., 2018), and is impacted by the trace
amine-associated receptor 1 ( 7aar) gene, which also impacts MA intake (Stafford et al.,
2019). Although there could be a causative relationship between these two traits, such

that experiencing a hypothermic drug effect (the lowering of body temperature) attenuates
voluntary drug intake (see discussion in Harkness et al., 2015; Mootz et al., 2020), it is
also possible that common genetic factors impacting the two traits present the appearance
of a functional relationship. The MALDR and MAHDR mice do not differ in sensitivity

to EtOH-induced hypothermia (Harkness et al., 2015), nor do mice bred for high vs. low
sensitivity to EtOH-induced hypothermia differ in thermal response to amphetamine (Feller
and Crabbe, 1991). These data suggest that disparate mechanisms are involved in MA- and
EtOH-induced hypothermia. Thus, 7aarl appears to play a significant role in MA-induced
hypothermia, whereas serotonergic systems have commonly, though not exclusively, been
implicated in EtOH-induced hypothermia (Feller et al., 1993; Popova and Ivanova, 2002;
Tanaka et al., 2010).

4 NEUROBIOLOGICAL MECHANISMS AND NEUROTOXIC EFFECTS

Much of the existing evidence indicates that EtOH and MA have additive or supra-

additive (synergistic) effects at the behavioral and physiological level, depending on

the timing of their exposures, doses, and how they are administered. These effects

are somewhat predictable, based on unique and some overlapping neurochemical and
neuropharmacological profiles. For example, both drugs acutely alter the activity of some

of the same neurotransmitter systems (i.e., glutamate, dopamine (DA), gamma-aminobutyric
acid (GABA), and serotonin (5-HT)). Moreover, EtOH and MA target some of the same
neurotransporters, ion channels, and genes, as well as act on the liver and gut. While
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additive/synergistic effects of EtOH and MA are often observed, opposing effects have
occasionally occurred. Regardless, relatively little is known about the neurochemical
underpinnings following co-exposure to EtOH and MA that mediate behavior and other
possible negative outcomes such as hepatotoxicity, gastrotoxicity, and neurotoxicity.

The existing data regarding the effects of simultaneous and sequential EtOH and MA
exposure on neurobiological processes, and in some cases, corresponding behavioral effects,
are described in 4.1 — 4.3 and in Table 4. Studies specifically examining neurotoxic effects
are described in 4.4 - 4.7.

4.1 Effects of EtOH and MA on monoaminergic systems

Nucleus accumbens (NAc) DA uptake (Budygin et al., 2007; Carroll et al., 2006; Karkhanis
et al., 2015) and DA transporter (DAT) levels (Healey et al., 2008) are increased in

response to EtOH exposure in rodents, a result consistent with the increase in striatal

DAT availability associated with prior heavy EtOH drinking in humans (Cosgrove et al.,
2009). Because MA acts on DAT to cause the efflux of DA, increased DAT availability
associated with EtOH exposure could lead to augmented acute MA-induced DA release.
But, in contrast to that expectation, episodic binge-like EtOH exposure of Wistar rats during
adolescence reduced evoked DA release in the dorsal striatum in response to amphetamine
in adulthood, in comparison to EtOH-naive rats (Granholm et al., 2015). This effect of EtOH
on amphetamine-induced DA release did not correspond with changes in amphetamine
self-administration, which was not altered by prior EtOH exposure. Further, prenatal EtOH
exposure did not alter the effect of amphetamine treatment on DA levels in the striatum

of three-month old Wistar rats (Nowak et al., 2006). Although these results could indicate
that the effect of EtOH on amphetamine-induced DA release is dependent on developmental
period of exposure, more data are needed.

The vesicular monoamine transporter (VMAT?2) is another potential substrate for the
combined acute effects of EtOH and MA. EtOH alone increases VMAT2 gene expression
in mice (Darlington et al., 2014) and MA acts on VMAT?2 to cause the efflux of DA

by disrupting vesicular packaging (Nickell et al., 2014). Therefore, increased VMAT?2
availability resulting from EtOH pre-exposure could enhance acute MA-induced DA release.
Prior EtOH consumption also can alter MA-induced changes in midbrain DA neuron
activity. Thus, increases in midbrain D2 receptor-mediated inhibitory postsynaptic current
amplitude induced by MA was blunted in B6 mice with a history of EtOH drinking during
adulthood, compared to water drinking mice (Tschumi et al., 2020). Such a reduction

in depression of DA activity may result in greater DA release from nerve terminals in
projection regions, such as the NAc. The EtOH-associated blunting occurred only when

a higher concentration of MA was applied, a concentration proposed to affect VMAT?2,
whereas the ineffective lower MA concentration was one that acts only at DAT. Tschumi
et al. (2020) also examined MA-induced locomotor stimulation, which was increased by
a history of EtOH drinking for a higher, but not lower, dose of MA. EtOH-associated
attenuation of increases in midbrain D2 receptor-mediated inhibitory postsynaptic current
amplitude corresponded with EtOH-induced increases in MA stimulation at higher doses.
It is possible that the EtOH-induced reduction in the inhibitory effect of MA resulted in
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increased sensitivity to MA stimulation, but additional studies are needed to confirm a
causative link.

In contrast to Tschumi et al. (2020), prenatal EtOH exposure of Sprague-Dawley rats
enhanced sensitivity to amphetamine-induced reductions in ventral tegmental area DA
neuron firing rates measured in adulthood (Xu and Shen, 2001). This could have been

due to heightened sensitivity of somatodendritic DA autoreceptors in the ventral tegmental
area after prenatal EtOH exposure, observed in a previous study in Long Evans rats (Shen
etal., 1995). Interestingly, Shen et al. (1995) also found that chronic postnatal amphetamine
exposure reversed this effect of prenatal EtOH exposure, restoring sensitivity of DA
autoreceptors to normal. Overall, EtOH attenuated the acute depressive effects of MA when
EtOH exposure occurred during adulthood and MA responses were recorded from midbrain
slices, whereas the acute depressive effects of amphetamine were enhanced by prenatal
EtOH exposure when recorded in unanesthetized rats. In addition, the enhancing effect of
prenatal EtOH on amphetamine-induced depression of midbrain DA neuron activity was
reversed after chronic amphetamine exposure, suggesting that tolerance to the enhancing
effect of EtOH developed over time.

Less studied has been the impact of MA on the monoaminergic effects of EtOH. Local
application of EtOH depressed the activity of all cerebellar Purkinje neurons measured in
anesthetized Sprague-Dawley rats. MA co-application had a weak potentiating effect (<10%
increase) in half of the neurons studied. However, after systemic administration of prazocin,
an a-adrenergic receptor antagonist, MA significantly potentiated EtOH-induced neural
depression in 88% of the neurons studied (Wang et al, 1995). Further, when noradrenergic
neurons were chemically lesioned, the depressant effects of EtOH were unaltered, but the
enhancement of EtOH-induced Purkinje neuron depression by MA was potentiated (Wang et
al., 1995). Together, these data support an inhibitory role of noradrenergic mechanisms and
a-adrenergic receptors on MA potentiation of the depressant EtOH effect.

A few studies have examined (meth)amphetamine-induced DA release in lines of

rats selectively bred for high vs. low EtOH preference (See Table 2). Bifone et al.

(2019) compared Marchigian Sardinian alcohol-preferring rats to non-selected genetically
heterogeneous Wistar rats that serve as their control line (Colombo et al., 2006) and

found a greater increase in extracellular DA in response to amphetamine in the NAc

shell in the high preference rats. Using magnetic resonance imaging, this study also
detected increased functional reactivity in the NAc shell of the alcohol-preferring rats in
response to amphetamine, compared to Wistar rats. Nishiguchi et al. (2010) compared high
alcohol preference (HAP) and low alcohol preference (LAP) rats for striatal DA levels
after treatment with MA and found that intracerebroventricular pretreatment with the D1
receptor antagonist SCH23390 augmented the effect of MA in HAP but not LAP rats. These
studies indicate that the dopaminergic response to MA is related to genetically-determined
differences in EtOH preference.

4.2 Effects of EtOH and MA on GABAergic systems

The role of GABA transmission and GABA receptors in the pharmacological and addictive
effects of EtOH (Augier et al, 2018; Maccioni and Colombo, 2009) and of GABA
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receptors and transporters as treatment targets for AUD are well known (Fairbanks et al.,
2020; McColl and Piquette-Miller, 2020; Phillips and Reed, 2014). In addition, GABA
interneurons in the prefrontal cortex, which interact with the mesolimbic DA system
through inhibition of excitatory prefrontal cortical projections, play a role in the effects

of (meth)amphetamine. The GABA system is a proposed target for the treatment of MA use
disorder (Rose and Grant, 2008; Wearne and Cornish, 2019). Changes in GABA after EtOH
or MA are also at the intersection of DA and glutamate transmission in the mesolimbic
system and basal ganglia (Mark et al., 2004; 2007; Matuszewich and Yamamoto, 1999;
Williams et al., 2018), which could affect addictive behavior. Despite the findings that
GABA transmission has a role in effects of EtOH and MA alone and has been a target for
therapeutic intervention for both EtOH and MA use disorder, there have not been reports of
findings for potential GABAergic mechanisms underlying co-use or co-exposure effects for
EtOH and MA.

4.3 Effects of EtOH and MA on glutamatergic systems

EtOH and MA independently increase glutamate transmission (Nash and Yamamoto,
1993; Roberto and Varodayan, 2017). Glutamate-regulating NMDA and AMPA receptors
expressed on D1 receptor-expressing medium spiny neurons in the NAc and DA neurons
in the ventral tegmental area attenuate relapse-like EtOH intake, as demonstrated in site-
and time-specific conditional mutant mice lacking GIuN1 or GluAl receptor subunits
(Eisenhardt et al., 2015). Further, MAHDR mice that have high genetic risk for MA
intake and voluntarily consume binge-level amounts of MA, exhibit greater extracellular
glutamate levels in response to acute MA administration, compared to low risk, low
intake, MALDR mice (Szumlinski et al., 2017). Changes in extracellular glutamate and
glutamate transporter levels have been examined in response to sequential EtOH and MA
exposure. In Sprague-Dawley rats, two-bottle choice intermittent EtOH drinking prior to
binge regimen MA treatment augmented the increase in striatal extracellular glutamate
induced by MA alone. EtOH exposure alone did not impact glutamate levels compared to
saline (Blaker et al., 2019a). The potential mechanism underlying this synergistic increase
in glutamate appears to have been an EtOH drinking-induced reduction in the glutamate
aspartate transporter (GLAST), which was quantified one day after EtOH drinking ended
in a separate group of MA-naive rats. The glutamate transporter subtype 1 (GLT-1) was
not impacted by EtOH drinking. However, the findings related to the subtype of glutamate
transporter may be dependent on rat strain. Whereas EtOH drinking decreased GLAST,
but not GLT-1 in Sprague-Dawley rats (Blaker et al., 2019a), the sequential exposure to
EtOH by gavage followed by the MA binge regimen in Wistar rats additively decreased
GLT-1, but not GLAST expression in the NAc, dorsal striatum, and hippocampus, when
measured 48 h after MA treatment (Alshehri et al., 2017; Althobaiti et al., 2016). These
studies also examined the effect of ceftriaxone, a p-lactam antibiotic known to increase
the expression of glutamate transporters. Ceftriaxone administered during EtOH drinking
alone was sufficient to not only block the EtOH-induced increases in basal extracellular
striatal glutamate concentrations, but also the augmented increase in glutamate produced by
MA (Blaker et al., 2019a). In another study, ceftriaxone blocked the decreases in GLT-1
associated with EtOH drinking and reduced EtOH intake in P rats (Das et al., 2015).
Ceftriaxone administered after MA treatment rescued GLT-1 expression in Wistar rats with
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and without a history of EtOH consumption (Alshehri et al., 2017; Althobaiti et al., 2016).
Regardless of the rat strain-associated differences in the effects of EtOH on glutamate
transporters, these studies indicate that glutamate transporters and extracellular glutamate
work in concert to contribute to the combined neurochemical effects of EtOH and MA. The
roles of glutamate receptors have yet to be studied.

4.4 Neurotoxic effects of combined EtOH and MA on dopaminergic systems

The neurotoxicity of either EtOH or MA exposure is well documented, but neurotoxicity
induced by sequential exposure is less understood. Long-term depletions of monoamine
content are suggestive of nerve terminal degeneration, and thus, used as a marker of
neurotoxicity. A study in Sprague-Dawley rats examined neurotoxic effects of exposure to
two-bottle choice intermittent EtOH drinking or EtOH by gavage, followed by the MA binge
regimen. In both cases, prior EtOH exposure led to exacerbated long-term MA-induced
depletions of DA in the striatum, but no changes were observed after EtOH exposure alone
(Blaker and Yamamoto, 2018). Further, higher amounts of voluntary EtOH intake produced
greater decreases in DA in response to neurotoxic MA exposure (Figure 1). This is the

only study we found that reported correlations between level of EtOH intake and effects

of MA. Given that large individual differences often occur in EtOH drinking procedures
during intermittent two-bottle choice EtOH drinking (e.g., Blaker et al., 2019a), future
studies should assess such quantitative relationships. It is also notable that even though
blood EtOH concentrations were much lower on the last EtOH drinking day compared to
after the last EtOH gavage (70.9+1.9 mg% vs. 146.3+2.2 mg%, respectively), exacerbated
MA-induced DA depletions were similar for the two methods of exposure (Blaker and
Yamamoto, 2018). There may be a certain threshold of EtOH exposure that is required to
impact MA neurotoxicity, which was met for both routes of administration. Although similar
results were observed, blood EtOH concentration achieved is important to consider in future
studies, and may be informative with regard to the threshold required to impact the effects of
MA.

The long-term depletions of striatal DA after sequential exposure to EtOH and MA were
due to glutamate and calcium/calpain-dependent excitotoxicity, preceded by augmented
increases in extracellular glutamate, and dependent on cyclooxygenase 2 (COX-2) during
EtOH drinking (Blaker and Yamamoto, 2018; Blaker et al., 2019a). As discussed above,
glutamate transporters have a role in the combined glutamatergic effects of EtOH and
MA (Alshehri et al., 2017; Althobaiti et al., 2016). Enhanced downregulation of GLT-1,
which is responsible for regulating extracellular glutamate levels, may lead to an excess
in extracellular glutamate, resulting in excitotoxicity. Although increases in tissue content
of glutamate were not observed in a procedure that employed EtOH gavage in Wistar rats
(Almalki et al., 2018), increases in extracellular glutamate and calcium mediated proteolysis
and excitotoxicity were observed in Sprague-Dawley rats that voluntarily drank EtOH
(Blaker et al., 2019a).

The toxicity to DA terminals in the striatum after serial exposure to EtOH and MA extended
to the loss of tyrosine hydroxylase-positive neurons in the substantia nigra pars compacta
(SNc) that was not present after voluntary EtOH drinking alone or MA exposure alone
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(Blaker et al., 2019b). This effect corresponded with motor dysfunction specific to serial
exposure, suggesting the EtOH-induced exacerbation of MA neurotoxicity may underlie
motor dysfunction. Blaker et al. (2019b) concluded that tyrosine hydroxylase-positive cell
loss in the SNc was due to an increase in COX-2 activity during EtOH drinking, because
the COX-2 inhibitor, nimesulide, given during EtOH drinking, blocked the loss of these
DA neurons and the accompanying motor dysfunction, and also blocked caspase-3 and
microglial activation in the SNc found after exposure to MA. Inhibition of COX-2 also
protects against MPTP-induced DA cell death through a reduction in reactive oxygen
species and DA quinones (Chae et al., 2008; Hastings, 1995; Swiatkiewicz et al., 2013).
It remains unknown how co-exposure to EtOH and MA induces COX-2 in or near DA
cells specifically, but it could be due to the auto-oxidation of DA and quinone formation
(Asanuma et al., 2003; Barzilai et al., 2001) causing a feed-forward mechanism.

The enhanced neurotoxicity following serial exposure to EtOH and MA suggests a
confluence of glutamate-mediated excitotoxicity, inflammation, and ion channel expression
that mediates damage to DA neurons. EtOH alters multiple ion channels (Crews et al.,
1996), including the L-type calcium channel CaV1.2 (Uhrig et al., 2017) and GIRK channels
(Cannady et al., 2018; Mayfield et al., 2015) to affect neuronal excitability. These effects of
EtOH occur in parallel with upregulated expression of the CACNAIC gene and increases
in the number of L-type Ca2* channels in response to in vitro MA exposure of human
SH-SY5Y dopaminergic cells (Andres et al., 2015). Nevertheless, it remains unknown if
there are additive or supra-additive effects on the expression of L-type calcium channels
following co-exposure that may explain the calcium-mediated excitotoxity and apoptosis to
DA neurons.

There are studies in which EtOH pre-exposure did not exacerbate MA-induced
neurotoxicity. For example, increased striatal DA depletions by EtOH were not found in

a study of C57BL/6N mice provided with an EtOH solution as their sole source of fluid,
and then treated with the MA binge regimen, when measures were taken 72 h after MA
treatment (Ali and Bondy, 2010). However, the concentration of EtOH offered was only 2%,
compared to the 10 to 20% concentrations typically used in drinking studies of B6 mice,
and average EtOH consumption was only 2.7 g/kg/day. That said, a study in which Wistar
rats were sequentially exposed to 6 g/kg bolus doses of EtOH by gavage for seven days
immediately followed by the MA binge regimen also did not find a significant effect of
EtOH pre-exposure on striatal DA levels, when measured 48 h after MA treatment (Almalki
et al., 2018). However, it is important to note that EtOH alone in that study produced a
large increase in striatal DA and there was no significant effect of MA alone on DA levels
(Almalki et al., 2018).

Rather than sequential exposure, some studies have examined neurotoxic effects of co-
exposure. Sprague-Dawley rats were repeatedly administered escalating doses of EtOH
and/or escalating doses of MA (Yamamura et al., 1992). Striatal DA levels were depleted by
MA, whereas co-administration with EtOH appeared to mitigate MA-induced DA depletion;
however, the effect of EtOH was not statistically significant. In the hippocampus, EtOH
alone decreased DA, MA alone increased DA, and the combination appeared to mitigate
each of these independent effects. There were no significant effects of drug treatment on
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DA levels in the cortex. This investigation found amplified MA-associated learning deficits
in the EtOH co-administration group, however they did not correspond with any of the
dopaminergic impacts. In B6 mice, EtOH delivered in close proximity to an MA binge
regimen also attenuated MA-induced striatal DA depletions (Yu et al., 2002). In contrast,
when BALB/c mice were given EtOH as their sole source of fluid in combination with
repeated daily injections of an EtOH and MA mixture, there was no significant effect of
EtOH or MA exposure, alone or in combination, on striatal or prefrontal cortex DA levels
(Chuang et al., 2011). In the Chuang et al. (2011) study, co-administration of EtOH and MA
had anxiogenic effects that were not observed in response to either drug alone and did not
correspond with changes in DA levels in the striatum or prefrontal cortex.

Results are mixed. It appears likely that the combined neurotoxic effects of EtOH and MA
on the DA system are dependent on species and/or strain, as well as procedural differences,
such as timing of exposure (sequential vs. concurrent), dose, length of drug exposure, or
timing of DA measurements after drug treatment. However, overall, prior EtOH exposure
enhanced MA-induced dopaminergic neurotoxicity in several studies, but simultaneous
EtOH exposure mitigated MA-induced DA depletions.

4.5 Neurotoxic effects of combined EtOH and MA on serotoninergic systems

Several of the studies discussed above also examined 5-HT neurotoxicity under the same
treatment conditions. Similar to effects on MA-induced DA levels, prior EtOH exposure
enhanced MA-induced 5-HT depletions, whereas EtOH co-administration had the opposite
or no effect. Thus, intermittent two-bottle choice EtOH drinking followed by MA binge
regimen treatment exacerbated long-term MA-induced depletions of 5-HT in the striatum,
with no changes observed after EtOH exposure alone (Blaker and Yamamoto, 2018). Higher
levels of voluntary EtOH intake produced greater decreases in 5-HT after neurotoxic MA
exposure (Figure 1). When MA and EtOH were given independently or co-administered,
MA reduced 5-HT levels to a greater extent than EtOH alone, and EtOH co-administration
rescued MA-induced depletions to the level of EtOH alone in the hippocampus and striatum;
EtOH also reversed MA-induced cortical 5-HT depletions (Yamamura et al., 1992). Shock
avoidance learning measured by Yamamura et al. (1992) was negatively impacted by MA,
and EtOH amplified the MA-induced learning deficits. Thus, the outcomes for cognitive
function were not aligned with the 5-HT outcomes in this study. In another study, no effect
of EtOH or MA, alone or in combination, on striatal or prefrontal cortex 5-HT levels were
found (Chuang et al., 2011), and Almalki et al. (2018) found no prior EtOH exposure effect
on MA-induced hippocampal or striatal 5-HT depletions.

4.6 Other neurotoxic effects of combined EtOH and MA

Chuang et al. (2011) measured potential toxicity to neurons and glia, and the impact of

drug treatments on cell proliferation in several brain regions. NeuN was used as a neural
marker, GFAP as a glial marker, and BrdU as a marker of proliferation. The number of
NeuN-positive cells in the dentate gyrus was reduced by combined EtOH and MA exposure,
but not by either drug alone. The dentate gyrus has been implicated in anxiety-like behaviors
(Weeden et al., 2015), and anxiogenic effects corresponded with the treatment outcomes
(Chuang et al., 2011). In the amygdala, the NeuN-positive cell count was reduced to the
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same extent after treatment with each drug alone and their combination. In the striatum and
prefrontal cortex, there were no significant drug effects on NeuN-positive cell counts. For
glial toxicity, significant reductions in the number of GFAP-positive cells in the striatum,
dentate gyrus, and amygdala were comparable for EtOH, MA and combined drug groups,
whereas there were no significant effects in the prefrontal cortex. Finally, with regard to cell
proliferation, the number of BrdU-positive cells was equivalently decreased by EtOH, MA,
and their combination in the subventricular zone and dentate gyrus. Overall, only neuronal
toxicity in the dentate gyrus was uniquely altered by EtOH and MA co-exposure, compared
to either drug alone, and anxiogenic behavioral outcomes aligned with this result.

Microglia may also play a role in EtOH and/or MA neurotoxicity. When RNA sequencing
was used to identify gene expression differences in striatal isolated microglia from saline
vs. binge MA-treated rats, COX-2-driven prostaglandin synthesis was associated with
differential expression between the two treatment groups (Kays and Yamamoto, 2019).
When EtOH drinking was followed by binge MA, changes in microglial morphology were
found in the SNc that were distinct from those in EtOH drinking or MA treatment alone
groups (Blaker et al., 2019b). Microglia mediate EtOH-induced inflammatory responses in
the brain (Henriques et al., 2018). That exposure to EtOH and MA caused exaggerated
changes in microglial morphology (Blaker et al., 2019b) suggests important roles for
microglia and inflammation in the interactions between the drugs. Overall, the damage

to DA terminals in the striatum and DA cell bodies in the SNc reveals novel neurotoxicity
mediated by microglia, glutamate excitotoxicity, and inflammation that is different from
what is observed after either drug alone. Loss of motor control has been documented in
extreme cases of AUD and MA users are three times more likely to be diagnosed with
Parkinson’s disease (Curtin et al., 2015; Granado et al., 2013; Lappin et al., 2018). Co-abuse
of EtOH and MA may produce inflammation that enhances the vulnerability to calcium-
mediated excitotoxicity and results in motor deficits or early onset Parkinson’s disease.

There is also evidence that structural abnormalities in the brain are produced by combined
EtOH and MA exposure. Hippocampal neurogenesis during adulthood was altered in Long
Evans rats that had been exposed for five days during adolescence to EtOH and MA

by gavage. Persistent working memory deficits were observed for combined exposure

that were not observed for either drug alone (Loxton and Canales, 2017). Some data in
human studies also suggest effects with the potential for long-term cognitive impacts. Thus,
prenatal exposure to alcohol and/or MA resulted in fMRI abnormalities in frontostriatal
connectivity of children such that frontal brain regions that project to the putamen had
increased connectivity, whereas connectivity for those that project to the caudate were
decreased (Roussotte et al., 2011). Frontal cortex thickness was reduced in adults with
comorbid amphetamine dependence and heavy alcohol use, compared to controls or those
who used either drug alone (Lawyer et al., 2010). Taken together, the combination of alcohol
and (meth)amphetamine produces additive and supra-additive changes in brain structure and
neurochemistry that may underlie some behavioral and cognitive changes associated with
the co-abuse of these drugs.
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4.7 Peripheral organ effects and their relation to neurotoxicity

Acute and chronic alcohol use can result in alcoholic fatty liver disease (hepatic steatosis
and cirrhosis; Dugum and McCullough, 2015) characterized by inflammation and loss of
liver function, respectively. In contrast, little is known about the adverse effects of MA

on the liver, although damage to the liver and other organs has been observed (Ago et

al., 2006; Halpin et al., 2013; Kamijo et al., 2002; Smith and Fischer, 1970; Wijetunga

et al., 2003). MA-induced hepatotoxicity increases plasma ammonia occurring after either
EtOH drinking (Lockwood et al., 1979) or exposure to the MA binge regimen (Halpin and
Yamamoto, 2012). Plasma ammonia is normally broken down in the gut and converted to
urea in the liver, the latter being compromised with a loss of hepatic function. Consequently,
hepatotoxicity causes ammonia to accumulate in the systemic circulation. Hyperammonemia
has been identified as a contributor to the long-term depletions of DA and 5-HT in

brains after MA exposure (Felipo and Butterworth, 2002; Halpin and Yamamoto, 2012;
Halpin et al., 2013; Halpin et al., 2014), highlighting the importance of the liver as a
contributing factor to drug-induced neurotoxicity. In addition, alcoholic liver cirrhosis can
have a negative impact on the brain and produce hepatic encephalopathy (Davis and Bajaj,
2018). As a consequence of hepatotoxicity, increased levels of blood and brain ammonia
can increase glutamate within the brain and contribute to DA depletions (Halpin and
‘Yamamoto, 2012). Based on these similarities, a recent study in Wistar rats examined the
impact of exposure to EtOH in combination with MA and found hepatoxicity through pro-
inflammatory and oxidative stress mechanisms (de Carvalho et al., 2018). The consequences
of hepatotoxicity and elevated ammonia on the brain after EtOH and MA co-exposure
remain to be fully determined.

EtOH consumption also affects the gastrointestinal (Gl) tract and produces inflammation
and oxidative stress via production of pro-inflammatory cytokines (Fleming et al., 2001).
Oxidative stress caused by EtOH metabolism within the epithelial cells that line the lumen
of the GI tract stimulates inflammation and Gl barrier breakdown via degradation of the
tight junction proteins lining the gut mucosa (Elamin et al., 2014). The Gl-blood barrier
functions under normal circumstances to prevent harmful microorganisms such as endotoxin
(i.e., lipopolysaccharide; LPS) from exiting the Gl tract and entering the circulation, where
endotoxin can induce inflammation throughout the body (Qin and Crews, 2012). Thus,
EtOH can cause inflammation via breakdown of the Gl-blood barrier through oxidative
stress and by increasing para-cellular translocation of bacteria from the gut into the
circulation (Leclercq et al., 2012; Mathurin et al., 2000).

MA also causes systemic inflammation through increases in pro-inflammatory chemokines
in the peripheral circulation of both rodents and humans (Loftis et al., 2011). The

systemic inflammation is reflected by pro-inflammatory cytokines (e.g., IL-1p) caused by
LPS leaking from the gut into the circulation. The increases in circulating inflammatory
mediators could result in Gl damage evidenced by ischemic colitis, ulcers, and necrosis

in individuals with high levels of MA use (Anderson et al., 2018; Brannan et al., 2004;
Johnson and Berenson, 1991; Prendergast et al., 2014; Zou et al., 2018) that further
exacerbate inflammation. Consequently, peripheral inflammatory mediators can enter the
brain parenchyma and induce neuroinflammation (Banks, 2005; Engelhardt et al., 2016;
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Louveau et al., 2015). Thus, any injury to the gut that promotes Gl barrier breakdown and
inflammation could potentiate a neuroinflammatory state (Banks, 2005). Along these lines,
EtOH produced increases in LPS in the serum and brain as well as COX-2 in the brain

of Sprague-Dawley rats (Blaker and Yamamoto, 2018). It remains to be determined if the
increase in LPS could be exacerbated by MA-induced liver damage. The significance of the
increases in LPS and COX-2 within the brain and the neurotoxicity to DA neurons could be
responsible for microglia activation produced by exposure to both EtOH and MA (Blaker
et al., 2019b). Overall, these findings support the gut as a target for therapeutic intervention
(Leclercq et al., 2012) and support a role for peripheral organ effects of EtOH and MA on
the brain (de Timary et al., 2017).

4.8 Blood brain barrier

The blood-brain barrier (BBB) is at the interface between the periphery and the brain, and
serves as a protective barrier to the influx of pathogens into the brain. MA can increase the
permeability of the BBB through the same mechanisms that mediate MA-induced damage to
monoaminergic nerve terminals (Abbott, 2000; Kousik et al., 2012; Ramirez et al., 2009). In
addition to COX-2-mediated damage to DA neurons following the combination of EtOH and
MA (Blaker et al., 2019b), COX-2 has been implicated in BBB disruption and is increased
in response to MA in rodents (Kita et al., 2000; Thomas and Kuhn, 2005). EtOH also

causes dysfunction and increases permeability of the BBB of humans (Pratt et al., 1990)

and rodents (Rosengren and Persson, 1979) by the same inflammatory and oxidative stress
mechanisms that mediate MA-induced damage to the BBB (Northrop and Yamamoto, 2012).
Little if anything is known about the effects of combined exposure to EtOH and MA on the
BBB. Because LPS is mainly derived from the gut and augments EtOH drinking-induced
BBB permeability (Singh et al., 2007), it is probable that the peripheral pro-inflammatory
and pro-oxidant effects of EtOH drinking (Haorah et al., 2007; Le Moine et al., 1995;
Mathurin et al., 2000) would exacerbate the pro-inflammatory effects of MA (Northrop and
Yamamoto, 2015). Thus, increased permeability of the BBB by the co-use of EtOH and MA
may have broad and significant consequences manifesting as cognitive decline, learning and
memory deficits, dementia, and enhanced vulnerability to other disease states such as HIV
(Swan, 1997) and Hepatitis C (Letendre et al., 2007), which are comorbid with drug use
disorders.

5 CONCLUSIONS AND FUTURE DIRECTIONS

We have reviewed the evidence from animal studies examining the frequency, motivation,
and consequences of combined or sequential alcohol and MA exposure. Human studies
examining rates and patterns of alcohol and MA co-use and co-addiction indicate that there
are high rates of simultaneous and sequential alcohol use with MA both in individuals with
and in those without a MA use disorder diagnosis; many of these people have a comorbid
AUD (Brecht et al., 2007; 2008; Herbeck et al., 2013; Wang et al., 2017). Not surprisingly,
there are negative impacts of co-use on treatment outcomes. Many clinical studies do not
report the exact timing, frequency, or quantities of alcohol and MA use, making the impact
of such factors difficult to ascertain. We have chosen to examine the animal literature in
detail, because alcohol and drug history can be controlled and manipulated, increasing the
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ability to draw specific conclusions. Figure 2 summarizes the strength of current knowledge
for combined effects of alcohol and MA on behavior, neurobiology and toxicity, based on
the animal literature.

Animal studies have provided valuable insights into the combined and sequential behavioral
effects of EtOH and MA. Many have found prior exposure or co-exposure effects of EtOH
on MA-induced motor, consummatory, affective, and cognitive effects, and vice versa.
Existing studies also indicate that there may be shared genetic influences on EtOH and
MA-related behaviors. Although observed effects may appear inconsistent, there has been
considerable variation across studies in species, strain, dosage, drug exposure timing and
duration, method of drug exposure, and time of testing relative to drug exposure. Thus,

the effect of EtOH on MA-induced locomotor stimulation depended on MA dose (Fultz

and Szumlinski, 2018; Kohda et al., 1986; Sern et al., 2020; Tschumi et al., 2020); the
effect of prior MA exposure on EtOH intake depended on method of MA administration,
and vice versa (Fultz et al., 2017; Gutierrez-Lopez et al., 2010; Winkler et al., 2018);

intake and preference when the two drugs were offered together was driven by which drug
was most preferred when offered alone (Fultz et al., 2017; Stafford et al., 2020); and the
impact of exposure to one drug on response to the other depended upon developmental
period (Granholm et al., 2015; Nowak et al., 2006; Tschumi et al., 2020; Wang et al.,

2019; Xu and Shen, 2001). It is not surprising that such factors could impact outcomes, and
variation among individuals and between populations should be expected. Some studies have
included dose and time considerations in their research designs, and it would be beneficial
to systematically study these and other factors, such as genetic contributions to the effects of
combined EtOH and MA, in future studies.

In their recent reviews of alcohol use with a number of stimulant drugs, Althobaiti and

Sari (2016) and Singh (2019) proposed that combining alcohol and stimulants could (1)
potentiate euphoria/pleasure; (2) attenuate adverse subjective effects; (3) have negative
consequences on the brain and behavior, such as decreases in antioxidant enzymes,
neurotransmitter depletions, augmented withdrawal, and learning and memory disruption;
and (4) alter pharmacokinetics. We found supportive evidence for some of these proposed
outcomes, but also identified gaps in the literature that suggest potential research directions
that could shed more light on motivation for and consequences of EtOH and MA co-use.
Human studies in which alcohol and MA have been administered are rare, but the existing
research findings raise the possibility that co-use increases euphoric and pleasurable drug
effects (e.g., subjective ratings of good drug effect), while decreasing adverse effects (e.g.,
performance deficits, sleep disruptions, sedation), which could increase motivation for
combined use (Kirkpatrick et al., 2012; Mendelson et al., 1995). Although the animal studies
of combined EtOH and MA effects have used some measures of behavioral and cognitive
performance, lacking are studies of how combined effects on sedation or stimulation might
be related to co-use. There is some evidence for reduced MA-induced sleep disruption by
alcohol in human studies (Kirkpatrick et al., 2012), but although sleep disruption has been
an area of interest in both EtOH and MA research (e.g., Andersen et al., 2009; Sharma

et al., 2018), combined effects of EtOH and MA have not been a focus. Pharmacokinetic,
pharmacodynamic, neurochemical and peripheral organ effects appear to be relevant to

the impact of combined EtOH and MA, but more studies are needed to fully elucidate
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the additive, synergistic and opposing effects of EtOH and MA on biological mechanisms
contributing to co-use.

The majority of the studies examining the consequences of EtOH and MA co-exposure

on monoaminergic and glutamatergic systems reveal additive or synergistic effects of
EtOH and MA on neurotransmitter release, neuronal activity, and transporter expression.
Combined effects on other neurotransmitter systems that are known to be independently
impacted by EtOH and MA, such as the GABAergic system, have yet to be examined.
There is also a dearth of information about behavioral correlates of the pharmacodynamic
and neurochemical effects of EtOH and MA co-exposure and a lack of direct studies of
mechanisms that could provide evidence of casual relationships. Examples include a study
that implicated the D2 receptor in the effect of EtOH on MA-induced locomotor stimulation
(Tschumi et al., 2020), and one that implicated the endocannabinoid system in the effect of
MA on EtOH intake (Gutierrez-Lopez et al., 2010).

Also lacking are studies addressing EtOH and MA co-exposure effects on the consequence
of drug withdrawal and likelihood of relapse. Such studies may provide insight into factors
underlying the poor treatment outcomes associated with EtOH and MA co-use and co-
addiction (e.g., Mutter and Ali, 2019; Tan et al., 2019; Wang et al., 2017). In addition, sex
differences in the response to combined or sequential EtOH and MA exposure are grossly
understudied in animal models. The vast majority of the animal studies described in this
review were conducted in males only (see Tables 1-4). There is an abundance of evidence
demonstrating sex differences in response to many addictive drugs including EtOH and MA
(Becker and Koob, 2016), making it important to conduct experiments examining the effects
of combined EtOH and MA in both sexes. Further, the existing studies that have considered
developmental period in drug co-exposure effects support potential augmentation of adverse
effects with early exposure. This literature is limited and cross-sectional studies are needed
to fully disclose the importance of age of exposure.

Finally, critically important is the potential for EtOH and MA co-use to exacerbate the
neurotoxicity associated with chronic use of each drug individually. Relative to independent
neurotoxic effects of EtOH and MA, neurotoxic consequences of co-exposure have been
minimally explored. That said, a number of studies do indicate that serial exposure to

EtOH and MA has additive or synergistic neurotoxic effects. Amplified neurotoxicity

could result in more severe consequences on cognition, reward processing and risk for
psychiatric disorders (e.g., anxiety, depression) than experienced with either drug alone.
Several studies indicate that motor dysfunction, anxiety-like behaviors, and learning and
memory deficits measured subsequent to exposure are exacerbated by combined EtOH and
MA exposure. Such outcomes could increase the probability of continued use to reduce

or avoid adverse effects, increase the probability of relapse, and predict poor treatment
success. The overall result may be increased motivation for further use, with the potential for
long-term consequences on mental and physical health. More systematic research is needed
that examines the impact of EtOH and MA co-exposure on sensitivity to motivational effects
of these drugs and subsequent drug seeking and taking.
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Highlights

. Comorbid alcohol and methamphetamine use amplifies deleterious
consequences

. Brain development, cognition, motor function and physiology are adversely
affected

. Neurotoxicity is augmented by comorbid use and involves glutamate
excitotoxicity

. Needed is more research investigating motivation for comorbid use
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Figure 1.

MA-induced depletions of striatal dopamine and serotonin vs. EtOH intake. Data shown

are for rats that had access to EtOH for 24 h, every other day, across a 28-day period.

One day after the final EtOH drinking period, rats were administered the binge MA

regimen (4 x 10 mg/kg MA, IP at 2 h intervals) and tissues were taken one week later

for analysis by high-performance liquid chromatography. The magnitude of decreases in
dopamine and serotonin content in the striatum were significantly correlated with the total
amount of EtOH consumed over the 28 days. Blood ethanol concentration was 70.9 + 1.9
mg/dL plasma when measured in the EtOH-drinking rats 4 hr into the dark cycle on Day

28 of intermittent EtOH drinking. Water drinking controls that received saline challenge

had average striatal serotonin content of 3.0 pg/ug protein and dopamine content of 110
pg/ug protein (data not shown). EtOH, ethanol; MA, methamphetamine. Reprinted (with
modification) by permission from Springer Nature, Journal of Neuroimmune Pharmacology,
Methamphetamine-Induced Brain Injury and Alcohol Drinking, 13(1) 53-63, 2018, Amanda
Blaker and Bryan Yamamoto COPYRIGHT 2018
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B3

Figure 2.
Current state of knowledge about combined alcohol and methamphetamine effects from

animal research studies. Data are reported for behavioral, neurobiological and toxicity
effects. Categories of investigation in each of these areas, so far, are listed in the grey
boxes. The number of plusses (+) is meant to represent the strength of support for an
impact of combined alcohol and methamphetamine exposure. The impact of combined
administration on aversion-related behaviors, compared to the effect of each drug alone, has
not been investigated, as indicated by the question mark (?), but is relevant to continued
use. Likewise, the impact of the combined drugs on GABAergic processes has not been
investigated, but is a recommended area of investigation based on evidence for independent
GABAergic effects of each drug as discussed in the review.
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Effects of combined or sequential exposure to EtOH and MA.
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EtOH and MA/AMP exposure Strain / Behavior tested  Main findings Reference
species
Simultaneous exposure (EtOH and MA administered or consumed together or in close succession)
3BC EtOH drinking (water vs. 15% EtOH vs. 30% Male Locomotor MA attenuated EtOH- Althobaiti et
EtOH; 24 h/day) x 5 weeks and then for 1 additional alcohol- activity during associated reductions in al. 2019
week during saline or MA treatment (2.5 mg/kg, IP, preferring P CPP activity
every other day) for CPP and another week during rats
CPP extinction . A L
EtOH intake and ~ During conditioning, MA
preference initially reduced EtOH
intake and preference, which
gradually recovered over
days; there was no effect of
MA on EtOH intake during
the extinction phase
MA-induced MA-induced CPP; data were
CPP not analyzed for the potential
effect of EtOH
EtOH offered as only source of fluid (20% EtOH in Male Elevated plus EtOH and MA co- Chuang et al.,
8% sucrose) + daily EtOH+MA treatment (1.6 g/kg BALB/c maze administration produced an 2011
EtOH + 2 mg/kg MA, IP) x 2 weeks then tested 1 day ~ mice anxiogenic effect that was
after the final treatment not observed with either drug
alone
MA + EtOH drinking (3 bottles containing 20% EtOH, Male B6 Preference Preference for EEOH+MA Fultz et al.,
10 mg/L MA, and 20% EtOH + 10 mg/L MA,; 2 h/ mice was greater than for EtOH 2017
day) x 3 days or MA alone, and preference
for EtOH alone was greater
than for MA alone
MA intake MA intake was greater from
the EtOH+MA solution than
from the MA alone solution
EtOH intake No difference in EtOH intake
from the EtOH+MA and
EtOH alone solutions
Saline or EtOH (1.5 g/kg, IP) + saline or d-AMP (1-2 Male Long Locomotor EtOH attenuated d-AMP Hamida et al.,
mg/kg, IP) immediately before testing x 4 days Evans rats activity stimulation 2008
Saline or EtOH (0.8-1.6 g/kg, IP) + saline or MA Male ddY Locomotor EtOH inhibited low dose MA  Kohda et al.,
(1.5-7.5 mg/kg, SC) immediately before testing mice activity stimulation and enhanced 1986
high dose MA stimulation
Saline, EtOH (1.5 g/kg), MA (2 mg/kg) or EtOH (1.5 Male Long Elevated plus All prior drug exposures Loxton and
g/kg) + MA (2 mg/kg) 1G x 5 days, then tested 15 Evans rats maze increased anxiety-like Canales, 2017
days after the final treatment behavior
Reference Prior drug exposure effects
memory were comparable and all
produced reference memory
deficits
Working Working memory deficits
memory were observed only for rats
previously treated with EtOH
+MA
Placebo alone; EtOH alone (1.5-6 g/kg, 1G); Male Swiss- Motor d-AMP co-administration Maickel and
EtOH (1.5-6 g/kg, IG) + d-AMP (1-4 mg/kg, IP) Cox mice coordination on did not affect EtOH-induced Nash, 1986
immediately before testing rotarod motor impairment
MA + EtOH drinking (3 bottles containing 3, 6, or Male and Preference Preference for MA alone was  Stafford et al.,
10% EtOH [4 days each], 20 mg/L MA [all days], and  female greater than for EtOH alone 2020
3, 6, or 10% EtOH + 20 mg/L MA [4 days at each MAHDR or EtOH+MA in males, but
EtOH concentration]; 18 h/day) x 12 days mice females had equal preference

for all 3 solutions
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EtOH and MA/AMP exposure Strain / Behavior tested ~ Main findings Reference
species
MA intake MA intake was greater from
the MA alone solution than
the EtOH+MA solution in
males, but MA consumption
was equal from the 2
solutions in females
EtOH intake No difference in EtOH
consumption from the
EtOH+MA and EtOH alone
solutions, regardless of sex
2BC MA + EtOH drinking (water vs. 3, 6, or Male and MA intake MA intake was reduced Stafford et al.,
10% EtOH + 20 mg/L MA [4 days at each EtOH female when mixed with EtOH 2020
concentration]; 18 h/day) x 12 days MAHDR
mice
EtOH intake EtOH intake was not
impacted when mixed with
MA
Saline or MA (escalating doses from 0.1-4 mg/kg, SC =~ Male Wistar Morris water EtOH co-administration Vaghef et al.,
3 x daily for 14 days, then 6 mg/kg 4 x daily for 14 rats maze exacerbated MA-induced 2014
days) + saline or EtOH (2 g/kg, 1G) on all 28 days, spatial memory impairments
then tested 1 or 14 days after the final treatment
2BC EtOH drinking (water vs. 10% or 20% EtOH; Male EtOH MA reduced EtOH Winkler et al.,
24 h/day) x 5 days or 21 days, and then for 8 to alcohol- consumption consumption when EtOH 2018

14 additional days + saline or MA self-administration
(0.1 mg/kg/1V infusion; all days on FR1 or 6 days on
FR1 then 5 days on FR5 then 3 days on PR; 2 h/day)

Saline or MA self-administration (0.1 mg/kg/1V
infusion; FR1; 2 h/day) x 5 days, and then for 10
additional days + 2BC EtOH drinking (water vs. 10%
EtOH; 24 h/day)

Saline or MA (2 mg/kg, IP) + saline or EtOH (2 g/kg,
IP) immediately before testing

preferring P
rats

Male
Sprague
Dawley rats

Sequential exposure (effects of prior EtOH on MA responses)

Saline or EtOH treatment (2.2 g/kg, IP) x 21 days
then challenged with saline (IP) 5 days later, and then
with MA (1 mg/kg, IP) 2 days after that, immediately
before testing

Early life water or EtOH exposure via maternal water
or EtOH drinking during gestation and lactation (10%
EtOH offered as only source of fluid) then 2 month old
offspring treated with saline or d-AMP once (0.6-2.4
mg/kg, IP) or repeatedly (1.2 mg/kg, IP every 2 days
for 15 days), immediately before testing

Intermittent 2BC EtOH drinking (water vs. 10%
EtOH, every other day; 24 h/day) x 28 days then
saline or neurotoxic MA “binge regimen” (4 x 10
mg/kg, IP at 2 h intervals) 1 day later; tested 7 days
after MA treatment

DID water or EtOH drinking (4 bottles containing 5%,
10%, 20%, and 40% EtOH; 2 h/day) x 14 days then
once daily MA treatment (1-4 mg/kg, IP) during CPP
x 4 days starting 5 or 10 days after the final EtOH

Male Albino
Swiss
Webster mice

Male and/or
female
Sprague
Dawley and
Long Evans
rats

Male
Sprague
Dawley rats

Male B6
mice

MA self-
administration

Shock avoidance
learning

Locomotor
activity

Locomotor
activity and
sensitization

Motor
coordination on
rotarod

Locomotor
activity

drinking occurred prior

to and during MA self-
administration; when EtOH
drinking was initiated 1
week after but concurrently
with MA self-administration,
MA initially reduced EtOH
intake and then intake
recovered over days

EtOH increased MA self-
administration at FR1, when
MA self-administration was
initiated 1 week after EtOH
drinking, but the effect did
not persist at FR5 or PR

EtOH co-administration
amplified MA-associated
deficits in avoidance learning

Prior EtOH exposure
enhanced MA stimulation

in mice classified as EtOH-
sensitive prior to MA
treatment; no effect in EtOH-
insensitive mice

Early life EtOH exposure
increased acute d-AMP and
sensitization

Motor dysfunction only
occurred in rats exposed to
both EtOH and MA

Prior EtOH exposure did not
affect MA stimulation Prior
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EtOH and MA/AMP exposure Strain / Behavior tested ~ Main findings Reference
species
drinking day; locomotor activity monitored during Place preference  EtOH exposure increased
CPP sessions MA-induced place
preference
DID water or EtOH drinking (4 bottles containing 5%, Male B6 MA Prior EtOH exposure Fultz etal.,
10%, 20%, and 40% EtOH; 2 h/day) x 7 days then mice consumption increased MA intake 2017
MA + EtOH drinking (3 bottles containing 20% EtOH,
10 mg/L MA, and 20% EtOH + 10 mg/L MA,; 2 h/
day) x 3 days starting 1 day after final EtOH drinking
day
DID water or EtOH drinking (4 bottles containing 5%,  Male and MA self- Prior EtOH exposure Fultz etal.,
10%, 20%, and 40% EtOH; 2 h/day) x 10 days (or female B6 x administration did not affect MA self- 2017
water control), then MA oral self-administration (10 129%1/Sv] administration at FR1 or
days at FR1 then 5 days at FR2, then 5 days at FR5 mice FR5, but reduced MA
[10 mg/L MA], followed by up to 5 days each at self-administration at FR2
escalating MA concentrations [2.5-40 mg/L] at FR1; 1 and also when MA self-
h/day) starting 1 day after the final EtOH drinking day administration was examined
at increasing concentrations
Episodic water or EtOH treatment (2 g/kg, IG; 3 Male Wistar d-AMP self- Prior EtOH exposure had Granholm et
days/week) x 5 weeks then d-AMP self-administration  rats administration no effect on d-AMP self- al., 2015
(5 days at FR3 then 2 days at PR [0.1 mg/kg/l1V administration
infusion], followed by escalating doses of d-AMP
[0.025-0.1 mg/kg/IV infusion] for 3 days each at FR3
then 2 days at PR [0.1 mg/kg/IV infusion]; 1 h/day)
Sucrose or EtOH offered as only source of fluid Male Wistar Locomotor Prior EtOH exposure Lograno et al.,
(3% EtOH) x 8 weeks then challenged with saline rats activity heightened d-AMP 1993
or d-AMP (1 mg/kg, IP) 24 h later (15 min d-AMP stimulation
pretreatment)
Control or EtOH liquid diet (increasing from 3.5% to Male TO Locomotor Prior EtOH exposure Manley and
8%) x 3 weeks then challenged with saline or AMP mice activity increased AMP stimulation Little, 1997
(1-5 mg/kg, IP) 1 day, 6 days, or 2 months after EtOH at 6 days and 2 months after
withdrawal (20 min AMP pretreatment) EtOH withdrawal, but not 1
day
Non-EtOH or EtOH liquid diet (7% EtOH for 24 days)  Male and Locomotor Single and repeated episodes  Ripley et al.,
as sole nutrition, or repeated episodes of non-EtOH or ~ female activity of prior EtOH exposure did 2002
EtOH liquid diet and withdrawal (24 days total; 7% Hooded not alter d-AMP stimulation
EtOH removed for 8 h on days 11 and 18), and then Lister rats
treated with saline or d-AMP (0.25-1 mg/kg, IP) 5
days after withdrawal, immediately before testing
DID water or EtOH drinking (4 bottles containing 5%, Female B6 Locomotor Prior EtOH exposure did Sernetal.,
10%, 20%, and 40% EtOH; 2 h/day) x 14 days then mice activity Place not affect MA stimulation 2020
once daily MA treatment (1-4 mg/kg, IP) during CPP preference Prior EtOH exposure
x 4 days starting 5 or 10 days after the final EtOH increased MA-induced place
drinking day; locomotor activity monitored during preference
CPP sessions
2BC EtOH drinking (water vs. 3, 6, and 10% EtOH Male and MA intake Prior EtOH exposure had no Stafford et al.,
for 4 days each; 18 h/day) x 12 days then 2BC MA female effect on MA intake 2020
drinking (water vs. 20, 40, and 80 mg/L for 4 days MAHDR
each; 18 h/day) x 12 days mice
DID water or EtOH drinking (20% EtOH; 4 h/day) Male B6 Locomotor Prior EtOH consumption Tschumi et al.,
x 14 days then challenged with saline or MA (3 mice activity increased sensitivity to MA 2020
injections: 1 mg/kg, then 2 mg/kg x 2; IP at 15 min stimulation at 5 mg/kg, but
intervals during testing for cumulative doses of 1, 3, not 1 or 3 mg/kg
and 5 mg/kg) 9, 11, and 13 days after the final EtOH
drinking day
Prenatal control or EtOH exposure via maternal non- Male and Locomotor Prenatal EtOH exposure Uban et al.,
EtOH or EtOH liquid diet (36% of total calories) female sensitization resulted in heightened 2015
during gestation, then adult offspring (70 + 2.5 days) Sprague sensitization to d-AMP
treated with saline or d-AMP repeatedly (1-2 mg/kg, Dawley rats
IP every other day for 15 days) immediately before
testing
Prenatal control or EtOH exposure via maternal Male d-AMP self- Prenatal EtOH exposure Wang et al.,
water or EtOH administration (6 g/kg/day, 1G) during Sprague administration enhanced d-AMP self- 2019
gestation then d-AMP self-administration (FR1; 0.1 Dawley rats administration
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EtOH and MA/AMP exposure Strain / Behavior tested ~ Main findings Reference
species
mg/kg IV infusion x 3 days then 0.03 mg/kg/ IV
infusion x 7 days; 3 h/day) during adulthood
Sequential exposure (effects of prior MA on EtOH responses)
Saline or MA treatment (1 g/kg, IP) x 10 days then Male Albino Locomotor Prior MA exposure had no Abrahao et al.,
challenged with saline (IP) 5 days later, and then Swiss activity effect on locomotor response 2009
EtOH (2.2 g/kg, IP) 2 days after that, immediately Webster mice to EtOH, regardless of
before testing whether mice were classified
as sensitive or insensitive to
MA prior to EtOH treatment
Saline or d-AMP treatment (twice daily; increased Female EtOH intake Prior d-AMP exposure Fahlke et al.,
from 1-9 mg/kg, SC every 2—4 days) x 5 weeks then Wistar rats increased EtOH intake, 1994
2BC EtOH drinking (water vs. 2%, 4%, 6%, 8%, 10%, specifically at the higher
and 12% EtOH for 1 week each; 24 h/day) x 6 weeks EtOH concentrations (8—
starting 3 months after last d-AMP treatment 12%)
DID water or MA drinking (4 bottles containing 5, Male B6 EtOH Prior MA exposure increased ~ Fultz et al.,
10, 20, and 40 mg/L; 2 h/day) x 10 days then DID mice consumption EtOH consumption, 2017
EtOH drinking (4 bottles containing 5%, 10%, 20%, specifically from the 40%
and 40% EtOH; 2 h/day) x 7 days, starting the day EtOH bottle
after the final MA drinking day
Saline or a neurotoxic MA treatment regimen (3 x 8 Male B6 EtOH Prior neurotoxic MA Gutierrez-
mg/kg, IP at 3 h intervals) then 2BC EtOH drinking mice consumption exposure increased EtOH Lopez et al.,
(water vs. 3%, 6%, 10%, and 20% EtOH for 7 days consumption 2010
each; 24 h/day), starting 7 days after MA treatment
Adolescent saline or AMP treatment (4 mg/kg, IP) x5  Male and EtOH Prior AMP exposure Ruiz et al.,
days (PD 27-31), then 2BC EtOH drinking (water vs. female consumption increased EtOH consumption 2018
5% EtOH; 24 h/day) 4, 6 and 8 days after last AMP Wistar rats in males, but not females
treatment
Saline or MA self-administration (FR1; 0.1 mg/kg/1V Male EtOH Prior MA self-administration ~ Winkler et al.,
infusion; 2 h/day) x 10 days, and then 2BC EtOH alcohol- consumption had no effect on subsequent 2018

drinking (water vs. 10% EtOH; 24 h/day) x 14 days
starting 2 days after the last MA self-administration
session

preferring P
rats

EtOH consumption

2BC, two-bottle choice; 3BC; three-bottle choice; AMP, amphetamine; B6, C57BL/6J; CPP, conditioned place preference; d-AMP, d-amphetamine;
DID, drinking-in-the-dark; EtOH, ethanol; FR, fixed ratio; IG, intragastric; IP, intraperitoneal; 1V, intravenous; MA, methamphetamine; MAHDR,
methamphetamine high drinking; PD, postnatal day; PR, progressive ratio; SC, subcutaneous
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Shared genetic influences on behavioral, physiological, and neurobiological effects of EtOH and MA/AMP.

Genetic model

Drug treatment

Phenotype

Main findings

Reference

FAST vs. SLOW mice,
selectively bred for high vs.
low stimulant response to acute
EtOH; male and female

msP rats, selectively bred for high
EtOH preference vs. non-selected
genetically heterogeneous Wistar
rats; male

sP vs. sNP rats, selectively bred
for high vs. low EtOH preference;
male and female

HOT vs. COLD mice, selectively
bred for high vs. low hypothermia
to EtOH; male and female

MAHDR vs. MALDR mice,
selectively bred for high vs. low
MA intake; male and female

HMACT vs. LMACT mice,
selectively bred for high vs. low
stimulant response to acute MA;
male and female

P vs. NP rats, selectively bred
for high vs. low EtOH preference;
male and female

HAP vs. LAP rats, selectively
bred for high vs. low EtOH
preference; male and female

FAST vs. SLOW mice,
selectively bred for high vs.
low stimulant response to acute
EtOH; male and female

Saline or MA treatment (1—
8 mg/kg, IP) immediately
before testing

Saline or AMP treatment (1
mg/kg, IP) during testing

Saline or d-AMP treatment
(0.5 mg/kg, 1V) immediately
before testing

Saline or AMP treatment
(1 mg/kg, IP) immediately
before testing

AMP treatment (1.25 - 10
mg/kg, IP) immediately after
baseline temperature

Saline or EtOH treatment (2
or 4 g/kg, IP) immediately
after baseline temperature

Saline or EtOH treatment (2
g/kg, IP) immediately before
testing

2BC EtOH drinking (water
vs. 3, 6, 10, and 20% EtOH
for 4 days each; 24 h/day)
x 16 days OR 2BC EtOH
drinking (water vs. 10%
EtOH; 24 h/day) x 10 days

EtOH treatment (2 and
4 g/kg, IP) and tested
periodically 5-180 min later

Saline or d-AMP treatment
(0.3-1.2 mg/kg, SC)
immediately before testing

Pre-treatment with vehicle or
SCH23390 (0.3 pg, ICV) then
MA treatment (1 mg/kg, IP)
10 min later

Saline or d-AMP treatment
(2.5-10 mg/kg, IP)
immediately before testing

Locomotor activity

Extracellular DA
levels

Magnetic resonance
imaging functional
reactivity
Locomotor activity

Body temperature

Body temperature

Locomotor activity

EtOH intake

EtOH
pharmacokinetics

Locomotor activity

DA levels

Locomotor activity

FAST mice exhibited greater
MA-induced stimulation than
SLOW mice

msP rats exhibited a greater
AMP-induced increase in
extracellular DA in the NAc
shell than Wistar rats

msP rats exhibited increased
functional reactivity in the NAc
shell in response to d-AMP
compared to Wistar rats

sNP rats exhibited greater
AMP stimulation than sP rats

HOT and COLD mice
exhibited comparable dose-
dependent hypothermic and
hyperthermic responses

MAHDR and MALDR

mice exhibited comparable
dose-dependent hypothermic
responses

HMACT mice exhibited
greater EtOH stimulation than
LMACT mice

EtOH intake was greater in
LMACT than HMACT mice

LMACT mice had a modest
increase in EtOH clearance rate
for 2 g/kg, but not 4 g/kg
EtOH, compared to HMACT
mice

NP rats exhibited greater d-
AMP than P rats

D1 receptor antagonism with
SCH23390 augmented the
effect of MA on DA levels in
the striatum in HAP, but not
LAP, rats

FAST mice exhibited a shift to
the right in the dose-response
curve in an early selection
generation (S11); there was no
difference between the lines in
a later generation (S14-15)

Bergstrom et
al., 2003

Bifone et al.,
2019

D’Aquila et
al., 2002

Feller and
Crabbe, 1991

Harkness et
al., 2015

Kamens et al.,
2006

McKinzie et
al., 2002

Nishiguchi et
al., 2010

Phillips et al.,
1992

2BC, two-bottle choice; AMP, amphetamine; d-AMP, d-amphetamine; DA, dopamine; EtOH, ethanol; HAP, high alcohol preference; HMACT,
high MA activation; ICV, intracerebroventricular; IP, intraperitoneal; 1V, intravenous; LAP, low alcohol preference; LMACT, low MA
activation; MA, methamphetamine; msP, Marchigian Sardinian alcohol-preferring; NAc, nucleus accumbens; NP, alcohol-non-preferring; P,
alcohol-preferring; SC, subcutaneous; sNP, Sardinian alcohol-non-preferring; sP, Sardinian alcohol-preferring
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Physiological effects of combined or sequential exposure to EtOH and MA.
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EtOH and MA/AMP exposure Species Physiological Main findings Reference
measure tested
Simultaneous exposure (EtOH and MA administered or consumed together or in close succession)
Saline or EtOH treatment (3 g/kg, IP) 30 min Male albino Body temperature EtOH pretreatment Ageel and
before saline or MA treatment (1-4 g/kg, IP); mice reversed the hyperthermic ~ Ginawi, 1985
data collected 30 min after MA effect of MA
Saline or MA treatment (1-4 mg/kg, IP) 30 min Body temperature MA pretreatment
before saline or EtOH treatment (3 g/kg, IP); attenuated the
data collected 30 min after EtOH hypothermic effect of
EtOH
EtOH (3 g/kg, IG) alone or EtOH + MA (15 Male rabbits Blood and urine MA EtOH co-administration Lietal, 2014
mg/kg, IG) vs. saline only control; samples and AMP accelerated MA
collected periodically 30 min to 30 h post- absorption and the rate
treatment of metabolism of MA to
AMP
Water or EtOH offered as sole source of fluid Male Sprague Brain and organ MA EtOH co-administration Liang etal.,
(20% EtOH) x 4 weeks then for 5 or 14 Dawley rats and AMP increased levels of MA 2012
additional days + saline or MA treatment (1 and AMP in several
mg/kg, IP); samples collected 30 min after final organs including the brain
MA injection - . .
Blood EtOH MA co-administration did
concentration not alter blood EtOH
concentration
2BC EtOH drinking (water vs. 10% or 20% Male alcohol- Blood EtOH MA co-exposure had no Winkler et al.,
EtOH, 24 h/day) x 5 days, then for 8 additional preferring P concentration impact on blood EtOH 2018

days + saline or MA self-administration (0.1
mg/kg/lV infusion; FR1; 2 h/day); samples
collected following 8 days of saline or MA self-
administration, 30 min after EtOH treatment (1
g/kg, 1G)

rats

Sequential exposure (effects of prior EtOH on MA responses)

Saline or EtOH treatment (6 g/kg/day, 1G) x

7 days, then saline or neurotoxic MA “binge
regimen” (4 x 10 mg/kg, IP at 2 h intervals) 1
day later; data collected immediately after last
MA injection

Intermittent 2BC EtOH drinking (water vs. 10%

EtOH, every other day; 24 h/day) x 28 days
then neurotoxic MA “binge regimen” (4 x 10
mg/kg, IP at 2 h intervals) 1 day later; tested
every 30 min during MA “binge regimen”

Male Wistar
rats

Male Sprague
Dawley rats

Sequential exposure (effects of prior MA on EtOH responses)

Neurotoxic MA treatment regimen (3 x 8
mg/kg, IP at 3 h intervals) then EtOH treatment
(3 g/kg, IP) 7 days later; tested periodically 30—
270 min post-treatment

Male B6 mice

Body temperature

MA thermal response

EtOH
pharmacokinetics

concentration

Prior EtOH exposure did
not alter the thermal
response to MA

Prior EtOH exposure had
no effect on the thermal
response to MA

Prior MA exposure did
not alter EtOH clearance
rate

Althobaiti et al.,
2016

Blaker and
Yamamoto, 2018
Blaker et al.,
2019b

Gutierrez-Lopez
etal., 2010

In most of the studies described in this table, animals exposed to EtOH and MA/AMP simultaneously or sequentially were compared to a no-drug
control group as well as EtOH- and MA/AMP-only groups. 2BC, two-bottle choice; AMP, amphetamine; EtOH, ethanol; FR, fixed ratio; I1G,
intragastric; IP, intraperitoneal; 1V, intravenous; MA, methamphetamine
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Neurobiological effects of combined or sequential exposure to EtOH and MA.
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EtOH and MA/AMP exposure Species Neurobiological
measure tested

Main findings

Reference

Simultaneous exposure (EtOH and MA administered or consumed together or in close succession)

EtOH offered as only source of fluid (20% EtOH in Male DA levels
8% sucrose) + daily EtOH+MA treatment (1.6 g/kg BALB/c
EtOH + 2 mg/kg MA, IP) x 2 weeks; DA measured mice

30 h later
5-HT levels
Neuronal toxicity
Glial toxicity
Cell proliferation
Saline, EtOH (1.5 g/kg), MA (2 mg/kg) or EtOH Male Neurogenesis

(1.5 g/kg) + MA (2 mg/kg) 1G x 5 days; behavioral Long
testing 15 days later for 12 days, then neurogenesis Evans rats
assessed 1 day later

Local application of EtOH (750 nM) + MA (1078 Male Cerebellar Purkinje
M) in anesthetized rats; tested immediately after Sprague neuronal activity
treatment Dawley and the role of
rats the noradrenergic
system
EtOH (escalating doses from 1-4 g/kg, IP over 26 Male DA levels
days) + MA (escalating doses from 2-8 mg/kg, IP Sprague
over 26 days); DA measured 11 days later Dawley
rats
5-HT levels

No effect of EtOH+MA on DA
levels in the striatum or PFC

No effect of EEOH+MA on 5-HT
levels in the striatum or PFC

Co-administration of EtOH and
MA increased neuronal toxicity
in the dentate gyrus, as measured
by reduced numbers of NeuN-
positive cells, which was not
observed for either drug alone;
co-administration of EtOH and
MA did not further reduce NeuN-
positive cells compared to either
drug alone in the amygdala;

no effects of EtOH+MA in the
striatum or cortex

Co-administration of EtOH and
MA did not further impact

glial toxicity, as measured by
reduction in GFAP-positive cells
compared to either drug alone

in the striatum, dentate gyrus,
and amygdala; no effects of
EtOH+MA in the PFC

Co-administration of EtOH and

MA did not further decrease cell
proliferation compared to either
drug alone in the subventricular

zone and dentate gyrus

Prior co-administration of EtOH
and MA altered hippocampal
neurogenesis, measured as
number of doublecortin-void
gaps; MA and EtOH =

MA increased the length of
doublecortin-void gaps

MA co-application potentiated
EtOH-induced depression in
cerebellar Purkinje neuronal
activity in the presence of an
a-adrenergic receptor antagonist
(prazocin, 1 mg/kg); this was
potentiated by noradrenergic
lesions

EtOH co-administration
mitigated MA-induced DA
depletions in the striatum (not
statistically significant); in the
hippocampus, EtOH decreased
DA while MA increased DA, and
the combination mitigated these
independent effects; no effects in
the cortex

EtOH co-administration rescued
MA-induced 5-HT depletions to
the level of EtOH alone in

the hippocampus and striatum,
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EtOH and MA/AMP exposure Species Neurobiological Main findings Reference
measure tested
and reversed MA-induced 5-HT
depletions in the cortex
Neurotoxic MA “binge regimen” (4 x 10 mg/kg, IP Male and DA levels EtOH co-administration Yuetal,
at 2 h intervals) + EtOH treatment (0.292.34 g/kg, female mitigated MA-induced DA 2002
IP) 30 min before the 15t and 2"@ MA injections, and ~ B6 mice depletions in the striatum
30 min after the 3" MA injection; DA measured 2
weeks later
Sequential exposure (effects of prior EtOH on MA responses)
Water or EtOH offered as sole source of fluid (2% Male DA levels Prior EtOH exposure did
EtOH) x 8 weeks, then saline or neurotoxic MA C57BL/6 not affect MA-induced DA
“binge regimen” (4 x 10 mg/kg, IP at 2 hintervals) 1 N mice depletions in the striatum
day later; samples taken 72 h after MA treatment
Water or EtOH treatment (6 g/kg, IG) x 7 days, then ~ Male DA levels Prior EtOH exposure did not Almalki et
saline or neurotoxic MA “binge regimen” (4 x 10 Wistar affect DA levels after MA in the al., 2018
mg/kg, IP at 2 h intervals) 1 day later; samples taken  rats striatum or hippocampus
48 h later
5-HT levels Prior EtOH exposure did
not affect MA-induced 5-HT
depletions in the striatum or
hippocampus
Glutamate levels Prior EtOH exposure reduced
MA-induced increases in striatal
glutamate levels; there were no
effects of MA and/or EtOH
on glutamate levels in the
hippocampus
Water or EtOH treatment (6 g/kg, IG) x 7 days, Male Glutamate Prior EtOH exposure potentiated ~ Alshehri et
then saline or neurotoxic MA “binge regimen” (4 x Wistar transporter MA-induced downregulation of al., 2017
10 mg/kg, IP at 2 h intervals) 1 day later; samples rats expression (GLT-1 GLT-1 in the dorsal striatum and
obtained 48 h after MA treatment and GLAST) hippocampus; no effect of EtOH
or MA on GLAST
Water or EtOH treatment (6 g/kg, 1G) x 7 days, Male Glutamate Prior EtOH exposure potentiated  Althobaiti et
then saline or neurotoxic MA “binge regimen” (4 x Wistar transporter MA-induced downregulation of al., 2016
10 mg/kg, IP at 2 h intervals) 1 day later; samples rats expression (GLT-1 GLT-1 in the NAc but not PFC;
obtained 48 h after MA treatment and GLAST) no effect of EtOH or MA on
GLAST
Water only or intermittent 2BC EtOH drinking Male DA and 5-HT levels  Prior EtOH exposure via Blaker and
(water vs. 10% EtOH, every other day; 24 h/day) Sprague drinking or gavage exacerbated ‘Yamamoto,
x 28 days or water or EtOH administration (6 g/kg, Dawley long-term MA-induced DA and 2018
IG) x 7 days, then saline or neurotoxic MA “binge rats 5-HT depletions in the striatum,
regimen” (4 x 10 mg/kg, IP at 2 h intervals) 1 day and 5-HT depletions in the
later; samples obtained 7 days after MA treatment PFC; this effect was reversed by
cyclooxygenase inhibition during
EtOH drinking
DAT and SERT Prior EtOH exposure
levels via drinking or gavage
exacerbated long-term MA-
induced depletions of DAT in
the striatum and SERT in the
striatum and PFC
Intermittent 2BC EtOH drinking (water vs. 10% Male Acute extracellular Prior EtOH exposure augmented Blaker et al.,
EtOH, every other day; 24 h/day) x 28 days then Sprague glutamate levels the acute MA-induced increase in  2019a
neurotoxic MA “binge regimen” (4 x 10 mg/kg, Dawley extracellular glutamate
IP at 2 h intervals) 1 day later; acute glutamate rats
response was measured during MA treatment, and . .
spectrin proteolysis and DA content was measured 7 Long-term spectrin  Prior EtOH exposure augmented
days after MA treatment proteolysis and DA the MA-induced long-term
content increase in spectrin proteolysis
and long-term decrease in DA
content in the striatum
Water only or intermittent 2BC EtOH drinking Male Microglia cell Sequential exposure to EtOH Blaker et al.,
(water vs. 10% EtOH, every other day; 24 h/day) Sprague counts and then MA produced microglia 2019b
x 28 days, then saline or neurotoxic MA “binge Dawley morphology morphology changes in the
regimen” (4 x 10 mg/kg, IP at 2 h intervals) 1 rats substania nigra 2 h after MA

day later; samples for microglia taken 2 h and 3

treatment that were not observed
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EtOH and MA/AMP exposure

Species

Neurobiological
measure tested

Main findings

Reference

days after MA treatment; samples for dopaminergic
apoptosis taken 3 days after MA treatment; samples
for DAT and TH taken 7 days after MA treatment

Episodic EtOH treatment (2 g/kg, IG; 3 days/week)
x 5 weeks (PD 28-59) then d-AMP treatment (2
mg/kg, 1V) 3 weeks after EtOH treatment ended;
evoked DA release measured 5 min after d-AMP
treatment, and then every 10 min until 55 min post-
treatment in anesthetized rats

Prenatal EtOH exposure via maternal EtOH drinking
during gestation (10% EtOH offered as only source
of fluid) then AMP treatment (4 mg/kg, IP) at 3
months of age; DA measured immediately after
AMP treatment every 20 min for 180 min in
anesthetized rats

Prenatal control or EtOH exposure via maternal non-
EtOH or EtOH liquid diet (35% of total calories)
during gestation, then repeated saline or AMP
treatment from PD 22 to 10-12 months of age

(2 mg/kg/day, SC); electrophysiological recordings
occurred 1924 h after last AMP injection in
anesthetized rats

DID EtOH drinking (20% EtOH; 4 h/day; ~ 5.5
g/kg/day) x 14 days then 1 or 10 uM MA applied
to horizontal midbrain slices 1 week later and
immediately tested

Prenatal EtOH exposure via maternal EtOH
administration (3 g/kg 2x daily during weekdays
and 4 g/kg 1x daily during weekends, 1G) during
gestation then 6-8 weeks old offspring treated with
d-AMP (cumulative doses of 0.05-12.8 mg/kg, 1V);
electrophysiological recordings occurred during d-
AMP treatment in unanesthetized rats

Male
Wistar
rats

Male
Wistar
rats

Male
Long
Evans rats

Male B6
mice

Male
Sprague
Dawley
rats

Dopaminergic
apoptosis

DAT levels

TH levels

Evoked DA release

DA levels

Sensitivity of
somatodendritic DA
autoreceptors in

the VTA as
measured by
quinpirole-induced
inhibition of DA
neuron activity

Midbrain DA

D2 receptor-
mediated inhibitory
postsynaptic current
amplitude

VTA DA neuron
firing rate

with either drug alone; this effect
was not present 3 days after

MA treatment and there were no
effects of sequential EtOH then
MA exposure on microglia in the
striatum at either time point

Apoptosis in dopaminergic
neurons in the substantia nigra
was augmented by sequential
exposure to EtOH then MA

Prior EtOH exacerbated long-
term MA-induced depletions of
DAT in the striatum

Prior EtOH exposure in
combination with binge MA
exposure reduced TH in the
substantia nigra, which was not
observed for either drug alone

Prior EtOH exposure reduced
evoked DA release in response to
d-AMP in the dorsal striatum

Prenatal EtOH exposure did not
alter AMP-induced increases in
DA in the striatum

Chronic, postnatal AMP
exposure reversed prenatal EtOH
exposure-induced heightened
sensitivity of somatodendritic DA
autoreceptors in the VTA

Prior EtOH exposure blunted
MA-induced increases in
midbrain DA D2 receptor-
mediated inhibitory postsynaptic
current amplitude at the higher,
but not lower MA concentration

Prenatal EtOH exposure
enhanced sensitivity to d-AMP-
induced reductions in VTA DA
neuron firing rates

Granholm et
al., 2015

Nowak et al.,
2006

Shen et al.,
1995

Tschumi et
al., 2020

Xu and Shen,
2001

In most of the studies described in this table, animals exposed to EtOH and MA/AMP simultaneously or sequentially were compared to a no-drug
control group as well as EtOH- and MA/AMP-only groups. 2BC, two-bottle choice; 5-HT, serotonin; AMP, amphetamine; B6, C57BL/6J; d-AMP,
d-amphetamine; DA, dopamine; DAT, dopamine transporter; DID, drinking-in-the-dark; EtOH, ethanol; GFAP, glial fibrillary acidic protein; 1G,

intragastric; IP, intraperitoneal; IV, intravenous; MA, methamphetamine; NAc, nucleus accumbens; PD, postnatal day; PFC, prefrontal cortex; SC,
subcutaneous; SERT, serotonin transporter; TH, tyrosine hydroxylase; VTA, ventral tegmental area
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