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Neurochemical and Behavioral Consequences of Ethanol and/or Caffeine
Exposure: Effects in Zebrafish and Rodents
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Abstract: Zebrafish are increasingly being utilized to model the behavioral and neurochemical ef-
fects of pharmaceuticals and, more recently, pharmaceutical interactions. Zebrafish models of stress
establish that both caffeine and ethanol influence anxiety, though few studies have implemented co-
administration to assess the interaction of anxiety and reward-seeking. Caffeine exposure in
zebrafish is teratogenic, causing developmental abnormalities in the cardiovascular, neuromuscular,
and nervous systems of embryos and larvae. Ethanol is also a teratogen and, as an anxiolytic sub-
stance, may be able to offset the anxiogenic effects of caffeine. Co-exposure to caffeine and alcohol
impacts neuroanatomy and behavior in adolescent animal models, suggesting stimulant substances
may moderate the impact of alcohol on neural circuit development. Here, we review the literature
describing neuropharmacological and behavioral consequences of caffeine and/or alcohol exposure
in the zebrafish model, focusing on neurochemistry, locomotor effects, and behavioral assessments
of stress/anxiety as reported in adolescent/juvenile and adult animals. The purpose of this review is
twofold: (1) describe the work in zebrafish documenting the effects of ethanol and/or caffeine expo-
sure and (2) compare these zebrafish studies with comparable experiments in rodents. We focus on
specific neurochemical pathways (dopamine, serotonin, adenosine, GABA), anxiety-type behaviors
(assessed with a novel tank, thigmotaxis, shoaling), and locomotor changes resulting from both in-
dividual and co-exposure. We compare findings in zebrafish with those in rodent models, revealing
similarities across species and identifying conservation of mechanisms that potentially reinforce co-
addiction.
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1. INTRODUCTION

While there are many studies describing the acute and
chronic effects of alcohol and caffeine exposure, the effects
of early co-exposure to these substances on adult brain func-
tion and behavior are less thoroughly studied. Much of the
original work on the effects of alcohol in animal models used
rodents. More recently, zebrafish has become a prominent
animal model for these studies [1, 2]. The use of zebrafish to
assess the effects of ethanol and/or caffeine includes expo-
sure regimes and laboratory-assessed behaviors that are simi-
lar to those used with rodents. In this review, we describe the
work in zebrafish documenting the effects of ethanol and/or
caffeine exposure and compare these studies with compara-
ble experiments in rodents. We focus on the neurochemical
pathways involved (dopamine, serotonin, adenosine,
GABA), anxiety-type behaviors (assessed with a novel tank,
scototaxis, thigmotaxis, shoaling), and locomotor changes
resulting from caffeine, alcohol, and their combination.
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Zebrafish are already an existing model for fetal alcohol
syndrome/fetal alcohol spectrum disorders [3-6]. Here, we
focus on later life stages, examining adolescent (juvenile)
and adult zebrafish exposure to ethanol and/or caffeine.
Zebrafish adolescence spans the late larval stage from 14-27
days post fertilization (dpf) and the juvenile stage from 28
dpf to ~84 dpf, depending upon strain and rearing conditions
[7]. This juvenile stage is characterized by the development
of most adult features, including motor behaviors [8], but the
absence of sexual maturity [7]. Rodent studies summarized
here used rats during early adolescence (postnatal day (PD)
28-45) or late adolescence (PD 45-55) [9, 10] or mice at PD
30-60 [11]. We also discuss the long-term consequences of
adolescent/early life stage exposure in adult zebrafish (aged
80-270 dpf). Adolescent rodents undergo marked cerebral
maturation, which contributes to the influence of addictive
substances [12-14].

Adolescence is characterized by a rise in novelty-seeking,
impulsivity, and risk-taking, even though self-control, plan-
ning, and executive function capabilities are still developing
[15]. The adolescent brain undergoes concurrent activational
changes in hormonal and reward-seeking systems and is es-
pecially susceptible to the impact of alcohol [16-18]. Ethanol
directly or indirectly modulates dopaminergic, glutamatergic,
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GABAergic, and serotonergic systems in the brain [19]. Pre-
clinical studies demonstrate that adolescent subjects that
receive chronic intermittent alcohol exposure are more sus-
ceptible to the impact of alcohol when they reach adulthood
[20]. Notably, the subsequent adult response to ethanol is not
only different from the responses of ethanol-naive subjects,
but also mimics the adolescent response to ethanol [20].

It is important to note that, although wild-type zebrafish
are typically used to assess the impact of ethanol and/or caf-
feine exposure, the specific wild-type strain differs across
publications. While some studies use the inbred AB, TU
(Tubingen), SF (shortfin), and longfin strains; outbred
wildtype (‘petstore’) strains have also been employed.
Though all are ‘wildtype’, these strains differ based on be-
havior [21-23], gene expression profiles [24-26], nucleotide
diversity [27], and physiology [28]. Importantly, strain-
dependent differences are also observed with regard to etha-
nol [25, 29, 30] and caffeine [31] sensitivity. Consequently,
we provide strain information when known. Various rat and
mouse strains have also been used in studies with ethanol
and/or caffeine, and we highlight this information as well.

2. ETHANOL-INDUCED NEUROCHEMICAL
CHANGES

In general, ethanol triggers oxidative stress [32-34], in-
fluences a variety of neurotransmitter receptor types, and
inhibits voltage-sensitive calcium channels [35, 36]. HPLC
analysis of zebrafish brain homogenates [29, 37-39] suggests
that dopaminergic and serotonergic systems primarily medi-
ate the rewarding effects of alcohol [40-43], with changes in
compound levels occurring after acute alcohol exposure,
chronic alcohol exposure, and alcohol withdrawal [38]. Eth-
anol, administered to zebrafish via tank water (mg/L or
ppm), is readily taken up by the fish [16, 44], resulting in
constant exposure such that even a short exposure time (1-2
hr) can cause long-lasting neurochemical changes measured
days or weeks after treatment [37, 39, 40]. The LD50 con-
centration in adult male zebrafish is reported as 2.75% [45].
Intake of alcohol, through oral consumption, injection, or
vapor inhalation (mg/kg or ppm), also alters brain function
and dopaminergic circuits in rodents, especially in adoles-
cence [46-50].

2.1. Dopamine

In humans, ethanol activates dopaminergic (DA) reward
pathways in the mesolimbic system, which includes nerve
cells in the ventral tegmental area (VTA) and their projec-
tions to the nucleus accumbens (NAc), amygdala, prefrontal
cortex, and striatum [51-53]. In rodents, DA levels in the
ventral striatum [54-56], NAc [54, 57, 58], and prefrontal
cortex [54] similarly increase after alcohol exposure and are
associated with increased locomotor activity [52]. The stria-
tum in zebrafish is located in the posterior tuberculum, an
area rich in dopaminergic neurons [59]. As in mammals,
ethanol increases brain DA levels in zebrafish [60-62].

Tyrosine hydroxylase (TH) is the enzyme that converts
L-tyrosine to L-3,4-dihydroxyphylalanine, a precursor to
DA. Released DA binds to one of several G-protein coupled
receptor types leading to changes in intracellular [cAMP]
[63]. D1- and D2-type receptors, in particular, are implicated
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in ethanol-induced signaling [53, 64]. TH is thought to be
activated in response to alcohol exposure, increasing DA
synthesis [61]. Indeed, rodents show increased TH mRNA
levels with chronic ethanol exposure [65]. In contrast, acute
1% ethanol diminished TH gene expression in zebrafish pos-
terior tuberculum [66].

The general effects of ethanol on dopaminergic pathways
in the brain seem highly conserved, though differences [53]
are reported based on the age of exposure, duration of expo-
sure, ethanol pretreatment, and/or brain region examined. In
addition, strain-dependent differences, shown particularly
well in zebrafish [29, 38-40, 67], suggest a genetic compo-
nent to ethanol sensitivity. For example, acute ethanol expo-
sure increases DA levels in adult AB zebrafish in a linear,
concentration-dependent manner, while the dose-response
curve in SF fish is an inverted U-shape, with intermediate
concentrations of ethanol stimulating the highest DA levels
[29, 38]. Changes in TH activity mirror those of DA [29] and
levels of the dopamine metabolite DOPAC (3,4-
dihydroxyacetic acid) consistently increase in both strains,
though the time course of the increase varies [38]. Finally,
AB fish have a more pronounced response to withdrawal
[38], revealing adaptational differences to chronic alcohol
exposure [29]. Ethanol-induced DA release in the NAc is
more pronounced in alcohol-preferring P rats vs. hetero-
genous Wistar rats [58], another strain-dependent effect.

Adult zebrafish used in a binge drinking paradigm (1.4%
ethanol, once a week for 3 wk) initially displayed an increase
in dopamine transporter activity (0-2 d postexposure), which
was followed by an increase in brain DA levels (2 d and 9 d
postexposure) [60], suggesting a time-course to the cellular
response to ethanol. Chronic 1% ethanol exposure also
caused time-dependent effects on dopamine receptor expres-
sion. Expression of dopamine receptor 1 (drdl) increased in
zebrafish after 12 d of chronic exposure, whereas expression
of dopamine receptor 11 (drd?2) initially decreased (after 4 d
and 8 d of chronic exposure) but then increased after 12 d of
exposure [68].

There are also age-dependent differences. Compared to
the above studies in adults, zebrafish AB adolescents (40, 70,
or 102 dpf) exposed to 0-1% ethanol for 2 hr when they were
embryos (24 hpf) had decreased DA and DOPAC levels
[39]. DOPAC levels were also significantly decreased in 40
dpf zebrafish from strain TU [39]. Similarly, in rodents, DA
and DOPAC levels were decreased in the prefrontal cortex of
adolescent (PD 28-30) mice pretreated with ethanol (2 g/kg
i.p.) for 15 d and then challenged with ethanol 5 d later [54].
The same treatment regime used with adult (PD 68-70) mice,
in contrast, increased DA and DOPAC levels in the same
brain region. In the NAc, DOPAC levels decreased in ado-
lescent mice, with no differences in DA levels, whereas DA
levels increased in adult animals with no differences in DO-
PAC levels [54].

2.2. Serotonin

Serotonin (5-HT or 5-hydroxytryptamine) is synthesized
from the amino acid L-tryptophan. Serotonergic cell bodies
are primarily located in raphe nuclei of the brain stem. How-
ever, axonal processes containing 5-HT are found throughout
the brain, including retina, olfactory bulb, hypothalamus,
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hippocampus, and striatum [69]. In zebrafish, there are mul-
tiple serotonergic nuclei located in the pretectal complex, the
paraventricular complex/posterior tuberculum/hypothalamus,
and raphe nuclei regions of the midbrain and hindbrain [70,
71].

Studies in zebrafish show an interaction between alcohol
consumption and serotonin signaling that parallels the trends
observed for dopamine. Increased levels of 5-HT and its me-
tabolite 5S-HIAA are reported in adult fish following acute
exposure to 1% ethanol [72]. These data agree with similar
studies in rats [73-75] and humans [76]. In general, ethanol
exposure consistently increases 5-HT levels independent of
strain used, though there are differences related to (1) magni-
tude of the response: a larger increase in SF fish compared to
AB fish [38] and (2) dose-dependency: 5-HT levels in adult
AB zebrafish increase linearly with ethanol dose, while lev-
els in SF zebrafish were most elevated in response to an im-
mediate dose [29, 38]. Both 5-HT and 5-HIAA levels in AB
fish also increase after withdrawal from chronic exposure
[29, 38]. In contrast, ethanol exposure did not alter the levels
of these two neurochemicals in TU fish [39].

In rodents, ethanol, administered as either a single injec-
tion (3 g/kg) or chronically, did not alter 5-HT levels in brain
tissue, though levels of the serotonin metabolite 5S-HIAA (5-
hydroxyindoleacetic acid) increase significantly. In fact, 5-
HIAA levels remained increased for several hours following
ethanol exposure, an effect attributed to altered transporter
activity rather than a decrease in 5-HT metabolism [77]. In a
review of the effects of alcohol on serotonergic pathways,
LeMarquand et al. [78] concluded an inverse relationship
between 5-HT and alcohol intake: increased 5-HT function-
ing was associated with decreased alcohol intake and vice
versa. However, these authors also note the high variability
in results due to different methodologies used.

2.3. GABA

Ethanol’s sedative properties are attributed to its effects
on the GABAergic system [79, 80], consistent with GABA’s
role as an inhibitory neurotransmitter. GABA (y-
aminobutyric acid) is synthesized from glutamate by enzyme
glutamic acid decarboxylase (GAD). Ethanol is an agonist at
GABA-type receptors [81, 82], and ethanol exposure, by
itself, affects the expression of different GABA subunits
[68]. For example, 1% ethanol downregulated expression of
the GABA ol receptor gene gabra2a in adult zebrafish after
both acute (4 d) and chronic (16 d) exposure. In contrast,
expression of the GABAjg receptor gene gabbrla was re-
duced after 8 d of exposure, but upregulated 4 d later [68].
The ethanol-induced differences in GABA, subunit expres-
sion are also reflected in zebrafish behavioral strains with
different stress coping strategies. Expression of the GABAA
subunits gabral and gabrg2 are upregulated in response to
chronic 14 d exposure to 0.75% ethanol in both proactive
(increased risk behaviors) and reactive zebrafish. However,
the increased expression pattern correlated with lower stress-
related behaviors only in proactive fish [83], suggesting that
effects of ethanol on GABA circuitry are affected by behav-
ioral phenotype. In addition, acute ethanol exposure reduced
GABA levels in AB fish, but increased levels in SF fish [29],
suggesting short-term, strain-dependent effects.

Clayman and Connaughton

Electrophysiological recordings from chronic ethanol-
treated rats showed increased GABA transmission in the
amygdala in response to acute alcohol superfusion [82, 84].
Sensitivity of GABA,4 receptors to ethanol depends on subu-
nit composition [81, 85], with the 040 [85], 04f; [86], and/or
v2 [79] subunits conferring the greatest sensitivity to ethanol.
Interestingly, however, co-expression of GABA, receptor
subunits in Xenopus oocytes showed they were sensitive to
only high (mM) concentrations of ethanol [86], which the
authors suggest may be due to other factors affecting the
interaction between ethanol and GABA4 receptors.

2.3.1. Summary

Overall, laboratory studies clearly show ethanol-induced
stimulation of DA, 5-HT, and GABA circuits in the brain
(Fig. 1). Ethanol alters gene expression and neurotransmitter
synthesis/transport, indicating a diversity of targets. Specific
effects of ethanol on each circuit are age-, strain-, concentra-
tion-, and time-dependent. In general, exposure at ear-
ly/young ages decreases compound levels, and later/adult
exposures increase compound levels. While there are clearly
differential sensitivities to ethanol exposure and/or exposure
regime, the similarities between zebrafish and rodent studies
suggest conserved mechanisms of action.

3. ETHANOL-INDUCED BEHAVIORAL CHANGES

Chronic developmental exposure to ethanol decreases
growth and causes craniofacial skeletal abnormalities in both
rodents and zebrafish, with the timing of exposure determin-
ing severity and region, affected [16]. Adult zebrafish devel-
opmentally exposed to ethanol displayed learning deficits,
delayed startle responses, and slower swimming speeds than
controls [87].

3.1. Locomotor Activity and Coordination

Alcohol’s effects on locomotor activity and movement
are well characterized and are, at least partially, due to the
deleterious effects of ethanol on cerebellar circuits. In
zebrafish, ethanol exposure causes a loss of cerebellar gran-
ule cells [88] in addition to a reduction in axon outgrowth of
spinal motor neurons and altered efficacy of the neuromus-
cular junction [16]. In rodents, ethanol exposure similarly
causes the apoptotic loss of cerebellar Purkinje and granule
cells as well as a decrease in growth factors [16].

Rodent and zebrafish models account for locomotor con-
founds in quantifying ethanol-induced behaviors by measur-
ing the basal activity and comparing it to acute ethanol-
induced locomotor changes. Chronic ethanol exposure alters
both the baseline behavior of zebrafish and their behavioral
response to ethanol [89]. Not only may these effects be ob-
served in adolescence, but adolescent exposure to ethanol
may also induce changes in baseline measurements and the
subsequent response to ethanol in adulthood.

Behaviorally, alcohol has a biphasic effect on locomotor
activity. Zebrafish display an inverted U-shaped dose re-
sponse in an open field, with stimulant effects reported at
low to moderate ethanol doses [61, 62, 90] and motor im-
pairment and sedative effects at higher does [62]. Alcohol
also decreases maximum swimming speed and increases
immobility in both ‘bold” and ‘shy’ fish [91]. Ethanol doses
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Fig. (1). Summary of ethanol-induced effects. Ethanol exposure increases dopaminergic, serotonergic, and GABAergic signaling in adult
brain. Behavioral responses are dose-dependent, with low-intermediate ethanol (EtOH) doses causing stimulatory behaviors and high ethanol
doses suppressing locomotion and inducing more anxiolytic behaviors. TH = tyrosine hydroxylase, DA = dopamine, DOPAC = 3,4-
dihydroxyacetic acid, 5-HT = serotonin, 5-HIAA = 5-hydroxyindoleacetic acid, 1 = enhanced or stimulated, | = suppressed, ZF = zebrafish.

of 0.25% and 0.5% increase activity within 10 min of expo-
sure compared to fish exposed to 0-1% ethanol, suggesting a
time-dependent component. However, after the 10™ minute,
group differences in activity are less distinguished [92]. Cu-
mulative turn angle increases as ethanol dose increases, re-
flecting interrupted swim paths with more direction changes
[93], and angular swim velocity increases after acute ethanol
withdrawal [67]. Chronically exposed fish are less respon-
sive to an acute ethanol challenge early and late within a 60
min ethanol conditioning trial, displaying a U-shaped tem-
poral trajectory of distance traveled [67]. Previous chronic
exposure to 0.25% ethanol prevents hyperactivity induced by
acute 0.25% or 0.5% ethanol treatment [94]. Though both
AB and TL strain zebrafish show the same activity responses
to 1% vs 4% ethanol administration, the response was more
pronounced in the AB strain [95].

Dose- and strain-dependent effects on locomotor activity
are also reported in rats [96-98]. In mice, ethanol is a loco-
motor stimulant at low doses [99-102], but a suppressant at
high doses [97, 103, 104]. Frye and Breese [105] compared
ethanol-induced changes in locomotor activity of CD-I,
DBA/2J, and C57BL/6 mice with Sprague-Dawley rats.
Their data revealed species-specific differences in alcohol
sensitivity between rats vs. mice, as well as among mouse
strains. In general, mice were more insensitive to ethanol,
requiring higher doses than rats to evoke the same stimulato-
ry response. Further, DBA/2J and CD-1 mice increased lo-
comotor activity in response to 2 g/kg ethanol i.p. (= 2000
ppm), an effect not observed in C57BL/6 mice [105].

3.2. Behavioral Tests of Anxiety

Behavioral assays of anxiety include a variety of tests.
Here, we focus on four of these tests: novel tank, scototaxis,
thigmotaxis, and shoaling. These behaviors were selected
because they have been quantified across a variety of para-
digms exposing zebrafish to drugs of abuse and other sub-
stances. Each of these behaviors also possesses a comparable
behavioral test in rodent models.

3.2.1. Novel Tank Test

Zebrafish placed into a novel tank tend to initially go to
the bottom, indicating anxiety. The variable often assessed is
how long the fish remain at the bottom of the tank, with less
time spent on the bottom reflecting reduced anxiety [106,
107]. Ethanol dose-dependently affects novel tank test
scores, with more time spent in the upper part of the novel
tank with 0.5% ethanol, less time in the middle with 1% eth-
anol, and more time in the bottom with 0% or 1% ethanol
[92]. In other words, at intermediate doses, ethanol increased
time spent in the upper third of a novel tank [108] or de-
creased time in the bottom third [109]. This anxiolytic effect
is observed in LD and longfin wildtype zebrafish, which
increased distance from the bottom after 0.5% ethanol expo-
sure [93]. In contrast, AB zebrafish spent less time in the
bottom third at high (1% or 1.5%) ethanol doses [110] and
increased exploration compared to controls [111]. Adult
zebrafish developmentally exposed to 20 mM or 50 mM
(921-2303 mg/L or ppm) ethanol also displayed decreased
time on the bottom of a novel tank [112], suggesting long-
term effects. However, an intermediate 0.5% ethanol dose
caused AB zebrafish to decrease distance from the bottom
[93]. Anxiety induced by ethanol withdrawal can also be
assessed with the novel tank test [113]. In addition, female
zebrafish that were previously exposed to ethanol for one
week starting at 20 dpf spent more time in the bottom of the
novel tank as adults, compared to males with the same etha-
nol exposure [114].

Habituation to a novel tank contributes to the increased
time spent at the top of the tank in control fish, and anxiolyt-
ic substances can cause a similar response when adminis-
tered prior to habituation trials. Although 0.3% ethanol does
not contribute to altered habituation when administered
acutely to zebrafish prior to the novel tank test, distinct ef-
fects emerge after chronic administration. Chronic exposure
to 0.2% ethanol in the home tank for 2 wk prior to testing
causes increased exploratory transitions and time spent in the
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top of a novel tank, suggesting increased habituation [115].
Furthermore, chronic exposure to 0.3% ethanol for 7 d in-
creases time spent in the top of a novel tank and increases
transitions to the top; a behavior also observed following 5
min acute exposure to 0.3% ethanol [108]. Consistent with
these novel tank results, there is a reduction of cortisol levels
in zebrafish chronically exposed to ethanol, an anxiolytic
response [106].

Adolescent rats exposed to ethanol doses < 2.5 g/kg (<
2500 ppm) increased entries into the open arms of an elevat-
ed plus maze (EPM) [96]. In contrast, young adult (PD 70-
72) and aged (18 months old) rats receiving chronic intermit-
tent exposure spent increased time in the closed arm of the
EPM [116]. Interestingly, aged rats also made fewer entries
into the open arms and spent less time there during with-
drawal, indicating age-dependent differences [116]. Adult
rats exposed to ethanol as adolescents (drinking in the dark
paradigm) displayed no significant differences in time spent
in the open arm, though adult mice given an acute 2 g/kg
(2000 ppm) ethanol injection increased percent time in the
open arms of the maze, an anxiolytic effect [117]. Thus, in
both zebrafish and rodents, ethanol exposure decreases anxi-
ety, though species-specific differences are apparent. Anxio-
lytic effects of ethanol are observed across all strains and
ages in zebrafish. In contrast, rodents display age-dependent
differences in the ability of ethanol to decrease anxiety.

3.2.2. Light-dark Preference (Scototaxis)

Scototaxis is measured in zebrafish by placing a fish in
the center of a tank that is half-dark and half-light, similar to
the light-dark boxes used with rodents. Time spent on the
dark side of the tank reflects increased anxiety, whereas
more time on the light side reflects decreased anxiety.
Though habituation of zebrafish freezing behavior is ob-
served in a novel tank, neither freezing behavior nor light
avoidance exhibit habituation in the scototaxis test, which
instead shows habituation of locomotor activity [118, 119].
Freezing and erratic movement is exhibited by high-avoidant
subjects when confined in the light arena, and thigmotaxis is
evident in the dark compartment [118]. In addition, high
avoidant subjects confined in the light compartment spend a
decreased time in this area when given a free choice, while
confinement of low-avoidant zebrafish contributes to more
time on the light side [118].

In zebrafish, acute treatment with either 0.5% [109, 120]
or 0.25% [120] ethanol has an anxiolytic effect in a modified
scototaxis test, with increased time spent on the light side.
Adult zebrafish developmentally exposed to ethanol also
spent increased time on the light side of the tank [112]. Adult
zebrafish exposed to 0.5% or 1% ethanol show more time
spent on the light side compared to fish exposed to 0.25%
ethanol, which is unbiased in light preference [92]. Interest-
ingly, a daily 0.2% ethanol dose for 21 d reduced scototaxis
in zebrafish when measured after 2 d of withdrawal, while
weekly exposure to 1.4% ethanol did not, suggesting that
dosing paradigm can affect behavior [121].

Adult rats exposed to ethanol using an adolescent inter-
mittent exposure paradigm entered the light side of the light-
dark box more often but were also more immobile than un-
treated adults [122]. Adolescent mice tested for drinking in
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the dark paradigm showed no difference in the time spent on
the light side, though adult mice given an acute injection of
ethanol (2 g/kg or ppm) took longer to enter the dark side
and spent more time on the light side of the light-dark box
[117], consistent with anxiolytic effects. In contrast, adult
ethanol-exposed rats in withdrawal spent less time on, and
moved less in, the light side [123], an anxiogenic response.

3.2.3. Thigmotaxis

Thigmotaxis is characterized by a preference for the
edge/periphery of an open field. Though a 1 hr exposure to
0.25% - 1% ethanol prior to testing did not induce circling or
thigmotaxis in adult zebrafish [124, 125], decreased, thigmo-
taxis was observed in 23 dpf juvenile zebrafish exposed to
20 mM and 50 mM ethanol [112].

In rodents, female PVG/c rats (which display lower anxi-
ety than other strains [126]) exposed to 15 mg/kg/d or 30
mg/kg/d ethanol for 11 d during adolescence (PD 45-55)
spent less time in the corner, and more time in the center, of
an open field compared to males [127]. Time at the edge of
either an open field or the Morris water maze was not signif-
icantly affected in young adult (PD 70-72) or aged (18
months) male Sprague-Dawley rats given a liquid ethanol
diet [116]. Chronic (26 d) ethanol exposure followed by a
long abstinence period, however, increased thigmotaxis in
male Sprague-Dawley rats [128], consistent with increased
anxiety during withdrawal.

3.2.4. Interactions with Conspecifics (Shoaling)

Shoaling, the loose social grouping of fish, is robust in
control zebrafish, with lone individuals responding to either
a live group of conspecific fish or a computer-animated shoal
by decreasing their distance to the shoal relative to baseline
[92, 129]. This is likely due to the sight of conspecifics elic-
iting a reward-response [130].

As observed for other behavioral tests, ethanol has a
dose-dependent effect on shoaling. Reduced nearest neighbor
distance and shoal area (or increased shoaling/interaction)
occur at low-intermediate doses (0-0.5%); while an increased
nearest neighbor distance and shoal area (or decreased shoal-
ing/interaction) are observed at a high dose (1%) when fish
are assessed in groups [131, 132]. For example, adult longfin
striped zebrafish exposed to 0.25-1% ethanol and wild type
fish exposed to 0.5-1% ethanol dose-dependently increase
nearest neighbor distance [44] and decrease time spent near
the stimulus fish [133]. Inter-fish distance and area occupied
by the group are also increased following either acute or
chronic treatment with 0.5% ethanol [44]. Adult zebrafish
tested using a 3-chamber choice paradigm with a shoal re-
ward have impaired social memory following 1% acute (30
min) ethanol treatment [134]. Thus, when tested in groups
[135, 136], aggression-like response and locomotor activity
are dose-dependently enhanced by intermediate ethanol dos-
es and inhibited by a high ethanol dose [137]. Nearest neigh-
bor distance and inter-individual distance are increased
slightly, and swimming speed is decreased, though depar-
tures from the shoal are unchanged [124, 132]. These effects
are suggested to emerge through mechanisms of anxiolysis at
low doses of ethanol, motor impairment at high doses, and
increased agonistic behavior at intermediate doses [132].
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When fish are assessed individually, 0.25-1% ethanol de-
creases thrashing towards a shoal in AB, Long Fin, and SF
adult (4 months old) zebrafish, though the distance to the
stimulus is unaltered [93]. However, shoaling decreases in
ethanol-naive AB zebrafish acutely treated with 1% ethanol
and SF zebrafish acutely treated with 0.25% ethanol [38],
suggesting strain differences. Further, though the effects of
acute alcohol challenge were reduced following chronic ex-
posure in both AB and SF strains, withdrawal from ethanol
abolished shoaling only in AB fish [38]. Zebrafish adults
separated as ‘bold’ vs. ‘shy’ display opposite effects to acute
ethanol exposure: 0.1% and 0.5% ethanol decrease shoaling
and increase exploration in ‘shy’ fish; while 0.5% ethanol
reduced exploration and increased socialness in ‘bold’ fish
[91]. Others report that activity parameters are consistently
decreased, though the motor function is intact, in response to
the presentation of a shoal at all ethanol doses [138]. Expo-
sure to 0.25% or 0.5% ethanol for 2 hr starting at 24 hpf al-
ters shoal cohesion when assessed in adulthood (70 dpf),
with increased inter-individual distance among members of
the shoal [139].

Social interaction in male rats treated with an adolescent
(PD 25-45) intermittent exposure paradigm (4 g/kg ethanol,
intragastric, every other day for 11 d) reduced social prefer-
ence and had fewer social investigations [140]. Compared to
adults, social interaction in a familiar environment by ado-
lescent Sprague-Dawley rats was facilitated following 0.5
g/kg (500 ppm) i.p. ethanol administration, while a higher (1
g/kg or 1000 ppm) dose reduced social activity [141], indi-
cating age-related differences in ethanol-induced effects in
this context. Thus, as in zebrafish, low doses of ethanol en-
hance social interactions, while high doses are inhibitory.

3.2.4.1. Summary

Overall, ethanol treatment with low/moderate doses
(~0.5% or less) induces anxiolytic behavior in zebrafish (Fig.
1) characterized by increased motor activity, reduced time at
the bottom of a novel tank, increased time spent on the light
side of a scototaxis chamber, decreased edge preference, and
increased social interaction/shoaling. Similar behaviors are
observed in rodents following low-dose ethanol administra-
tion.

4. CAFFEINE-INDUCED NEUROCHEMICAL
CHANGES

Compared to ethanol, caffeine only weakly stimulates
reward pathways [142]. Caffeine exposure has not been
shown to change levels of DA or DOPAC in the zebrafish
brain [143], nor does it alter the developmental expression of
dopamine transporters (daf) [144], suggesting a neurochemi-
cal mechanism that is distinct from ethanol. Caffeine evokes
a biphasic dose-response in rodents displayed as an initial
stimulatory response, followed by a depressant response
[145]. Dose-dependent behavioral effects are reported in
both mammals [146-148] and zebrafish [120, 149-151]. In
adult zebrafish, caffeine triggers oxidative stress [152] and
increases 5-HT and 5-HIAA levels [143] in the brain. Caf-
feine is an acetylcholinesterase inhibitor [153] and adenosine
receptor antagonist [108, 142, 154, 155], though GABAergic
circuits may also be activated [148]. In agreement with find-
ings in zebrafish, DA levels in the NAc were not elevated in
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rats administered caffeine via either i.p. or i.v.; though DA
levels were increased in the medial prefrontal cortex [156].
Despite the different and opposing neurochemical effects of
caffeine and ethanol, both interact through adenosine signal-
ing pathways [1], which is discussed in a later section.

5. CAFFEINE-INDUCED BEHAVIORAL CHANGES

High doses of caffeine can induce anxiety-like responses
in zebrafish [157] and, in some cases, seizure-like activity
[31, 158]. Low doses, on the other hand, are reported to be
beneficial, increasing the responsiveness of adult zebrafish to
a visual cue [159] and increasing memory retention in adult
male Wistar rats if administered either after training or just
before testing on the Morris Water Maze [160]. Low dose
caffeine exposure in rats also causes ‘behavioral activation’
characterized by significant differences in sniffing, locomo-
tion, resting, and grooming [156]. Impulsivity in zebrafish,
measured as premature responses in a 5-choice serial reac-
tion time task, is increased following exposure to 50 or 100
UM (9.7 -19 mg/L or ppm) caffeine [143] and acute 100 puM
of exposure decreased aggression in both juveniles and
adults [159].

Interestingly, in some studies, caffeine’s effect(s) are
specific to anxiety-like behaviors, with no locomotor differ-
ences observed [31, 143, 152, 161]. Other studies report that
caffeine induces both anxiety-based and locomotor changes
[157, 162], and still, others report only locomotor changes
[163, 164]. It is important to recognize these varied effects to
help determine whether caffeine is directly affecting anxie-
ty/stress pathways, or if the anxiety-related behavior may be
confounded by locomotor changes [165].

5.1. Locomotor Tasks and Coordination

As with ethanol, there are many factors, such as the
method of administration, strain, and duration of exposure,
that contribute to caffeine’s effects on locomotor activity. A
recent study reported that i.p., injection of adult zebrafish
with 100 mg/kg (100 ppm) caffeine did not affect overall
locomotor activity, though erratic swimming was noted dur-
ing behavioral tests [152]. Other studies report enhanced
locomotor activity following 100 mg/kg injection [120], but
inhibited locomotor activity when 5-50 mg/L (5-50 ppm)
caffeine was dissolved in tank water [150]. Even higher caf-
feine doses of 1280 puM (248 mg/L) [30] or 70 mg/L (360
pM) [166] also administered in tank water reduced the total
distance traveled. Caffeine exposure through tank water af-
fects muscle fibers and axon projections of primary and sec-
ondary motor neurons, reducing zebrafish sensitivity to
movement induced by touch [167] and, potentially, affecting
swimming and locomotor behaviors and contributing to in-
creased freezing behaviors.

The examples above support a biphasic effect of caffeine
on locomotion which, in zebrafish, is an inverted U-shaped
response [157]. Low doses of caffeine contribute to behavior
indicative of acute stimulant effects, such as increased dis-
tance and speed, while at a high dose, these parameters are
decreased, demonstrating depressant effects [149-151, 157,
166]. Dose-responses in rodents also reveal a biphasic profile
[168, 169]. Low (30 and 100 pmol/kg i.p. = 0.58 mg/kg and
19.4 mg/kg) or moderate (3-25 mg/kg i.p.) caffeine doses
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enhance locomotor activity in CD1 mice [100, 168, 170-172]
while high doses (100 mg/kg i.p.) diminish activity [168].
Caffeine (50-100 uM = 9.7 — 19 mg/L) applied directly to
the excised postnatal spinal cord from ICR mice also stimu-
lates locomotor activity [64]. In rats, low caffeine doses
similarly stimulate activity, and higher doses suppress activi-
ty [173]. Interestingly, the high-dose suppression of activity
was observed in adult rats not habituated to the testing arena;
habituated adolescent and adult rats, in contrast, displayed
increased locomotor activity with increased caffeine doses
[173].

Dose-dependent effects of caffeine may be confounded
by strain-dependent differences. For example, low dose (1-
10 uM or 0.19 — 1.9 mg/L), of caffeine does not alter the
activity of adult AB zebrafish, higher doses (= 100 uM or >
19 mg/L) increase absolute turn angle and decrease distance
traveled [30]. In contrast, leopard (leo) zebrafish decrease
total distance traveled in response to 200 mg/L caffeine,
though freezing activity increased after low (25 mg/L) dose
exposure and erratic swimming increased following 50 mg/L
exposure [31]. In rodents, acute 50 mg/kg exposure, which
was given 20 min before testing, increased ambulation and
walking by PVG/c rats in the open field test, but decreased
ambulation in Long-Evans and Wistar strains [126]. Chronic
caffeine, on the other hand, decreased ambulation and walk-
ing in PVG/c rats [174], suggesting a chronic vs. acute ef-
fect.

5.2. Behavioral Tests of Anxiety
5.2.1. Novel Tank Test

Zebrafish adults exposed to > 50 mg/L caffeine increased
time spent in the bottom of a novel tank [150, 157], de-
creased transitions and entries into the top area, decreased
time spent in the top area, and increased latency to the top
[31], consistent with an anxiogenic response. Similarly,
acute exposure to 100 mg/L (100 ppm) caffeine in tank water
[31, 162] or 10 mg/kg (10 ppm) caffeine i.p. decreased the
tendency for adults to explore the top and, for the fish that
did venture to the top of the tank, it took them longer to do
so. In contrast, adults exposed to 0.5-25 mg/L caffeine de-
creased time spent at the bottom [157], consistent with an
anxiolytic response. These studies underscore the dose-
dependency of caffeine’s effects, with anxiety/stress re-
sponses observed in zebrafish in response to high doses.

Acute 15 min treatment with 100 mg/L caffeine does not
alter habituation in adult zebrafish in terms of change in the
number of transitions to the top of a novel tank and time
spent at the top [115, 175]. However, erratic movements and
hyperactivity increased, and exploratory behavior decreased,
in caffeine-exposed fish over time, suggesting less habitua-
tion compared to controls [115, 175]. Adolescent rats as-
sessed in an open-field (PD 48-49) also show decreased ha-
bituation with chronic caffeine intake (1 mg/mL, oral, ad
libitum) [176].

Acute caffeine treatment decreased the number of entries
and time spent by male Wistar rats in the open arms of an
EPM, consistent with increased anxiety, an effect also ob-
served during caffeine withdrawal. Chronic 21 d caffeine
exposure, on the other hand, resulted in tolerance, particular-
ly after longer exposure times (14 d and 21 d) [177]. A com-

Clayman and Connaughton

parison across 3 rat strains showed that 20 min after injection
with 50 mg/kg caffeine, all rats entered the open arms of the
EPM more often, but decreased rearing in both open and
closed arms [126], indicative of anxiogenesis. Further,
chronic caffeine exposure (50 mg/kg/d) administered
through drinking water significantly reduced entries into the
closed arms by PVG/c rats, though open arm occupancy was
increased in males. However, acute caffeine injection, with
or without previous caffeine exposure, had no effect on en-
tries or observations in the open arm [174]. PVG/c rats re-
ceiving i.p. injection of 25 mg/kg caffeine increased entries
to the open arm, an anxiolytic effect [165], and suggesting
that route of administration may affect caffeine-induced re-
sponses, as observed in zebrafish.

5.2.2. Light-dark Preference (Scototaxis)

Caffeine exhibits anxiogenic effects in light-dark prefer-
ence tests with rodents [177-180] and zebrafish [108, 120,
151, 181]. Zebrafish injected with 100 mg/kg caffeine [120,
152] and mice injected with 50 or 100 mg/kg caffeine [178]
decrease the amount of time spent in the light zone of a rec-
tangular chamber. Additional anxiogenic effects of high-dose
caffeine are observed in zebrafish adolescents and adults.
These include increased freezing in the light zone, increased
latency to enter the light zone, and erratic swimming [108,
120, 152, 182]. Overall, caffeine-exposed fish displayed in-
creased scototaxis with fewer entries to the light side of the
tank, less time spent on the light side, and overall reduced
exploratory behavior [162, 183].

Comparing three different rodent strains revealed that
caffeine (50 mg/kg i.p.) did not affect the time it took any rat
strain to emerge from the light side of a light-dark box; how-
ever, there was an increase in head pokes (followed by with-
drawal) into the light side. In Long-Evans rats, specifically,
caffeine decreased entries to the light side overall, as well as
the number of times a treated rat was observed on the light
side, a caffeine-induced effect not observed in either Wistar
or PVG/c rats [126].

5.2.3. Thigmotaxis

When fish are tested in groups of two, 100 mg/L caffeine
increases edge preference in the absence of a visual stimulus
[151]. Adult wildtype zebrafish injected with 10 mg/kg caf-
feine display thigmotaxis [152]. However, acute 15 min ex-
posures to < 200 mg/L caffeine in tank water had no effect
on thigmotaxis in either wildtype or leopard zebrafish [31].

Caffeine (50 mg/kg) chronically administered through
drinking water to PVG/c rats decreased center occupancy and
increased immobility in an open field. However, if the same
animals underwent withdrawal for 24 hr followed by an acute
(50 mg/kg) caffeine injection, the rats were immobile less of-
ten, and they spent more time in the center area [174]. A direct
comparison of caffeine-induced effects among PVG/c vs.
Long-Evans vs. Wistar rats identified some strain-dependent
differences, with many of the results indicating increased anx-
iety [126]. Another study, however, reported no effect of caf-
feine on thigmotaxis in female rats [184].

5.2.4. Interactions with Conspecifics (Shoaling)

Adult zebrafish acutely exposed to 5, 25, or 50 mg/L caf-
feine have spatial proximity to a robotic shoal similar to
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Fig. (2). Summary of caffeine-induced effects. Caffeine exposure does not alter dopamine levels, however serotonin signaling is increased
and GABA transmission is decreased. Behavioral responses are dose-dependent, with low-intermediate caffeine (CAF) doses enhancing
memory performance, exploratory behavior, thigmotaxis, and response to conspecifics, while high doses suppress these responses. DA = do-
pamine, DOPAC = 3,4-dihydroxyacetic acid, dat = dopamine transporter, 5-HT = serotonin, 5-HIAA = 5-hydroxyindoleacetic acid, T = en-
hanced or stimulated, | = suppressed, -- = mixed evidence, ZF = zebrafish.

controls. However, fish treated with either 25 or 50 mg/L
caffeine were more responsive to movement of the robotic
shoal, compared to 5 mg/L caffeine-treated fish and controls
[150]. 3D neurophenotyping of zebrafish behavior identified
altered shoaling after administration of 100 mg/L caffeine
for 15 min. In this situation, caffeine-exposed adult fish de-
creased shoal volume, shoal area, and inter-fish distance.
When assessed for specific shoal location, caffeine-exposed
fish tended to be along the bottom of the tank and near the
periphery [185]. Male Wistar rats administered 20 or 40 g/kg
caffeine (i.p.) spent a decreased time on social interaction
[161]. Male Wistar rats also decreased social interaction after
receiving a similar caffeine dose [177]. Thus, caffeine in-
creases anxiety and shoaling in zebrafish, but decreases so-
cial interactions in rodents.

5.2.4.1. Summary

Behavioral effects of caffeine (Fig. 2) are biphasic with
strain- and species-specific effects. Low doses of caffeine
(i.e., < 50 mg/kg or < 50 mg/L or < 50 ppm) increase loco-
motor activity, increase shoaling, and decrease time at the
bottom of a novel tank. High caffeine doses decrease
zebrafish locomotor activity, increase thigmotaxis, increase
scototaxis, and increase anxiety in a novel tank, consistent
with an angiogenic response. In rodents, high caffeine in-
creases escape behaviors, decreases entries in to EPM open
arms, and decreases social interactions, indicative of anxio-
genic responses.

6. CO-EXPOSURE TO ALCOHOL AND CAFFEINE:
THE ‘VODKA AND RED BULL EFFECT’

In humans, adolescent alcohol consumption is increasing-
ly accompanied by consumption of caffeine, often in the
form of caffeinated energy drinks (typically 70-80 mg caf-

feine/ 80z serving, but up to 242 mg caffeine/ 1.90z serving)
[186, 187], coffee (77-150 mg/ 60z serving) and soft drinks
(~34-54 mg/ 120z serving) [188, 189]. Intake of caffeine
along with alcohol brings additional implications resulting
from acute effects of these substances and long-term effects
of co-consumption. Alcohol mixed with caffeinated energy
drinks facilitates drinking through increased stimulation and
alertness and reduced fatigue and sedation, though the per-
ception of intoxication appears to be unaltered [190]. In gen-
eral, consumption of caffeinated energy drinks with alcohol
is correlated with an increased risk of binge alcohol con-
sumption [191] and an increased frequency of alcohol use
[192, 193] and alcohol-related harms, such as driving under
the influence [194] and aggression [195].

As detailed above, caffeine and ethanol, when adminis-
tered individually, have opposite effects on the same behav-
ioral parameters. What happens to these behaviors following
co-exposure to these compounds? Though caffeine intake
does not alter implicit learning that takes place in the context
of ethanol exposure, caffeine can attenuate ethanol-induced
explicit retrograde memory deficits [196] and 10 mg/kg caf-
feine co-administered with 0.65 g/kg ethanol improves trau-
ma-induced working memory deficits in the Morris Water
Maze [197]. Ethanol’s effect on spatial memory correlates
with a decrease in acetylcholine release and acetylcholines-
terase activity in the hippocampus [198], but not the cortex
[198, 199]. Ethanol induces concentration-dependent effects
on acetylcholine release in the prefrontal cortex, suggesting
an effect on working memory [200]. Low doses of ethanol
reversed social impairment induced by moderate/high caf-
feine doses in rodents tested with a three-chamber box [1].
Further, studies in which caffeine and ethanol are adminis-
tered sequentially, not concurrently, reveal that order of
compound administration is important. For example, while



568 Current Neuropharmacology, 2022, Vol. 20, No. 3

discriminative learning and exploration decreased in
zebrafish during withdrawal from 0.5% ethanol; subsequent
administration of 50 mg/L caffeine restored locomotor pat-
terns and object discrimination to control levels [201]. On
the other hand, chronic 50 mg/L caffeine exposure followed
by acute 1% ethanol challenge during caffeine withdrawal
prevented discrimination of a new object [201]. The individ-
ual and interactive effects of caffeine and ethanol are at-
tributed to the opposite, but interactive, effects on adenosine
signaling [1, 155].

6.1. The Role of Adenosine

Adenosine is a neuromodulator formed by the breakdown
of ATP or cAMP that is released from neurons and glia [202-
204]. Increased adenosine levels resulting from alcohol ex-
posure activate A;- or Aa-type receptors, leading to inhibi-
tory or stimulatory effects, respectively [202]. Unlike caf-
feine, ethanol does not directly bind to adenosine receptors
[155]. Rather, ethanol increases extracellular adenosine lev-
els by inhibiting ENT-1 transporters [205-208], though inhi-
bition of catalytic enzymes that break down released adeno-
sine [209-211] and/or the generation of acetate, which en-
hances adenosine synthesis [212] . In rodents, A; receptors
are widespread in brain; A, receptors are localized to the
striatum, thalamus, and olfactory tubercle [1]. Zebrafish ex-
press three A, receptor genes with strong homology and de-
velopmental expression patterns to mammals [144]. Given
the location of these receptors, it is not surprising that adeno-
sine modulates a variety of neurotransmitter systems, includ-
ing 5-HT, DA, and GABA [203, 213].

Caffeine’s pharmacological profile related to adenosine
signaling is more consistent with that of stimulant drugs at
lower doses [181], while anxiogenic effects are more evident
at high doses [107, 108, 179, 214]. This profile is based on
the differential sensitivities of adenosine receptors to caf-
feine: antagonism of A, receptors with low caffeine doses
stimulates motor output while high caffeine doses antagonize
A, receptors, suppressing motor output [149, 204, 215].
Though both receptor types are implicated in the locomotor-
activating and reinforcing effects of caffeine in rodent mod-
els [154, 168], the A receptor seems to be more involved in
caffeine’s anxiogenic effects [147, 168, 216, 217]. Antago-
nism of zebrafish A; receptors increased anxiety while an-
tagonism of A, receptors caused hyperlocomotor effects
[120]. Increased anxiety-like states are also observed in A,
receptor-knockout mice [218-220]. Similarly, mice co-
exposed to ethanol (1.2 g/kg i.p.) and either caffeine (30
mg/kg, i.p.) or an A, antagonist (DPCPX; 6 mg/kg, i.p.) dis-
played anxiogenic effects in the EPM [217]. Both adenosine
receptor types are involved in ethanol’s rewarding properties
[204], though specific receptor antagonists have distinct ef-
fects on ethanol-induced behavioral responses of rodents
[221-224].

During co-exposure, A, receptor antagonists, such as
caffeine [225], enhance DA release [226, 227], increasing
alcohol intake [224], potentiating the reinforcing effects of
alcohol [108] and contributing to ethanol-seeking [154, 228].
In contrast, A,, receptor activation, as would occur follow-
ing ethanol exposure, inhibits DA release [226, 227]. The
opposing effects of caffeine (blocker) and ethanol (activator)
on adenosine receptors likely contribute to the dose-

Clayman and Connaughton

dependent effects observed following co-exposure and are
mediated by the integrative effects of the Aja-D, receptor
heterodimer [142]. This heterodimer, located on GABAergic
striatal neurons, is sensitive to external adenosine and dopa-
mine levels and is able to adjust neuronal responses based on
chemical concentrations and an intracellular interaction be-
tween receptor types. When a reward stimulus (ethanol) is
present, the balance shifts toward D,-receptor activation in
psychomotor pathways. In contrast, activation of A, recep-
tors by caffeine decreases DA receptor activity, but increases
neuronal activity resulting in DA release [142]. A caffeine-
induced increase in locomotor activity in spinal cord requires
inhibition of A, receptors and activation of D; receptors
through a PKA-dependent mechanism [64], similar to the
Aya-D; heterodimer complexes in the striatum [142]. Thus,
there is a mechanistic link between caffeine, ethanol, and
dopamine signaling.

6.1.1. Summary

The adenosine system is implicated in reward, wakeful-
ness, and anxiety-like behaviors. This system is altered by
ethanol and/or caffeine exposure. Both A; and Aja receptors
are involved in these responses, despite the opposite actions
of caffeine and ethanol on these receptor types. While A,
receptors appear more associated with ethanol’s rewarding
effects, A, receptors seem to mediate the anxiety and loco-
motory affects [155]. A commonality is that ethanol stimu-
lates DA release and antagonism of adenosine receptors by
caffeine stimulates DA release, the latter enhanc-
ing/potentiating ethanol’s effects.

6.2. Co-exposure to Caffeine and Ethanol

Studies quantifying consumption of caffeine and/or etha-
nol use rodent models, since the animal has a clear choice of
beverage and volumes consumed can be accurately meas-
ured. In zebrafish, these tests are experimentally difficult as
chemicals are administered through tank water. Zebrafish
may be trained to consume stable levels of 0.1%, 10% [229],
or 20% ethanol mixed with gelatin, which leads to increased
blood alcohol levels, increased locomotion, and reduced anx-
iety in a novel tank test [230]. Zebrafish will also consume
caffeine powder mixed with food [231]; however, zebrafish
have not yet been trained to co-consume ethanol and caf-
feine.

Studies in rodents have revealed that timing of ethanol
vs. caffeine administration, dose used, and previous experi-
ence with ethanol are variables that affect subsequent ethanol
intake. For example, chronic treatment with either 10 or 20
mg/kg caffeine decreases ethanol intake in rats [228] and
mice [232], a result also observed in rats treated with 50
mg/kg caffeine (i.p.) [233, 234]. In contrast, most studies
report that caffeine increases alcohol consumption. This has
been observed (1) in male Wistar rats initially given sweet-
ened 10% ethanol containing 1 g/L caffeine and water in a
free choice paradigm and tested after 7 d of alcohol depriva-
tion [235], (2) in C57BL/6J male mice classified as ‘moder-
ate consumers’ when allowed unrestricted access to ethanol
and water [232], (3) in adult P rats [228] and Wistar rats
[236] treated with a low dose of caffeine (5 mg/kg) and in
ethanol-experienced male Wistar rats pre-treated with 5
mg/kg caffeine [237], (4) in adolescent and adult C57BL/6J
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Fig. (3). Behavioral differences resulting from caffeine + ethanol co-exposure. Acute and chronic doses of ethanol (EtOH) reduce anxiety-like
behaviors in zebrafish. Acute and chronic caffeine (CAF) exposure increase shoaling in zebrafish, while anxiety-related behavior in the novel
tank shows opposing effects. Ethanol consumption in rodents is increased with acute caffeine and chronic ethanol exposure. Acute ethanol
and caffeine exposure in zebrafish and rodents show similar effects to caffeine alone. Chronic ethanol and caffeine exposure show similar
effects to chronic ethanol alone. Time in the light zone of a light dark chamber is reduced in zebrafish with chronic ethanol and caffeine expo-
sure. T = enhanced or stimulated, | = suppressed, -- = mixed evidence, ZF = zebrafish.

mice with access to either caffeine, ethanol, or ethanol +
caffeine for 14 d, followed by 7 d of continuous access to a
choice of 10% ethanol or water [238], and (5) in alcohol-
preferring female rats exposed to caffeine in adulthood
[188].

6.3. Behavioral Changes and Ethanol-caffeine Co-

exposure

Though there are a wealth of studies examining the indi-
vidual effects of ethanol or caffeine exposure during adoles-
cence and adulthood, there are only a few that examine the
effects of co-exposure.

6.3.1. Locomotor Tasks and Coordination

Adult zebrafish co-exposed to caffeine and ethanol show
effects on distance travelled and absolute turn angle that are
similar to those seen with caffeine. [30]. Swim velocity,
swim bout, frequency and length of freezing also increased
in co-exposed zebrafish [239]. In contrast, in male CDI1
mice, 25 mg/kg (i.p.) caffeine prevents motor suppression
induced by 3.5-4 g/kg (i.p.) ethanol [240].

6.3.2. Behavioral Tests of Anxiety

In adult zebrafish, either caffeine alone (100 — 1280 uM
or 19 — 249 mg/L) or caffeine + ethanol decreases distance
and variance of distance from the bottom of a novel tank
[30]. Consistent with this, when acute ethanol exposure is
followed by 100 mg/L caffeine treatment immediately prior
to the novel tank test, there is a greater latency to enter the
top of the novel tank and fewer transitions to the top com-
pared to controls [241]. Co-exposed zebrafish also increased
latency to the top of a novel tank [239]. Thus, in zebrafish,
co-exposure results in anxiety-like behavior similar to a caf-
feine-induced response. Using a novel object discrimination

task, adult zebrafish chronically exposed to caffeine and then
acutely exposed to ethanol were unable to discriminate the
new object, a result also observed in fish receiving the oppo-
site treatment (i.e., chronic ethanol exposure followed by a
high acute caffeine dose). However, if the chronic ethanol
exposure was followed by a lower caffeine dose, the fish
were able to complete the task, an effect attributed to caf-
feine attenuating ethanol withdrawal [201].

Our group has found similar results [242]. Acute adoles-
cent exposure to ethanol or caffeine causes opposing effects
on anxiety-like behaviors in the novel tank and shoaling
tests. Ethanol-exposed zebrafish increase their distance from
the bottom of a novel tank and reduce shoaling, while caf-
feine-exposed fish decrease their distance from the bottom
and increase shoaling. Acute co-exposure decreased shoal-
ing, similar to ethanol alone, though the distance from the
bottom of a novel tank was not as increased as ethanol-
exposed juveniles.

Adult zebrafish chronically exposed to ethanol during
adolescence respond in the same manner as acutely exposed
adolescent animals for both the novel tank and shoaling tests.
Similarly, adult fish chronically exposed to caffeine during
adolescence displayed shoaling behaviors similar to acutely
exposed juveniles, though the distance from the bottom of a
novel tank was increased in adults. Adults chronically co-
exposed to ethanol + caffeine during adolescence demon-
strated an increased distance from the bottom of the novel
tank and decreased shoaling. In the scototaxis test, adults
exposed to either chronic ethanol, chronic caffeine, or chron-
ic ethanol + caffeine during adolescence reduced their time
in the light zone of a light-dark tank ([242]; Clayman and
Connaughton, manuscript in preparation).
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In rodents, exposure of male rats to 1.2-1.34 g/kg/d alco-
hol + 24-26 mg/kg/d caffeine in their drinking water in late
adolescence (PD 45-55) enhances ambulation compared to
alcohol alone and displays a greater anxiolytic effect of in-
creased time in the center of the open field in mid-adulthood
(PD 120) [243]. These authors also report that the use of a
slightly higher caffeine dose increased entries into the light
half of the light-dark transition test and increased open field
ambulation in males, while females show decreased entries
of and time spent in the light half and decreased open field
ambulation [243].

6.3.2.1. Summary

Behavioral responses resulting from ethanol and/or caf-
feine exposure depend upon whether exposure is acute vs.
chronic and, in some cases, the order of compound admin-
istration (Fig. 3). Acute and chronic doses of ethanol reduce
anxiety-like behaviors in zebrafish, with chronic ethanol also
impairing memory performance. Acute and chronic caffeine
exposure increase shoaling in zebrafish, while anxiety-
related behavior in the novel tank shows opposing effects,
with decreased distance from the bottom with acute caffeine
and increased distance from the bottom with chronic caf-
feine. Ethanol consumption in rodents increases with acute
caffeine and chronic ethanol exposure. Acute ethanol + caf-
feine co-exposure in zebrafish and rodents show similar ef-
fects to caffeine alone, though shoaling is reduced. Chronic
ethanol + caffeine co-exposure shows similar effects to
chronic ethanol alone, with increased ethanol consumption in
rodents and reduced anxiety-like responses in the novel tank
and shoaling tests in zebrafish. Time in the light zone of a
light-dark chamber is reduced in zebrafish following chronic
ethanol + caffeine co-exposure, while this behavior shows a
sex-difference in rodents after chronic exposure to both eth-
anol and caffeine, and females showing greater anxiety-
related behaviors than males.

CONCLUSION

In mammals, ethanol and caffeine increase dopaminergic
signaling via adenosine and DA receptors in the dorsal stria-
tum and NAc [244]. Pre-exposure to caffeine in larval
zebrafish and adolescent rodents influences the adult re-
sponse to ethanol [245-247], with caffeine contributing to
altered serotonin and DA neurotransmission [147]. The lo-
comotor effects of ethanol and caffeine in both zebrafish and
rodents are dependent on several parameters, including dose
used, age of testing, and previous age of drug exposure. The
locomotor effects of both substances also vary within a given
exposure session and between sessions of intermittent expo-
sure, as tolerance develops. These effects of ethanol are
modulated by simultaneous treatment with caffeine in both
zebrafish and rodents.

The consistent findings across species suggest that
zebrafish are an effective model to further characterize the
neurobiological and behavioral effects of ethanol and/or caf-
feine exposure. Zebrafish are amenable to high-throughput
analyses involving behavioral assays for assessing anxiety-
like and reward seeking behaviors, pharmacological analysis
of receptor types, molecular analysis of gene expression, and
anatomical consequences of exposure. These techniques,
which have also been applied to similar treatment paradigms
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in rodents, coupled with the fast generation time, smaller
size, and ability to test multiple individuals at the same time,
further suggest zebrafish are an ideal model to assess phar-
maceuticals, especially those which influence anxiety-related
behaviors.

These various considerations are essential not only to es-
tablish a consensus about the influence of alcohol and stimu-
lant co-exposure in animal models, but for translating the
findings to humans. This is especially relevant in the context
of alcohol and caffeine co-consumption in human adoles-
cents, as this has implications for the development of addic-
tion in adulthood. Since the previous drug exposure history
of animal models may be controlled, this approach should be
utilized to examine the influence of various patterns of
treatments and combinations of drug doses. Through further
analysis of acute and chronic treatments across a variety of
treatment regimens and time-points in development, a clearer
picture will emerge of the influence of ethanol and caffeine
in adolescence, along with its implications for adult neural
and behavioral responses.
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