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Estrogen blocks the protective action of melatonin in a behavioral model of
ethanol-induced hangover in mice
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► Exposure to melatonin improved the motor performance in male mice during hangover.
► Melatonin did not enhance motor performance in females during the hangover.
► Estrogens block the neuroprotective action of melatonin during ethanol hangover.
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Melatonin has antioxidant and neuroprotective properties in human beings and experimentalmodels, as well as
‘anti-estrogenic’ effects. Ethanol (EtOH) affects various behavioral parameters during a period known as
ethanol-induced hangover. Our study evaluated the neuroprotective effect of melatonin on motor performance
during ethanol hangover inmale and female Swissmice. The femaleswere subjected to specific hormonal states:
ovariectomized (OVX) and OVX estrogenized (OVX-E2). Mice received melatonin (25 μg/ml) or vehicle in their
drinking water for seven days and were given intraperitoneal (i.p.) injections of EtOH (3.8 g/kg) or saline on the
morning of the eighth day. Motor performance was evaluated by the tightrope test 6 h after EtOH exposure
(hangover onset). During ethanol hangover, males exhibited lower motor performance than controls (pb0.01)
but pretreatment with melatonin significantly improved performance during hangover (pb0.05). In females,
melatonin treatment before ethanol-induced hangover led to a better motor performance in OVX compared
with intact females (pb0.01) and a lower performance in OVX-E2 compared with not-estrogenized OVX
(pb0.05). Consequently, estrogen reversed the motor performance enhancement afforded by melatonin. We
conclude that estrogen interferes with the protective action of melatonin on motor performance during ethanol
hangover.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Melatonin is a hormone secreted by the pineal gland at night in all
mammals [1]. In vivo and in vitro studies have shown that it has
neuroprotective and antioxidant properties [2]. In this regard, it has
been demonstrated that melatonin can provide protection against
kainate-induced excitotoxicity [3,4]. Moreover, melatonin has been
proven to reduce lipid peroxidation induced by ethanol thus promoting
neuroprotection in the central nervous system [5]. Numerous studies
have demonstrated the neuroprotective potential of melatonin under
various experimental conditions [6]. This neuroprotective action ismain-
ly due to its antioxidant properties, which include direct free radical
scavenging and stimulation of antioxidative enzymes [7,8]. A recent re-
view strongly supports the use of melatonin as a possible treatment for
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several psychiatric disorders due to its anxiolytic, sedative, anticonvul-
sant and anti-hypertensive properties [9]. In this respect, the pineal hor-
mone could mitigate neurodegenerative diseases such as Alzheimer's,
Parkinson's and Huntington's diseases [10]. Melatonin also has ‘anti-
estrogenic’ effects [11]. It has been shown to decrease gonadal steroidal
synthesis, to interfere with activation of the estrogen receptor by
estradiol destabilizing the binding of the estradiol–estrogen receptor
complex to the estrogen responsive element [12], and to decrease
estrogen bioavailability by down-regulating the activity of enzymes in-
volved in its synthesis [13]. Moreover, the effects ofmelatonin on rodent
behavior have also been demonstrated. It induces sedation, elevates the
pain threshold, exhibits anxiolytic effects and directly resets circadian
rhythms [14].

Ethanol hangover is described as the unpleasant next-day effect
following an evening of excessive alcohol consumption that is charac-
terized by physical and psychological symptoms which include head-
aches, nausea, diarrhea, fatigue and tremors combined with decreased
occupational, cognitive and/or visuospatial skills [15,16]. During etha-
nol hangover, cognitive functions and subjective capacities are affected
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alongwith inefficiency and reduced productivity in theworkplace, driv-
ing impairments and reductions in motor coordination [17]. Moreover,
in experimental animals, body temperature, wheel running activity and
pain perception are impaired in this state [18–20]. In direct relation to
this, we have recently demonstrated that motor performance in male
mice is reduced during hangover [21].

Taken together, it could be inferred that a neuroprotective agent
like melatonin could improve behavior during hangover. At present
there is no established casual link between ethanol hangover and
melatonin action and it could be hypothesized that melatonin might
prevent motor performance impairments induced by the hangover
state. Furthermore, due to its antiestrogenic effects, we could also
hypothesize that the neuroprotective action of melatonin might be
influenced by estrogens. In order to prove this hypothesis, the aim
of this study was to research the effect of melatonin on motor perfor-
mance during ethanol-induced hangover in different conditions: in-
tact, OVX and OVX-E2 female mice and male mice.

Our findings indicate that melatonin is only significantly neuro-
protective in the hangover state in the absence of estrogen.

2. Materials and methods

2.1. Animals

Swiss mice (Mus musculus) weighing 30–40 g were acquired from
the School of Pharmacy and Biochemistry, Universidad de Buenos
Aires, and housed in a soundproof room under conditions of con-
trolled temperature (22±2 °C) and humidity, with a 12-hour light/
dark cycle. Standard rat chow and tap water were provided ad libitum.
Animal handling, treatment and experimental procedures were
reviewed in accordance with the guidelines of the National Institutes
of Health (USA) and with Regulation 6344/96 of Argentina's National
Drug, Food and Medical Technology Administration (ANMAT). All
efforts were made to minimize suffering and reduce the number of
animals used.

The total number of animals used in all experiments was as
follows:

49 male mice (9 for experiment I and 40 for experiment II).
59 intact female mice (9 for experiment I, 40 for experiment II and
10 for E2 serum levels).
50 sham-OVX mice (40 for experiment III and 10 for E2 serum
levels).
70 OVX mice (60 for experiment III and 10 for E2 serum levels).
30 OVX-E2 mice (20 for experiment III in 2 groups and 10 for E2
serum levels).

Mice body weight (BW) was monitored weekly.

2.2. Solution preparation

EtOH (15% w/v) was prepared by diluting 95% EtOH with saline
solution. Animals received intraperitoneal (i.p.) injections of 15% EtOH
at a dose of 3.8 g/kg. This dose is applied in ethanol-induced hangover
animal models [22,23]. Melatonin (Mel) (Sigma-Aldrich, USA) was sol-
ubilized in 1 ml of 10% ethanol andmixedwith tapwater to 100 ml. Ac-
cordingly, final concentration of melatonin in drinking water was
25 μg/ml. This concentration has been demonstrated to act as antioxi-
dant and neuroprotective agent [24–26]. EtOH concentration in the
melatonin solution was only 0.1%.

2.3. Tightrope test

Motor coordination was evaluated with a modified tightrope test
[27]. In brief, the procedure consisted of placing an animal on the
middle of a 60-cm long horizontal rope suspended 30 cm above the
floor and recording the time until the animal either reached the end
of the rope or fell off. A score was assigned as follows: animals that
reached the end of the rope in ≤6 s were given 1 point and one
point was added for each additional fraction of 6 s needed to com-
plete the test. Animals that stayed on the rope for 60 s without
reaching the end were given 11 points. In addition to the 11 points,
mice were given 1 extra point for every fraction of 6 s it took them
to fall off before the 60 s were up. Therefore, animals that scored
the lowest performed the best. It should be noted that the test as-
sesses motor performance as a mean of intrinsic neuromuscular coor-
dination. Mice not only had to reach the end of the rope in a
predefined time but they also had to do so on all four extremities,
as well as the tail, in a coordinated way. Therefore, animals that did
not meet these criteria were excluded (e.g. animals that reached the
end of the rope in less than 60 s but using only both forelimbs) [28].

2.4. Procedure

2.4.1. Experiment I: determination of onset of ethanol-induced hangover
Male (n=9) and female mice (n=9) received an i.p. injection of

EtOH (15% p/v, 3.8 g/kg); this dose has been used previously in
other studies [19,23,29,30]. Three mice from each group were decap-
itated 60, 180 or 360 min after the injection. Blood was collected from
the trunk and blood alcohol concentration (BAC) was measured by
gas chromatography (Hospital Británico, Buenos Aires, Argentina) to
determine the animals' response to ethanol and the onset of hang-
over. Experiments were conducted in the morning (9:00 a.m.). The
criteria used to establish onset of ethanol-induced hangover was
when BAC was less than or equal to 10% of the maximum value
reached. Behavioral tests were performed after onset of hangover.

2.4.2. Experiment II: effect of melatonin on motor performance during
ethanol-induced hangover in Swiss mice

Mice received melatonin or vehicle in their drinking water for one
week. At 9:00 a.m. on the eighth day animals received an i.p. injection
of EtOH (15% p/v, 3.8 g/kg) or saline. Motor performance was evalu-
ated in the early afternoon (3:00 pm), at onset of hangover, with a
modified tightrope test [27]. Each of the four groups contained 10
animals.

2.4.3. Experiment III: effect of melatonin on motor performance during
ethanol hangover in ovariectomized Swiss mice

Ovariectomized mice (OVX) were used and the experiment was
divided into two stages. Female mice (n=40) were first anesthetized
(equitesine; 1 mg/35 g BW) and the ovaries removed. For this and
subsequent procedures the post-surgical period was 15 days. After
recovery, independent groups of mice received the treatments de-
scribed in Experiment II and were subjected to the tightrope test at
the onset of ethanol hangover. Another group of ovariectomized
mice (n=20) was subdivided into two groups of 10 animals each:
OVX and ovariectomized estrogenized (OVX-E2) mice. The OVX group
received treatments as described above, and the OVX-E2 animals were
chronically estrogenized for 60 days with implanted Silastic capsules
containing 0.1 mg of 17 β-estradiol (E2) (Sigma Aldrich, USA). This pe-
riod of time has been proven to be adequate to restore estradiol levels
[31,32]. Silastic material allows steady estradiol release (approximately
180 pg/day). Capsules were 10 mm×2 mm and the fill procedure was
a modified technique [33,34]. Capsules were placed in a 3 mm incision
in the dorsal part of the neck while the animals were under equitesine
anesthesia. All OVX-E2 mice received melatonin for seven days and
then an i.p. injection of EtOH or saline in the morning (9:00 a.m.),
with the tightrope test being given in the early afternoon (3:00 p.m.).
As a control, a separate group of female mice (n=40) underwent the
same surgical procedure but without removing the ovaries. This
sham-OVX group also received Silastic capsule implants thatwere filled
with estradiol diluents and underwent the four different treatments



Fig. 1. Blood alcohol concentration during and after EtOH treatment. Blood alcohol con-
centration in male (solid line) and female (dotted line) Swiss mice was measured 60,
180 and 360 min after acute ethanol injection. Values are expressed as mean±SEM
(n=9 each group). **pb0.01, ***pb0.001. Independent samples t-test.
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described in Experiment II before the tightrope test was performed at
the onset of ethanol hangover.

2.5. E2 serum concentration

Ten mice from each group (intact, OVX, OVX-E2 and sham-OVX)
were sacrificed by decapitation to estimate serum levels of E2 follow-
ing capsule placement. Trunk blood was collected and centrifuged,
and serum samples were stored at −70 °C until they were assayed.
Total E2 measurements were performed in triplicate for each sample
using an enzyme-linked immunosorbent assay (ELISA) kit for 17
β-estradiol (EIAgen, Adaltis Italia S.p.A). ELISA results are shown in
Table 1.

2.6. Statistical analysis

The results are represented as mean±standard error of mean
(SEM). Prior to each analysis, test variables were checked for normality
with the Kolmogorov–Smirnov test to determine whether posterior
parametric or nonparametric statistical analysis was appropriate. BAC
levels were analyzed using an independent t-test. Behavioral results,
E2 serum concentration and BW differences were analyzed using
factorial ANOVA and post-hoc Tukey's tests. SPSS statistical software
(version 13.0) was used and differences were considered statistically
significant when pb0.05.

3. Results

3.1. Experiment I: blood alcohol levels and onset of hangover in male and
female Swiss mice

To determine the onset of ethanol hangover, BAC was measured 60,
180 and 360 min after an acute injection of ethanol (Fig. 1). As expected,
the results showed that BAC dropped significantly between 60 and
180 min in both sexes: 330±10.2 mg/dl vs. 237.67±18.52 mg/dl for
female (t=4.98, df=2, pb0.05) and 318±15.33 mg/dl vs. 246±
14.64 mg/dl for male mice (t=3.70, df=4, pb0.05). A marked de-
crease was observed 360 min after the injection: 15.33±7.42 mg/dl
for female (t=11.14, df=4, pb0.001) and 13.67±6.81 mg/dl for male
mice (t=12.77, df=4, pb0.001) as compared with BAC at 180 min for
both sexes. These values were similar to those reported by other labora-
tories [35] and indicate that 6 h after the injection initial BAC had de-
creased by 95%. These measurements allowed us to establish the onset
of ethanol hangover (see Section 2.4.1).

3.2. Experiment II: effect of melatonin pretreatment on motor performance
during ethanol-induced hangover in male and female intact mice

As explained, a lower score reflects better motor performance in
the tightrope test. Results for male control animals did not differ
from those for male mice that had been pretreated with melatonin
(vehicle-control vs. melatonin-control). During ethanol-induced hang-
over, the average score was almost three times higher than control
scores (vehicle-control vs. vehicle-EtOH-hangover; F[1,15]=14.79,
pb0.01, Fig. 2). Pretreatment with melatonin significantly reduced
Table 1
Estradiol serum concentration and body weight at the end of the second month of
estrogen replacement for control, sham-OVX, and OVX-E2 mice.

Estradiol (pg/ml) BW (g)

Intact 35.49±9.65⁎⁎⁎ 32.52±0.64
OVX 2.66±1.98 33.07±0.72
Sham-OVX 45.96±10.82⁎⁎⁎ 33.21±0.68
OVX-E2 44.46±10.18⁎⁎⁎ 33.25±0.68

Values are expressed as mean±SEM (N=10 each group).
⁎⁎⁎ Pb0.001 in intact, sham-OVX and OVX-E2 vs. OVX group. ANOVA, Tukey's test.
scores during ethanol hangover (F[1,17]=14.49, pb0.05 compared
with scores without pretreatment, Fig. 2). Furthermore, there was an
interaction between melatonin pretreatment and ethanol hangover
(melatonin∗EtOH-induced hangover, F[1,17]=19.9, pb0.001). Simi-
larly, scores for females pretreated with melatonin were not signifi-
cantly different from those for females that had been given saline.
During hangover, females obtained significantly higher scores, whether
receiving melatonin or not, compared with controls (F[1,22]=73.82,
pb0.001; F[1,27]=38.91, pb0.001 respectively, Fig. 3A). However,mela-
tonin pretreatment increased scores during ethanol hangover (F[1,21]=
5.77, pb0.01 compared with scores without pretreatment, Fig. 3A).
Statistically, scores for females pretreated with melatonin were higher
than scores for males under the same conditions (F[1,19]=49.09,
pb0.001, statistical comparisons are not shown). Moreover, as in male
mice, a statistical interaction betweenmelatonin pretreatment and etha-
nol hangover was found in intact females (melatonin∗EtOH-induced
hangover, F[1,49]=11.59, pb0.001).
3.3. Experiment III: effect of estrogen replacement on motor performance
during ethanol-induced hangover

In view of the significant differences betweenmale and femalemice,
an OVX mice group was included to clarify the role of estrogens in our
experimental design. OVX females showed no differences with controls
(vehicle-control vs. melatonin-control, Fig. 3A). OVX mice obtained
higher scores in the tightrope test during hangover (F[3,22]=12.13,
Fig. 2. Male tightrope performance during ethanol hangover. Values are expressed as
mean±SEM (n=10 each group). *pb0.05, melatonin–EtOH hangover vs. vehicle–EtOH
hangover; ##pb0.01, vehicle–EtOH hangover vs. vehicle control. ANOVA and Tukey's
test. Lower scores represent better performance. Bar shading indicate pretreatment:
gray, vehicle; white, melatonin.



Fig. 3. Female tightrope performance during ethanol hangover. Effect of ovariectomy and estrogen replacement. (A) Comparisons between intact and OVX female mice during ethanol
hangover. Values are expressed as mean±SEM (n=10 each group). **pb0.01, melatonin–EtOH hangover vs. vehicle–EtOH hangover in intact and OVX. ##pb0.01, melatonin–EtOH
hangover vs.melatonin control in OVX; ###pb0.001, melatonin–EtOH hangover vs.melatonin control and vehicle–EtOH hangover vs. vehicle control in intact females; ++pb0.01, ve-
hicle control and melatonin control OVX vs. intact; +++pb0.001, vehicle–EtOH hangover and melatonin–EtOH hangover OVX vs. intact. ANOVA, Tukey's test. Lower scores represent
better performance. (B) Comparisons between OVX and OVX-E2 mice during ethanol hangover. Values are expressed as mean±SEM (n=10 each group). *pb0.05, EtOH hangover vs.
control in OVX-mel; #pb0.05, EtOH hangover OVX-E2-mel vs. EtOH hangover OVX-mel. ANOVA, Tukey's test. Lower scores represent better performance.
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pb0.001 compared with intact controls, Fig. 3A). However, melato-
nin pretreatment resulted in lower scores during ethanol hangover
(F[3,19]=12.12, pb0.001 comparedwith intact femalemice pretreated
with melatonin and suffering from hangover, Fig. 3A). These data
(OVX, Mel, and EtOH hangover) were compared with those obtained
for males under the same treatment conditions (Mel and EtOH hang-
over), but no significant differences were found (statistical comparisons
are not shown). Another group of OVXmicewas divided into two groups
to verify the possible effect of estrogen on melatonin action. All the
animals were pretreated with melatonin and half of them were chroni-
cally estrogenized (OVX-E2) (see Section 2.4.3). In OVX-E2 mice, there
were no significant differences between the control (saline) and the
ethanol hangover group; however, OVX-E2 mice obtained significantly
higher scores compared with non-estrogenized OVX mice receiving
EtOH (F[1,13]=22.48, pb0.05, Fig. 3B). Moreover, scores for OVX-E2
mice were not significantly different from those of intact females that
had received identical treatments (see Fig. 3A). OVX mice obtained sig-
nificantly lower scores during ethanol hangover comparedwith controls
(F[1,13]=7.16, pb0.05, Fig. 3B). The sham-OVX group behaved similarly
to intact females (data not shown). Serum 17-β estradiol levels were de-
termined (Table 1) and no significant differences were found between
the intact, sham-OVX and E2 groups. Nevertheless, OVX serum estradiol
levels were significantly lower compared with intact, sham OVX and
OVX-E2 (pb0.001). Estrogen replacement did not affect body weight in
the second month of treatment (Table 1).
4. Discussion

The key finding to emerge from this study is that estrogen blocks
the protective action afforded by melatonin on motor performance
in an experimental model of ethanol hangover.

In the hangover state, hypo-activity [22], anxiety-like behavior [36],
alterations in body temperature, wheel running activity and pain
perception [18–20] have been described to occur. In the present study
we found that animals displayed reduced motor coordination during
EtOH hangover.

Melatonin has different effects in male humans. For example, in fit
subjects like elite soccer players, melatonin is able to synchronize
sleep–wake cycles making them perform better [37]. However, the
pineal hormone does not exhibit anymeaningful effect on physical per-
formance during hangover [38]. Other studies have demonstrated that a
single dose ofmelatonin shortens the duration of ethanol-induced sleep
and decreases ethanol-induced hyperactivity in male mice; the same
authors suggest that central interaction of ethanol and melatonin may
be antagonist or synergistic in nature [39]. Our study shows a possible
interaction of melatonin and ethanol in male mice (Fig. 2), although
we could not verify whether this interaction is a synergistic or antago-
nist one. Furthermore, another study has demonstrated that acute mel-
atonin exposure improves water maze performance and decreases
ethanol-induced oxidative stress in male rat hippocampus when etha-
nol remains in the blood [5]. Chronic alcohol consumption produces



185A.G. Karadayian et al. / Physiology & Behavior 107 (2012) 181–186
alterations in the daily melatonin synthesis profile of alcoholic rats
[40]. We have now demonstrated that melatonin supplied in drinking
water for a week improves motor performance during ethanol hang-
over in males (Fig. 2). We hypothesize that melatonin could act as a
neuroprotective agent in the sameway as in the central nervous system
[8,41].When femalemicewere studied, contrary to the results obtained
in male mice, melatonin treatment not only failed to improve motor
performance but made it worse during hangover (Fig. 3A). Although
we do not have a conclusive explanation why melatonin could impair
motor performance in intact females in the hangover state, other re-
searchers have studied possible gender differences in response to mel-
atonin in basal conditions [42,43]. Paterson and Vickers (1984) have
demonstrated that acute melatonin exposure has different effects on
male and female locomotion and social activity, andwhilemales exhibit
more social activity, females do not respond to hormone treatment [42].
Likewise, Brotto et al. (2000) have established that the effects of chronic
melatonin administration on swimming, struggling and immobility in
the forced swim test are sex-dependent in rats [43]. Melatonin signifi-
cantly increases struggling in males but fails to do so in females, and it
decreases swimming and increases open-field ambulatory behavior in
both sexes [43]. Although these previous studies were conducted under
basal conditions, they imply that the presence of estrogensmight explain
impairment of melatonin's neuroprotective effects in females. However,
little is known about the possible interaction between melatonin and
estrogens in hangover. Our experiments with OVX mice allowed us to
test the role of estrogen in the neuroprotective effects of melatonin dur-
ing hangover (Fig. 3A). We found that OVX mice showed better motor
performance when melatonin had been administered. We believe that
our results are in agreement with the motor coordination evidence pro-
vided by Brotto et al. (2000) [43].

In opposition to our results, a neuroprotective effect of estrogens
related to ethanol has been described in a recent review by Jung
and Metzger (2010). They explain that ethanol withdrawal induces
hyperexcitatory neurotransmission and intense generation of reactive
oxygen species, but 17 β-estradiol protects neurons and mitochondria,
as well as against impairments of motor behavior and motor learning
[44]. Conversely, in a model of chronic ethanol consumption, the bene-
ficial effects of melatonin seem to be independent of estrogens. Thus, in
OVX rats that receive estrogen, a one-week melatonin treatment pre-
vents DNA damage in uterus induced by drinking ethanol 5% [45].
This apparent discrepancy can be explained if we take into account
that our experimental conditions were considerably different from
Bershtein et al.'s (2002) [45]. Mice in our study received an acute dose
of ethanol and were studied when ethanol was no longer detected in
the blood (see Section 2.4.1). We surprisingly found that ovariectomy
significantly reduced motor performance in controls and performance
was not enhanced by melatonin treatment (Fig. 3A). Studies have
shown that estrogen has important behavioral effects. High levels of
estradiol impair spatial performance in the Morris water maze and
increase ‘depressive-like’ behaviors in the female meadow vole [46].
Administration of an acute estradiol regimen to aged female C57BL/6
mice produces specific anti-anxiety and anti-depressant effects, inde-
pendent of the effects on motor behavior [47]. It would seem that
estrogens exert different effects on behavior that are both age- and
treatment-dependent. Moreover, our results showed that OVX mice
behaved differently compared with intact or OVX-E2 animals. These re-
sults and those provided by other referenced authors lead us to suggest
that estrogens themselves would have an effect on behavior.

The relationship between melatonin and estrogens has also been
researched. Mediavilla et al. (2010) have demonstrated that the
oncostatic properties of melatonin on breast cancer could be attribut-
ed to its regulation of the estrogen receptor, as well as to modulation
of enzymes involved in local estrogen synthesis [48]. It has also been
established that melatonin destabilizes the binding of the estradiol–
estrogen receptor complex to the estrogen responsive elements in
MCF7 breast cancer cells [12]. The beneficial effects of co-treatment
with estradiol and melatonin in the post-menopausal period have
also been established [49]. In our study, motor performance of OVX
mice was similar to that of males during hangover, both under basal
conditions and after melatonin pretreatment (Fig. 3A). Furthermore,
when a second group of OVX mice was used to test the effect of
melatonin during hangover, the results that had been obtained for
the first OVX group were replicated. When estrogen replacement and
melatonin pretreatment were administered together with acute expo-
sure to EtOH or saline, the same results as in intact females were
obtained. This remarkable observation leads us to suggest that estrogen
plays a crucial role in the protective action of melatonin on motor per-
formance during hangover. It is interesting to highlight that plasma es-
trogen levels of estrogenized OVX mice were similar to those of intact
female mice (Table 1), showing the effectiveness of estrogen replace-
ment. Unexpectedly, we did not observe any body weight changes
throughout treatments (Table 1). Indeed, it has been widely demon-
strated that ovariectomy increases food intake and body weight [50].
There is no conclusive explanation for the discrepancy between this
and our results. In summary, melatonin pretreatment, in the absence
of estrogens, reverses motor performance deficits induced by EtOH
hangover. Estrogen replacement allowed us to test this hypothesis.
The results of the present study suggest that melatonin might be a fu-
ture therapy for hangover symptoms. Nevertheless, some authors con-
sider that treating alcohol hangover with melatonin could be expected
to promote binge drinking and thus would be hazardous to public
health [51].

As awhole, this study shows thatmelatonin improvesmotor coordi-
nation in male mice during hangover. In addition, our findings suggest
thatmelatonin and estrogenswould be inversely related. Additional ex-
periments should be conducted in order to better elucidate the mecha-
nisms bywhichmelatonin improvesmotor coordination during ethanol
hangover.

5. Conclusion

This study demonstrates that a week of melatonin treatment
improves motor coordination in male mice at the onset of ethanol-
induced hangover. However, melatonin does not enhance female
motor performance. We therefore conclude that estrogen blocks the
neuroprotective action of melatonin.

List of abbreviations
BAC Blood alcohol concentration
EtOH Ethanol
Mel Melatonin
OVX Ovariectomized
OVX-E2 Ovariectomized estrogenized
Veh vehicle

Acknowledgments

This research was supported by grants from Universidad de Buenos
Aires (2002009010015701) and Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET), Argentina (PIP 11220100100470).

References

[1] Cardinali DP, Pevet P. Basic aspects of melatonin action. Sleep Med Rev 1998;2:
175-90.

[2] Cagnoli CM, Atabay C, Kharlamova E, Manev H. Melatonin protects neurons from
singlet oxygen-induced apoptosis. J Pineal Res 1995;18:222-6.

[3] Giusti P, Franceschini D, Petrone M, Manev H, Floreani M. In vitro and in vivo pro-
tection against kainate-induced excitotoxicity by melatonin. J Pineal Res 1996;20:
226-31.

[4] Uz T, Giusti P, Franceschini D, Kharlamov A, Manev H. Protective effect of melatonin
against hippocampal DNA damage induced by intraperitoneal administration of
kainate to rats. Neuroscience 1996;73(3):631-6.



186 A.G. Karadayian et al. / Physiology & Behavior 107 (2012) 181–186
[5] Gonenc S, Uysal N, Acikgoz O, Kayatekin BM, Sönmez A, Kiray M, et al. Effects of
melatonin on oxidative stress and spatial memory impairment induced by acute
ethanol treatment in rats. Physiol Res 2005;54(3):341-8.

[6] Hardeland R. Melatonin metabolism in the central nervous system. Curr
Neuropharmacol 2010;8(3):168-81.

[7] Karbownik M, Reiter RJ. Antioxidative effect of melatonin in protection against
cellular damage caused by ionizing radiation. Proc Soc Exp Biol Med 2000;225:
9–22.

[8] Sanchez-Barcelo EJ, Cos S, Mediavilla D, Martinez-Campa C, Gonzalez A, Alonso-
Gonzalez C. Melatonin–estrogen interactions in breast cancer. J Pineal Res 2005;38:
217-22.

[9] Carpentieri A, Díaz de Barboza G, Areco A, Peralta López M, Tolosa de Talamoni N.
New perspectives in melatonin uses. Pharmacol Res 2012;65(4):437-44 [Review].

[10] Hardeland R, Pandi-Perumal SR, Cardinali DP. Melatonin. Int J Biochem Cell Biol
2006;38(3):313-6 [Review].

[11] Cos S, González A, Marínez-Campa C, Mediavilla MD, Alonso-González C,
Sánchez-Barceló EJ. Estrogen-signaling pathway: a link between breast cancer
and melatonin oncostatic actions. Cancer Detect Prev 2006;30:118-28.

[12] Rato AG, Pedrero JG, Martinez MA, del Rio B, Lazo PS, Ramos S. Melatonin blocks
the activation of estrogen receptor for DNA binding. FASEB J 1999;13:857-68.

[13] Marínez-Campa C, González A, Mediavilla MD, Alonso-González C, Sánchez-
Barceló EJ, Cos S. Melatonin enhances the inhibitory effect of aminoglutethimide
on aromatase activity in MCF-7 human breast cancer cells. Breast Cancer Res
Treat 2005;94:249-54.

[14] Golombek DA, Pévet P, Cardinali DP. Melatonin effects on behavior: possible me-
diation by the central GABAergic system. Neurosci Biobehav Rev 1996;20:403-12.

[15] Wiese JG, Shlipak MG, Browner WS. The alcohol hangover. Ann Intern Med
2000;132:897-902.

[16] Kim DJ, Yoon SJ, Lee HP, Choi BM, Go HJ. The effects of alcohol hangover on
cognitive functions in healthy subjects. Int J Neurosci 2003;113:581-94.

[17] Prat G, Adan A, Pérez-Pàmies M, Sànchez-Turet M. Neurocognitive effects of
alcohol hangover. Addict Behav 2008;33:15-23.

[18] Sinclair JD, Gustafsson K. Behavioral changes in rats on the day after acute ethanol
intoxication. Alcohol 1987;4:503-7.

[19] Brasser SM, Spear NE. Physiological and behavioral effects of acute ethanol hang-
over in juvenile, adolescent, and adult rats. Behav Neurosci 2002;116:305-20.

[20] Varlinskaya EI, Spear LP. Acute ethanol withdrawal (hangover) and social behav-
ior in adolescent and adult male and female Sprague–Dawley rats. Alcohol Clin
Exp Res 2004;28:40-50.

[21] Bustamante J, Karadayian A, Lores Arnaiz S, Cutrera RA. Alterations of motor per-
formance and brain cortex mitochondrial function during ethanol hangover. Alco-
hol 2012;46:473-9.

[22] Doremus-Fitzwater TL, Spear LP. Developmental differences in acute ethanol
withdrawal in adolescent and adult rats. Alcohol Clin Exp Res 2007;31:1516-27.

[23] Fee JR, Sparta DR, Knapp DJ, Breese GR, Picker MJ, Thiele TE. Predictors of high
ethanol consumption in RII beta knock-out mice: assessment of anxiety and
ethanol-induced sedation. Alcohol Clin Exp Res 2004;28:1459-68.

[24] Kim CY, Nakai K, Kameo S, Kurokawa N, Liu ZM, Satoh H. Protective effect of melato-
nin on methylmercury-induced mortality in mice. Tohoku J Exp Med 2000;191:
241-6.

[25] Kim YH, Lee SH, Mun KC. Effect of melatonin on antioxidant status in the plasma
of cyclosporine-treated rats. Transplant Proc 2002;34:2652-3.

[26] Bruno VA, Scacchi PA, Perez-Lloret S, Esquifino AI, Cardinali DP, Cutrera RA.
Melatonin treatment counteracts the hyperthermic effect of lipopolysaccharide
injection in the Syrian hamster. Neurosci Lett 2005;389:169-72.

[27] Boveris A, Navarro A. Systemic and mitochondrial adaptive responses to moder-
ate exercise in rodents. Free Radic Biol Med 2008;4:224-9.

[28] Pallarés ME, Scacchi Bernasconi PA, Feleder C, Cutrera RA. Effects of prenatal
stress on motor performance and anxiety behavior in Swiss mice. Physiol Behav
2007;92:951-6.
[29] Gilliam DM, Dudek BC, Riley EP. Responses to ethanol challenge in long- and
short-sleep mice prenatally exposed to alcohol. Alcohol 1990;7:1-5.

[30] Mollenauer S, Bryson R, Speck C, Chamberlin JR. Effects of exercise on ethanol in-
duced hypothermia and loss of righting response in C57BL/6J mice. Pharmacol
Biochem Behav 1992;43:285-90.

[31] Cheng X, McAsey ME, Li M, Randall S, Cady C, Nathan BP, et al. Estradiol replace-
ment increases the low-density lipoprotein receptor related protein (LRP) in the
mouse brain. Neurosci Lett 2007;417:50-4.

[32] Moran AL, Nelson SA, Landisch RM, Warren GL, Lowe DA. Estradiol replacement
reverses ovariectomy-induced muscle contractile and myosin dysfunction in ma-
ture female mice. J Appl Physiol 2007;102:1387-93.

[33] Justo SN, Negro-Vilar A. A female-like rise in luteinizing hormone and follicle-
stimulating hormone after gonadectomy in male rats induced by oestradiol
pretreatment. J Endocrinol 1979;80:111-6.

[34] Pisera D, CandolfiM, Navarra S. Estrogens sensitize anterior pituitary gland to ap-
optosis. Am J Physiol Endocrinol Metab 2004;287:767-71.

[35] Livy DJ, Parnell SE, West JR. Blood ethanol concentration profiles: a comparison
between rats and mice. Alcohol 2003;29:165-71.

[36] Zhang Z, Morse AC, Koob GF, Schulteis G. Dose- and time-dependent expression of
anxiety-like behavior in the elevated plus-maze during withdrawal from acute
and repeated intermittent ethanol intoxication in rats. Alcohol Clin Exp Res
2007;31:1811-9.

[37] Cardinali DP, Bortman GP, Liotta G, Pérez-Lloret S, Albornoz LE, Cutrera RA, et al. A
multifactorial approach employing melatonin to accelerate resynchronization of
sleep–wake cycle after a 12 time-zone westerly transmeridian flight in elite soccer
athletes. J Pineal Res 2002;32:1-6.

[38] Atkinson G, Buckley P, Edwards B, Reilly T, Waterhouse J. Are there hangover-
effects on physical performance when melatonin is ingested by athletes before
nocturnal sleep? Int J Sports Med 2011;22:232-4.

[39] Czarnecka E, Kubik-Bogucka E, Strzelec JS. Interaction between central effects of
ethanol and melatonin in mice. Neuro Endocrinol Lett 1999;20:379-83.

[40] Peres R, do Amaral FG, Madrigrano TC, Scialfa JH, Bordin S, Afeche SC, et al. Ethanol
consumption and pineal melatonin daily profile in rats. Addict Biol 2011;16:580-90.

[41] Reiter RJ, Guerrero JM, Escames G, Pappolla MA, Acuña-Castroviejo D. Prophylactic
actions of melatonin in oxidative neurotoxicity. Ann N Y Acad Sci 1997;15:70-80.

[42] Paterson AT, Vickers C. Sex and strain related effects of melatonin and
5-methoxytryptophol on open field behavior in paired mice. Behav Brain Res
1984;13:107-13.

[43] Brotto LA, Barr AM, Gorzalka BB. Sex differences in forced-swim and open-field test
behaviours after chronic administration of melatonin. Eur J Pharmacol 2000;402:
87-93.

[44] Jung ME, Metzger DB. Alcohol withdrawal and brain injuries: beyond classical
mechanisms. Molecules 2010;15:4984-5011 [Review].

[45] Bershtein LM, Tsyrlina EV, Poroshina TE, Bychkova NV, Kalinina NM, Gamayunova
VB, et al. Induction of the estrogen effect-switching phenomenon by ethanol and
its correction. Neurosci Behav Physiol 2002;32:603-7.

[46] Galea LA, Lee TT, Kostaras X, Sidhu JA, Barr AM. High levels of estradiol impair spatial
performance in the Morris water maze and increase ‘depressive-like’ behaviors in
the female meadow vole. Physiol Behav 2002;77:217-25.

[47] Walf AA, Frye CA. Estradiol reduces anxiety- and depression-like behavior of aged
female mice. Physiol Behav 2010;99:169-74.

[48] Mediavilla MD, Sanchez-Barcelo EJ, Tan DX, Manchester L, Reiter RJ. Basic mecha-
nisms involved in the anti-cancer effects of melatonin. Curr Med Chem 2010;17:
4462-81 [Review].

[49] Sanchez-Mateos S, Alonso-Gonzalez C, Gonzalez A, Martinez-Campa CM, Mediavilla
MD, Cos S, et al. Melatonin and estradiol effects on food intake, body weight, and
leptin in ovariectomized rats. Maturitas 2007;20:91–101.

[50] Butera PC. Estradiol and the control of food intake. Physiol Behav 2010;99:175-80.
[51] Verster JC, Penning R. Treatment and prevention of alcohol hangover. Curr Drug

Abuse Rev 2010;3:103-9.


	Estrogen blocks the protective action of melatonin in a behavioral model of ethanol-induced hangover in mice
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Solution preparation
	2.3. Tightrope test
	2.4. Procedure
	2.4.1. Experiment I: determination of onset of ethanol-induced hangover
	2.4.2. Experiment II: effect of melatonin on motor performance during ethanol-induced hangover in Swiss mice
	2.4.3. Experiment III: effect of melatonin on motor performance during ethanol hangover in ovariectomized Swiss mice

	2.5. E2 serum concentration
	2.6. Statistical analysis

	3. Results
	3.1. Experiment I: blood alcohol levels and onset of hangover in male and female Swiss mice
	3.2. Experiment II: effect of melatonin pretreatment on motor performance during ethanol-induced hangover in male and femal...
	3.3. Experiment III: effect of estrogen replacement on motor performance during ethanol-induced hangover

	4. Discussion
	5. Conclusion
	Acknowledgments
	References


