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Ethanol modulates evoked dopamine release in mouse nucleus
accumbens: dependence on social stress and dose
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Abstract

Ethanol may modulate the activity of presynaptic terminals to increase extracellular dopamine release in the nucleus accumbens
though conflicting results have been published. It has been suggested that the stress of social defeat might be a factor influencing the
effects of ethanol. We investigated the effects of ethanol on the evoked dopamine overflow in the nucleus accumbens in anaesthetised
mice by in vivo voltammetry. Dominant animals, subordinates which had been defeated following eight intruder–resident encounters, and

Ž .subordinate nondefeated mice were used. The overflow was evoked by electrical stimulation of the median forebrain bundle 100 pulses
Ž . Ž .at low 20 Hz and high 50 Hz frequencies of stimulation. Ethanol at 0.1 and 2 grkg had no effects on evoked dopamine overflow in

aggressive and nondefeated mice. Ethanol increased dopamine release at 0.1 grkg and decreased release at 2 grkg following high
frequency stimulation in defeated mice. These data suggest that the stress of social defeat may have sensitised the machinery involved in
dopamine release to ethanol, a process that may increase the reinforcing properties of this compound. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The effects of ethanol on dopamine neurotransmission
within the mesolimbic system have been under experimen-
tal investigation for decades, since it is suggested that the
reinforcing properties of drugs of abuse are mediated via

Žthe dopaminergic system Wise, 1978; Wise and Rompre,
.1989; Koob and Nestler, 1997 . It is now well documented

that ethanol can elevate the extracellular concentrations of
dopamine in the rat nucleus accumbens of freely moving

Žanimals Imperato and Di Chiara, 1986; Yoshimoto et al.,
1991; Blanchard et al., 1993a; Rossetti et al., 1993; Weiss
et al., 1993; Kiianmaa et al., 1995; Samson et al., 1997;

.Yim et al., 1998 . It has been reported that ethanol in-
creases the firing rate of dopamine neurones in the ventral
tegmental area after its application at concentrations of

Ž .20–120 mM Gessa et al., 1985; Brodie et al., 1990 . This
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might be the reason for elevations in the extracellular
dopamine concentrations in the terminal fields of the ven-
tral striatum following ethanol administration. Another
possible mechanism through which ethanol could modulate
dopamine increase is at the level of presynaptic terminals.
However, data concerning this effect are somewhat con-
flicting. Local perfusion of toxic concentrations of ethanol
Ž .510 mM and higher through a dialysis capillary situated
in the nucleus accumbens increased basal extracellular
concentrations of dopamine, though ethanol at 170 mM

Ž .had no effects on dopamine release Yim et al., 1998 . In
other reports, utilising the same methodological approach,

Žethanol at 100 mM Wozniak et al., 1991; Yoshimoto et
. Ž .al., 1991 and 50 mM Yoshimoto et al., 1991 increased

the concentrations of extracellular dopamine. Local appli-
cation of ethanol on striatal or hypothalamic slices either

Žincreased Russel et al., 1988; Widdowson and Holman,
. Ž1992 or had no effect Hyatt and Tyce, 1985; Murphy et

.al., 1985 on the basal dopamine level. Reports on the
modulation of Kq or electrically stimulated dopamine
release are also contradictory; ethanol either decreased
Ž .Carmichael and Israel, 1975; Lynch et al., 1985 , in-
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Ž .creased Hyatt and Tyce, 1985; Snape and Engel, 1988 or
Ždid not change Russell et al., 1988; Widdowson and

.Holman, 1992 stimulated dopamine release in slices. Lo-
cal application of ethanol also did not change stimulated
dopamine release in anaesthetised and freely moving rats
Ž .Samson et al., 1997 . Therefore, it is still unclear whether
ethanol at non-anaesthetic concentrations can modulate
dopamine overflow at the level of presynaptic terminals.

These inconsistencies in the literature may be due to
some factors that have not been taken into account in
previous experiments. Experimental animals, usually mice
and rats, are routinely housed separately or in small groups.
The level of stress induced by unavoidable social interac-
tions are very high, and differ between the animals within

Žthe group, depending on their social status Blanchard et
.al., 1993b; Koolhaas et al., 1997 . Separate housing is also

stressful due to the social isolation. The effects of social
stress on the dopaminergic system are well known. Social
defeat has been shown to increase extracellular dopamine

Žconcentration in the nucleus accumbens Tidey and Miczek,
. Ž1996, 1997 and ethanol consumption Adams, 1995;

.Bowers et al., 1997; Nunez et al., 1999 . The stress of
social defeat sensitised animals to the effects of am-

Žphetamine and cocaine Miczek and Tornatzky, 1996;
. Ž .Miczek et al., 1999 . Social rank i.e. aggressiveness also

Žinfluences the effects of dopaminergic drugs Miczek and
.Gold, 1983; Martin et al., 1990; Benus et al., 1991 .

We investigated the possible role of social stress on the
effects of ethanol on dopamine overflow at the level of
presynaptic terminals. The terminals in the mouse nucleus
accumbens core were chosen so as to be able to compare
the results with previously published data on the effects of
ethanol on dopamine release. In vivo voltammetry was
used to measure extracellular concentrations of dopamine
induced by electrical stimulations of the median forebrain
bundle. Monitoring of stimulated dopamine overflow by in
vivo voltammetry permitted the investigation of the effects
of ethanol at the level of presynaptic terminals without
interfering with its effects on the firing rate of dopamine
neurones. This approach also allowed the measurement of
dopamine overflow with minimal contribution of dopamine
metabolites and other electrochemically active substances.

Ž .We present evidence that social stress can sensitise the
presynaptic terminals to ethanol.

2. Methods

2.1. BehaÕioural tests

The experiments were carried out on male BALBrC
Ž .mice 26–32 g , bred in the National Animal Centre,

Kuopio, Finland. The mice were housed in groups of eight
Ž .in stainless steel cages 30=40=20 cm in a temperature

Ž . Ž . Ž208C , humidity 50–60% and light period lights on

.07:00–21:00 controlled environment. The animals had
free access to food and water. One week after delivery,

Žmice were regrouped and placed in smaller cages 15=25
.=12 cm in groups of three for 1 h. During this period of

establishing of social hierarchy, patterns of aggressive
Ž .behaviour threats, pursuits, attacks were monitored in

these small groups. Mice with aggressive behavioural pat-
Ž .terns dominants were marked and animals were immedi-

ately regrouped for a second time. Dominant mice were
housed in pairs with females of the same strain to elimi-
nate possible effects of social isolation. These mice were
used as residents in the following behavioural test. The

Ž .remaining mice subordinants were regrouped in the larger
cages of eight mice per cage. Even though the most
aggressive animals were already removed, new
dominant–subordinant relationships were formed and new
dominants appeared. Only those groups were chosen in
which new dominants were not so aggressive as to leave
any signs of bite marks on the subordinants during the first
week after forming the group. Mice from these groups
were used as intruders in the following behavioural test
and as controls for in vivo voltammetry experiments.

The tests of resident–intruder confrontations were
started 1 week after the last regrouping. The test was
repeated twice a week with the same intruders in pairs for
4 weeks. The dominant mouse was placed in a neutral

Ž .acrylic cage 14=14 cm , and 60 min later an intruder
from the group-housed mice was placed into the same cage
for 4 min. To verify the intensity and stability of social
stress over the experimental period, occurrences of be-
havioural elements were recorded on every second test on
the keyboard of a notebook computer with a custom-writ-
ten program for the registration and analysis of ethological
data. Since we could not simultaneously record the be-
haviour of both animals in the pair, and because the
intruder’s defensive behaviour patterns were matched to
the behaviour of aggressive resident, only the ethogram of
the resident mouse was documented in these experiments.
Sequences and durations of aggressive, defensive, non-

Ž . Žagonistic social and individual acts and postures an
ethogram which included 20 species-specific behavioural

.elements were recorded and stored for further statistical
analysis. The most frequent behavioural elements were

Žcombined into three categories: aggression pursuit, threat,
.attack bites, tail rattling and circulation , non-agonistic

Ž .contacts nasal and anogenital contacts and individual
Žbehaviour sitting, self-grooming, rearing, locomotion, dig-

.ging . The occurrence of other behavioural elements was
very infrequent in the resident mice.

2.2. Preparation of animals

Residents, group-housed intruders or intact group-
housed mice were used for the determination of evoked
dopamine overflow in the nucleus accumbens. Mice were
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Ž .anaesthetized with chloral hydrate 450 mgrkg i.p. and
fixed in a stereotaxic frame. Anaesthesia was maintained at
a level sufficient to prevent corneal reflexes by repeated
injections of the anaesthetic at 100 mgrkg every 30–40
min. Rectal temperature was kept at 37"0.58C. A work-

Ž .ing electrode detector was placed in the nucleus accum-
Žbens core AP: 1.2 mm, L: 1.0 mm, V: y4.3 mm vs.

.bregma and cortical surface according to coordinates from
Ž .the mouse brain atlas Slotnick and Leonard, 1975 . The

position of the working electrode was histologically veri-
fied in all mice after electrolytic marking through the
electrode. A miniature AgrAgCl reference electrode
Ž .DRIREF-2SH, WPI, Sarasota was positioned on the con-

Žtralateral side of the skull. The auxiliary electrode a
.stainless steel screw was embedded in the occipital bones.

The experiments were carried out with the approval of
the local committee on animal welfare.

2.3. Electrochemical technique

The dopamine overflow after stimulation of the median
forebrain bundle was measured by constant potential am-

Ž .perometry Dugast et al., 1994 . Short stimulation of the
median forebrain bundle induces immediate and prompt
dopamine release in mouse striatum. As long as stimula-
tion lasts for only a few seconds, the contribution of
dopamine metabolites in the peak dopamine overflow is

Ž .negligible. The working electrode detector for dopamine
was a single untreated carbon fibre, 12 mm in diameter,
within glass insulation. The end of the fibre, protruding
beyond the glass insulation, was trimmed to a length of
350"50 mm. The custom-built three-electrode potentio-
stat, combined with an IBM computer with digital–ana-
logue converter for the recording and storage of data, was
used with this carbon fibre electrode. The catechol oxida-
tion current was monitored at q0.5 V vs. AgrAgCl
electrode every 0.25 s. Electrodes were conditioned for 60
s every 20 min, without removal from the brain, with
triangular pulses of 0.1–1.5 V at 60 Hz after each mea-
surement of dopamine overflow following the 50 Hz stim-
ulation. This allowed for the maintenance of the sensitivity
of working electrode throughout the experiment, and did
not change its parameters.

2.4. Electrical stimulation

A bipolar stimulating electrode, with active tips 0.2-mm
thick and 0.3-mm long, was implanted in the median

Žforebrain bundle AP: y2.0 mm, L: 1.2 mm, V: y5.2–5.4
.mm vs. bregma and cortical surface . The electrode was

lowered to 0.2 mm above the region of interest and
Žstimulation began while the electrode was advanced 0.2

.mm at a time . The stimulating electrode was fixed at the
depth where the oxidation current at the working electrode

Ž .was maximal. A Master-8 stimulator A.M.P.I., Jerusalem
Žand battery-operated Stimulus Isolator A 365, WPI, Sara-

.sota were used for electrical stimulation, which consisted
of 100 constant-current bipolar pulses of 200 mA peak
amplitude and 2 ms in length. In attempt to separate, at

Ž .least qualitatively see Section 4 for more details , the
effects of ethanol on the processes of release and re-uptake
we used two stimulation frequencies. The stimulation was

Želectronically switched on for a 2-s period at 50 Hz high
. Žfrequency stimulation or for 5 s at 20 Hz low frequency

.stimulation . Two consecutive stimulations at 20 and 50
Hz were repeated every 20 min with 5-min intervals
between stimulations.

2.5. Experimental procedures, data presentation and
statistics

Ž .Ethanol or saline 10 mlrkg, i.p. was administered
immediately after the third stimulation of the median
forebrain bundle that produced a stable dopamine release.
The time-courses of the effects of either ethanol or saline
were established for at least 2 h after injection at 20 min
intervals. The actions of ethanol on the peak amplitude of
the evoked dopamine overflow were expressed as a per-
centage of the peak effect from the last stimulation recorded
before drug injection.

Statistical analysis of the effects of ethanol was per-
formed by using the multivariate analysis of variance
Ž .MANOVA for repeated measures with different treat-

Ž .ments two doses of ethanol and saline as between-sub-
jects factors and the effects of ethanol at different times
after the treatment as the within-subjects factor. The stabil-
ity of dopamine overflow after repeated stimulation was
analyzed by using a multivariate test of significance. The
effects of ethanol at different times after treatment were
analyzed by using MANOVA’s multiple comparisons with
Bonferroni corrections. Only those mice which had the
detector electrode within the nucleus accumbens were
included in the final statistical analysis.

Since the resident–intruder encounter lasted only 4 min
for each pair, nine animals in a group were tested in 1 day,
and only one mouse per day from this group could be
analyzed by in vivo voltammetry. To decrease possible
variations in response connected to this time gap, the in
vivo voltammetry experiments were started 10 days after
the last behavioural test. Accordingly, mice were tested in
the in vivo voltammetry experiments 10–18 days after the
behavioural test. Analysis of time-course of the effects of
ethanol was beyond the scope of the present work. How-
ever, when the results were obtained it became possible to
perform a preliminary analysis of the stability of the
effects of ethanol with time from the last behavioural test.
For this purpose we compared the average effects of
ethanol 20, 40 and 60 min after treatment in six mice
which had been used in in vivo voltammetry experiments
during the first 3 and last 3 days of the overall period of
measuring. The data were compared using two-tailed un-
paired t-test.
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Behavioural data were presented as combined cate-
gories. However, before being combined, each behavioural

Želement was calculated in terms of its relative duration the
ratio of a duration of particular element to the duration of

. Žall registered elements , probability the ratio of the num-
ber of the particular element to the number of all registered

. Želements and duration of each behavioural element in
. Žseconds . Statistical analysis of behavioural data these

data were obtained for every second resident–intruder
.encounter, i.e. for four encounters was performed by

using MANOVA for repeated measures, with days of
Ž . Žtesting four levels and behavioural categories three lev-

.els as within-subjects factors. Pairwise comparisons of the
Ž .results of individual tests days were made by multiple

comparisons with Bonferroni corrections. All average data
are presented as arithmetical mean"standard error of

Ž .mean S.E.M. .

3. Results

During the eight episodes of resident–intruder con-
frontations, the aggressive behaviour of residents became

Ž .significantly elevated Fig. 1 . Residents demonstrated a
Žprogressive increase in relative duration the effects of day

. Žof testing; F s4.206, Ps0.024 , probability FŽ3,15. Ž3,15.
. Žs3.336, Ps0.048 and duration F s3.623, PsŽ3,15.

.0.038 of aggressive behavioural elements. The relative
Ž . Žduration F s5.780, Ps0.008 , and duration FŽ3,15. Ž3,15.

.s5.756, Ps0.008 of the elements of social behaviour
decreased over time. However, this decrease happened
after the very first test and all parameters of non-agonistic
contacts were stable in the following days. The patterns of
individual behaviour were generally stable from test to
test. There were no significant interactions between be-

Žhavioural categories aggressive, social and individual be-
.haviour and the days of the test. Thus, the general struc-

ture of the resident–intruder confrontations did not change
Žafter the tests. In absolute values the mean results of all

.tests, ns72 , following 4 min of resident–intruder con-
frontation, residents demonstrated aggressive behavioural
elements 18.3"2.5 times and each incident lasting 0.95"

0.07 s.
Saline injections had no effects on the dopamine over-

flow in the mouse nucleus accumbens core following
repeated over 3 h electrical stimulation of the median

Fig. 1. Behavioural profile of aggressive resident mice during resident–intruder encounters. Behavioural elements were combined in three categories:
Ž . Ž . Žaggression pursuit, threat, attack bites, tail rattling and circulation , non-agonistic contacts nasal and anogenital contacts , individual behaviour sitting,

. Žself-grooming, rearing, locomotion, digging . Y-axes: relative duration the ratio of the duration of particular element to the duration of all registered
. Ž .elements , probability the ratio of the number of the particular element to the number of all registered elements and duration of each behavioural element

Ž .in seconds . The test of resident–intruder encounter was repeated twice a week with the same intruders in pairs for 4 weeks. Data are presented as
arithmetical mean"S.E.M. for every second encounter.
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Fig. 2. Time-course of the effects of ethanol on the evoked dopamine overflow in the nucleus accumbens of aggressive resident mice. Each data point
Ž .represents the peak dopamine overflow a percentage of the predrug level, mean"S.E.M. evoked by electrical stimulation of the median forebrain bundle

ŽŽ . . ŽŽ . . Ž . Ž . Ž .at low a 20 Hz-5 s and high b 50 Hz-2 s frequencies. Saline B, ns8 , ethanol 0.1 grkg %, ns9 and ethanol 2.0 grkg v, ns8 were
injected immediately after the stimulation at time point 0.

Žforebrain bundle the effects at different time after treat-
ment; 20 Hz stimulation: F s2.513, Ps0.239; 50 HzŽ5,3.

.stimulation: F s6.595, Ps0.076 .Ž5,3.
Ethanol at 0.1 and 2 grkg in aggressive residents

induced some trend to decrease the dopamine overflow
evoked by low frequency stimulation at the end of the

Žobservation period Fig. 2a, the effects at different time
.after treatment: F s11.119, Ps0.001 . However, noŽ5,18.

differences were seen between the effects of saline and
ethanol. Ethanol at 0.1 and 2 grkg induced the same trend
towards decreased dopamine overflow over time when
release was evoked by high frequency stimulation in ag-

Ž .gressive residents Fig. 2b, F s12.082, Ps0.001 .Ž5,18.
This was the only significant effect of ethanol, and no
differences were found between the effects of saline and

Žethanol at any time after the treatment Fig. 2b, the effects

of treatment= time after treatment: F s0.709, PsŽ10,38.
.0.710 .

Evoked dopamine overflow in defeated intruder mice
also showed a general tendency to decrease over time

Žfollowing ethanol administration at 0.1 and 2 grkg Fig.
3a and b, the effects at different time after treatment; low
frequency stimulation: F s6.038, Ps0.004; high fre-Ž5,13.

.quency stimulation: F s9.978, Ps0.001 . Apart fromŽ5,13.
this general trend, ethanol had virtually no effects on
dopamine overflow evoked by low frequency stimulation
at either dose in defeated intruders in comparison with

Ž .saline treated mice F s1.524, Ps0.183 . Signifi-Ž10,28.
cant differences between the saline and ethanol treated

Žgroups between-subject effects of treatment, F s9.708,Ž2.
.Ps0.002 were observed in the defeated intruder mice

following high frequency stimulation. Ethanol at 0.1 grkg

Fig. 3. The effects of ethanol on the evoked dopamine overflow in the nucleus accumbens of defeated intruder mice. Each data point represents the peak
Ž . ŽŽ .dopamine overflow a percentage of the predrug level, mean"S.E.M. evoked by electrical stimulation of the median forebrain bundle at low a 20 Hz-5

. ŽŽ . . Ž . Ž . Ž .s and high b 50 Hz-2 s frequencies. Saline B, ns8 , ethanol 0.1 grkg %, ns6 and ethanol 2.0 grkg v, ns6 were injected immediately after
the stimulation at time point 0.
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Fig. 4. Dopamine overflow following ethanol treatment in defeated mice
at different times after the last resident–intruder encounter. The columns

Ž .represent average effects mean"S.E.M. of ethanol in six mice for each
dose. These mice were used in in vivo voltammetry experiments during

Ž . Ž .the three first a and last 3 b days of the overall period of measure-
Ž .ments 10–18 days after last behavioural test . Upper panel: the effects of

ethanol at 0.1 grkg. Lower panel: the effects of ethanol at 2.0 grkg.

Ž .increased dopamine overflow by 27"10% Ps0.013
Ž .already 20 min after injection Fig. 3b . Ethanol induced

Ž .the opposite effects at 2 grkg. The tendency Ps0.065
of decreased dopamine overflow following ethanol admin-
istration at this dose was already seen 20 min after treat-

Ž .ment. Ethanol induced a 26"12% Ps0.048 decrease
in the evoked dopamine overflow at 40 min after injection.
The effects lasted at least 2 h after the intraperitoneal
administration of ethanol.

Experiments with ethanol at a concentration of 0.1
grkg were repeated with group-housed mice, which had
no experience of submissive behaviour with aggressive
residents. The effects of ethanol on dopamine overflow did
not differ from the effects of saline treated mice and

Ž .aggressive residents data not shown .
Mice were tested for the effects of ethanol 10–18 days

Žafter the last resident–intruder confrontation one mouse
.per day . The effects of both doses of ethanol were com-

pared in defeated mice in the first and the last 3 days of
this period. This approach was used to obtain preliminary

Ž .data on the time-course stability of the effects of ethanol
over the period of measurements. There were no signifi-
cant differences between these groups for both doses of

Žethanol Fig. 4, upper panel: ethanol at 0.1 grkg, ts1.913,
dfs16, Ps0.08; lower panel: ethanol at 2.0 grkg, ts

.0.081, dfs16, Ps0.431 .

4. Discussion

These results suggest that social stress may sensitise
presynaptic dopamine terminals in the mouse nucleus ac-
cumbens to ethanol. Ethanol modulated dopamine over-
flow in subordinant mice that had been defeated by aggres-
sive residents. Aggression itself did not sensitise mice to
the effects of ethanol, as ethanol had no effects on the

evoked dopamine overflow in aggressive mice. The effects
of ethanol in subordinate intruder mice were dependent on

Ž .dose. At a small dose 0.1 grkg ethanol increased the
evoked dopamine overflow in the nucleus accumbens and
at 2.0 grkg this effect was decreased.

In all experimental series, ethanol induced a slight
decrease in evoked dopamine overflow 1–2 h after admin-
istration in resident and intruder mice at low and high
frequency stimulation and at low and high doses. This
trend reached significance when the overall effects of the
grouprdoses were considered. At the same time, and at all
time points after administration, there were no detectable
differences between the saline and ethanol treated groups.
Two factors may explain these results; attenuation of the
detector’s sensitivity over time, andror general anaesthetic
properties of ethanol. With respect to detector sensitivity,
regular conditioning of the working electrodes allowed for
more stable results with saline than in previous work
Ž .Yavich et al., 1997 . Anaesthesia itself has only minimal
effects on dopamine re-uptake, but inhibits electrically

Ž .evoked dopamine release Garris et al., 1997 , and there-
fore we cannot completely rule out the possibility of some
depressing effects from the combination of chloral hydrate
and ethanol, superimposed on existing detector sensitivity.
This trend might be considered as nonspecific effects of
ethanol. It seems clear that bidirectional modulation of
dopamine overflow that also depended on a previous his-
tory of social stress cannot be associated with the interac-
tion with anaesthetics.

Ethanol produced significant dose-dependent bidirec-
tional effects in only subordinates that had been defeated
by aggressive residents; i.e. the stress of social defeat had
sensitised these animals to ethanol. Indeed, the stress of
subordination is a high-level stressor that is associated
with high mortality, oscillations in blood pressure, heart
rate, core temperature, elevation of plasma corticosterone
level and major changes in other physiological parameters
Žfor a review see Blanchard et al., 1993b; Miczek and

.Tornatzky, 1996 . In the present study, intruders were
confronted by aggressive residents for 8 minrweek, during

Žwhich time direct assaults that included also ambivalent
.behaviour: circulation and tail rattling lasted for about 36

s. Residents demonstrated a progressive increase in the
number and time of aggressive behavioural patterns, but
this should not significantly affect the intensity of stress. It
has been clearly documented by measured autonomic reac-
tions, stress hormone levels in plasma and extracellular
dopamine concentrations in the nucleus accumbens of
defeated rats that such stressful situation lasted throughout

Žthe entire time of the encounter Miczek and Tornatzky,
.1996; Tidey and Miczek, 1996 . However, the minimal

intensity and length of stress-inducing stimuli that are
required to produce this sensitisation to the effects of
ethanol remain to be clarified. Possibly even a single

Ždefeat could be sufficient to sensitise intruders see, for
example, Koolhaas et al., 1997; Kulling et al., 1988;
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.Miczek and Tornatzky, 1996; Miczek et al., 1991, 1999 .
Whether or not other situations related to housing, han-
dling or brief restraint may induce sensitisation to the
effects of ethanol on dopamine release is not yet clear. It is
also unknown how long this effect lasts. For example,
sensitisation to amphetamine and cocaine in mice develops
slowly, with the peak time around 1 week after the stress

Žof social defeat Miczek and Tornatzky, 1996; Miczek et
.al., 1999 . Defeated rats demonstrate tolerance to the

analgesic effects of morphine at least 30 days after a single
Ž .aggressive encounter Miczek et al., 1991 . The measure-

ments of the effects of ethanol on dopamine overflow were
started 10–18 days after the last behavioural encounter.
We did not find any differences between the effects of
ethanol in mice which were used in in vivo voltammetry
experiments during the first and the last 3 days of testing.
The results indicate that sensitisation to ethanol is main-
tained at a stable level during this period.

Dopamine overflow in the terminal fields induced by
brief electrical stimulation of ascending pathways merely
reflects the processes of release and re-uptake. The firing
rate of dopamine cells has no impact on the evoked
dopamine overflow, as externally applied stimulation over-
whelms neuronal tone, and the sensitivity of working

Ž .electrodes about 100 nM is less than the basal extracellu-
lar dopamine levels. Thus, we conclude that the stress of
subordination can modify the effects of ethanol on the
release andror re-uptake of dopamine at the level of
presynaptic terminals. The dopamine overflow registered
by a working electrode is the sum of these two processes,

Žand it follows Michaelis–Menten kinetics May et al.,
.1988; Wightman et al., 1988 . Accordingly, drugs affect-

ing merely re-uptake produce larger effects on dopamine
overflow than is induced by low frequency stimulation,
since the dopamine concentrations that are evoked by low
frequency stimulation are comparable with the K ofm

re-uptake. Drugs that elevate release per pulse of stimula-
tion have larger effects at higher stimulation frequencies
which evoke larger extracellular dopamine concentrations.
In the present experiment, we used stimulation at low and
high frequencies as a tool to qualitatively separate release
and re-uptake. Ethanol modulated dopamine overflow only
at the high frequency stimulation. We suggest that the
effects of ethanol are primarily due to the modulation of
dopamine release. These results do not support previous

Ž .proposals that ethanol should inhibit Lin and Chai, 1955
Ž .or facilitate Wang et al., 1997 dopamine re-uptake. In the

Ž .first case, a local ethanol infusion 200 mM prolonged the
voltammetric signal of dopamine evoked by locally ap-

Ž .plied N-methyl-D-aspartate NMDA or exogenously ap-
plied dopamine. It was concluded that ethanol inhibited
dopamine re-uptake. In the second case local ethanol infu-

Ž .sion 100mM diminished the voltammetric signal from
locally applied dopamine, which was regarded as activa-
tion of re-uptake. In both experiments, these high concen-
tration local ethanol infusions decreased levels of evoked

dopamine that coincided with our results on the effects of
ethanol at 2 grkg. The fact that ethanol did modulate
dopamine re-uptake in the above mentioned experiments
might be due to the methodology used to evoke dopamine
overflow, particularly as a factor of the time that dopamine

Ž .persisted and was subjected to re-uptake in the extracel-
lular space after local infusion of Kq or NMDA. This time
Ž .from 40 to 200 s was about 100 times longer than might
be expected to occur in a real situation of neuronal firing

Ž .in bursts Grace and Bunney, 1984 . Following a brief
electrical stimulation, one that more closely resembles
physiological conditions, ethanol at small and large doses
did not change the re-uptake of dopamine.

The present experiments were started with two extreme
Žand behaviourally relevant doses of ethanol 0.1 and 2.0

.grkg without examining any intermediate doses. Never-
theless, the effects of ethanol in defeated mice were only
about 30–40% of control and the variation in these results
was much higher than in the experiments with resident and
group-housed mice. We propose that the way to obtain
more data points on the dose-response curve for the effects
of ethanol in defeated mice may require standardisation of
the levels of aggression in the resident mice.

The stress of subordination affects opioids, g-amino-
Ž .butyric acid GABA , excitatory amino acids and the

Ždopaminergic system itself for a review see Miczek and
.Tornatzky, 1996 which, in turn, may modulate evoked

dopamine overflow following ethanol administration.
Ethanol decreased evoked dopamine overflow at 2.0 grkg
and elevated it at 0.1grkg in defeated mice. It seems
unlikely that ethanol has any direct actions on the neuronal
membranes, because these would become apparent only at
higher concentrations. Ethanol enhances synthesis of

Ždopamine in the striatum Carlsson et al., 1974; Blomqvist
.et al., 1993 . This process is regulated by dopaminergic

Ž .receptors Carlsson et al., 1974; Rubinstein et al., 1997 .
Stress-induced modifications of the receptor sensitivity
could have some impact on the effects of ethanol, particu-
larly dopamine synthesis and release. Ethanol can interact

Žwith opioids in their effects on dopamine release for a
.review see Herz, 1997 . It could be suggested that opioid

potentiation and tolerance induced by the stress of social
defeat could modulate the effects of ethanol on dopamine
release. GABA and NMDA receptors also regulateA

Ž .dopamine release presynaptically Cheramy et al., 1998´
Žand ethanol can interact with these receptors Faingold et

.al., 1998 . This might represent another site of action for
ethanol in defeated mice. It seems that the dose-dependent
bidirectional effects of ethanol are due to its multiple
actions on different neurochemical systems, all with di-
verse sensitivity to ethanol after stress. However, any
suggestions about precise mechanisms underlying the op-
posing effects of ethanol would be prematurely specula-
tive.

The consumption of ethanol is elevated after social
Žstress Adams, 1995; Bowers et al., 1997; Nunez et al.,
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.1999 . Recent experiments showed that the reinforcing
properties of ethanol can be potentiated by conditioned

Ž .fear stress Matsuzawa et al., 1998, 1999 . Generally, the
reinforcing effects of drugs are associated with activation
of the mesolimbic dopaminergic system. Sensitisation of
presynaptic dopaminergic terminals to ethanol following
social stress may play some role in the increase in its
reinforcing properties. We propose that the sensitisation to
the effects of ethanol on dopamine release in the nucleus
accumbens is a part of the neurochemical mechanisms
leading to elevated consumption of ethanol in stressed
animals.
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