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Sweden

Adolescent binge drinking is associated with an increased risk of substance use disorder,
but how ethanol affects the central levels of endogenous opioid peptides is still not
thoroughly investigated. The aim of this study was to examine the effect of repeated
episodic ethanol exposure during adolescence on the tissue levels of three different
endogenous opioid peptides in rats. Outbred Wistar rats received orogastric (i.e., gavage)
ethanol for three consecutive days per week between 4 and 9 weeks of age. At
2 h and 3 weeks, respectively, after the last exposure, beta-endorphin, dynorphin B
and Met-enkephalin-Arg6Phe7 (MEAP) were analyzed with radioimmunoassay. Beta-
endorphin levels were low in the nucleus accumbens during ethanol intoxication.
Remaining effects of adolescent ethanol exposure were found especially for MEAP, with
low levels in the amygdala, and high in the substantia nigra and ventral tegmental area
three weeks after the last exposure. In the hypothalamus and pituitary, the effects of
ethanol on beta-endorphin were dependent on time from the last exposure. An interaction
effect was also found in the accumbal levels of MEAP and nigral dynorphin B. These
results demonstrate that repeated episodic exposure to ethanol during adolescence
affected opioid peptide levels in regions involved in reward and reinforcement as well as
stress response. These alterations in opioid networks after adolescent ethanol exposure
could explain, in part, the increased risk for high ethanol consumption later in life.

Keywords: beta-endorphin, dynorphin B, enkephalin, rat model, developing brain, alcohol

INTRODUCTION

During adolescence, social interactions with peers become highly important and increased
frequencies in behaviors like risk-taking, impulsivity and novelty-seeking can be observed in
experimental models (1). In the western world, many adolescents begin experimentation with
ethanol during this period of life (2, 3). Exposure to ethanol may pose risks as indicated by findings
showing that early onset of drug consumption can increase later susceptibility for drug abuse
and addiction (4–7). This vulnerability could be a result of three factors (8). Firstly, adolescents
frequent environments in which drugs are used. Secondly, early use could be a consequence of an
inherited vulnerability for drugs of abuse. Thirdly, as the adolescent brain continually matures,
early use might shape the brain toward a vulnerability state, which consequently leads to later
susceptibility for drug use. To investigate the third factor, an adolescent rat model was used to
study the endogenous opioid system after episodic binges of ethanol.
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Ethanol has an unspecific mechanism of action as it does
not have a specific target protein. Instead, ethanol acts on
several receptors and ion channels in a number of transmitter
networks, including the endogenous opioid system (9, 10).
The endogenous opioids regulate other neurotransmitters of
importance for reward and reinforcement (e.g., dopamine
and γ-aminobutyric acid). Most drugs of abuse affect the
endogenous opioid system and their effects on different
brain target areas differ depending on the drug and also
on the phase in the addiction cycle, i.e., binge/intoxication,
withdrawal/negative affect, preoccupation/anticipation (9, 11,
12). The classical endogenous opioid system consists of three
G-protein coupled receptors (μ-, δ-, and κ-receptors) and
their corresponding ligands (endorphins, enkephalins and
dynorphins). The endogenous opioid peptides are derived from
precursors i.e., prohormones (13, 14). Beta-endorphin that binds
to μ-receptors is generated from proopiomelanocortin (15).
Dynorphin B is cleaved from prodynorphin (16) and binds to
κ-receptors. Met-enkephalin-Arg6-Phe7 (MEAP) is derived from
proenkephalin (17) and binds predominantly to δ-receptors but
also to μ-receptors (18).

This study used adolescent male Wistar rats to evaluate
the effects of episodic binge-like exposure of ethanol on brain
levels of the following three opioid peptides; beta-endorphin,
dynorphin B, and MEAP. Levels were measured at 2 h, to
investigate the effects of intoxication, and at 3 weeks, to study
long-term, residual changes (Figure 1).

METHODS

Animals and Experimental Design
All animal experiments were performed with the approval of
the Uppsala Animal Ethical Committee and according to the
principles of the Guide for the Care and Use of Laboratory
Animals, the guidelines of the Swedish Legislation on Animal
Experimentation (Animal Welfare Act SFS1998:56), and the EU
Parliament and the Council Directive of 22 September 2010
(2010/63/EU).

Two sets of time-mated Wistar rats (Harlan Laboratories B.V.,
Horst, the Netherlands) arrived at the animal facility in Uppsala,
Sweden, at gestation day 15. The dams were housed individually
in a standard cage (59 × 38 × 20 cm) with wood chip bedding
and nesting material under standard conditions (22◦C, 50 ±
10% humidity, 12 h light-dark cycle commencing at 07:00, ad
libitum access to pellet food and tap water, and background noise
masking). The pregnant females were transported during the
least sensitive phase of the gestation. No signs of negative impact
of the travel were noticed and the delivery was normal in all
females. To avoid biological littermates, the litters were cross-
fostered and mixed on the day of birth (postnatal day, PND, 0) so
each litter contained four females and six males. Previous studies
have shown that single housing affects brain levels of endogenous
opioid peptides in adolescent rats (19, 20), so on PND 21 the

Abbreviations: ANOVA, Analysis of variance; MEAP, Met-Enkephalin-Arg6-
Phe7; VTA, Ventral tegmental area.

pups were weaned and group housed (2–3 rats per cage) to avoid
confounding factors.

Adolescent Ethanol Exposure
Between 4 and 9 weeks of age, the male rats received orogastric
administration of water (n = 20) or ethanol, 2 g/kg, 20% v/v
ethanol diluted with tap water, (n = 20).

Administrations were given at 09:00 on three consecutive
days, followed by 4 days without treatment. Orogastric
administration was used since it does not require single housing
and this route of administration resemble the oral ingestion
of ethanol by humans. Unpublished data from our pilot study
and published data from others (21) have shown that 2 g/kg
produces blood alcohol concentration reaching the National
Institute on Alcohol Abuse and Alcoholism criterion for binge
drinking (i.e., >0.08 g/dl in 2 h). The rats were housed under
standard conditions as described above except that the light and
dark cycles were reversed at weaning. The rats were euthanized
by decapitation either 2 h or 3 weeks after the last ethanol
exposure.

Tissue Stabilization and Sampling
The pituitary glands was snap frozen on dry ice whereas the
whole brains were immediately frozen in an isopentane bath
(−20◦C for 2 min). The tissues were stored at −80◦C. One
day prior to stabilization, the whole brains and the pituitaries
were moved to a −20◦C freezer to reduce the temperature
gradient before stabilization. The tissue samples were stabilized
by heat denaturation (95◦C) with a bench-top Stabilizor T1
(Denator AB, Uppsala, Sweden) according to the manufacturer’s
manual. The stabilization process involves a combination
of conductive heat transfer and pressure under vacuum to
prevent enzymatic degradation (e.g., of peptides) during freeze-
thawing (22). Whole brains were placed in a Maintainor Tissue
card (Denator AB, Uppsala, Sweden) and stabilized in the
“frozen structure preserve mode” and thereafter in the “fresh
structure preserve mode” to ensure an adequate treatment. After
stabilization, the brains were dissected according to Paxinos and
Watson (23) to separate the hypothalamus, medial prefrontal
cortex, cingulate cortex, dorsal striatum, nucleus accumbens,
amygdala, hippocampus, ventral tegmental area (VTA) and
substantia nigra. The pituitaries were individually placed in a
pre-chilled Maintainor Tissue card and stabilized in the “frozen
quick compress mode”. Stabilized tissues were thereafter stored
at −80◦C.

Peptide Extraction
The tissues were moved from −80◦C and heated in 95◦C acetic
acid (1M) for 5 min, then placed on ice and homogenized by
sonication using a Branson Sonifier (Danbury, CT, USA). The
homogenates were centrifuged for 15 min at 4◦C, 12,000 × g
in a Beckman GS-15R centrifuge (Fullerton, CA, USA) and
supernatants were purified by cation exchange chromatography
procedure (24). The purified samples were dried in a vacuum
centrifuge and stored at −20◦C.
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FIGURE 1 | A schematic overview of the experiment. Adolescent male Wistar rats were exposed to episodic binges of ethanol three times per week (indicated by
vertical bars) during adolescence. Two hours (in the intoxicated state) or three weeks (to measure residual effects) after the last exposure of ethanol, three endogenous
opioids (beta-endorphin, dynorphin B and Met-Enkephalin-Arg6-Phe7) were measured in several brain areas. The gray dotted line indicates the timeline of the
experiment.

TABLE 1 | Immunoreactive levels (fmol/mg) of beta-endorphin.

Water
intoxication

Ethanol
intoxication

Water
residual effects

Ethanol
residual effects

Two-factor ANOVA η2
p

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Treatment Time Treatment × Time

Pít 27.982 ± 1.653 33.940 ± 2.890 31.685 ± 2.783 25.800 ± 2.054 F (1, 35) < 0.01; p = 0.99 F(1, 35) = 0.84; p = 0.37 F(1, 35) = 5.99; p = 0.020 0.17

Ht 41.0 ± 1.3 44.4 ± 1.6 45.0 ± 3.7 37.5 ± 2.2 F (1, 35) = 0.69; p = 0.41 F (1, 35) = 0.35; p = 0.56 F(1, 35) = 5.16; p = 0.029 0.15

AMY 3.5 ± 0.3 2.9 ± 0.2 3.1 ± 0.4 2.8 ± 0.2 F (1, 35) = 2.84; p = 0.10 F (1, 35) = 0.79; p = 0.38 F (1, 35) = 0.36; p = 0.55 0.10

NAc 2.2* ± 0.5 1.0# ± 0.1 0.9 ± 0.1 1.1 ± 0.2 F (1, 35) = 3.23; p = 0.081 F(1, 35) = 4.89; p = 0.034 F(1, 35) = 5.32; p = 0.027 0.28

VTA 2.9 ± 0.3 2.6 ± 0.2 2.7 ± 0.3 2.8 ± 0.3 F (1, 34) = 0.14; p = 0.71 F (1, 34) < 0.01; p = 0.99 F (1,34) = 0.37; p = 0.55 0.016

dStr 0.6 ± 0.1 0.4 ± 0.04 0.4 ± 0.04 0.4 ± 0.02 F (1, 34) = 3.87; p = 0.057 F(1, 34) = 5.84; p = 0.021 F (1, 34) = 1.55; p = 0.22 0.25

Rats were repeatedly exposed to ethanol or water during adolescence. Two hours (during ethanol intoxication) or three weeks (residual effects) after the last exposure, the immunoreactive
levels of beta-endorphin were measured in different brain regions. Amy, amygdala; ANOVA, analysis of variance; Ht, hypothalamus; NAc, nucleus accumbens; η2

p, partial eta-squared;
Pit, pituitary; Str, striatum; VTA, ventral tegmental area. Tukey’s post hoc test; *p < 0.05 intoxication effects (2 h) compared to the residual effects (3 weeks) of the same treatment;
#p < 0.05 ethanol compared to water at the same time-point. Bold letters highlights statistically significant results.

Radioimmunoassay
Measurement of the immunoreactive levels of dynorphin B and
MEAP was performed according to Nylander et al. (25, 26)
with antisera generated in rabbits. The dynorphin B antiserum
(113+) was used at a final dilution of 1:500,000. The cross-
reactivity with DYNB 29 is 1% and with big dynorphin (DYN 32)
100%, whereas no other opioid peptide cross-reacts in the
assay. The detection range in the dynorphin B assay is 1–70
fmol in 25 μl of the sample. The MEAP antiserum (90:3D II)
was used at a final dilution of 1:140,000. The cross-reactivity
with Met-enkephalin, Met-enkephalin-Arg6, Met-enkephalin-
Arg6Gly7Leu8, Leu- enkephalin and dynorphin A (1–6) is less
than 0.1% and no other opioid peptide cross-reacts in the assay.
The detection range in the MEAP assay is 2-100 fmol in 25 μl
of the sample. Antibody-bound peptides in the dynorphin B
assay were separated from free peptides by adding goat-anti-
rabbit-IgG and normal rabbit serum. For the MEAP assay,
separation was performed by adding charcoal suspension (Sigma-
Aldrich, MO, USA).

For the beta-endorphin, a commercial kit was used according
to the manufacturer’s instructions (Phoenix Pharmaceutical, Inc.,
Burlingame, CA, USA). Cross-reactivity was reported to be
100% with alpha-endorphin, 40% with human beta-endorphin
but none with alpha-MSH, ACTH, PACAP 38, Met- or

Leu-enkephalin and the detection range was 1–128 pg in 100 μl
of the sample.

Statistics
One-way analysis of variance (ANOVA) was used to investigate
overall differences between the groups and effect size was
estimated with the partial eta-squared test. Factorial ANOVAs
were used to test the effects of treatment (adolescent exposure
to ethanol or water), time (2 h or 3 weeks after the last
exposure) or interaction (time × treatment). The factor time
also represents a factor of age since the rats were 9 or
12 weeks of age at the time-point for decapitation, i.e.,
2 h or 3 weeks after the last exposure. Significant levels
were set to p < 0.05; Tukey’s post hoc test was used to
analyze between-group differences. Extreme values (1.5 standard
deviation) within each treatment group were excluded from the
analyses.

RESULTS

The statistical results for beta-endorphin, dynorphin B and
MEAP in all brain tissues and the pituitary are given in
Tables 1–3 respectively.
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TABLE 2 | Immunoreactive levels (fmol/mg) of dynorphin B.

Water
intoxication

Ethanol
intoxication

Water
residual
effects

Ethanol
residual effects

Two-factor ANOVA η2
p

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Treatment Time Treatment × Time

Pit 570.1◦ ± 23.1 703.4 ± 32.6 677.8 ± 30.3 748.4 ± 48.7 F(1, 34) = 8.09; p = 0.01 F(1, 34) = 4.54; p = 0.04 F (1, 34) = 0.76; p = 0.39 0.28

Ht 22.6 ± 2.3 21.8 ± 1.6 28.3 ± 1.4 29.2 ± 1.9 F (1, 36) = 0.02; p = 0.88 F(1, 36) = 4.76; p = 0.04 F (1, 36) = 0.25; p = 0.62 0.20

AMY 9.8 ± 1.0 9.2 ± 0.8 8.9 ± 1.1 10.4 ± 0.8 F (1, 35) = 0.22; p = 0.65 F (1,35) = 0.03; p = 0.87 F (1, 35) = 1.23; p = 0.27 0.040

NAc 36.7* ± 2.4 30.0 ± 1.6 28.7 ± 1.1 29.0 ± 2.2 F (1, 35) = 2.73; p = 0.11 F(1, 35) = 5.49; p = 0.02 F (1, 35) = 3.24; p = 0.08 0.25

VTA 5.3 ± 0.6 5.7 ± 0.8 6.2 ± 1.2 8.3 ± 1.5 F (1, 34) = 1.24; p = 0.27 F (1, 34) = 2.62; p = 0.11 F (1, 34) = 0.54; p = 0.47 0.12

SN 83.2 ± 7.9 85.4 ± 8.9 62.5 ± 9.9 101.4# ± 9.3 F(1, 35) = 5.21; p = 0.03 F (1, 35) = 0.07; p = 0.79 F(1, 35) = 4.13; p = 0.05 0.22

dStr 16.1 ± 0.8 14.7 ± 1.5 15.5 ± 0.9 13.4 ± 0.6 F (1, 35) = 2.91; p = 0.10 F (1, 35) = 0.86; p = 0.36 F (1, 35) = 0.13; p = 0.72 0.097

Hc 22.6 ± 2.3 21.8 ± 1.6 26.6 ± 2.7 28.1 ± 2.7 F (1, 36) =0.02; p = 0.88 F(1, 36) = 4.76; p = 0.04 F (1, 36) = 0.25; p = 0.62 0.12

CCx 1.4 ± 0.3 1.0 ± 0.2 1.2 ± 0.2 1.5 ± 0.3 F (1, 35) = 0.02; p = 0.90 F (1, 35) = 0.23; p = 0.64 F (1, 35) = 1.83; p = 0.18 0.055

MPFCx 1.3 ± 0.1 1.1 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 F (1, 36) = 0.14; p = 0.71 F (1, 36) = 0.06; p = 0.82 F (1, 36) = 0.42; p = 0.52 0.017

Rats were repeatedly exposed to ethanol or water during adolescence. Two hours (during ethanol intoxication) or three weeks (residual effects) after the last exposure, the immunoreactive
levels of dynorphin B were measured in different brain regions. Amy, amygdala; CCx, cingulate cortex; Hc, hippocampus; Ht, hypothalamus; DynB; mPFCx, medial prefrontal cortex;
NAc, nucleus accumbens; η2

p, partial eta squared; Pit, pituitary; SN, substantia nigra; Str, striatum; VTA, ventral tegmental area. Tukeys post hoc test; *p < 0.05 intoxication effects (2 h)
compared to the residual effects (3 weeks) of the same treatment; #p < 0.05 ethanol compared to water at the same time-point; ◦p = 0.06 ethanol compared to water at the same
time-point. Bold letters highlights statistically significant results.

TABLE 3 | Immunoreactive levels (fmol/mg) of Met-Enkephalin-Arg6-Phe7 (MEAP).

Water
intoxication

Ethanol
intoxication

Water
residual effects

Ethanol
residual effects

Two-factor ANOVA η2
p

Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM Treatment Time Treatment x Time

Pit 12.6 ± 2.1 33.9◦ ± 9.1 17.1 ± 3.1 17.6 ± 3.1 F (1, 33) = 3.88; p = 0.06 F (1, 33) = 1.15; p = 0.3 F (1, 33) = 3.58; p = 0.07 0.12

Ht 129.2* ± 4.4 125.3* ± 6.5 107.1 ± 6.9 99.3 ± 5.2 F (1, 35) = 0.98; p = 0.3 F(1, 35) = 17.07; p < 0.001 F (1, 35) = 0.11; p = 0.8 0.34

AMY 88.0 ± 7.2 65.9 ± 11.3 92.2 ± 10.8 68.9 ± 5.3 F(1,36) = 6.33; p = 0.02 F (1,36) = 0.16; p = 0.7 F (1,36) = 0.0041; p = 0.9 0.15

NAc 93.6 ± 7.6 121.6 ± 6.8 106.4 ± 10.5 100.4 ± 7.7 F (1, 34) = 1.79; p = 0.2 F (1, 34) = 0.26; p = 0.6 F(1, 34) = 4.31; p = 0.05 0.16

VTA 20.7 ± 1.3 23.9 ± 3.2 16.9 ± 1.9 25.6 ± 2.6 F(1, 34) = 6.20; p = 0.02 F (1, 34) = 0.18; p = 0.7 F (1, 34) = 1.27; p = 0.3 0.18

SN 11.6 ± 0.9 15.8 ± 1.3 11.7 ± 1.6 15.6 ± 1.9 F(1, 35) = 7.15; p = 0.01 F (1, 35) = 0.0016; p = 0.9 F (1, 35) = 0.0089; p = 0.9 0.16

dStr 85.1* ± 5.8 81.5 ± 6.1 60.9 ± 4.9 71.5 ± 6.1 F (1, 34) = 0.36; p = 0.6 F(1, 34) = 8.60; p = 0.006 F (1, 34) = 1.50; p = 0.2 0.23

Hc 9.6 ± 0.9 10.5 ± 0.7 9.4 ± 1.3 9.8 ± 1.2 F (1,36) = 0.35; p = 0.6 F (1,36) = 0.18; p = 0.7 F (1,36) = 0.069; p = 0.8 0.016

CCx 2.0 ± 0.4 1.8 ± 0.3 1.6 ± 0.3 2.3 ± 0.5 F (1, 35) = 0.37; p = 0.5 F (1, 35) = 0.014; p = 0.9 F (1, 35) = 1.33; p = 0.3 0.048

MPFCx 5.8 ± 0.5 7.1 ± 0.6 7.0 ± 1.7 5.9 ± 0.4 F (1,36) = 0.023; p = 0.9 F (1,36) = 0.0014; p = 0.9 F (1,36) = 1.91; p = 0.2 0.043

Rats were exposed to ethanol or water during adolescence. Two hours (during ethanol intoxication) or three weeks (residual effects) after the last exposure, the immunoreactive levels of
MEAP were measured in different brain regions. Amy, amygdala; CCx, cingulate cortex; Hc, hippocampus; Ht, hypothalamus; mPFCx, medial prefrontal cortex; NAc, nucleus accumbens;
Pit, pituitary; SN, substantia nigra; Str, striatum; VTA, ventral tegmental area; w, weeks. Tukeys post hoc test; *p < 0.05 intoxication effects (2 h) compared to the residual effects (3
weeks) of the same treatment; ◦p = 0.052 compared to water at the same time-point. Bold letters highlights statistically significant results.

Beta-Endorphin
In the nucleus accumbens, differences in beta-endorphin
levels between the ethanol-treated rats and water controls
were indicated by an interaction between time and treatment
[F(1, 35) = 5.32; p = 0.03]. Beta-endorphin levels were lower in
the intoxicated state (i.e., after 2 h) than for their time-matched
water controls; this effect was not present 3 weeks after the last
exposure of ethanol (Figure 2).

An effect of time [F(1, 35) = 4.89; p = 0.03] was also found
in the nucleus accumbens and was driven by the higher beta-
endorphin in the water group at 2 h. Interactions between
treatment and time were also found in the hypothalamus
[F(1,35) = 5.16; p = 0.03] and in pituitary [F(1, 35) = 5.99; p = 0.02]

but the Tukey’s post-hoc test did not reveal any between-group
differences, see Figure 3. An overall effect between the treatment
groups was found in the dorsal striatum [F(3, 34) = 3.85; p = 0.03],
but post hoc analyses failed to identify any statistical between-
group differences in beta-endorphin. Furthermore, the two-
way ANOVA analysis showed an effect of time [F(1, 34) = 5.84;
p = 0.02] in the dorsal striatum (Table 1).

Dynorphin B
In the pituitary, there was an overall effect of treatment
[F(1, 34) = 8.09; p = 0.01] and time [F(1, 34) = 4.54; p = 0.04],
and a trend (p = 0.06) of increased dynorphin B was seen
in ethanol-intoxicated rats (Table 2). In the substantia nigra,
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FIGURE 2 | Beta-endorphin (fmol/mg tissue) in the nucleus accumbens after
repeated adolescent ethanol (EtOH) exposure. Levels were measured in an
ethanol-intoxicated state (2 h after last exposure) and 3 weeks after the
exposure (residual effects). Data expressed as mean ± SEM. “Treatment ×
time” and “Treatment” indicates a significant interaction effect and an effect of
treatment, respectively, *p < 0.05 two-factor ANOVA. #p < 0.05 Tukey’s HSD
post hoc test.

there was an effect of treatment [F(1, 35) = 5.21; p = 0.03]
as well as an interaction effect [F(1, 35) =4.13; p = 0.05]. In
the intoxicated state (2 h), there was no difference between
the ethanol-treated group and water controls, but higher
dynorphin B were found in the substantia nigra of the
ethanol treated group at 3 weeks (Figure 4). For dynorphin
B, an effect of time was present in the hypothalamus
[F(1, 36) = 4.76; p = 0.04], the nucleus accumbens [F(1, 35) = 5.49;
p = 0.02] and the hippocampus [F(1, 36) = 4.76; p = 0.04]
(Table 2).

Met-Enkephalin-Arg6-Phe7

In several brain areas, the effects of ethanol exposure on
MEAP levels persisted 3 weeks after the last exposure to
ethanol. In the amygdala, an effect of treatment [F(1, 36) = 6.33;
p = 0.02] was found with lower MEAP after ethanol exposure
(Figure 5A). In the VTA [F(1, 34) = 6.20; p = 0.02] and
substantia nigra [F(1, 35) = 7.15; p = 0.01], the levels were
higher in ethanol-exposed rats (Figures 5B,C). In the above-
mentioned structures, Tukey’s post hoc test did not reveal any
between-group differences. There was a significant overall effect
[F(3, 33) = 2.97; p = 0.05] in the pituitary, but post hoc analysis
showed only a strong trend (p = 0.053) of higher MEAP in the
ethanol-intoxicated rats (Table 3). In the nucleus accumbens, an
interaction effect [F(1, 34) = 4.31; p = 0.05] showed that the levels
of MEAP varied, depending on both treatment and time but there

FIGURE 3 | Beta-endorphin (fmol/mg tissue) in (A) hypothalamus
(Intoxication; water, n = 10; ethanol, n = 9 and residual effects; water, n = 10;
ethanol, n = 10) and (B) pituitary (Intoxication; water, n = 9; ethanol n = 10
and Residual effects; water, n = 9; ethanol, n = 10) after repeated adolescent
ethanol exposure. Levels were measured in an ethanol-intoxicated state (2 h
after last exposure) and 3 weeks after the last exposure (residual effects). Data
expressed as mean ± SEM. “Treatment × time” indicates a significant
inter-action effect (*p < 0.05 two-factor ANOVA).
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was no significant differences between the groups (Figure 6). An
effect of time, i.e., 2 h or 3 weeks after the last ethanol exposure,
was found in the hypothalamus [F(1, 35) = 17.07; p < 0.001].
MEAP levels were found to be lower at 3 weeks than at 2 h for

FIGURE 4 | Dynorphin B (fmol/mg tissue) in substantia nigra after repeated
adolescent ethanol (EtOH) exposure. Levels were measured in an
ethanol-intoxicated state (2 h after last exposure) and 3 weeks after the last
exposure (residual effects). Data expressed as mean ± SEM. “Treatment ×
time” and “Treatment” indicates a significant interaction effect and an effect of
treatment, respectively, *p < 0.05 two-factor ANOVA. #p < 0.05 Tukey’s HSD
post hoc test.

both the ethanol and control groups (Table 3). The same effect
of time was also present in the dorsal striatum [F(1, 34) = 8.60;
p = 0.006] (Table 3).

DISCUSSION

The neurobiological consequences of ethanol exposure during
adolescence have been a neglected field in preclinical research
until only recently [for recent reviews see (27, 28)]. There
is, for example, still a knowledge gap in how ethanol affects
the endogenous opioids in the adolescent brain, and the
literature regarding the effect of repeated ethanol exposure
during adolescence is almost nonexistent. To our knowledge,
this is the first study to investigate the pharmacological effects of
repeated adolescent ethanol exposure on the endogenous opioids,
including both intoxication effects and residual effects 3 weeks
after the exposure.

Previous studies from our laboratory have reported the
effects of ethanol on endogenous opioids in adult rats as a
function of strain, housing condition and ethanol administration
paradigm (29–31). The differences for adult vs. adolescent rats
must be compared carefully as they could be due to age,
ethanol administration model, or both. In both adult and
adolescent rats, the central levels of endogenous opioids interact
with housing conditions (i.e., single or group housed) and
ethanol intake (19, 20). These aforementioned studies show
the profound importance of the experimental settings when
working with ethanol models in rats. Therefore, to evaluate the
pharmacological effects of ethanol exposure during adolescence,
our rats were housed in groups and the ethanol was administered
orogastrically by gavage to control the doses received. The
present study focused on the effects in male rats and how ethanol
affects the endogenous opioid peptides in females remains to be
examined.

FIGURE 5 | Met-Enkephalin-Arg6-Phe7 (MEAP) (fmol/mg tissue) in (A) amygdala, (B) ventral tegmental area, and (C) substantia nigra after repeated adolescent
ethanol (EtOH) exposure. Levels were measured in an ethanol-intoxicated state (2 h after last exposure) and 3 weeks after the last exposure (residual effects). Data
expressed as mean ± SEM. “Treatment” indicates a significant interaction effect of treatment, *p < 0.05, **p < 0.01 two-factor ANOVA.

Frontiers in Psychiatry | www.frontiersin.org 6 September 2018 | Volume 9 | Article 425

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Granholm et al. Adolescence, Ethanol and Endogenous Opioids

FIGURE 6 | Met-Enkephalin-Arg6-Phe7 (MEAP) (fmol/mg tissue) in the
nucleus accumbens after repeated adolescent ethanol exposure. Levels were
measured in an ethanol-intoxicated state (2 h after last exposure) and 3 weeks
after the last exposure (residual effects). Data expressed as mean ± SEM.
“Treatment × time” indicates a significant interaction effect, *p < 0.05
two-factor ANOVA. Intoxication; water, n = 10; ethanol, n = 10 and residual
effects; water, n = 9; ethanol, n = 10.

Repeated Ethanol Exposure During
Adolescence and Intoxication Effects
In the present study, MEAP levels were increased in the pituitary
2 h after the last exposure. Palm and Nylander (20) presented
similar results with increased MEAP 2 h after last drinking
session in both single and group housed rats. This indicates a
pharmacological effect of increased MEAP in the pituitary during
intoxication. A trend (p = 0.06) toward increased dynorphin B
was also found in the pituitary of the ethanol intoxicated rats.
These changes may reflect ethanol involvement in stress axis
activation as previously been reported [for review see Zhou and
Kreek (32)].

Effects of intoxication were also found in nucleus accumbens
where beta-endorphin was lower in the ethanol-exposed rats.
This finding is in contrast to studies on adult rats, that report
increased beta-endorphin in the nucleus accumbens after acute
ethanol exposure (33, 34). This difference could be due to
the choice of methodology, i.e., measuring peptide content in
dialysate vs. tissue content, or it could be due to the effect of
intoxication after just a single exposure vs. repeated exposure
as in our study. The low beta-endorphin could be an indirect
effect caused by ethanol-induced alterations in social behavior.
Social play behavior activates the endogenous opioid system
(35), specifically, the μ-receptors in the nucleus accumbens
(36, 37). Ethanol has been shown to interfere with social play
behavior; at low doses (0.25–0.75 g/kg) this behavior increase
whereas at higher doses (1–4 g/kg) it decrease (38). In the

present study, 2 g/kg ethanol was administered during the age
interval (4–9 weeks of age) in which play behavior is reported to
peak (39). Hence, the ethanol exposure could have affected the
normal play behavior and thus social development, which could
explain the differences in beta-endorphin levels in the nucleus
accumbens. Another plausible explanation is that the high levels
in water controls at the 2-h time-point is a consequence of
stress-induced activation of beta-endorphin networks by the
orogastric administration, considered a mild stressor (40), and
that this effect is blunted by ethanol in the intoxicated animals.
Differences between the ethanol-treated rats and water controls
were not seen at the other time-point when 3 weeks had passed
from the handling procedure. Changes in beta-endorphin were
also seen as an interaction effect between time and treatment
in the hypothalamus and pituitary, indicating possible effects
of the handling procedure. Intermittent exposure of ethanol
in adolescence have been reported to increase the expression
of pomc in hypothalamus along with an increase of histone
acetylation of the gene promotor (41).

An interaction between treatment (ethanol or water) and
time (2 h or 3 weeks after the last exposure) was seen in the
accumbal levels of MEAP, with the highest levels occurring in
the intoxicated state. Previous studies have shown that ethanol
intoxication increase enkephalins in the nucleus accumbens of
adult rats. An increase of Penk expression and δ-receptor binding
in shell and core of accumbens can be seen 2 h after ethanol
administration (42, 43). Awake rats have increased accumbal
levels of Met-enkephalin when injected with 1.6 g/kg ethanol,
whereas higher (2.4 or 3.2 g/kg) or lower (0.8 g/kg) doses have no
effect on Met-enkephalin (44). In anesthetized rats, the highest
dose of ethanol (2.5 g/kg) leads to a peak of Met-enkephalin
at 30 min, but lower doses (0.5 or 1.0 g/kg) delay the peak 90
and 60 min respectively (45). Furthermore, adolescent ethanol
exposure alters the expression of Penk in the nucleus accumbens
after an acute ethanol challenge in adult rats (46).

Residual Effects After Repeated Ethanol
Exposure During Adolescence
An interesting finding was the residual effects of adolescent
ethanol exposure on MEAP, such as the lower MEAP in
the amygdala observed 3 weeks after the last exposure. The
enkephalin system in amygdala is involved in emotional
processing of states such as anxiety and stress (47) and Oprd1 and
Penk knock-out mice show increased anxiety and depressive like
behaviors in a variety of tests (48–50). Pharmacological studies
with systemic administrations and local injections of δ-receptor
agonists into the amygdala decrease anxious behavior (51–53).
Likewise, the administration of antagonists (51, 52, 54, 55)
increases anxiety-like behaviors.

The scope herein was not to study behavioral manifestations
per se, but the finding of residual low levels of enkephalin
in the amygdala after adolescent exposure to ethanol indeed
indicates long-lasting consequences that could relate to the
increase in anxiety-like behaviors reported by others (41, 56, 57).
δ-receptor knockout mice have an increased consumption of
ethanol (58) and their elevated intake may be a way to reduce
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their elevated anxiety level (47). The low enkephalin tone after
adolescent ethanol exposure may therefore constitute a risk factor
for elevated intake of ethanol later in life. As noted above,
an interaction between time and treatment was found in beta-
endorphin in the hypothalamus and in the pituitary—these brain
areas, along with the amygdala, are important in the regulation of
the stress response.

Repeated exposure of ethanol during adolescence increased
MEAP and dynorphin B in substantia nigra and MEAP in
the VTA. The substantia nigra and VTA contain dopaminergic
neurons that extend into the striatal, limbic and cortical areas
(59). Importantly, endogenous opioids are highly involved in
regulating dopamine output (60–62) and residual effects after
adolescent ethanol exposure may have consequences for opioid
regulation of dopamine pathways. Adolescent ethanol exposure
has been shown to alter the dopamine dynamics in the dorsal
striatum (63, 64), nucleus accumbens (65–67) and medial
prefrontal cortex (68). An interesting aspect for future research
would be to investigate the relationships between dopamine and
opioid changes after adolescent ethanol exposure.

CONCLUSION

Intoxication after repeated ethanol exposure during adolescence
altered the levels of MEAP and beta-endorphin in the accumbens
and dynorphin B and MEAP in the pituitary. Especially
noteworthy is the observation of long-term consequences of the

adolescent ethanol exposure, particularly MEAP in the amygdala
and beta-endorphin in the hypothalamus and pituitary as these
regions are involved in the response to anxiety and stress.
Furthermore, residual effects were noted in the substantia nigra
and VTA, areas important for opioid regulation of dopaminergic
projections in the reward circuitry. It has been postulated that
changes in stress circuits and in dopaminergic activity increase
the susceptibility for alcohol use disorders. Hopefully, the data
presented herein on the alterations in endogenous opioids after
adolescent ethanol exposure can contribute in the understanding
of how adolescent ethanol exposure increases the risk of elevated
alcohol consumption later in life.

AUTHOR CONTRIBUTIONS

IN, LG, and LS, experimental design. LG and LS, experimental
work. LG, statistical analyses. LG, writing of the first draft. LS
and IN, critical revision of the manuscript. LG, LS, and IN,
finalization and approval of manuscript content.

ACKNOWLEDGMENTS

The authors thank Christoph Kleinert for excellent technical
assistance. Parts of the results is presented in the following thesis
Stress, Drugs and Neuroscience; Neurobiological Effects of Social
Stressors and Drug Exposure in Young and Adolescent Rats by
Linnea Granholm (69) at Uppsala University, Sweden.

REFERENCES

1. Spear LP. Adolescents and alcohol: acute sensitivities, enhanced
intake, and later consequences. Neurotoxicol Teratol. (2014) 41:51–9.
doi: 10.1016/j.ntt.2013.11.006

2. HBSC. Growing up unequal: gender and socioeconomic differences in
young people’s health and well-being [Online]. World Health Organization.
(2013/2014) (Accessed 23 Nov, 2017).

3. Johnston L, O’malleyP, Miech R, Bachman J, Schulenberg J. Monitoring
the Future National Survey Results on Drug Use, 1975-2016: Overview, Key
Findings on Adolescent Drug Use. [Online]. Ann Arbor, MI: Institute for Social
Research, University of Michigan (2017).

4. Grant BF, Dawson DA. Age of onset of drug use and its association
with DSM-IV drug abuse and dependence: results from the National
Longitudinal Alcohol Epidemiologic Survey. J Subst Abuse (1998) 10:163–73.
doi: 10.1016/S0899-3289(99)80131-X

5. Dewit DJ, Adlaf EM, Offord DR, Ogborne AC. Age at first alcohol use: a
risk factor for the development of alcohol disorders. Am J Psychiatry (2000)
157:745–50. doi: 10.1176/appi.ajp.157.5.745

6. York JL, Welte J, Hirsch J, Hoffman JH, Barnes G. Association of
age at first drink with current alcohol drinking variables in a national
general population sample. Alcohol Clin Exp Res. (2004) 28:1379–87.
doi: 10.1097/01.ALC.0000139812.98173.A4

7. Merline A, Jager J, Schulenberg JE. Adolescent risk factors for adult
alcohol use and abuse: stability and change of predictive value across
early and middle adulthood. Addiction (2008) 103(Suppl. 1):84–99.
doi: 10.1111/j.1360-0443.2008.02178.x

8. Spear LP. Adolescent alcohol exposure: are there separable vulnerable
periods within adolescence? Physiol Behav. (2015) 148:122–30.
doi: 10.1016/j.physbeh.2015.01.027

9. Trigo JM, Martin-Garcia E, Berrendero F, Robledo P, Maldonado R. The
endogenous opioid system: a common substrate in drug addiction. Drug
Alcohol Depend. (2010) 108:183–94. doi: 10.1016/j.drugalcdep.2009.10.011

10. Söderpalm B, Ericson M. Neurocircuitry involved in the development of
alcohol addiction: the dopamine system and its access points. Curr Top Behav
Neurosci. (2013) 13:127–61. doi: 10.1007/978-3-642-28720-6_170

11. Le Merrer J, Becker JA, Befort K, Kieffer BL. Reward processing
by the opioid system in the brain. Physiol Rev. (2009) 89:1379–412.
doi: 10.1152/physrev.00005.2009

12. Koob GF, Volkow ND. Neurocircuitry of addiction.
Neuropsychopharmacology (2010) 35:217–38. doi: 10.1038/npp.2009.110

13. Akil H, Owens C, Gutstein H, Taylor L, Curran E, Watson S. Endogenous
opioids: overview and current issues. Drug Alcohol Depend. (1998) 51:127–40.
doi: 10.1016/S0376-8716(98)00071-4

14. Hallberg M. Neuropeptides: metabolism to bioactive fragments and the
pharmacology of their receptors. Med Res Rev. (2015) 35:464–519.
doi: 10.1002/med.21323

15. Nakanishi S, Inoue A, Kita T, Nakamura M, Chang AC, Cohen SN,
et al. Nucleotide sequence of cloned cDNA for bovine corticotropin-beta-
lipotropin precursor. Nature (1979) 278:423–7. doi: 10.1038/278423a0

16. Kakidani H, Furutani Y, Takahashi H, Noda M, Morimoto Y, Hirose
T, et al. Cloning and sequence analysis of cDNA for porcine beta-
neo-endorphin/dynorphin precursor. Nature (1982) 298:245–9.
doi: 10.1038/298245a0

17. Comb M, Seeburg PH, Adelman J, Eiden L, Herbert E. Primary structure of
the human Met- and Leu-enkephalin precursor and its mRNA. Nature (1982)
295:663–6. doi: 10.1038/295663a0

18. Yaksh T, Wallace M. Opioids, Analgesia, and Pain Management. In: Brunton
Ll, Knollman B, editors. Goodman and Gillman’s The Pharmacological Basis of
Therapeutics. New York, NY: McGraw-Hill (2011). 481–526.

Frontiers in Psychiatry | www.frontiersin.org 8 September 2018 | Volume 9 | Article 425

https://doi.org/10.1016/j.ntt.2013.11.006
https://doi.org/10.1016/S0899-3289(99)80131-X
https://doi.org/10.1176/appi.ajp.157.5.745
https://doi.org/10.1097/01.ALC.0000139812.98173.A4
https://doi.org/10.1111/j.1360-0443.2008.02178.x
https://doi.org/10.1016/j.physbeh.2015.01.027
https://doi.org/10.1016/j.drugalcdep.2009.10.011
https://doi.org/10.1007/978-3-642-28720-6_170
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1016/S0376-8716(98)00071-4
https://doi.org/10.1002/med.21323
https://doi.org/10.1038/278423a0
https://doi.org/10.1038/298245a0
https://doi.org/10.1038/295663a0
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Granholm et al. Adolescence, Ethanol and Endogenous Opioids

19. Granholm L, Roman E, Nylander I. Single housing during early adolescence
causes time-, area- and peptide-specific alterations in endogenous opioids of
rat brain Br J Pharmacol. (2014) 172:606–14. doi: 10.1111/bph.12753

20. Palm S, Nylander I. Alcohol-induced changes in opioid Peptide levels in
adolescent rats are dependent on housing conditions. Alcohol Clin Exp Res.
(2014a) 38:2978–87. doi: 10.1111/acer.12586

21. Walker BM, Ehlers CL. Age-related differences in the blood alcohol
levels of Wistar rats. Pharmacol Biochem Behav. (2009) 91:560–5.
doi: 10.1016/j.pbb.2008.09.017

22. Segerström L, Gustavsson J, Nylander I. Minimizing postsampling
degradation of peptides by a thermal benchtop tissue stabilization method.
Biopreserv Biobank. (2016) 14:172–9. doi: 10.1089/bio.2015.0088

23. Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. San Diego,
CA: Academic Press (1997).

24. Christensson-Nylander I, Nyberg F, Ragnarsson U, Terenius L. A general
procedure for analysis of proenkephalin B derived opioid peptides. Regul Pept.
(1985) 11:65–76. doi: 10.1016/0167-0115(85)90032-1

25. Nylander I, Vlaskovska M, Terenius L. Brain dynorphin and enkephalin
systems in Fischer and Lewis rats: effects of morphine tolerance and
withdrawal. Brain Res. (1995) 683:25–35. doi: 10.1016/0006-8993(95)00279-Y

26. Nylander I, Stenfors C, Tan-No K, Mathe AA, Terenius L. A
comparison between microwave irradiation and decapitation: basal
levels of dynorphin and enkephalin and the effect of chronic morphine
treatment on dynorphin peptides. Neuropeptides (1997) 31:357–65.
doi: 10.1016/S0143-4179(97)90072-X

27. Crews FT, Vetreno RP, Broadwater MA, Robinson DL. Adolescent alcohol
exposure persistently impacts adult neurobiology and behavior. Pharmacol
Rev. (2016) 68:1074–109. doi: 10.1124/pr.115.012138

28. Spear LP. Effects of adolescent alcohol consumption on the brain and
behavior. Nat Rev Neurosci. (2018) 19:197–214. doi: 10.1038/nrn.2018.10

29. Palm S, Roman E, Nylander I. Differences in basal and ethanol-
induced levels of opioid peptides in Wistar rats from five different
suppliers. Peptides (2012) 36:1–8. doi: 10.1016/j.peptides.2012.0
4.016

30. Palm S, Daoura L, Roman E, Nylander I. Effects of rearing conditions
on behavior and endogenous opioids in rats with alcohol access during
adolescence. PLoS ONE (2013) 8:e76591. doi: 10.1371/journal.pone.0076591

31. Momeni S, Segerstrom L, Roman E. Supplier-dependent differences in
intermittent voluntary alcohol intake and response to naltrexone in Wistar
rats. Front Neurosci. (2015) 9:424. doi: 10.3389/fnins.2015.00424

32. Zhou Y, Kreek MJ. Alcohol: a stimulant activating brain stress responsive
systems with persistent neuroadaptation. Neuropharmacology (2014) 87:51–8.
doi: 10.1016/j.neuropharm.2014.05.044

33. Marinelli PW, Quirion R, Gianoulakis C. An in vivo profile of beta-
endorphin release in the arcuate nucleus and nucleus accumbens
following exposure to stress or alcohol. Neuroscience (2004) 127:777–84.
doi: 10.1016/j.neuroscience.2004.05.047

34. Lam MP, Nurmi H, Rouvinen N, Kiianmaa K, Gianoulakis C. Effects
of acute ethanol on beta-endorphin release in the nucleus accumbens
of selectively bred lines of alcohol-preferring AA and alcohol-
avoiding ANA rats. Psychopharmacology (Berl) (2010) 208:121–30.
doi: 10.1007/s00213-009-1733-y

35. Vanderschuren LJ, Achterberg EJ, Trezza V. The neurobiology of social play
and its rewarding value in rats. Neurosci Biobehav Rev. (2016) 70:86–105.
doi: 10.1016/j.neubiorev.2016.07.025

36. Trezza V, Damsteegt R, Achterberg EJ, Vanderschuren LJ. Nucleus accumbens
mu-opioid receptors mediate social reward. J Neurosci. (2011) 31:6362–70.
doi: 10.1523/JNEUROSCI.5492-10.2011

37. Manduca A, Lassalle O, Sepers M, Campolongo P, Cuomo V, Marsicano G,
et al. Interacting cannabinoid and opioid receptors in the nucleus accumbens
core control adolescent social play. Front Behav Neurosci. (2016) 10:211.
doi: 10.3389/fnbeh.2016.00211

38. Trezza V, Baarendse PJ, Vanderschuren LJ. On the interaction between drugs
of abuse and adolescent social behavior. Psychopharmacology (Berl) (2014)
231:1715–29. doi: 10.1007/s00213-014-3471-z

39. Burke AR, Miczek KA. Stress in adolescence and drugs of abuse in rodent
models: role of dopamine, CRF, and HPA axis. Psychopharmacology (Berl)
(2014) 231:1557–80. doi: 10.1007/s00213-013-3369-1

40. Rivier C. Role of hypothalamic corticotropin-releasing factor in mediating
alcohol-induced activation of the rat hypothalamic-pituitary-adrenal axis.
Front Neuroendocrinol. (2014) 35:221–33. doi: 10.1016/j.yfrne.2013.10.005

41. Kokare DM, Kyzar EJ, Zhang H, Sakharkar AJ, Pandey SC. Adolescent
alcohol exposure-induced changes in alpha-melanocyte stimulating
hormone and neuropeptide Y pathways via histone acetylation in the
brain during adulthood. Int J Neuropsychopharmacol. (2017) 20:758–68.
doi: 10.1093/ijnp/pyx041

42. Mendez M, Morales-Mulia M. Ethanol exposure differentially
alters pro-enkephalin mRNA expression in regions of the
mesocorticolimbic system. Psychopharmacology (Berl) (2006) 189:117–24.
doi: 10.1007/s00213-006-0503-3

43. Oliva JM, Ortiz S, Perez-Rial S, Manzanares J. Time dependent
alterations on tyrosine hydroxylase, opioid and cannabinoid CB1
receptor gene expressions after acute ethanol administration
in the rat brain. Eur Neuropsychopharmacol. (2008) 18:373–82.
doi: 10.1016/j.euroneuro.2007.09.001

44. Marinelli PW, Bai L, Quirion R, Gianoulakis C. A microdialysis profile
of Met-enkephalin release in the rat nucleus accumbens following
alcohol administration. Alcohol Clin Exp Res. (2005) 29:1821–8.
doi: 10.1097/01.alc.0000183008.62955.2e

45. Mendez M, Barbosa-Luna IG, Perez-Luna JM, Cupo A, Oikawa J. Effects
of acute ethanol administration on methionine-enkephalin expression and
release in regions of the rat brain. Neuropeptides (2010) 44:413–20.
doi: 10.1016/j.npep.2010.05.001

46. Alaux-Cantin S, Warnault V, Legastelois R, Botia B, Pierrefiche O,
Vilpoux C, et al. Alcohol intoxications during adolescence increase
motivation for alcohol in adult rats and induce neuroadaptations
in the nucleus accumbens. Neuropharmacology (2013) 67:521–31.
doi: 10.1016/j.neuropharm.2012.12.007

47. Chu Sin Chung P, Kieffer BL. Delta opioid receptors in brain
function and diseases. Pharmacol Ther. (2013) 140:112–20.
doi: 10.1016/j.pharmthera.2013.06.003

48. Konig M, Zimmer AM, Steiner H, Holmes PV, Crawley JN, Brownstein
MJ, et al. Pain responses, anxiety and aggression in mice deficient in pre-
proenkephalin. Nature (1996) 383:535–8. doi: 10.1038/383535a0

49. Filliol D, Ghozland S, Chluba J, Martin M, Matthes HW, Simonin F, et al. Mice
deficient for delta- and mu-opioid receptors exhibit opposing alterations of
emotional responses. Nat Genet. (2000) 25:195–200. doi: 10.1038/76061

50. Ragnauth A, Schuller A, Morgan M, Chan J, Ogawa S, Pintar J, et al. Female
preproenkephalin-knockout mice display altered emotional responses. Proc
Natl Acad Sci USA. (2001) 98:1958–63. doi: 10.1073/pnas.98.4.1958

51. Saitoh A, Kimura Y, Suzuki T, Kawai K, Nagase H, Kamei J. Potential
anxiolytic and antidepressant-like activities of SNC80, a selective delta-opioid
agonist, in behavioral models in rodents. J Pharmacol Sci. (2004) 95:374–80.
doi: 10.1254/jphs.FPJ04014X

52. Perrine SA, Hoshaw BA, Unterwald EM. Delta opioid receptor ligands
modulate anxiety-like behaviors in the rat. Br J Pharmacol. (2006) 147:864–72.
doi: 10.1038/sj.bjp.0706686

53. Randall-Thompson JF, Pescatore KA, Unterwald EM. A role for
delta opioid receptors in the central nucleus of the amygdala in
anxiety-like behaviors. Psychopharmacology (Berl) (2010) 212:585–95.
doi: 10.1007/s00213-010-1980-y

54. Saitoh A, Yoshikawa Y, Onodera K, Kamei J. Role of delta-opioid
receptor subtypes in anxiety-related behaviors in the elevated
plus-maze in rats. Psychopharmacology (Berl) (2005) 182:327–34.
doi: 10.1007/s00213-005-0112-6

55. Narita M, Kuzumaki N, Narita M, Kaneko C, Hareyama N, Miyatake
M, et al. Chronic pain-induced emotional dysfunction is associated with
astrogliosis due to cortical delta-opioid receptor dysfunction. J Neurochem.
(2006) 97:1369–78. doi: 10.1111/j.1471-4159.2006.03824.x

56. Van Skike CE, Diaz-Granados JL, Matthews DB. Chronic intermittent ethanol
exposure produces persistent anxiety in adolescent and adult rats. Alcohol
Clin. Exp Res. (2015) 39:262–71. doi: 10.1111/acer.12617

57. Varlinskaya EI, Kim EU, Spear LP. Chronic intermittent ethanol exposure
during adolescence: effects on stress-induced social alterations and
social drinking in adulthood. Brain Res. (2016) 1654(Pt B):145–56.
doi: 10.1016/j.brainres.2016.03.050

Frontiers in Psychiatry | www.frontiersin.org 9 September 2018 | Volume 9 | Article 425

https://doi.org/10.1111/bph.12753
https://doi.org/10.1111/acer.12586
https://doi.org/10.1016/j.pbb.2008.09.017
https://doi.org/10.1089/bio.2015.0088
https://doi.org/10.1016/0167-0115(85)90032-1
https://doi.org/10.1016/0006-8993(95)00279-Y
https://doi.org/10.1016/S0143-4179(97)90072-X
https://doi.org/10.1124/pr.115.012138
https://doi.org/10.1038/nrn.2018.10
https://doi.org/10.1016/j.peptides.2012.04.016
https://doi.org/10.1371/journal.pone.0076591
https://doi.org/10.3389/fnins.2015.00424
https://doi.org/10.1016/j.neuropharm.2014.05.044
https://doi.org/10.1016/j.neuroscience.2004.05.047
https://doi.org/10.1007/s00213-009-1733-y
https://doi.org/10.1016/j.neubiorev.2016.07.025
https://doi.org/10.1523/JNEUROSCI.5492-10.2011
https://doi.org/10.3389/fnbeh.2016.00211
https://doi.org/10.1007/s00213-014-3471-z
https://doi.org/10.1007/s00213-013-3369-1
https://doi.org/10.1016/j.yfrne.2013.10.005
https://doi.org/10.1093/ijnp/pyx041
https://doi.org/10.1007/s00213-006-0503-3
https://doi.org/10.1016/j.euroneuro.2007.09.001
https://doi.org/10.1097/01.alc.0000183008.62955.2e
https://doi.org/10.1016/j.npep.2010.05.001
https://doi.org/10.1016/j.neuropharm.2012.12.007
https://doi.org/10.1016/j.pharmthera.2013.06.003
https://doi.org/10.1038/383535a0
https://doi.org/10.1038/76061
https://doi.org/10.1073/pnas.98.4.1958
https://doi.org/10.1254/jphs.FPJ04014X
https://doi.org/10.1038/sj.bjp.0706686
https://doi.org/10.1007/s00213-010-1980-y
https://doi.org/10.1007/s00213-005-0112-6
https://doi.org/10.1111/j.1471-4159.2006.03824.x
https://doi.org/10.1111/acer.12617
https://doi.org/10.1016/j.brainres.2016.03.050
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Granholm et al. Adolescence, Ethanol and Endogenous Opioids

58. Roberts AJ, Gold LH, Polis I, Mcdonald JS, Filliol D, Kieffer BL, et al. Increased
ethanol self-administration in delta-opioid receptor knockout mice. Alcohol
Clin Exp Res. (2001) 25:1249–56. doi: 10.1111/j.1530-0277.2001.tb02344.x

59. Björklund A, Dunnett SB. Dopamine neuron systems in the brain: an update.
Trends Neurosci. (2007) 30:194–202. doi: 10.1016/j.tins.2007.03.006

60. Christensson-Nylander I, Herrera-Marschitz M, Staines W, Hokfelt T,
Terenius L, Ungerstedt U, et al. Striato-nigral dynorphin and substance P
pathways in the rat. I Biochemical and immunohistochemical studies. Exp
Brain Res. (1986) 64:169–92. doi: 10.1007/BF00238213

61. Herrera-Marschitz M, Christensson-Nylander I, Sharp T, Staines W, Reid
M, Hokfelt T, et al. Striato-nigral dynorphin and substance P pathways
in the rat. II Functional analysis. Exp Brain Res. (1986) 64:193–207.
doi: 10.1007/BF00238214

62. Fields HL, Margolis EB. Understanding opioid reward.
Trends Neurosci. (2015) 38:217–25. doi: 10.1016/j.tins.2015.0
1.002

63. Palm S, Nylander I. Dopamine release dynamics change during adolescence
and after voluntary alcohol intake. PLoS ONE (2014b) 9:e96337.
doi: 10.1371/journal.pone.0096337

64. Granholm L, Rowley S, Ellgren M, Segerstrom L, Nylander I. Impact of
adolescent ethanol exposure and adult amphetamine self-administration on
evoked striatal dopamine release in male rats. Psychopharmacology (Berl)
(2015) 232:4421–31. doi: 10.1007/s00213-015-4070-3

65. Philpot RM, Wecker L, Kirstein CL. Repeated ethanol exposure during
adolescence alters the developmental trajectory of dopaminergic output
from the nucleus accumbens septi. Int J Dev Neurosci. (2009) 27:805–15.
doi: 10.1016/j.ijdevneu.2009.08.009

66. Zandy SL, Matthews DB, TokunagaS, Miller AD, Blaha CD, Mittleman
G. Reduced dopamine release in the nucleus accumbens core of

adult rats following adolescent binge alcohol exposure: age and dose-
dependent analysis. Psychopharmacology (Berl) (2014) 232:777–84.
doi: 10.1007/s00213-014-3712-1

67. Shnitko TA, Spear LP, Robinson DL. Adolescent binge-like alcohol alters
sensitivity to acute alcohol effects on dopamine release in the nucleus
accumbens of adult rats. Psychopharmacology (Berl) (2016) 233:361–71.
doi: 10.1007/s00213-015-4106-8

68. Trantham-Davidson H, Centanni SW, Garr SC, New NN, Mulholland
PJ, Gass JT, et al. Binge-like alcohol exposure during adolescence
disrupts dopaminergic neurotransmission in the adult prelimbic cortex.
Neuropsychopharmacology (2017) 42:1024–36. doi: 10.1038/npp.2016.190

69. Granholm L. Stress, Drugs and Neuroscience: Neurobiological Effects of Social
Stressors and Drug Exposure in Young and Adolescent Rats. Dissertation,
Uppsala University (2018).

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer AO and handling Editor declared their shared affiliation at the
time of the review

Copyright © 2018 Granholm, Segerström and Nylander. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org 10 September 2018 | Volume 9 | Article 425

https://doi.org/10.1111/j.1530-0277.2001.tb02344.x
https://doi.org/10.1016/j.tins.2007.03.006
https://doi.org/10.1007/BF00238213
https://doi.org/10.1007/BF00238214
https://doi.org/10.1016/j.tins.2015.01.002
https://doi.org/10.1371/journal.pone.0096337
https://doi.org/10.1007/s00213-015-4070-3
https://doi.org/10.1016/j.ijdevneu.2009.08.009
https://doi.org/10.1007/s00213-014-3712-1
https://doi.org/10.1007/s00213-015-4106-8
https://doi.org/10.1038/npp.2016.190
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Episodic Ethanol Exposure in Adolescent Rats Causes Residual Alterations in Endogenous Opioid Peptides
	Introduction
	Methods
	Animals and Experimental Design
	Adolescent Ethanol Exposure
	Tissue Stabilization and Sampling
	Peptide Extraction
	Radioimmunoassay
	Statistics

	Results
	Beta-Endorphin
	Dynorphin B
	Met-Enkephalin-Arg6-Phe7

	Discussion
	Repeated Ethanol Exposure During Adolescence and Intoxication Effects
	Residual Effects After Repeated Ethanol Exposure During Adolescence

	Conclusion
	Author Contributions
	Acknowledgments
	References


