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Numerous studies have demonstrated that drugs of abuse
activate the mesolimbic dopamine reward pathway, and it is
widely held that this activation contributes to the motivational
and positive reinforcing properties of these substances. How-
ever, there is evidence that endogenous opioid systems within
this brain reward circuit also play a role in drug reinforcement
and drug-seeking behavior. Using microdialysis in freely moving
rats, we sought to determine whether various drugs of abuse
(i.e., ethanol, cocaine, D-amphetamine, and nicotine) would
increase neurotransmission of endogenous opioid peptides
(i.e., endorphins) in the nucleus accumbens. Drugs were ad-

ministered intraperitoneally twice at 3 h intervals, and the en-
dorphin content of microdialysates was analyzed by a solid-
phase radioimmunoassay. Acute administration of ethanol,
cocaine, and D-amphetamine transiently elevated extracellular
levels of endorphins in the nucleus accumbens, whereas nico-
tine and saline were without effect. We hypothesize that this
drug-induced release of endorphins may contribute to the pos-
itive reinforcing and motivating properties of ethanol and
psychostimulants.
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The most well-characterized change in brain neurochemistry
caused by drugs of abuse is an increase in extracellular dopamine
levels in the nucleus accumbens (NAc) of the basal forebrain, and
many lines of evidence suggest that this increase in dopamine
release plays a role in the rewarding and positive reinforcing
effects of drugs of abuse (for review, see Koob, 1992; Wise, 1998;
Spanagel and Weiss, 1999). However, it has long been suspected
that endogenous opioid peptides such as endorphins also play a
role in drug reward, in positive reinforcement, and ultimately in
the development of addiction. For example, early studies demon-
strated that endogenous ligands of m and d opioid receptors, such
as enkephalins and endorphins, possess intrinsic rewarding prop-
erties and will be self-administered by rodents directly into the
brain ventricles (Belluzzi and Stein, 1977; van Ree et al., 1979) as
well as regions of the mesolimbic reward system such as the NAc
(Goeders et al., 1984). Along these lines, intracranial microinjec-
tions of enkephalins, endorphins, and other m/d receptor agonists
the NAc and other regions can produce conditioned place pref-
erence, a behavioral measure of reward and positive reinforce-
ment (Olds, 1982; van der Kooy et al., 1982; Bals-Kubik et al.,
1993). Finally, administration of m and/or d opioid receptor
antagonists into the NAc can reduce appetitive behaviors and
self-administration of certain drugs of abuse (Amalric et al., 1987;
Corrigall and Vaccarino, 1988; Kelley et al., 1996; Heyser et al.,
1999; Hyytia and Kiianmaa, 2001). Thus, m/d opioid receptors in
the NAc appear to be involved in the neurobiological mechanisms

underlying drug reward and positive reinforcement. The present
study was conducted to assess the ability of certain drugs of abuse
(i.e., ethanol, cocaine, amphetamine, and nicotine) to alter extra-
cellular levels of endogenous opioid ligands (endorphins) in the
NAc using microdialysis sampling in freely moving animals.

MATERIALS AND METHODS
Animals. Male Long–Evans rats (250–400 gm, 10–20 weeks of age;
Harlan, Madison, WI) were used as subjects. Animals were housed
individually under a 12 hr light /dark cycle with lights on at 6:00 A.M.
Before surgical procedures, animals were housed in standard Plexiglas
cages maintained at 25°C in a ventilated cage rack (Biozone Inc., Fort
Mill, SC). After surgical procedures, animals were housed in clear
cylindrical polycarbonate microdialysis cages (30 cm diameter 3 38 cm
high; Instech Laboratories, Plymouth Meeting, PA) for the remainder of
the experiments. Animals had access to food and water ad libitum
throughout all procedures. All experiments were performed during the
light portion of the light /dark cycle. All procedures were performed in
accordance with approved institutional protocols, the 1996 National
Research Council Guide for the Care and Use and Laboratory Animals, and
the Society for Neuroscience Policy on the Use of Animals in Neuroscience
Research.

Surg ical procedures. Animals were anesthetized with 2% halothane
vaporized in a 1:1 mixture of O2 and N2O and implanted with guide
cannulas (SciPro, North Tonawanda, NY) aimed at the medial border of
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the core–shell region of the NAc [stereotaxic coordinates: anteroposte-
rior, 11.7 mm; mediolateral, 21.0 mm from bregma; dorsoventral, 26.0
mm from skull surface, according to the atlas of Paxinos and Watson
(1997)]. Guide cannulas were secured with skull screws and dental
cement. The wound was treated with 2% bacitracin and 2% xylocaine
topical ointments and sutured closed with 3-0 vicryl sutures. After
surgery, animals were allowed to recover in polycarbonate microdialysis
cages for at least 5 d before dialysis probe implantation.

Microdialysis procedures. After recovery, animals were lightly reanes-
thetized as described above and implanted with microdialysis probes
with 2 mm polyethylsulfone membranes (15 kDa cutoff; 0.6 mm outer
diameter; SciPro) to a final depth of 28.0 mm from skull surface. Probes
were continuously perfused with artificial CSF (aCSF) containing 125
mM NaCl, 2.5 mM KCl, 0.5 mM NaH2PO4zH2O, 5 mM Na2HPO4, 1 mM
MgCl2z6H2O, 1.2 mM CaCl2z2H2O, 5 mM D-glucose, 0.2 mM L-ascorbic
acid, and 0.025% (w/v) bovine serum albumin, pH 7.3–7.5. All aCSF
reagents were from Sigma (St. Louis, MO). Probes were attached to
dual-channel liquid swivels (Instech Laboratories) with fluoroethylene
polypropylene tubing (0.005 inch inner diameter; CMA/Microdialysis,
North Chelmsford, MA) in cylindrical microdialysis cages to permit
freely moving conditions. Animals were allowed to recover from probe
implantation overnight before pharmacological experiments. On the fol-
lowing day, the aCSF flow rate was set at 2.0 ml /min, and after a 1 h
re-equilibration period, microdialysis samples were collected into
polypropylene microcentrifuge tubes in a refrigerated microsampler
(SciPro) at 30 min intervals. After collection, samples were immediately
stored on dry ice and later frozen at 270°C until analysis by radioimmu-
noassay (RIA).

Brain histology. After microdialysis procedures, animals were deeply
anesthetized with Nembutal (150 mg/kg, i.p.) and perfused transcardi-
ally with 100 ml of 0.9% NaCl followed by 250 ml of Streck tissue fixative
(Streck Laboratories, La Vista, NE). Brains were then removed and
placed in the same fixative for at least 48 h at 4°C. Coronal brain sections
(30 mm thickness) were cut on a cryostat (Leica, Deerfield, IL), mounted
onto microscope slides, and coverslipped with Permount (Fisher Scien-
tific, Santa Clara, CA). Probe placement was verified under light micros-
copy, and data from animals with probe placements outside of the target
region were discarded.

Endorphin RIA. Microdialysate endorphin content was measured us-
ing a commercially available RIA kit (RK-022-33; Phoenix Pharmaceu-
ticals, Mountain View, CA) adapted to solid-phase procedures (Olive
and Hodge, 2001). Briefly, 96-well microtiter plates (Dynex Microlite 21;
Dynex Technologies, Chantilly, VA) were incubated with a protein A
solution (0.4 mg/50 ml in 0.1 M NaHCO3, pH 9.0) for at least 24 h at 4°C
to facilitate binding of the antisera to the plate wells. Plates were then
washed three times with assay buffer [0.15 M K2HPO4, 0.2 mM ascorbic
acid, 0.1% Tween 20, and 0.1% gelatin (Sigma), pH 7.4, with phenol red
added for enhanced visualization]. Next, plates were incubated with
rabbit antisera to rat b-endorphin (50 ml /well; diluted 1:25 from stock in
assay buffer) for 24 h at 4°C. According to the manufacturer, this
antiserum cross-reacts 100% with rat a- and b-endorphin, 60% with
g-endorphin, and 0% with met- and leu-enkephalin. After incubation
with the antisera, plates were washed with assay buffer and incubated
with 0–50 fmol /50 ml (in quadruplicate) of the synthetic rat b-endorphin
standards diluted in aCSF. Microdialysis samples (50 ml) were also added
at this time. Standards and samples were incubated at 4°C for 24 h. Next,
;5000 cpm/50 ml of I 125-labeled rat b-endorphin (diluted in assay buffer)
was added to each well, and the plates were incubated at 4°C for 48 h.
Finally, plates were washed with assay buffer and 100 ml of Microscint 40
scintillation fluid (Packard Instrument Company, Meriden, CT) was
added to all wells. The plates were covered with TopSeal film, agitated
for 1 min on an orbital shaker, and counted on a TopCount Microplate
Scintillation Counter (Packard). Data from microdialysis samples falling
outside of the linear range for this assay (1–50 fmol /50 ml) were
discarded.

Drugs. Cocaine hydrochloride, D-amphetamine sulfate, and nicotine
hydrogen tartrate (Sigma) were dissolved in physiological saline and
administered intraperitoneally in a volume of 1 ml/kg. Ethanol (95% v/v)
was diluted to 20% v/v in saline and administered intraperitoneally. All
drugs were administered at ;12:00 P.M. and ;3:00 P.M. All drug studies
were performed within 48 h of probe implantation. Only one drug was
administered per day, and a subset of animals was administered saline as
a control on the day after drug injections.

Data analysis. Baseline values of dialysate endorphin content (fmol /50
ml) were analyzed across treatment groups using a one-way ANOVA.

Next, for each animal, dialysate endorphin content was transformed into
a percentage of basal endorphin release, assigning a value of 100% to the
average endorphin level in the six 30 min baseline samples collected
before drug administration. All data are presented as mean 6 SEM.
Individual postinjection data points were compared with baseline values
using a one-way repeated-measures ANOVA followed by a Newman–
Keuls post hoc test or, when normality tests failed, a one-way ANOVA on
ranks test.

RESULTS
As shown in Figure 1, the majority of dialysis probes were placed
in the rostral core–shell border region of the NAc, between 1.2
and 1.7 mm anterior to bregma. The IC50 of the endorphin
radioimmunoassay ranged from 6 to 8 fmol/50 ml, and the limit of
detection was ;1 fmol/50 ml (Olive and Hodge, 2001).

Basal levels of dialysate endorphin content were 16.0 6 1.8
fmol/50 ml (mean 6 SEM; n 5 40). No significant differences in
basal endorphin levels were observed between individual treat-
ment groups. The results of acute challenges with ethanol, co-
caine, D-amphetamine, nicotine, or saline are shown in Figure 2.
Acute administration of ethanol (2 gm/kg, i.p.; n 5 15) produced
a significant increase in dialysate endorphin levels after the first
injection (maximum 55 6 19% above baseline; F(1,25) 5 8.08; p ,
0.05) and second injection (maximum 63 6 23% above baseline;
F(1,20) 5 6.76; p , 0.05). Cocaine (20 mg/kg, i.p.; n 5 10) also
produced a significant increase in dialysate endorphin levels after
the first injection (maximum 58 6 19% above baseline; F(1,17) 5

Figure 1. Diagram of coronal sections of rat brain indicating the location
of dialysis probe placements along the medial core–shell border of the
NAc. Vertical lines indicate the approximate location of the probe mem-
brane derived from histological sections. Numbers indicate anterior dis-
tance (in millimeters) from bregma (B). This figure was adapted from
Paxinos and Watson (1997).
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6.16; p , 0.05) and second injection (maximum 77 6 25% above
baseline; F(1,18) 5 9.24; p , 0.05). Acute administration of
D-amphetamine (2 mg/kg, i.p.; n 5 7) produced a significant
increase (maximum 160 6 65% above baseline; F(1,15) 5 6.01; p ,
0.05) in dialysate endorphin content after the first injection;
however, the second injection failed to produce a significant
increase in dialysate endorphin levels. Nicotine (n 5 9) or saline
(n 5 8) had no effect on dialysate endorphin levels after either
injection.

DISCUSSION
These results demonstrate that ethanol, cocaine, and
D-amphetamine increase extracellular levels of endorphins in the

NAc. Endorphins, particularly b-endorphin, are endogenous li-
gands of the m opioid receptor that also display affinity for the d
opioid receptor (Raynor et al., 1994). Given previous studies
demonstrating the positive reinforcing properties of m and d
agonists when injected into this brain region (Olds, 1982; van der
Kooy et al., 1982; Bals-Kubik et al., 1993), we hypothesize that
this increase in extracellular endorphin levels may play a role in
the reinforcing properties of these drugs of abuse. Recently, it was
shown that acute exposure to D9-tetrahydrocannabinol results in
an increase in extracellular enkephalins in the NAc (Valverde et
al., 2001). In addition, previous work by our group has demon-
strated an increase in extracellular enkephalin levels in the globus
pallidus–ventral pallidum after acute exposure to opiates (Olive

Figure 2. Effect of acute administration of ethanol (2 gm/kg, i.p.; n 5 15), cocaine (20 mg/kg, i.p.; n 5 10), D-amphetamine (2 mg/kg, i.p.; n 5 7),
nicotine (2 mg/kg, i.p.; n 5 9), or saline (n 5 8) on endorphin immunoreactivity in microdialysates from the rat NAc in vivo. Vertical arrows indicate when
drugs were given. Each data point represents the mean 6 SEM of dialysate endorphin levels, expressed as a percentage of the average baseline value
obtained in the six preinjection samples. *p , 0.05 versus baseline.
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et al., 1995; Olive and Maidment, 1998) and has indicated that
such increases are not observed in the NAc (Olive et al., 1995).
Thus, the ability of drugs of abuse to engage endogenous opioid
peptide systems in various brain reward regions may be drug- and
site-specific. Additional studies examining the effects of ethanol,
cocaine, and D-amphetamine on opioid peptide release in other
reward-related brain regions such as the extended amygdala are
currently underway.

Ethanol and cocaine were able to elicit an increase in extracel-
lular endorphin levels in the NAc after both acute injections.
However, D-amphetamine only elicited such an increase after the
first injection. The reasons for the lack of effect of the second
injection of D-amphetamine are currently unknown. A likely
explanation is that the increased extracellular levels of endor-
phins arising from the first injection had not yet returned to basal
levels at the time of the second injection. We have shown previ-
ously that drug-induced release of endogenous opioid peptides is
highly dependent on preinjection basal levels, with higher basal
extracellular levels correlating with blunted drug-induced in-
creases in peptide release (Olive et al., 1995). A similar inverse
relationship between preinjection extracellular neurotransmitter
levels and the degree of drug-stimulated release has also been
demonstrated with psychostimulant-induced increases in extra-
cellular dopamine in the NAc (Weiss et al., 1992). Thus, drug-
stimulated endorphin release may be dependent on basal extra-
cellular levels of this opioid peptide.

Along these lines, it is possible that circadian fluctuations in
basal endorphin release may occur in the NAc and influence the
degree of drug-induced increases in extracellular endorphin lev-
els. Indeed, circadian variations in pituitary and plasma endor-
phin content have been documented (Kerdelhue et al., 1983;
Millington et al., 1986). However, to our knowledge, a circadian
pattern of endorphin levels in the NAc has not been demon-
strated. Additional microdialysis studies examining diurnal fluc-
tuations in extracellular endorphin levels in the NAc are needed
to address this possibility.

The current study demonstrated a lack of effect of nicotine
administration on extracellular endorphin levels. Although the
reasons for the lack of effect of nicotine are unknown, these data
argue against the possibility that drug-induced endorphin release
is a result of stress attributable to the administration of the drug
by the experimenter. The dose of nicotine used in the present
study (2 mg/kg, i.p.) has been shown to elevate plasma levels of
adrenocorticotropin hormone (Weidenfeld et al., 1989) to levels
similar to those observed after acute administration of ethanol
(Rivier et al., 1984), cocaine (Moldow and Fischman, 1987), and
D-amphetamine (Swerdlow et al., 1993). Thus, stress-induced
activation of the hypothalamic–pituitary–adrenal axis caused by
intraperitoneal drug administration is not likely a contributing
factor to the increases in extracellular endorphin levels induced
by ethanol and psychostimulants.

Mechanisms of action
The NAc and other limbic brain regions receive endorphinergic
inputs from pro-opiomelanocortin (POMC)-containing neurons
in the arcuate nucleus of the hypothalamus (Bloom et al., 1978;
Finley et al., 1981). However, it is unclear whether the ethanol-
and psychostimulant-induced increases in extracellular NAc en-
dorphin levels are a result of direct activation of the arcuate–NAc
endorphin pathway. Some studies have shown that acute ethanol
administration increases POMC mRNA in the arcuate nucleus
(Rasmussen et al., 1998; Madeira and Paula-Barbosa, 1999), but

other studies have demonstrated a lack of effect of acute ethanol
on arcuate POMC mRNA content (Kinoshita et al., 2000). In
addition, numerous studies have failed to find evidence of acti-
vation of arcuate POMC-containing neurons (as measured by
immediate-early gene expression) by cocaine or D-amphetamine
(for review, see Harlan and Garcia, 1998). Thus, a direct activa-
tion of the arcuate–NAc endorphin pathway by ethanol and
psychostimulants, resulting in increased extracellular endorphin
levels in the NAc, appears unlikely. The ability of ethanol and
psychostimulants to increase the release of endorphins may be
mediated via other heteroregulatory neurotransmitter systems in
the NAc, such as dopamine, amino acids, or serotonin (Zangen et
al., 1999).

Implications for drug self-administration
Numerous investigators have hypothesized that endorphin and
other endogenous opioid systems are involved in addictive
processes (Gianoulakis, 1996; van Ree, 1996; Herz, 1998; van
Ree et al., 1999). Thus, our findings that ethanol, cocaine, and
D-amphetamine increase extracellular levels of endorphins in
the NAc have important implications for elucidating the neuro-
biological mechanisms by which opiate antagonists alter drug
self-administration. For example, the opioid antagonist naltrex-
one is efficacious in reducing ethanol consumption in humans and
animals (for review, see Johnson and Ait-Daoud, 2000; Kranzler,
2000), and recent evidence suggests that opioid antagonists may
act within the NAc to exert their inhibitory effects on ethanol
self-administration (Heyser et al., 1999). Thus, pharmacological
blockade of the postsynaptic effects of endorphins after ethanol-
induced release in the NAc may reduce the reinforcing and
motivational properties of ethanol. However, opioid mechanisms
in other brain regions such as the extended amygdala also likely
contribute to the reinforcing properties of ethanol (Heyser et al.,
1999).

Opioid antagonists can also attenuate self-administration of
psychostimulants (Carroll et al., 1986; Mello et al., 1990; Corri-
gall and Coen, 1991; Ramsey and van Ree, 1991; Reid et al., 1995;
Schmitz et al., 2001) as well as psychostimulant-induced condi-
tioned place preference (Houdi et al., 1989; Trujillo et al., 1991;
Menkens et al., 1992; Suzuki et al., 1994). Thus, endogenous
opioid systems are also likely involved in the reinforcing proper-
ties of psychostimulants, and we hypothesize that the endorphin
release in the NAc induced by cocaine and D-amphetamine con-
tributes to their motivational and reinforcing properties. How-
ever, opioid peptide systems in other brain regions such as the
ventral tegmental area may also play a role in the positive rein-
forcing effects of psychostimulants (Ramsey et al., 1999).

Conclusions
Drug abuse is a chronic disorder characterized by compulsive
drug-seeking and drug self-administration behavior. However, the
current study only investigated the acute effects of investigator-
administered ethanol, psychostimulants, and nicotine on extracel-
lular endorphins in the NAc. Nonetheless, there is evidence that
similar drug-induced increases in extracellular endorphins in the
NAc will likely be observed in drug self-administering animals.
Van Ree and colleagues documented that tissue levels of endor-
phins in the NAc of rats are decreased in anticipation of daily
cocaine self-administration sessions (Sweep et al., 1988, 1989) with
parallel increases in opioid receptor occupancy (Gerrits et al.,
1999), indirectly indicating a release of these opioid peptides. Thus,
additional in vivo studies are warranted to confirm such a release of
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endogenous opioids during drug self-administration, and ulti-
mately to determine how endogenous opioid systems contribute to
the development of drug addiction.
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