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GOEDERS, N. E., J. D. LANE AND J. E. SMITH. Self-administration of rnethionine enkephalin into the nucleus 
accumbens. PHARMACOL BIOCHEM BEHAV 20(3) 451-455, 1984.-- Microinfusions of the endogenous opiate 
neurohumor, methionine enkephalin, into the nucleus accumbens initiated a reinforcing stimulus in a dose-related manner. 
The reinforcing nature of this intracranial self-administration was evaluated with intermittent schedules of reinforcement 
and a two-lever discrimination procedure. Opiate receptors are likely responsible for the initiation of this reinforcing 
stimulus since naloxone effectively blocked self-administration. These data suggest the mediation of opiate reinforcement 
through interactions with opiate receptors in brain regions outside the ventral tegmental area, questioning the current 
dopamine hypothesis for the initiation of these reinforcement processes. 
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THE abuse liability of opiates depends in part upon their 
reinforcing properties. Numerous investigations have sought 
to identify the neuronal circuitry responsible for these ef- 
fects. Mesolimbic dopaminergic neurons have been pro- 
posed to mediate the reinforcing properties of opiates at the 
level of the ventral tegmental area [29] where the cell bodies 
sending projections to forebrain structures (including the 
nucleus accumbens) are localized [4]. This hypothesis has 
been concluded from data reporting an attenuation of intra- 
venous opiate self-administration and place preference con- 
ditioning by systemic pretreatment with neuroleptics [19,20] 
and from data demonstrating the intracranial self- 
administration of 150 pmol of morphine into the ventral teg- 
mental area (VTA) but not into VTA projection areas [I]. 
However, other investigations do not support this hypoth- 
esis. Intravenous opiate self-administration is disrupted fol- 
lowing the systemic delivery of both cholinergic [5] and 
noradrenergic receptor antagonists [6]. In addition, neuro- 
transmitter turnover rates measured in the brains of rats in- 
travenously self-administering morphine are not consistent 
with an exclusive role for dopamine in reinforcement proc- 
esses [24]. However, studies of the neurobiological sub- 
strates of opiate reinforcement that utilize intravenous ad- 
ministration may be equivocal since these drugs have pe- 
ripheral actions that are reflected centrally [24] making the 
identification of the neuronal circuitry involved primarily in 
reinforcement difficult to assess. The effects of systemic 

drug administration on input-output pathways (i.e., the abil- 
ity of the animals to respond, stimulus properties, etc.) make 
specific conclusions difficult. The direct intracranial admin- 
istration of a drug stimulus onto discrete neuronal systems is 
more likely to identify pathways specifically initiating and 
propagating activity indicative of the occurrence of a rein- 
forcing event than is the intravenous route. However, such 
studies may also result in erroneous conclusions when mul- 
tiple receptor subpopulations are involved. It is not surpris- 
ing that concentrations of morphine that maintain self- 
administration in the VTA are not adequate in other brain 
regions since several opiate receptors have been demon- 
strated to be heterogenously distributed in the central nerv- 
ous system [8]. Rats will self-administer morphine directly 
into the lateral hypothalamus [141, septum [26], and nucleus 
accumbens [16], and D-Alae-Met-enkephalin (a stable 
enkephalin analogue) into the lateral hypothalamus [15]. The 
concentrations producing maximal rates of self- 
administration generally correspond to the in vitro affinity of 
the agonist for the major receptor subtype in that region. The 
dopamine hypothesis for the initiation of opiate reinforce- 
ment does not consider this differential distribution of recep- 
tor subtypes and the affinities of the receptors for various 
agonists. For example, the VTA contains primarily mu 
opiate receptors, while delta opiate receptors are predomi- 
nant in the nucleus accumbens [8]. Morphine has approx- 
imately a 10-fold higher affinity for the mu receptor than for 
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the delta receptor [2 lJ and is intracranially self-administered 
(ICSA) into the VTA [I] at concentrations 10-fold lower than 
required in the nucleus accumbens [16]. This investigation 
was initiated to determine if methionine enkephalin (met- 
enkephalin), a putative neurohumor and endogenous ligand 
for delta opiate receptors, would be self-administered into a 
region in the central nervous system containing primarily 
delta receptors at concentrations comparable to the ICSA of 
morphine into the VTA. 

METHOD 
Eleven male Fischer strain F-344 (90 to 150 day-old) rats 

were unilaterally stereotaxically implanted with 22 gauge 
guide cannulae (Plastic Products Co.) into the nucleus ac- 
cumbens under pentobarbital anesthesia (50 mg/kg IP). The 
stereotaxic coordinates were determined using the atlas of 
Krnig and Klippel [12]. With the incisor bar set at -2 .4  mm, 
the cannulae placements were: 9.5 mm anterior to lamda; 1.2 
mm lateral to the midline; and 5.1 mm ventral to the dura. 
Each cannula was secured to the calvarium using self- 
tapping 00 stainless steel screws and dental acrylic. After 
surgery, a stylet was inserted (extending 0.5 mm beyond the 
end of the guide cannula) and remained in place except dur- 
ing testing. The animals were housed in individual cages on a 
12-hr light, 12-hr dark cycle with free access to food and 
water. 

lntracranial microinjections were delivered by an adapta- 
tion (Plastic Products Co.) of the electrolytic microinjection 
transducer system [1,7], which mounted directly onto the 
guide cannula on the rat's head (Fig. I). Microinfusions were 
produced by passing a direct current (200 #A) between a 
silver anode and a platinum cathode contained in an air-tight 
drug reservoir, with the resulting evolution of hydrogen gas 
forcing a reproducible amount of the drug solution out 
through the 28 gauge injection cannula extending 0.5 mm 
beyond the tip of the guide cannula. A small quiescent cur- 
rent (6/xA) was used to prevent the redissolution of hydro- 
gen evolved during previous infusions. This system was cali- 
brated with a radioactive procedure to deliver reliable 100_+7 
nanoliter microinjections. A flexible lead connected the mi- 
croinjection system to a counter-balanced mercury com- 
mutator allowing relatively unrestrained movement of the 
animal during testing. 

The experimental sessions were conducted in a 
rectangular, Piexiglas operant conditioning chamber 
(29x27x30 cm) contained in a ventilated, sound attenuated 
enclosure. A red stimulus light directly above a response 
lever located on one wall of the experimental chamber indi- 
cated the availability of reinforcement. Following the suc- 
cessful completion of the response requirement, the red light 
was extinguished, a white light was illuminated and 100 
nanoliters of the met-enkephalin solution were delivered 
over 5 seconds. Each infusion was followed by a 30-second 
time out period with the presentation of a tone and all 
stimulus lights darkened. The animals were tested during 
fifteen-hour sessions on alternate days beginning at the start 
of their active cycles. 

Concentrations of zero to 750 pmol of methionine 
enkephalin dissolved in artificial cerebral spinal fluid (CSF) 
were tested for self-administration, with fresh drug solutions 
mixed prior to the start of each experimental session. Ini- 
tially, the rats were tested on a continuous reinforcement 
schedule (CRF) with 500 pmol of the drug for three sessions. 
If this failed to engender the lever-pressing response, the 
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FIG. I. The Electrolytic Microinjection Transducer System. Mic- 
roinfusions were produced by passing a 201) #A direct current be- 
tween the silver anode and platinum cathode, with the resulting 
evolution of hydrogen gas forcing reproducible 100 nanoliter vol- 
umes of drug solution out through the injection cannula. 

concentration of methionine enkephalin was either de- 
creased or increased by increments of I00 pmol. This proce- 
dure was repeated until the animals demonstrated an acqui- 
sition of the lever-pressing response or until all concentra- 
tions of the drug in the relevant dose range had been exam- 
ined. When lever pressing was engendered, the animals werc 
tested with various concentrations of methionine enkephalin 
to determine the relationship between the dose of the drug 
and the number of microinfusions self-administered. Each 
dose was evaluated during two experimental sessions, with 
the concentration of methionine enkephalin producing max- 
imal rates of responding determined for each rat. When 
stable responding was observed at this optimum concentra- 
tion (i.e., three consecutive sessions with the number of in- 
fusions varying less than 10 percent), the response require- 
ment was gradually increased on fixed-ratio schedules of 
reinforcement. 

A two-lever choice procedure was employed to demon- 
strate that self-administration resulted from the reinforcing 
properties of methionine enkephalin and not through a gen- 
eralized increase in activity. In these experiments, a second 
lever identical to the first was installed on the opposite wall 
of the experimental chamber. Responses on this lever were 
counted but had no scheduled consequences. When more 
than 90 percent of the total number of responses were made 
on the active lever for three consecutive sessions, the con- 
tingencies were reversed between the two levers. An opiate 
receptor antagonist was used to demonstrate that the rein- 
forcing properties associated with met-enkephalin ICSA 
were mediated through opiate receptors. For these experi- 
ments, naloxone hydrochloride (500 to 1500 pmol) was 
mixed with the methionine enkephalin solution in the micro- 
injection systems of two of the rats. Each concentration of 
naloxone was tested during two experimental sessions. 

Cannulae placements were verified histologically follow- 
ing the completion of the testing regimen. Each animal was 
sacrificed by decapitation, and the brains were rapidly rc- 
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FIG. 2. Histological assessment of guide cannula locations. Squares 
represent the seven sites that supported the intracranial self- 
administration of met-enkephalin, and triangles the four sites that 
did not. Animals with cannulae implanted into the nucleus accum- 
bens exhibited a rapid acquisition of the lever pressing response. 
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FIG. 3. Dose-response relationship for the intracranial self- 
administration of vehicle (artificial CSF) and methionine enkephalin 
into the nucleus accumbens on continuous schedules of reinforce- 
ment. Points are means and the error measurements, standard de- 
viations, for double determinations in seven animals. 
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FIG. 4. Patterns of responding maintained by 500 pmol microinjec- 
lions of methionine enkephalin into the nucleus accumbens from a 
representative animal during four different experimental conditions: 
(A) continuous schedule of reinforcement; (B) fixed-ratio 5 schedule 
of reinforcement; (C) and (D) active and inactive lever presses dur- 
ing a two-lever discrimination experiment; and (E) responding main- 
tained by artificial cerebral spinal fluid alone. 

moved  and frozen ove r  dry ice. Frozen  coronal  sections (16 
micron) were cut with a cryostat  mic ro tome (Damon/ IEC 
Division) at -16°C and were  mounted  onto subbed slides. 
The  slide mounted  sect ions were fixed and stained using the 
methodologies  of  Kli iver  and Barrera [11], and cannula 
placements  were  determined by light microscopy.  

R E S U I . T S  

Seven of  the e leven  rats self-administered met-enkeph-  
alin. Histological  an',dysis demons t ra ted  that microin- 
jec t ions  o f  the drug into the nucleus accumbens  resulted in a 
rapid acquisi t ion o f  the lever-pressing response  (Fig. 2), 
while infusions near  the structure did not maintain respond- 
ing at any concent ra t ion  tested in the o ther  four  rats. The 
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FIG. 5. Percent responding maintained by intracranial microinjec- 
lions of methionine enkephalin (500 pmol) into the nucleus accum- 
bens in a two-lever choice procedure on a continuous schedule of 
reinforcement. Responding rapidly increased on the active lever. 
When the active and inactive levers were reversed, the rat switched 
responding to the new active lever, Extinction resulted in a loss of 
this preference and reconditioning in a rapid return to appropriate 
responding. 

rate of  responding was dose-related (Fig. 3), with maximal 
rates obtained with 350 to 500 pmol. The response require- 
ment  was increased from one to five lever  presses  per  mic- 
roinfusion (FRI  to FR5) at these concentrat ions ,  with the 
animals increasing their rates of  responding to maintain 
equivalent  interinfusion intervals (Fig. 4). The intracranial 
self-administrat ion o f  met-enkephal in was maintained in four 
of  these animals for more than fifty consecut ive  experi-  
mental sessions with no evidence  o f  tolerance.  

In the lever  reversal  exper iments ,  the animals discrimi- 
nated be tween  the two levers ,  responding significantly more 
on the act ive lever  (Fig. 5). When the act ive cont ingency was 
reversed several  t imes be tween the two levers ,  the animals 
quickly switched responding to the new active manipulan- 
dum. During ext inct ion probes (with artificial C S F  substi- 
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tuted for met-enkephalin) this discrimination was lost and 
the animals responded on both levers equally at low rates. 
When the peptide was replaced in the microinjection system, 
the animals again responded primarily on the active lever. 

Including low concentrations of naloxone (500 to 1000 
pmol) in the met-enkephalin solution resulted in a transient 
initial increase in the number of microinfusions delivered per 
session (Fig. 6). This effect diminished as responding re- 
turned to baseline rates with further testing. However, ICSA 
was effectively blocked with 1500 pmol of naloxone, with the 
number of microinfusions delivered approaching vehicle (ar- 
tificial CSF) levels and the animals exhibiting a characteristic 
extinction pattern of' responding. Microinfusions containing 
only the antagonist did not affect operant levels of respond- 
ing. 

DISCUSSION 

The intracranial microinjection of methionine enkephalin 
into the nucleus accumbens initiates a reinforcing stimulus. 
This is concluded from the rapid acquisition of the lever- 
pressing response with 350 to 500 pmol of the drug, the reg- 
ular spacing of interinfusion intervals, the maintenance of 
responding on intermittent schedules of reinforcement and 
the ability of the animals to discriminate between active and 
inactive response levers in a choice procedure. Since the 
animals responded primarily on the active lever (over 90 
percent) during several lever reversals, this self- 
administration cannot be attributed to a generalized behav- 
ioral stimulant action of the drug. The involvement of opiate 
receptors is implicated since 1500 pmol of naloxone at- 
tenuated this self-administration. Greater than equimolar 
concentrations of naloxone may be required to block ICSA 
since naloxone has a greater affinity for the mu receptor than 
for the delta receptor which probably mediates the behav- 
ioral effects of met-enkephalin. The increase in ICSA ob- 
served with 500 to 1000 pmol of the antagonist indicates that 
the drug is not altering the ability of the animals to respond 
(input-output decrements) but rather may be partially 
antagonizing the reinforcing effects of the peptide. The in- 
creased intake suggests that the animals may attempt to 
maintain an optimum concentration of met-enkephalin at the 
receptor site. Similar increases in intravenous opiate and 
stimulant self-administration have been reported following 
the injection of low doses of neurotransmitter receptor 
antagonists [ 13]. 

Opiate receptors in the nucleus accumbens may be in- 
volved in other reinforcement processes. The injection of 
opiates into this region facilitates intracranial electrical 
self-stimulation [2]. This structure has also been suggested to 
be a component of a neuronal circuit mediating morphine 
reinforcement identified in neurotransmitter turnover rate 
studies [25]. Furthermore, kainic acid and 6-hydroxydo- 
pamine lesions of this region increase intravenous morphine 
self-administration and shift the dose-effect curve to the right 
[23], indicating that intrinsic and efferent neurons and 
dopaminergic innervations (which may all contain opiate re- 
ceptors) are excitatory to opiate reinforcement processes. 

lmmunohistochemical investigations have reported the 
discrete localization of enkephalin immunoreactive sites in 
rat brain [10, 18, 27, 28]. The widespread distribution of this 
substance suggests that it may influence physiological func- 
tions regulated by these diverse brain regions. For example, 
enkephalin-containing fiber terminals and cells are concen- 
trated in the periaqueductal grey area [27], with the release 
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FIG. 6. Effect of naloxone on met-enkephalin ICSA into the nucleus 
accumbens presented as the percent of responding maintained by 
500 pmol of met-enkephalin (100%). Including equimolar concentra- 
tions of naloxone resulted in a transient increase in ICSA, while 
tripling the molar ratio of naloxone to met-enkephalin resulted in 
extinction. Points are the means and the error measurements, stand- 
ard deviations, for double determinations in two animals. 

of enkephalin possibly modulating pain perception [17]. In 
addition, the localization of enkephalin in the hypothalamus 
[28] suggests that it may serve a neuroendocrine regulatory 
role [3]. Opiate receptors in this structure may also modulate 
reinforced behaviors since naloxone reduces water intake 
[22] and /3-endorphin increases feeding [9] in rats when 
applied into the hypothalamus. Morphine [141 and D- 
Ala~-Met-Enkephalinamide [15] ICSA into this region pro- 
vide further support for its role in the mediation of rein- 
forcement. The identification of enkephalinergic cell bodies 
and nerve endings in the nucleus accumbens [10,28] indi- 
cates that it may be an endogenous neurohumor in this brain 
region. The delivery of methionine enkephalin to delta opiate 
receptors in the nucleus accumbens results in the initiation of 
a reinforcing stimulus at concentrations of the same mag- 
nitude employed to demonstrate morphine ICSA into the 
VTA [I]. Presumably, the release of endogenous enkephalin 
in this brain region should also initiate reinforcing neuronal 
events. The results of this investigation demonstrate that 
activation of opiate receptors associated with dopaminergic 
neuronal cell bodies in the VTA 129] may be sufficient but 
not necessary for reinforcement. Opiate reinforcement ap- 
pears to be mediated through the interactions of opiates with 
receptors localized in other brain regions. 
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