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ABSTRACT ,-Endorphin in nanomole quantities produced
a stimulation of locomotor activity when infused into the region
of the dopamine cell bodies of the ventral tegmental area (VTA)
in rats. a-, -y-, and des-Tyr-y-endorphin produced similar effects,
but the D-alanine analogues of a- and y-endorphin produced
a larger and longer-lasting activation, presumably reflecting
their resistance to degradation. This locomotor activation was
reversible by pretreatment with naloxone and b destruction
of the terminal projections of the mesocorticolimzic dopamine
system originating in the VTA. These results demonstrate that
locally infused endorphin can interact with the opioid receptors
in the VTA, and they suggest a means by which endorphins ac-
tivate limbic excitability.

The identification and localization within the central nervous
system of endogenous peptides with opiate-like actions sug-
gested that these substances may act as central neuro-
transmitters (1, 2). Both [Metlenkephalin [/3-lipotropin-(61-65)]
and f3-endorphin (3-END) [/3-lipotropin-(61-91)] exhibit op-
iate-like activity when injected into the ventricles (3, 4). These
effects have included analgesia, catatonia, loss of corneal and
tail pinch reflexes, and wet-dog shakes (3), and :3-END ap-
peared to be more potent than [Met]enkephalin (5-7). In ad-
dition, most of these effects are reversible by naloxone. These
preliminary results suggested to some that-the endorphins could
be an etiological factor in mental illness (3, 8), but the nature
and specification of this action remains to be determined.

Opiate receptors and enkephalin-like peptides have been
found in the region of the ventral tegmental area (VTA) (9), and
in at least some accounts receptors appear to be localized on
mesolimbic dopamine neurons (9, 10). These mesolimbic do-
pamine neurons are thought to be involved in the locomotor
stimulation produced by psychomotor stimulants (11, 12) but
also may have a role in general activation and the actual orga-
nization of behavior (13, 14). In fact, some authors have sug-
gested that the activation of the mesolimbic dopamine system
may be an important model of schizophrenia (15). This in-
triguing similarity of the putative function for the mesolimbic
dopamine system and the endogenous opiate systems requires
further analysis of their interaction at the behavioral level, and
our initial studies have concentrated on the activation of the
mesolimbic dopamine system as measured by simple locomotor
activity.

Recent work has demonstrated that morphine and [D-Ala2,
Met]enkephalin when injected into the VTA can produce sig-
nificant increases in locomotor activity that may reflect an
activation of these mesolimbic dopamine neurons (16, 17). The
purpose of the present study was to determine whether 1-END
also interacts with the opiate receptors in the VTA to produce
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locomotor activity and, if so, to pursue the pharmacological
specificity of this effect with other endorphins, endogenous
catecholamines (11), and naloxone.

METHODS
Animals and Surgery. Male Sprague-Dawley (350-g) rats

were stereotaxically implanted with bilateral stainless steel
guide cannulae (23 gauge) aimed at the VTA (coordinates: 2.3
mm anterior to interaural zero, 0.5 mm lateral and 5.6 mm
ventral from the skull surface with the incisor bar 5.0 mm above
interaural line). All animals were housed individually and were
allowed at least a 1-week recovery period before the start of
behavioral testing. In the lesion experiment, in addition to the
above procedures, rats were injected bilaterally with 6-hy-
droxydopamine (8 Mig of base in 2 Ail over 14 min) in the nucleus
accumbens and were allowed 2 weeks of recovery. Control rats
were injected with the vehicle solution (0.9% saline containing
ascorbic acid at 0.2 mg/ml). Thirty minutes before injection
of the 6-hydroxydopamine, the rats were pretreated with
pargyline (50 mg/kg intraperitoneally).

Microinfusion and Materials. 1-END [13-lipotropin-(61-
91)], a-END [1-lipotropin-(61-76)], y-END [1-lipotropin-
(61-77)], and des-Tyr'-7y-END [13-lipotropin-(62-77)], as well
as [D-Ala2]-a-END and [D-Ala2]-y-END, were synthesized at
The Salk Institute. They were stored at 20'C in 200-jig
freeze-dried samples. The appropriate amounts of opioids were
prepared by addition of sterile 0.9% saline (151 mM). During
the infusion procedure, cannulae (30 gauge) were lowered into
the VTA (8.9 mm from the skull), and bilateral infusion of 1 jl
of solution was performed over 105 sec by using a microdrive
pump. Doses are expressed in nmol and reflect the total amount
injected on both sides of the VTA. The cannulae were left in
place for 1 min after injection to allow for diffusion. Before
testing, all rats were given a preliminary saline infusion in order
to habituate them to the procedure and also to minimize me-
chanical effects during experimental infusions. Naloxone dis-
solved in saline was injected subcutaneously (0.5 ml of solu-
tion).

Behavioral Measures. Quantitative analysis of horizontal
locomotor activity was recorded in two types of photocell cages.
Activity was measured in circular corridors, 12 cm wide and
170 cm long, in which four beams of infrared lights traversed
the corridor 3 cm above the floor. Interruption of these infrared
beams registered counts on an automatic recorder outside the
testing room. In the 13-END/naloxone study, locomotor activity
was measured in wire mesh cages, 25 X 36 X 20 cm, equipped
with two infrared photocells, whose interruption registered
counts on counters outside the testing room. Before any activity
measures, rats were habituated to the testing box for 24 hr. On

Abbreviations: END, endorphin; VTA ventral tegmental area.
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FIG. 1. Stimulation of locomotor activity induced by simulta-
neous bilateral VTA infusion of 1-END. 0, Vehicle, n = 6; 0, 2 Ag,
n = 6; *, 5.0 ,Ag, n = 2; 0 10 ,ug, n = 8. These treatments correspond
to total infusions of 0, 0.6, 1.5, and 2.9 nmol of 13-END.

the test day they were habituated for 1 hr before infusion, in-
fused with peptide, and returned to the apparatus for 1-3 hr
depending on the experiment.

Statistical Analysis. Locomotor activity counts were
subjected to parametric statistical analysis using the repeated
measured analysis of variance with the least squares compu-
tation for unequal numbers (18). For these analyses, each sep-
arate injection was considered an independent observation and
the repeated observations over time during that injection were
considered the repeated measure. Individual comparisons were
made by using Student's t test.

RESULTS
Locomotor Activation Produced by Endorphins. Bilateral

infusion of 1-id solutions into VTA containing a total of 2.0, 5.0
or 10.0 gg of fl-END (0.6, 1.5, and 2.9 nmol, respectively) in-
duced a long-lasting increase in locomotor activity (Fig. 1),
which persisted for 120-180 min (group effect, F = 3.65, df =
3, 18; P < 0.05; group X time interaction, F = 2.73, df = 5, 15;
P < 0.01). At the high doses of f-END (2.9 nmol) the initial
behavioral activation was associated with an initial period of
head-down sniffing (and immobility) which lasted 60 min and
was followed by a second phase, in which increased locomotor
activity predominated. This initial increase in stereotyped
behavior yields the inverse relationship between dose and lo-
comotor activation seen in Fig. 1, particularly because the peak
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FIG. 2. Locomotor response to repeated bilateral VTA infusion
of 1 Ml of saline (stippled bars; n = 4) or 2,ug (6 nmol) of 1-END (open
bars; n = 4). As in all following figures, error bars indicate SEM. One
infusion was given every 2 days.

activation appears to be produced by a dose between 0.30 and
1.50 nmol (see Fig. 4). In addition, repeated infusions of f-END
(0.6 nmol) into the VTA at intervals of 48 hr or more showed
that f-END-treated rats have a stable response from test to test
(Fig. 2), with no obvious development of tolerance.

Although all the opiate peptides induced some activation,
they were not equally potent in inducing locomotor stimulation
(Fig. 3, Table 1). The largest increase was the f-END at the
lower dose. y-END and des-Tyrl-,y-END did increase loco-
motion, but these effects were minimal and mainly localized
to the first 30 min (Fig. 3). [D-Ala2J-a-END and [D-Ala2]-
y-END, slowly metabolized analogues of a- and y-END,
produced significant increases in locomotor activity during the
first 30 min, and the behavioral activation was as long-lasting
(120 min) as with f-END (Table 1).
Naloxone Antagonism of Endorphin Effects. The loco-

motor activation induced by infusion of 0.06 nmol of f-END
into the VTA was significantly blocked by subcutaneous pre-

treatment with naloxone at 1 mg/kg (F = 12.57, df = 1, 14; P
< 0.01) (see Fig. 4). Naloxone only partially antagonized the
effects of 0.30 nmol of f-END (F = 4.58, df = 1, 14; P < 0.05)
and had no effect on the locomotor stimulation produced by
1.5 nmol (F < 1.0). This shift in the dose-response relationship
with naloxone pretreatment was also evident after infusion of
[D-Ala2]a-END. The behavioral activation induced by infusion
of 0.6 nmol of [D-Ala2]-a-END into the VTA was completely
blocked by simultaneous subcutaneous injection of naloxone
at 1 mg/kg (F = 5.27, df = 1, 9; P < 0.05) (see Fig. 5). Naloxone
at a dose of 1 mg/kg also partially antagonized the effects of

Table 1. Dose-dependent locomotor stimulation induced by bilateral infusion of endorphins and related peptides into the VTA

Amount of opiate Locomotor activity counts (120 min)
infused Des-Tyr1-

per rat, nmol :3-END a-END [D-Alal-a-END y-END T-END [D-Ala]-y-END

0.6 1030 200** (8) 739 ± 169* (7) 810± 205* (6)
1.5 484 ± 126 (5) 323 + 32 (8)
3.0 784 ± 253 (8) 1296 ± 152** (5) 484 i 57** (7) 1098 ± 270** (5)
6.0 527 i 148 (8) 403 i 44* (7) 444 + 45** (8)

In parentheses are the numbers of rats in each group. Locomotor activity was recorded in a circular corridor for 120 min. Control group score
was 232 + 39 (mean ± SEM) for six rats. The total amount of the peptide infused is indicated in the left column. The molarity of the solution
itself varied with dose; 0.6 nmol of peptide produced a 0.3 nM solution. An overall analysis of variance revealed a significant group effect (F
= 3.95, df = 12, 75; P < 0.01).
* Significantly different from control, P < 0.05 by Student's t test.
** Significantly different from control, P < 0.01 by Student's t test.
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FIG. 3. Locomotor response induced by bilateral VTA infusion of endorphins and related peptides during the first 30 min after injection.
An overall analysis of variance revealed a significant group effect (F = 4.63, df = 12, 75; P < 0.01). n 2 5 for each group.
* Significantly different from saline, P < 0.05 by Student's t test.

3.0 nmol of [D-Ala2]-a-END (F = 17.76, df = 1, 7; P < 0.01)
but actually increased the locomotor stimulation produced by
15.0 nmol of [D-Ala2]-a-END. To block the effect of 15.0 nmol
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FIG. 4. Locomotor response after simultaneous bilateral VTA
infusions (open bars) of a total of 0.2, 1.0, and 5.0 lug of S-END, cor-

responding to 0.06, 0.30, and 1.5 nmol, respectively, and previous
subcutaneous injection of naloxone (1 mg/kg) (hatched bars). n 2 6
for each group.
* Significantly different from endorphin without naloxone, P <

0.05, group effect, two-way analysis of variance with repeated
measures on one factor.

**P<0.01.

of [D-Ala2]-a-END required a dose of naloxone of 5 mg/kg (F
= 13.13, df = 1, 1o; P < 0.01).
Role of Mesocorticolimbic Dopamine Neurons. The de-

struction of the dopamine terminals by injection of 6-hydrox-
ydopamine into the nucleus accumbens completely blocked the
locomotor stimulation induced by VTA infusion of 0.6 nmol
of f-END (Table 2) (F = 13.9, df = 1, 13; P < 0.01), whereas
the locomotor response to VTA saline was identical for sham-
operated rats and rats with nucleus accumbens lesions. In this
experiment the lesion of dopamine neurons was verified by
psychopharmacological tests (11). As previously demonstrated,
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FIG. 5. Locomotor response after simultaneous bilateral VTA
infusion of a total of i.0, 5.0, and 25.0 ,gg of [D-Ala2]-a-END (0.6, 3.0,
and 15.0 nmol, respectively) and subcutaneous injection of naloxone
at 0, 1 (hatched bars), or 5 (stippled bars) mg/kg. n > 4 for each group.
Significant differences are indicated as in Fig. 4.
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Table 2. Endorphin locomotor stimulation blocked by destruction of the terminals of the
mesocorticolimbic dopamine system

Locomotor activity counts
Time of test, Sham Nucleus accumbens,

Treatment min (n = 9) 6-hydroxydopamine (n = 6)

Saline VTA 120 202 I 29 198 30
/3-END (0.6 nmol) VTA 120 1349 + 247 198 19**
d-Amphetamine (1.5 mg/kg)

intraperitoneal 180 2752 + 358 90 ± 19**
Apomorphine (0.1 mg/kg)

subcutaneous 60 98 ± 17 2010 464**

Destruction of the innervation of the mesocorticolimbic dopamine system by injection of 6-hydrox-
ydopamine into the area of the nucleus accumbens produced a blockade of the locomotor stimulation
normally induced by bilateral VTA infusion of 2.0 gg (0.6 nmol) of ,3-END.
** P < 0.01, compared to sham-operated rats, by Student's t test.

the lesion blocked the locomotor response to d-amphetamine
(F = 32.8, df = 1, 13; P < 0.01) and induced a supersensitive
response to apomorphine (F = 125.5, df = 1, 13; P < 0.01).

DISCUSSION

The present study demonstrates that 3-END and endorphin
analogues produce a dose-dependent increase in locomotor
activity when infused into the VTA. These increases in activity
can be blocked by naloxone and thus appear to be a direct result
of stimulating opiate receptors located there. The relationship
with dose for /-END probably reflects the development of
behavioral patterns that are incompatible with horizontal lo-
comotion. Support for this hypothesis comes from the experi-
ment with [D-Ala2J-a-END, in which a low dose of naloxone
actually increased activity to a high dose of the endorphin. This
shift to the right of the dose-response functions of /3-END and
[D-Ala2]-a-END (Figs. 4 and 5) by naloxone suggests a dynamic
competition between agonist and antagonist at the level of the
receptor, and it appears that a high dose of naloxone can
overcome this competition and produce a complete block of the
locomotor activity.
The injection of the a and y analogues of /3-END produced

similar effects during the first 30 min, but the D-Ala analogues
of a and y endorphin caused a much longer-lasting activation,
presumably reflecting their resistance to metabolic destruction.
The fact that [D-Ala2]-a-END and [D-Ala2]-'y-END produced
similar effects on locomotor activity with central injections
appears to be in contradiction to some of the results reported
in other studies on extinction with peripheral injections. Here,
a-END characteristically inhibits extinction of both active and
passive avoidance and y-END and des-Tyrl-'y-END facilitate
such extinction (19-21). Whether this difference in the rela-
tionship of a- and y-END reflects a difference in behavior, in
dose, or in some unknown intermediate process remains to be
determined.
What is clear, however, is that the activation' induced by these

endorphin compounds depends upon an intact mesolimbic
dopamine system, because destruction of the terminal projec-
tions of this system located in the area of the nucleus accum-
bens-and at some distance from the site of the peptide infu-
sions-completely blocks these effects. How this interaction
occurs at the neuronal level remains to be explored, but several
hypotheses may be considered. Activation of the dopamine
neurons may be mediated via presynaptic inhibition of an as-
yet-undetermined inhibitory system (22, 23). An alternative
explanation may be an inhibition of dendritic release of dopa-
mine onto some afferent input such as serotonin or y-amino-
butyric acid.

The actual mechanism in the normal brain for this endor-
phin-dopamine interaction remains unclear because no en-
dorphin fibers have been localized to the VTA with current
methods (24). Thus, endogenously released endorphin would
have to act via the cerebrospinal fluid. Injection of /-END in-
traventricularly does produce an augmentation of locomotor
activity (25), but the doses necessary are considerably higher
than those reported here. In fact, the present study demonstrates
a probable site of action for the behavioral activation produced
by intraventricular /-END.

Regardless of the ultimate cellular mechanism of this op-
iate-dopamine interaction, the importance of this interaction
at the functional level cannot be discounted. The mesocort-
icolimbic dopamine neurons have been implicated in the psy-
chopathology of schizophrenia (15, 26-28), and recent results
have shown that the opiate peptides may also have a role. This
opiate-dopamine interaction at the level of the cell bodies of
the mesocorticolimbic dopamine system may offer important
clues for our understanding of the complex pathology of these
and similar mental diseases.
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