
Brain Self-Stimulation: Direct Evidence for the 

Involvement of Dopamine in the Prefrontal Cortex 

Abstract. Rats were trained to self:stimulate the medial preftontal cortex, a region 
rich in dopaminergic terminals. After the region adjacent to the electrode site was 
labeled with [14Cjdopamine, it was perfused repeatedly by means of push-pull can- 
nulas. Electrical stimulation of this cortical area in six animals enhanced the release 
of dopamine and its associated metabolites in nine of 16 experiments. Thus in vivo 
evidence is provided that dopamine is involved in the brain self-stimulation mecha- 
nism within the frontal cortex. 

An intriguing assumption underlying 
the neurochemical substrates of brain 
self-stimulation is that a specific neuro- 
transmitter is released as the behavior is 
initiated and sustained (1). Recently, 
dopamine (DA) has been implicated on 
the basis of pharmacological and other 
experiments in self-stimulation behavior 
(1). In addition to the nigrostriatal and 
mesolimbic dopaminergic pathways (2), 
nerve terminals containing this mono- 
amine have been identified within the 
medial and sulcal prefrontal cortex by 
Thierry and co-workers (3). In these cor- 
tical regions, electrical stimulation is 
positively reinforcing (4) and DA has 
been proposed as the possible neuro- 
transmitter mediating it. 

We now present direct physiological 
evidence that DA activity increases in 
vivo in the cortex during electrical self- 
stimulation behavior. In fact, the endog- 
enous release and turnover of this mono- 
amine is specifically enhanced within the 
medial prefrontal cortex, at the same an- 

atomical sites in which self-stimulation 
behavior is maintained. 

A monopolar electrode was implanted 
stereotaxically in adult male Sprague- 
Dawley rats with its tip resting in the me- 
dial prefrontal cortex. At the same time, 
a 20-gauge guide tube that accommo- 
dated a push-pull cannula assembly was 
positioned within the same stereotaxic 
plane, but 1.0 mm caudal to the tip of the 
electrode (6). Upon postoperative recov- 
ery, each rat was placed in a self-stimula- 
tion chamber for 1 hour and trained to 
depress a lever in order to obtain electri- 
cal pulses (7) delivered to the cortex. As 
soon as the animal responded for stimu- 
lation at a steady rate for 30 minutes, the 
DA release experiments were begun. 

The region immediately adjacent to 
the electrode was labeled with 0.5 ic of 
['4Cldopamine ([14C]DA) (Amersham/ 
Searle) microinjected over a 10-second 
period in a volume of 1.0 il according to 
standard procedures (8). After 20 to 30 
minutes had elapsed, the cortical site 
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was perfused for 5 minutes with an arti- 
ficial cerebrospinal fluid by means of 
push-pull cannulas at a rate of 25 /l per 
minute (9). Successive perfusions were 
carried out at 15-minute intervals for up 
to 2 hours. As the declining curve of the 
washout in radioactivity approached an 
asymptote, the cortical site was primed 
by electrical stimulation (7), usually 10 
minutes before the third or fourth push- 
pull perfusion. If an animal did not then 
self-stimulate spontaneously, imposed 
stimulation of the site was randomly 
delivered according to the same parame- 
ters at which the rat normally self-stimu- 
lated. 

In addition to the 10-minute period, 
stimulation of the site continued for the 
5-minute interval during the third or 
fourth perfusion. The amount of radio- 
activity in each sample of perfusate was 
determined in a liquid scintillation spec- 
trometer (10). Representative experi- 
mental and control samples of perfusate 
collected prior to, during, and after this 
interval of stimulation were dried under 
a stream of nitrogen. Subsequently, in a 
selected sample of experiments, thin-lay- 
er chromatographic (TLC) analyses (11) 
were undertaken to determine the pro- 
portional values of metabolites of DA as 
well as newly synthesized norepineph- 
rine. At the end of the experiments, the 
anatomical position of each electrode tip 
and perfusion site in the cortex was veri- 
fied according to standard histological 
procedures (12). 
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Fig. 1. (A) Efflux of [14C]DA from the medial prefrontal cortex at the site (0) indicated in the histological inset, during electrical self-stimulation of 
the adjacent tissue. A washout curve of ['4C]DA activity occurs when no stimulation is delivered. (B) Average percentage of change in [14C]DA as 
verified by TLC analysis in samples of perfusate collected from the medial prefrontal cortex during electrical stimulation of this region (N = 6), and the control condition (N = 4) when stimulation was not given (N = 2), or when self-stimulation did not occur (N = 2). Abbreviations: ca, anterior commissure; cc, corpus callosum; cpu, caudate-putamen complex; and pir, pyriform. Control, ; stimulation, 
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Table 1. Levels of dopamine and its metabolites expressed as the percentage of that radioactivity recovered on the TLC plates in samples 
collected before (third perfusion), during (electrical stimulation of the frontal cortex) (fourth perfusion), or after (fifth perfusion) electrical 
stimulation of the frontal cortex. Abbreviations: DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 3-MT, 3-methoxytyra- 
mine; NMN, normetanephrine; DA, dopamine; NE, norepinephrine; and ORIG, origin. The range of activity at the origin varied from back- 
ground level to 492 dpm with a mean and standard error of 121.0 + 19.9 dpm. 

Amine Control perfusions (N = 4) Experimental perfusions (N =6) 
and - 

metabolite Third Fourth Fifth Third Fourth Fifth 

DOPAC 21.44 + 5 15.13 + 1 12.85 + 1 7.99 + 2 5.07 ? 1 13.41 + 3 
HVA 30.68 + 6 35.62 + 8 44.58 + 1 32.88 + 8 34.98 + 8 29.31 ? 4 
3-MT 2.21 + 0.3 2.87 + 0.5 4.34 + 0.7 4.70 + 1 4.14 + 1 4.48 + 1 
NMN 0.53 + 0.1 1.90 + 0.6 1.67 + 0.7 7.40 ? 0.2 2.04 ? 0.6 1.18 + 0.2 
DA 29.13 ? 11 23.22 ? 8 19.29 + 5 12.23 + 5 20.54 + 6 19.17 + 4 
NE 2.02 ? 0.4 2.67 + 0.6 4.66 + 0.7 6.29 + 1 6.49 ? 1 4.63 + 0.9 
ORIG 13.86 + 3.9 15.95 + 1.4 17.48 + 2.5 34.39 + 8 27.33 + 7 27.65 + 9 

. . . .. . . .. 

In nine out of 16 experiments with six 
rats in which the electrode-perfusion 
sites were in the medial prefrontal cor- 
tex, electrical self-stimulation signifi- 
cantly enhanced the localized release of 
I'4C]DA. Figure 1A illustrates the results 
of an individual experiment in which 
electrical stimulation was delivered to 
the frontal cortex of the rat during the 
fourth consecutive perfusion. The activ- 
ity of ["'C]DA increased substantially 
from 4651 to 7361 disintegrations per 
minute (dpm) during the course of elec- 
trical stimulation. During the next per- 
fusion, 15 minutes later, the [4CIDA ac- 
tivity declined when no stimulation was 
delivered and continued to do so on sub- 
sequent perfusions thereafter. On a dif- 
ferent day, the control washout curve 
(Fig. IA) was obtained similarly by re- 
peated perfusions of the same site but 
with no electrical stimulation given. 

The corresponding results from the 
TLC analyses of the samples collected 
from the medial prefrontal cortex of the 
entire group of animals are shown in Fig. 
IB. During electrical self-stimulation the 
1' CIDA activity was significantly in- 
creased by more than 100 percent and, 
even though stimulation had been termi- 
nated, the level of DA in the next per- 
fusion was elevated by more than 75 per- 
cent (13). 

The percentage values of radioactivity 
determined by TLC analysis for the third 
through fifth perfusions under stimula- 
tion and control conditions for selected 
experiments are given in Table 1. Since 
the metabolite values of the two non- 
stimulated and two of the five electrically 
stimulated control rats (14) were not sig- 
nificantly different, all control TLC data 
were pooled. As would be expected, the 
levels of homovanillic acid (HVA), a 
principal by-product of DA metabolism, 
were far higher than those of the other 
catecholamine metabolites (11). The lev- 
el of 3,4-dihydroxyphenylacetic acid in 
the cortical perfusates declined signifi- 
cantly (P < .01) during self-stimulation 
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but the other metabolites, including nor- 
epinephrine, were relatively stable 
throughout repeated perfusions. Accord- 
ing to Braestrup et a/. (15), the half-life 
of HVA and other DA metabolites is less 
than 15 minutes. Thus, relatively small 
changes in the metabolic profile would 
be detectable after 65 to 105 minutes 
elapsed following the intracortical in- 
jection of the DA label (15). 

These results provide direct in vivo 
evidence for the involvement of DA in 
self-stimulation of the prefrontal cortex. 
They support an earlier suggestion that 
this putative neurotransmitter is a media- 
tor of self-stimulation in this frontal area 
(5). We failed to observe any enhanced 
release of ['C]DA from the medial pre- 
frontal cortex during self-stimulation of 
the ventral tegmental area (5, 16). 

That the release of DA could be pro- 
duced simply by the electrical stimula- 
tion of cortical tissue is conceivable. If 
so, the rat's behavior might then be due 
to localized stimulation of fibers rather 
than to a functionally specific pre- 
synaptic release of DA. However, phar- 
macological experiments with DA ago- 
nists and antagonists strongly support 
the idea that dopaminergic synapses do 
play a direct role in mediating self-stimu- 
lation of the frontal cortex. For example, 
spiroperidol, a DA receptor blocking 
agent, or apomorphine, a DA agonist, at- 
tenuates self-stimulation of the orbito- 
frontal cortex of the monkey as well as 
the rat (5). When injected directly into 
the cortex, spiroperidol blocks self-stim- 
ulation delivered to the hypothalamus 
and amygdala (5). These latter experi- 
ments thus correspond with our present 
results showing a functionally induced 
release of DA from a homologous site in 
the rat. The coexistence of noradrener- 
gic terminals in the same cortical area 
leaves open the possibility that this cate- 
cholamine may also play a role in self- 
stimulation of the prefrontal cortex. At 
the present time, evidence from the TLC 
analyses of an increase in norepineph- 

rine either during or after the interval of 
electrical stimulation is not firmly estab- 
lished (17). 

The neurochemical properties of the 
prefrontal cortex are currently of great 
interest because of its functional in- 
volvement in a variety of behaviors (18). 
At present, DA in this area of the brain 
has been implicated not only in reward 
and motivation generally (5) but also in 
the manifestation of emotional states 
(19). In addition, the results reported 
here could also be of relevance to the DA 
hypothesis of schizophrenia (20). That 
is, a dysfunction to the cortical dopami- 
nergic mechanism may cause an impair- 
ment in emotional and goal-directed be- 
havior as frequently witnessed in the 
schizophrenic patient (21). 
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third of the time compared to first sets. 

The rejection of tissue transplanted from 
one member to another member of the 
same species, an allogeneic transplant, is 
one characteristic of an animal's ability 
to mount an adaptive immune response 
to foreign tissue. Experimental alloge- 
neic rejection has been demonstrated for 
all groups of vertebrates tested so far (I). 
Recent interest in the phylogenetic origin 
of the immune response has led to inves- 
tigations of various invertebrate classes. 
Incompatibility responses, which have 
been described as nonimmunological, 
are found in the lower invertebrate phyla, 
such as the Protozoa (2), Coelenterata 
(3), and Porifera (4). Incompatibility re- 
sponses in these phyla are more com- 
monly found when xenogeneic grafts 
(transplants between species) are em- 
ployed. Allogeneic rejection has been 
reported for two invertebrate phyla, 
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the annelids (5) and the echinoderms 
(6). 

We have tested the sea urchin Lyte- 
chinus pictus for the ability to reject allo- 
grafts, and have found that a highly sen- 
sitive immune system is present. This 
work was done with the sea urchin colo- 
ny that has been maintained in our labo- 
ratory for the past 7 years. The colony 
consists of about 4000 animals. Some of 
these have been kept in a mixed popu- 
lation and have unknown parentage, but 
most are kept as separate individuals 
with known genealogies. This allows us 
to begin to examine the genetics of the 
immune response. The methods for rear- 
ing sea urchins in the laboratory have 
been described (7). The animals were 
maintained in a closed seawater system 
at 15? to 16?C. 

Allografts were exchanged between 
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pairs of animals by removing sections of 
test (shell), about 3 mm square, along 
with the overlying epidermis and surface 
structures such as spines and ped- 
icellaria. The squares were taken from 
between the rows of tube feet. Grafts 
were placed on the host graft bed on the 
upper third of the animal. Control tests 
indicate that the position of the graft on 
the host does not affect the immune re- 
sponse. No special methods were used 
to anchor the grafts to the host. and 
about 10 percent did become dislodged 
and were scored as technical losses. The 
sea urchin usually deposits calcium car- 
bonate along the border between the 
graft and host, and the graft becomes 
firmly attached to the host test within a 
few days. This host-graft interface some- 
times fails to form in the case of rapidly 
rejected allografts, such as those be- 
tween unrelated animals. 

Five sets of animals were used. These 
were grouped on the basis of genetic 
relationship. The sets were: lab stock. 
which were laboratory animals of un- 
known genetic relationship to one anoth- 
er; second-generation inbred animals; 
third-generation inbred animals; wild- 
type animals grafted tb third generation: 
and wild type grafted to wild type. Wild- 
type animals were sea urchins obtained 
from Pacific Bio-Marine Laboratories in 
Venice, California. Graft survival times 
are summarized in Table 1. 

Control autografts were lifted from the 
animal to ensure that all connections be- 
tween the graft and underlying tissue 
were completely severed, and then rein- 
serted into the original graft bed. Some 
controls were done by excising two sec- 
tions from the animal and transposing 
them. In other experiments, autografts 
were placed on the animal when the sec- 
ond sets and third-party grafts were 
done. All autografts healed in rapidly. 
Grafts were positioned relative to the 
madriporite to facilitate future identifica- 
tion. 

The first response to the surgical pro- 
cedure took place in 2 days, with the ap- 
pearance of red pigmented cells on the 

graft. The brightly colored cells were fre- 

quently first observed in the border be- 
tween the host and graft, and appeared 
to migrate onto the graft from the under- 
lying host tissue. These cells were pres- 
ent in slight to moderate amounts on 
about 75 percent of the autografts. Their 
number decreased between the first and 
third weeks after surgery until they dis- 
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Immune Response in the Sea Urchin Lytechinus pictus 

Abstract. The sea urchin shows an immune response to grafted tissue similar to 
that found in vertebrates. Unrelated animals rejected allografts in about 30 days. 
Acceptance of allografts was observedfor tissue exchanged between some F2 and F3 
inbred animals. The percentage of acceptances reflected the degree of inbreeding. 
Accelerated second set rejection was also found. These grafts were rejected in one- 

Immune Response in the Sea Urchin Lytechinus pictus 

Abstract. The sea urchin shows an immune response to grafted tissue similar to 
that found in vertebrates. Unrelated animals rejected allografts in about 30 days. 
Acceptance of allografts was observedfor tissue exchanged between some F2 and F3 
inbred animals. The percentage of acceptances reflected the degree of inbreeding. 
Accelerated second set rejection was also found. These grafts were rejected in one- 


