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The Role of Dopamine in Intracranial Self-Stimulation of the Ventral 
Tegmental Area 
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The role of dopaminergic (DA) neurons in brain stimulation 
reward produced by electrical stimulation of the ventral teg- 
mental area (VTA) was investigated in the rat. In the first 
experiment, extensive 6-hydroxydopamine lesions of the as- 
cending fibers of the mesotelencephalic DA projections re- 
sulted in significant changes in intracranial self-stimulation 
(ICS) rate-current intensity functions when the lesion was 
ipsilateral to the stimulating electrode. Similar contralateral 
lesions had no effect on these functions, thus ruling out 
lesion-induced performance deficits as being responsible 
for the decreases in ICS rates across the wide range of 
current intensities that occurred after the ipsilateral lesions. 
In the second experiment, ICS obtained from electrodes in 
the VTA resulted in significant increases in the DA metab- 
olites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homo- 
vanillic acid (HVA) in the striatum, nucleus accumbens, and 
olfactory tubercle ipsilateral to the stimulating electrode. The 
ratios of DOPAC and HVA to DA, considered to be indices 
of DA utilization, were also increased in these brain regions 
ipsilateral to the electrode. No changes were observed in 
the contralateral striatum, nucleus accumbens, and olfactory 
tubercle. Similar increases were observed in stimulated 
“yoked” animals that received brain stimulation at identical 
rates and currents but did not lever-press for this stimulation. 
The third experiment examined the effects of lever-pressing 
for food on an FR6 schedule of reinforcement on DA utili- 
zation in the striatum, nucleus accumbens, and olfactory 
tubercle. Despite high rates of responding, no effects were 
observed on DOPAC:DA or HVA:DA ratios in these brain 
regions. In contrast, “yoked” animals that were subject to 
identical patterns of food delivery without lever-pressing 
showed significant increases in HVA:DA ratios in the nucleus 
accumbens. 

The results of these experiments indicate that ICS ob- 
tained from electrodes in the VTA activates mesotelence- 
phalic DA neurons and that these neurons mediate some of 
the rewarding properties of electrical stimulation obtained 
from this brain region. There was no indication that these 
neurons are activated during lever-pressing for food. 
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Intracranial self-stimulation (1’3) can be obtained from nu- 
merous sites in the central nervous system (Phillips, 1984). There 
is considerable evidence that dopaminergic (DA) neurons are 
among the neural substrates that mediate the reinforcing prop- 
erties of ICS obtained from at least some of these sites. For 
example, the robust ICS obtained from electrodes in the ventral 
tegmental area (VTA), a region rich in DA perikarya, is greatly 
reduced after selective lesions of the ascending projections of 
these neurons (Phillips and Fibiger. 1978). Similarly, ICS ob- 
tained from electrodes in the lateral hypothalamus is much re- 
duced by lesions of the VTA (Koob et al., 1978). In the above 
instances, control procedures indicated that these reductions in 
ICS could not be attributed to the motor deficits that often 
accompany lesions of DA neurons. These and data from many 
other sources suggest that the mesolimbic DA projection is an 
important reward-related system (see Fibiger and Phillips, 1986> 
for review). 

Despite the significant body of data pointing to an important 
role for DA neurons in brain-stimulation reward, some recent 
findings appear to be inconsistent with this hypothesis. For ex- 
ample, the electrophysiological characteristics of neurons that 
are stimulated by ICS electrodes in the medial forebrain bundle 
are different from what one would predict for DA neurons. 
Specifically, the critical neuronal substrate for ICS in the lateral 
hypothalamus and VTA appears to be a descending, myelinated 
pathway (Gallistel et al., 1981; Bielajew and Shizgal, 1982). In 
addition, Gallistel et al. (1985) have reported that metabolic 
activation of DA projection systems is not a necessary concom- 
itant of ICS obtained from electrodes in the posterior hypo- 
thalamus or VTA. Given these results, the present experiments 
were undertaken to obtain further information on the role of 
DA neurons in ICS obtained from electrodes in the VTA. 

Experiment 1 

This experiment was designed to confirm and extend an earlier 
report of disruption of ICS from VTA electrodes following 
6-hydroxydopamine (6-OHDA) lesions of the mesotelence- 
phalic DA projections (Phillips and Fibiger, 1978). Instead of 
using only one stimulation current for each animal, a more 
sensitive measure of brain stimulation reward was obtained by 
generating response rate-stimulus intensity functions before and 
after the 6-OHDA lesions. A further refinement over the earlier 
study involved the use of unilateral lesions, either ipsilateral or 
contralateral to the stimulating electrode, as a control for per- 
formance deficits. 

Materials and Methods 

Male hooded rats of the Long-Evans strain (300-350 gm) were housed 
in individual stainless steel cages throughout the experiment. Food and 
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Table 1. Concentrations of DA in striatum, nucleus accumbens, and 
olfactory tubercle following unilateral 6-OHDA lesions of the 
mesotelencephalic DA pathways (ng/mg protein, mean + SEM) 

Dopamine 

Hemisphere 
Lesion 
(Oh of 

Control Lesion control) 

Striatum 

lpsilateral, mean * SEM 123.8 i 2.9 0.4 f 0.1 0.3 k 0.0 
Contralateral, mean t 

SEM 100.9 i 7.0 0.1 f 0.0 0.1 t 0.0 
Accumbens 

Ipsilateral, lesion (n = 8) 

mean I SEM 80.7 f 5.0 1.7 -+ 0.3 2.3 i 0.6 

Contralateral, lesion (n = 

7) mean t SEM 60.1 i 5.7 2.4 i 0.9 5.0 f 2.6 
Olfactory tubercle 

lpsilateral, mean i SEM 46.8 i 4.1 2.3 i 0.8 4.5 + 1.4 
Contralateral, mean +- 

SEM 46.7 i 5.3 3.1 i 0.9 6.6 IL 2.3 

123.8 i 2.9 0.4 + 0.1 0.3 

water were available ad libitum. Each rat had a bipolar nichrome elec- 
trode (Plastic Products, MS-303-0.005 in.) implanted stereotaxically 
while under pentobarbital anesthesia. The electrode was aimed at the 
A,, region of the ventral tegmentum, using the following coordinates: 
2.8 mm anterior, 0.6 mm lateral, and 2.1 mm dorsal to stereotaxic 0 
(Kopf). The stereotaxic incisor bar was set at 3.0 mm ventral to the 
interaural line. 

Testing for self-stimulation was conducted in 6 Plexiglas boxes (30 x 
30 x 24 cm) housed within sound-attenuating chambers. Depression 
of a lever (4.5 x 7.5 cm) delivered AC sine wave current (60 Hz) of a 
fixed duration (200 msec) through a flexible lead connected to the chron- 
ically implanted electrode assembly. The current intensity varied from 
6 to 30 FA and was set at a level that maintained consistent lever- 
pressing during an initial 5 d screening period. Only those animals 
displaying stable self-stimulation behavior were incorporated into the 
main experiment. Rate-intensity curves were determined over a 4 d 
period prior to unilateral 6-OHDA lesions. Current intensities were 
preset by a computer (Nova-3; Manx software) controlling the value of 
a set of resistors in a 6-channel constant current stimulator. The current 
intensities were incremented in 2 NA steps from an initial value of 6 
PA to 30 PA. Ten free pulses of stimulation were delivered to each 
animal during the first minute of testing at a given current level. The 
number of bar presses was recorded for the subsequent 5 min period, 
after which the current value was set at the next level. Data collection 
was controlled by the computer and individual rate-intensity curves 
were plotted daily for each subject. 

In preparation for the 6-OHDA lesions ofthe ascending DA pathways, 
either ipsilateral or contralateral to the stimulating electrode, each an- 
imal was anesthetized with halothane. Prior to surgery, the animals were 
given intraperitoneal injections of desipramine HCl(25 mg/kg), a pro- 
cedure that blocks damage to noradrenergic neurons by 6-OHDA (Rob- 
erts et al., 1975). The lesions were made by inserting a 34-gauge cannula 
into the ascending DA pathways at the level ofthe lateral hypothalamus. 
Lesion coordinates, with the incisor bar at 4.2 mm below the interaural 
line were 5.9 mm anterior, 2.1 mm lateral and dorsal to the interaural 
line. With the cannula in place, 4 fig 6-OHDA hydrobromide (dosage 
expressed as the base and dissolved in 0.15 M NaCl containing 0.2 mg/ 
ml ascorbic acid) was injected in a volume of 2 ~1 over a 10 min period. 

Following a 1 O-l 4 d postoperative recovery period, each subject was 
‘tested again for self-stimulation, as measured by rate-intensity curves. 
Postlesion testing continued daily for 18 test sessions. Upon completion 
of behavioral testing, the animals were killed by cervical fracture. Their 
brains were rapidly removed, cut in the coronal plane at the level of 
the optic chiasm, mounted on a microtome, and frozen. Coronal sections 
(approximately 1 mm thick) were cut and from these the olfactory 

tubercle, nucleus accumbens, and striatum were dissected from both 
hemispheres. Biochemical analyses of DA and its metabolites, 3,4-di- 
hydroxyphenylaceticacid (DOPAC) and homovanillic acid (HVA), were 
determined by high-pressure liquid chromatography (HPLC) with elec- 
trochemical detection according to Jakubovic et al. (1987). In brief. the 
tissues were sonicated for 30 set in 0.2 M HClO, containing 0.15% 
Na,S,O, and 0.5% Na,EDTA. Followine centrifueation at 30.000 x P 
for-1 5 min (+4”C), the supematant was yemoved and stored at -8pc”. 
The HPLC system consisted of a Beckman model 1OOA pump, LC-4B 
amperometric controller with a glassy carbon electrode (BAS), a 3390A 
recorder integrator (Hewlett-Packard), and a PBondapak C 18 column 
(10 Frn, 150 x 3.9 mm; Waters). The detector potential was set at +0.75 
V versus a Ag-AgCl reference electrode, and the sensitivity was set at 
lo-20 nA/V full-scale. The mobile phase consisted of 0.1 M KH,PO, 
buffer solution (pH 3.6) containing 0.2 mM sodium octanesulfonic acid, 
0.15 mM Na,EDTA, and 9.5% methanol. The concentrations of DA 
and its metabolites were determined by comparing the peak area of the 
sample with that of a known standard. The detection limit of the system 
was approximately 0.5 pm01120 ~1 of tissue sample. 

The remaining midbrain tissue was saved for histological confirma- 
tion of the VTA electrode placement. This tissue was immersed in a 
10% formalin solution for at least 48 hr, after which frozen sections (30 
pm) were taken in the coronal plane, mounted, and stained with cresyl 
violet prior to microscopic examination. 

Results and Discussion 

The unilateral 6-OHDA lesions produced extensive depletions 
of DA in the nucleus accumbens, olfactory tubercle, and stria- 

turn (Table 1). The greatest depletions were observed in the 
striatum, with DA concentrations in the lesioned hemisphere 

reduced to less than 1% of the values in the control hemisphere. 
DA levels in the nucleus accumbens and olfactory tubercle var- 
ied between 2 and 6% of control values. Of importance was the 
fact that the magnitude of depletion was similar whether the 
lesioned hemisphere was ipsilateral or contralateral to the stim- 

ulation electrode in the VTA. 
The placements of the stimulation electrodes are shown in 

Figure 1, and the tip of each electrode was found to be in close 
proximity to the dopaminergic cell bodies that comprise the A,, 
region of the VTA. The portion of mesencephalon containing 
the electrode was dissected incorrectly for one animal in the 
contralateral lesion group and the histological analysis could not 

be completed for this subject. 
Figure 2 illustrates the effects of unilateral 6-OHDA lesions 

of mesotelencephalic DA pathways on the rate-intensity curves 

from VTA electrodes. In the ipsilateral lesion group, a 2-way 
repeated-measures ANOVA (F(1.5,105) = 5.99,~ < 0.01) ofthe 
bar-pressing data confirmed a significant interaction between 

current intensity and test day. Post hoc comparisons were con- 
ducted using Duncan’s multiple-range test and these revealed 

that postoperative responding was significantly reduced at 14 
WA and above @ < 0.05). In contrast, the identical analysis in 
the contralateral group indicated that there were no significant 
differences in the rate-intensity curves following 6-OHDA le- 
sions in the contralateral hemisphere (F(15,90) = 0.82, p > 

0.05). 
On the basis of ICS rate-stimulus frequency functions, Mi- 

liaressis et al. (1986) have suggested that changes in the rein- 
forcing efficacy of brain stimulation can be inferred from the 
shift in the number of rectangular pulses required at zero (0,) 
and half-maximal (M,,) performance, with the latter measure 
providing the more accurate index of reward efficacy. Although 
a sine wave stimulation current was used in the present study 

and current intensity (PA), rather than pulse frequency, was 
varied, analysis of the present data in terms of M,, and 0, 

indicates that the ipsilateral lesions significantly reduced both 
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A 1. 

Figure 1. VTA electrode placements in ipsilateral and contralateral 
6-OHDA lesion groups. 

of these measures of reinforcement efficacy. Specifically, the 
current in microamperes required to maintain half-maximal 
rates of responding increased by between 43 (day 18) and 74% 
(day 3) after the ipsilateral lesions (F(3,18) = 4.59, p = 0.015). 
In contrast, contralateral lesions did not affect the M,, values 
(F(3,18) = 0.49, n.s.) at any time after the lesions. Changes in 
current intensities required to maintain self-stimulation rates 
above a threshold of 100 bar presses/5 min (the definition of 
0, chosen for the present study) were also compared following 
ipsilateral or contralateral lesions (Fig. 3). The prelesion values 
for the ipsilateral and contralateral groups were x = 10.5 f 0.5 
PA and x = 10.6 -t 0.8 PA, respectively. A repeated-measures 
ANOVA on the threshold intensities of both groups revealed 
significant main effects for Group (F(1,13) = 5.23, p < 0.05), 
Test (F(3,30) = 4.40, p < 0.01) and a significant Group x Test 
interaction (F(3,39) = 3.59, p < 0.05). Post hoc tests showed 
that the threshold intensities were significantly increased fol- 
lowing the ipsilateral lesions and remained significantly higher 
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Figure 2. Effects of ipsilateral or contralateral 6-OHDA lesions of 
ascending mesotelencephalic DA projections on ICS rates obtained from 
the VTA at various stimulation intensities. ICS rate-current intensity 
functions were determined before and at various intervals after the 
6-OHDA lesions. Data represent lever-pressing rates of 8 animals with 
ipsilateral lesions and 7 animals with contralateral lesions. 

over the 18 d postlesion test period. No significant differences 
were observed between pre- and postlesion self-stimulation 
threshold intensities in the group receiving 6-OHDA lesions in 
the hemisphere contralateral to the VTA electrodes. 

The present results show that extensive unilateral depletion 
of forebrain DA is accompanied by a significant disruption of 
self-stimulation in the ipsilateral VTA, as measured by changes 
in rate-intensity functions and by current intensities required 
to maintain threshold (0,) and half-maximal (M,,) response 
rates. According to these measures, therefore, the ipsilateral 
lesions significantly decreased the reinforcing efficacy of the brain 
stimulation. In addition to this, however, it is noteworthy that 
the ipsilateral lesions resulted in highly significant decreases in 
the asymptotic rates of responding (Fig. 2). Several authors have 
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Figure 3. Effects of ipsilateral or contralateral 6-OHDA lesions of 
ascending mesotelencephalic DA projections on the current intensity 
required to maintain ICS rates above a threshold of 100 lever-presses 
for 5 min (see text for details). Data represent mean current intensities 
@A) of 8 animals with ipsilateral lesions and 7 animals with contralateral 
lesions. 
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suggested that decreases in the asymptotic rate of responding 
indicate that the experimental manipulation in question has 
interfered with the performance capability of the animal (Ed- 
monds and Gallistel, 1974; Miliaressis, 1986). According to this 
formulation, therefore, the ipsilateral lesions also resulted in 
motoric impairments that interfered with high rates of lever- 
pressing. However, identical contralateral lesions failed to affect 
the ICS rate-current intensity function, including the asymptotic 
rate of responding. If ipsilateral lesions produced motoric im- 
pairments, then similar deficits should also have been produced 
by the contralateral lesions. Because this was not observed, it 
is possible that changes in asymptotic rates of responding may 
not under all circumstances only reflect a change in the perfor- 
mance capacity of an animal. As damage to the contralateral 
mesotelencephalic DA systems failed to produce significant 
changes in ICS, the data support an important role for DA in 
mediating the rewarding properties of electrical stimulation of 
the VTA. As such, these data confirm earlier studies with elec- 
trodes in the vicinity of DA cell bodies in the VTA (Phillips 
and Fibiger, 1978) and with axons in the lateral hypothalamus 
(Koob et al., 1978). 

Although the reduction in bar-pressing was substantial fol- 
lowing ipsilateral6-OHDA lesions, residual self-stimulation be- 
havior was still obtained at the higher current intensities and 
this has important implications for understanding the neural 
substrates of reward in the VTA. There is evidence for separate 
dopaminergic (Phillips et al., 1982; Franklin and Vaccarino, 
1983) and nondopaminergic (Clavier and Fibiger, 1977) reward 
pathways in this region of the brain, and activation of one or 
more of these nondopaminergic systems may have sustained 
some self-stimulation after the ipsilateral lesions. It is also pos- 
sible that the few DA neurons that survived the 6-OHDA lesions 
may have been sufficient to maintain some degree of ICS. 

Experiment 2 

Several laboratories have shown that electrical stimulation of 
mesotelencephalic DA neurons increases DOPAC and HVA 
concentrations in the terminal regions of these neurons (Korf 
et al., 1976; Roth et al., 1976; McCown et al., 1983). However, 
these studies were conducted in anesthetized animals, and the 
relevance of the stimulation parameters to those used in ICS 
from the VTA is not clear. In the present experiment, it was 
reasoned that if DA neurons are activated by ICS electrodes 
aimed at the VTA, then the metabolites of DA should be in- 
creased in the terminal regions of these neurons. 

Materials and Methods 
Twenty-five hooded, Long-Evans male rats weighing 300-400 gm were 
implanted with electrodes aimed at the VTA. Stereotaxic coordinates 
with the incisor bar at 3.0 mm below the interaural line were 2.8 mm 
anterior, 0.6 mm lateral, and 2.1 mm dorsal to stereotaxic 0. Two weeks 
after surgery, each subject was screened for self-stimulation. After 10 
min of shaping, the rat was allowed to self-stimulate for 30 min. The 
current intensity for each rat was selected to elicit the highest self- 
stimulation rate possible. This procedure was continued until each rat 
had at least 5 d of experience with self-stimulation. At this time rats 
were assigned to one of 3 groups: ICS (n = 9) Yoked Control (n = 4) 
and Unstimulated Control (n = 12). 

Subjects in the ICS group had self-stimulation rates of 1785-3665 
presses/30 min at intensities ranging between 16 and 26 pA. The Yoked 
Control group had rates and intensities that matched those of 4 rats of 
the ICS group (950-3 157 presses at 16-28 PA). The Unstimulated Con- 
trol group consisted of a “handled” subgroup (n = 5), and included 2 
rats that showed little self-stimulation during screening, while 3 other 
animals had rates similar to those of the ICS group (2969-3621 presses 

at 20-26 PA). A second, “unhandled,” subgroup (n = 7) included 5 rats 
that showed poor self-stimulation and 2 that were similar to those of 
the ICS group (2 199-3230 messes at 20-24 uA). 

On the day after the last screening session; each rat in the ICS group 
was killed by cervical fracture immediately after a 30 min self-stimu- 
lation session. The brain was rapidly removed, placed on ice, dissected, 
and assayed by HPLC for DA, DOPAC, and HVA by the method of 
Jakubovic et al. (1987). Each rat in the Yoked Control group and its 
appropriate matched animal in the ICS group were placed in a separate 
ICS apparatus at the same time. No lever was available, and the brain 
stimulation received by each yoked animal was determined by the cor- 
responding ICS rat. Thus, animals in the Yoked group did not determine 
the rate at which they received stimulation. Instead, they received brain 
stimulation at exactly the same rate as was generated by the correspond- 
ing member in the ICS group. Another difference between the ICS and 
Yoked group was that, on the test day, the current intensity used for 
each animal was the one that generated the highest ICS rate for that 
animal during the screening sessions. The largest difference in current 
intensity between a matched ICS-Yoked pair ofanimals was 4 PA. After 
30 min of stimulation, rats in the Yoked Control group were killed and 
their brains processed as described above. On the test day, rats in the 
“handled” Unstimulated Control subgroup were placed in their usual 
ICS test box for 30 min with a stimulation lead connected. but no lever 
available and no stimulation delivered. They were then killed and pro- 
cessed as described above. Rats in the “unhandled” subgroup were taken 
from their home cages and killed without being placed in the ICS cham- 
ber. 

Results and Discussion 

The neurochemical data were analyzed by 2-way ANOVA with 
1 between-group and 1 within-group factor, and by post hoc 
tests (Tukey’s). The “handled” and “unhandled” subgroups of 
the Unstimulated Control group did not differ on any of the 
neurochemical measures, and therefore their data were com- 
bined. Compared to the Unstimulated Controls, electrical stim- 
ulation of the VTA did not affect the concentration of DA in 
any of the 3 terminal regions examined. Electrical stimulation 
of the VTA did, however, result in significant increases in DO- 
PAC and HVA in a number of instances. For reasons of space, 
and because the ratios of HVA and/or DOPAC to DA have 
been suggested as being appropriate indices of DA utilization 
and turnover, the results are presented and discussed in terms 
of these ratios. It should be emphasized that because electrical 
stimulation did not affect DA concentrations, significant changes 
in these ratios were due primarily to changes in the concentra- 
tions of HVA and DOPAC. 

For all 3 brain regions, the Group x Hemisphere interaction 
was significant for both DOPAC:DA and HVA:DA ratios (p < 
0.05). Subsequent pairwise comparisons indicated that com- 
pared to the Unstimulated Control group, ICS obtained from 
electrodes in the VTA produced significant increases in both 
DOPAC:DA and HVA:DA ratios in the ipsilateral striatum, 
nucleus accumbens, and olfactory tubercle (Figs. 4, 5). These 
increases ranged from a low of 25% in the DOPAC:DA ratio in 
the olfactory tubercle to a high of 64% in the HVA:DA ratio in 
the nucleus accumbens. Previous studies have reported signif- 
icant increases in DA turnover in restricted regions of the fore- 
brain, ipsilateral to ICS electrodes. Stimulation at sites in the 
VTA of the rat brain has been reported to be accompanied by 
an increased DOPAC:DA ratio, but only in the olfactory tu- 
bercle (Mitchell et al., 1982). Increased DA turnover in both 
the nucleus accumbens and rostra1 striatum of 2 inbred strains 
of mice has been observed after ICS at placements in the ventral 
region of the lateral hypothalamus (Garrigues and Cazala, 1983). 
McCown et al. (1986) have recently reported that ICS obtained 
from electrodes in the lateral hypothalamus does not increase 
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Figure 4. Effects of KS obtained from electrodes in the VTA on the 
ratios of HVA to DA in the striatum, nucleus accumbens, and olfactory 
tubercle either ipsilateral or contralateral to the stimulating electrode. 
Control animals (CTRL; n = 12) were implanted with electrodes but 
did not receive brain stimulation on the day that they were killed. The 
ICS group (n = 9) was killed immediately after 30 min of self-stimu- 
lation. Animals in the Yoked Control group (n = 4) received brain 
stimulation at the same current intensity and rate as matched animals 
in the ICS group and were killed after 30 min of imposed brain stim- 
ulation. *Significantly different from contralateral side, p < 0.05; ** p 
< 0.01. 

DOPAC concentrations in the striatum, nucleus accumbens, or 
olfactory tubercles. However, these authors failed to note that 
their DOPAC:DA ratios were increased by 47% in the nucleus 
accumbens and by more than 100% in the olfactory tubercle of 
the self-stimulating animals. The ratio effect in the nucleus ac- 
cumbens was confined to the side ipsilateral to the electrode, 
while in the olfactory tubercle it was bilateral. Inasmuch as ratio 
measures are more sensitive and appropriate indices of DA 
utilization than are metabolite concentrations, the data of 
McCown et al. (1986) are not incompatible with a role of DA 
neurons in ICS. 

The increases in HVA:DA and DOPAC:DA ratios in the ICS 
group were confined to the side of the brain that was ipsilateral 
to the ICS electrode. Thus, in no case was there a significant 
difference between the ratios obtained on the side contralateral 
to the electrode in the ICS animals and the values obtained in 

Figure 5. Effects of ICS obtained from electrodes in the VTA on the 
ratios of HVA to DA in the striatum, nucleus accumbens, and olfactory 
tubercle either ipsilateral or contralateral to the stimulating electrode. 
Control animals (CTRL; n = 12) were implanted with electrodes but 
did not receive brain stimulation on the day that they were killed. The 
ICS group (n = 9) were killed immediately after 30 min of self-stimu- 
lation. Animals in the Yoked Control group (n = 4) received brain 
stimulation at the same current intensity and rate as matched animals 
in the ICS group and were killed after 30 min of imposed brain stim- 
ulation. * Significantly different from contralateral side, p < 0.0 1. 

the Unstimulated Control group (Figs. 4, 5). This indicates that, 
to the extent that there was current spread from the ICS elec- 
trode, this was not sufficient to activate DA neurons in the 
contralateral VTA. More important, this finding indicates that 
the increases in DA metabolism observed in the ipsilateral fore- 
brain regions of the ICS group were a consequence of electrical 
stimulation of the DA neurons, rather than a reflection of the 
high level of operant behavior exhibited by these animals. Given 
the nature of the operant task, motor-related changes in DA 
metabolism should have been evident in both sides of the brain. 

The data obtained from the Yoked Control group further 
indicate that the neurochemical changes observed in the ICS 
group were not a result of the operant behavior displayed by 
these animals. The yoked animals received brain stimulation at 
identical rates and similar currents as did the ICS animals. They 
did not, however, lever-press for this stimulation. Despite this, 
electrical stimulation of the VTA resulted in neurochemical 
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changes in the Yoked group that were very similar to those 
obtained in the ICS animals. Specifically, in contrast to unstimu- 
lated controls, in all but one instance, stimulation of the VTA 
in the yoked animals resulted in significant increases in both 
HVA:DA and DOPAC:DA ratios in the ipsilateral striatum, 
nucleus accumbens, and olfactory tubercles (Figs. 4, 5). The one 
negative finding was that yoked stimulation did not increase the 
HVA:DA ratio in the ipsilateral striatum despite increasing the 
DOPAC:DA ratio in this structure by a significant 26%. The 
factors responsible for this negative result are not known. 

It is of interest that yoked stimulation resulted in neurochem- 
ical effects that were very similar to those observed after ICS, 
because previous research has demonstrated that yoked stim- 
ulation can be aversive (Steiner et al., 1969). Also, using 2-deoxy- 
D-W-glucose autoradiography, Porrino et al. (1984) have shown 
that ICS and yoked stimulation can produce different patterns 
of metabolic activation in the forebrain. It remains to be de- 
termined whether the stimulation received by the yoked animals 
in the present study was reinforcing or aversive, and such studies 
are planned. 

Experiment 3 

The previous experiment demonstrated that ICS obtained from 
electrodes in the VTA results in ipsilateral increases in DA 
utilization in the striatum, nucleus accumbens, and olfactory 
tubercle. The fact that DA metabolism did not change in the 
contralateral hemisphere, as well as the data obtained in the 
Yoked Control animals, suggests that these effects were not due 
to the high rates of operant behavior displayed by the ICS an- 
imals. The present experiment had 2 purposes. The first was to 
evaluate further the possibility that high rates of operant be- 
havior may accelerate DA metabolism in DA-rich forebrain 
regions, that is, to provide further control data pertinent to the 
performance issues discussed in Experiment 2. The second goal 
was to determine whether a reinforcer other than brain stimu- 
lation of the VTA would increase DA metabolism in these fore- 
brain structures. To this end, the effects of high rates of lever- 
pressing for food on DA metabolism were investigated. 

Materials and Methods 
Thirty-six male hooded rats (450-500 gm) of the Long-Evans strain 
were food-deprived to 85-90% of their body weights. Twelve rats were 
shaped to lever-press for food pellets (45 mg; Noyes) on a continuous 
reinforcement schedule (CRF) for 30 min/d. After 5 d on the CRF 
schedule, the density of reinforcement was gradually decreased until the 
animals worked on a schedule in which every eighth lever-press was 
reinforced (FR8). Lever-pressing was maintained on this schedule for 
1 O-l 2 d. At the same time that the above animals were tested each day, 
animals from a second group (n = 12) were placed in adjoining chambers 
in which the levers had been removed. An animal in this group (Yoked 
Controls) automatically received a food pellet each time that its lever- 
pressing counterpart was rewarded with food. Animals in the third group 
(Unfed Controls; n = 12) were placed in an adjacent chamber without 
levers simultaneous with the Lever-Pressing group. However, animals 
in this group never received food pellets in the operant chamber. Thus, 
there were 12 squads, consisting of 3 animals each: a lever-presser, a 
yoked control, and an unfed control. The members of each squad re- 
mained constant throughout the experiment. One hour after each daily 
session, each rat received an amount of laboratory chow in its home 
cage sufficient to maintain its weight at the appropriate level. 

On the test day, animals from each squad were killed by cervical 
fracture immediately after the 30 min behavioral session. The brains 
were rapidly removed, dissected, and analyzed for DA and its metab- 
olites by HPLC, as described in Experiment 1. 

Results and Discussion 

Animals in the Lever-Pressing group responded for food at a 
mean rate of 1682 f 145 lever-presses/30 min on the test day. 
This is substantially less than the mean rate of 2883 * 109 
lever-presses/30 min emitted by the ICS group on the test day 
in Experiment 2, but nevertheless represents a high level of 
operant behavior. 

There were no significant differences in the concentrations of 
DA, DOPAC, and HVA in the striatum and nucleus accumbens 
between the Lever-Pressing, Yoked, and Unfed Control groups. 
Neither did the DOPAC:DA ratios in the nucleus accumbens 
and striatum differ between the 3 groups (Fig. 5). However, in 
the nucleus accumbens the HVA:DA ratios differed significantly 
between the 3 groups (F(2,33) = 3.92, p < 0.05). Post hoc 
comparisons indicated that the HVA:DA ratio was higher in 
the Yoked group than in either the Lever-Pressing or the Unfed 
Control group (Fig. 6). The failure to find increased DOPAC: 
DA or HVA:DA ratios in the lever-pressing animals suggests 
that, compared to the unfed, food-deprived rats, those lever- 
pressing for food do not have an increase in DA metabolism in 
the nucleus accumbens or striatum. It is recognized, however, 
that this conclusion assumes that the efflux rates of DOPAC 
and HVA from these structures did not differ between the 3 
groups. Heffner et al. (1984) have recently reported that the 
transport of DOPAC and HVA from the brain is enhanced 
during the performance of operant behavior. Furthermore, these 
authors have observed increased metabolism of DA in the stria- 
turn, but not in the nucleus accumbens, following lever-pressing 
for water reinforcement (Seiden and Heffner, 1984). This being 
the case, the present negative findings in the nucleus accumbens 
and striatum of the Lever-Pressing group must be interpreted 
with caution. The failure to observe effects on DA metabolism 
in the food-reinforced animals may have also been related to 
their lower rates of responding compared to the ICS subjects in 
Experiment 2. However, this can be discounted, as DA metab- 
olism was not significantly affected in the contralateral regions 
of the ICS animals (Figs. 4, 5). Nevertheless, it remains possible 
that differences in the density of reinforcement between the 2 
situations may have contributed to the failure to observe effects 
in the food-reinforced group. 

The neurochemical results were somewhat different in the 
olfactory tubercle. Specifically, the concentration of HVA dif- 
fered significantly between the 3 groups (F(2,33) = 5.75, p < 
0.01). Post hoc comparisons revealed that this was due to the 
HVA values being significantly higher in the Lever-Pressing and 
Yoked groups than in the Unfed Control group (p < 0.05 in 
both instances). Group differences in the HVA:DA ratios were 
not statistically significant (F(2,33) = 2.62, p = 0.09). Figure 7 
shows that the HVA:DA ratios tended to be higher in the Lever- 
Pressing and the Yoked Control groups. Thus, in comparison 
to unfed controls, the HVA:DA ratios were increased by 15% 
in the Lever-Pressing group and by 28% in the Yoked Control 
group. These data indicate that, as compared to unfed, food- 
deprived controls, there was a trend towards enhanced DA me- 
tabolism in both the Lever-Pressing and the Yoked Control 
groups. From this it may be concluded that food consumption, 
rather than lever-pressing, was responsible for the increased 
concentration of HVA in the olfactory tubercles and for the 
trend towards enhanced DA turnover in this structure. The 
extent to which these findings are associated with the reinforcing 
properties of food, as opposed to the sensory and motor func- 
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Figure 6. Effects of lever-pressing for 
food on an FR8 schedule of reinforce- 
ment on the ratio of DOPAC to DA in 
the striatum, nucleus accumbens, and 
olfactory tubercle. Data from the left 
and right brain region from each animal 
were pooled. Control animals (CTRL; 
n = 12) were not trained to lever-press 
for food and never received food pellets 
in the operant chamber, but were oth- 
erwise treated identically to the other 
groups. Lever-pressing animals (LE- 
VER; n = 12) were killed immediately 
after 30 min of lever-pressing for food. 
Animals in the Yoked group (n = 12) 
did not lever-press but automatically 
received food each time that their coun- 
terpart in the Lever group was rewarded 
with food. See text for details. 
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tions associated with food consumption, remains to be deter- 
mined. 

General Discussion 

The major findings of this study provide strong support for a 

role for DA neurons in ICS obtained from the VTA. In the first 
experiment, selective lesions of the ascending mesotelencephalic 
DA projections produced marked decreases in the reinforcing 

properties of brain stimulation when the lesion was ipsilateral 
to the stimulating electrode. Lesions of the contralateral DA 
projections were without significant effect. The second experi- 
ment demonstrated that ICS obtained from electrodes in the 

VTA resulted in highly significant increases in DOPAC:DA and 
HVA:DA ratios in the striatum, nucleus accumbens, and olfac- 
tory tubercle. These effects were confined to the side ipsilateral 

to the stimulating electrode, indicating that they were due to 
the electrical stimulation, rather than being associated with the 

high motor output that was displayed by these animals. The 
third experiment confirmed that high rates of operant behavior 
maintained by a different reinforcer (food) were not associated 
with significant changes in DA metabolism, as estimated by 
DOPAC:DA and HVA:DA ratios. 

The finding that 6-OHDA lesions of the ipsilateral mesotel- 

encephalic projection at the level of the lateral hypothalamus 
decreased ICS obtained from the VTA extends our previous 

Figure 7. Effects of lever-pressing for 
food on an FR8 schedule of reinforce- 
ment on the ratio of HVA to DA in the 
striatum, nucleus accumbens, and ol- 
factory tubercle. Data from the left and 
right brain region from each animal were 
pooled. Control animals (CTRL; n = 
12) were not trained to lever-press for 
food and never received food pellets in 
the operant chamber but were other- 
wise treated identically to the other 
groups. Lever-pressing animals (LE- 
VER; n = 12) were killed immediately 
after 30 min of lever-pressing for food. 
Animals in the Yoked group (n = 12) 
did not lever-press but automatically 
received food each time that their coun- 
terpart in the Lever group was rewarded 
with food. See text for details. * Signif- 
icantly different from control group, p < 
0.05. 

STRIATUM 

work, in which only one stimulation current was used (Phillips 
and Fibiger, 1978). This observation confirms that there is an 
important role for ascending DA projections in ICS obtained 

from electrodes in the VTA. However, despite the extensive 
depletions of forebrain DA, some ICS was still demonstrated 

by these animals (Fig. 2). This suggests that there are non-DA 
systems in the vicinity of the VTA that are capable of supporting 
moderate levels of ICS, among which is perhaps the descending 
myelinated system that has been studied by Gallistel et al. (198 1) 
and Gratton and Wise (1985). Alternatively, the few ascending 

DA axons that survived the 6-OHDA lesion may have been 
sufficient to maintain postlesion ICS. Previously, we have shown 
that 6-OHDA lesions similar to those used here produced only 

transient effects on ICS obtained from the substantia nigra (Cla- 
vier and Fibiger, 1977). Also, ICS obtained from the prefrontal 
cortex and nucleus accumbens is little affected by extensive 

lesions of the mesolimbic DA system (Phillips and Fibiger, 1978; 
Simon et al., 1979). These and the present observations indicate 
that while components of the mesotelencephalic DA system are 
important for ICS obtained from the VTA, this is not the case 

for other regions of the brain from which ICS can be obtained. 
As such, these observations fail to support the hypothesis that 
one of the ascending DA projection systems is a final common 
path for rewarding effects of all kinds (Wise, 1982). Instead, it 

appears that a DA system, most probably the mesolimbic pro- 
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jection (see below), is but one of a number of reward-related 
systems in the brain. Electrophysiological data are consistent 
with the conclusion that there are multiple reward-related fibers 
capable of supporting ICS (Schenk and Shizgal, 1982). Also, the 
observation that ICS electrodes in the VTA, but not in the 
posterior hypothalamus, increase DA metabolism in the olfac- 
tory tubercle is compatible with a nonessential role for meso- 
limbic DA systems in brain-stimulation reward (Mitchell et al., 
1982). 

Many pharmacological studies of brain-stimulation reward 
have employed the curve-shift paradigm to dissociate impaired 
performance from drug modulation of a reward mechanism 
(e.g., Miliaressis et al., 1986). According to this perspective, the 
downward shift in the rate-intensity curves observed in the 
present study after ipsilateral lesions (Fig. 2) could be interpreted 
as a performance deficit. However, it should be emphasized that 
the curve-shift paradigm is not ideally suited to situations in 
which there is a near-total removal of a neuroanatomical sub- 
strate of reward, as is the case with 6-OHDA lesions of the 
mesotelencephalic DA pathways. Logically, a marked reduction 
in the level of brain-stimulation reward should be accompanied 
by a significant attenuation of lever-pressing rates, as was ob- 
served here. Miliaressis et al. (1986) have argued that the most 
sensitive index of change in the magnitude of brain-stimulation 
reward is the threshold, or 0, value, and this measure was in- 
creased significantly following ipsilateral, but not contralateral, 
6-OHDA lesions. The fact that contralateral lesions failed to 
affect 0 values, M,,, or asymptotic rates of lever-pressing pro- 
vides strong evidence against performance effects following the 
unilateral 6-OHDA lesions employed in the present study. Nor 
can it be argued that ipsilateral lesions cause selective deficits 
in performance that are specific to stimulation on one side of 
the brain. Elsewhere we have reported that similar 6-OHDA 
lesions selectively attenuate ICS at sites in the VTA, while failing 
to have lasting effects on ICS obtained from the nucleus accum- 
bens in the same hemisphere (Phillips and Fibiger, 1978). 

Brain-stimulation reward obtained from the VTA increased 
DOPAC:DA and HVA:DA ratios in the striatum, nucleus ac- 
cumbens, and olfactory tubercle. Recently, increased in vivo 
tyrosine hydroxylase activity has been observed in these same 
regions after ICS from electrodes in the VTA (Phillips et al., 
1987). Three previous investigations have failed to observe sig- 
nificant effects of electrical stimulation in the region of the VTA 
on DA metabolism or release in terminal regions of the me- 
sotelencephalic DA system (Miliaressis et al., 1975; Saint-Lau- 
rent et al., 1975; Myers and Mora, 1977). However, Simon et 
al. (1979) have provided cogent criticisms of these studies, which 
need not be reiterated here. In contrast, the present results are 
fully consistent with findings of Simon et al. (1979), who re- 
ported that ICS from the VTA increased DOPAC:DA ratios in 
the nucleus accumbens and prefrontal cortex. It appears, there- 
fore, that ICS obtained from electrodes in the VTA increases 
DA utilization in all of the major terminal regions of the me- 
sotelencephalic DA systems. 

Data such as these raise the question of which of these ter- 
minal regions are most important for mediating the rewarding 
properties of the brain stimulation. In what is perhaps the de- 
finitive pharmacological study on this point, Mogenson et al. 
(1979) found that unilateral injections of the DA receptor an- 
tagonist spiroperidol into the nucleus accumbens significantly 
reduced ICS of the ipsilateral VTA, but did not affect the rate 
of ICS obtained from the contralateral VTA. The contrasting 

effects of the ipsilateral and contralateral nucleus accumbens 
injections on VTA ICS indicates that spiroperidol-induced mo- 
tor deficits cannot account for these observations. The specificity 
of the effect of the ipsilateral nucleus accumbens injections was 
also demonstrated by the finding that injections of spiroperidol 
into either the ipsilateral or contralateral prefrontal cortex did 
not affect VTA ICS. Therefore, in contrast to those in the nucleus 
accumbens, DA receptors in the prefrontal cortex do not appear 
to be important for mediating the rewarding effects of VTA ICS. 
Data obtained with the intravenous self-administration para- 
digm also indicate that DA terminals in the nucleus accumbens 
serve important reward-related functions. When these terminals 
are lesioned with 6-OHDA, there is a marked decrease in in- 
travenous self-administration of indirect DA agonists, such as 
cocaine and d-amphetamine (Lyness et al., 1979; Roberts et al., 
1980; Pettit et al., 1984). In contrast, 6-OHDA lesions of the 
medial prefrontal cortex do not affect intravenous self-admin- 
istration of cocaine (Martin-Iverson et al., 1986). 

Gallistel et al. (1985) have shown that it is possible to obtain 
relatively high rates of ICS from electrodes in the posterior 
hypothalamus and anterior VTA using stimulation parameters 
that do not result in metabolic activation ofthe striatum, nucleus 
accumbens, and olfactory tubercles, as measured by 2-deoxy- 
~-Y-glucose autoradiography. This is, perhaps, not surprising, 
since Millar et al. (1985) have shown that the stimulation pa- 
rameters used by Gallistel et al. (1985) (i.e., squarewave pulses 
of 0.1 msec duration) do not depolarize DA axons, as measured 
by DA release in the striatum. When stimulation parameters 
appropriate for stimulation-induced release of DA were em- 
ployed (i.e., >0.5 msec duration), Gallistel et al. (1985) were 
able to observe metabolic activation in the nucleus accumbens 
and olfactory tubercle ipsilateral to the stimulating electrode. It 
is possible, therefore, that differences between the stimulation 
parameters used in the present study and that of Gallistel et al. 
(1985) may have contributed to the different conclusions. 
Nevertheless, the data offered by Gallistel et al. (1985) indicate 
that it is possible to obtain robust ICS without activation of the 
mesotelencephalic DA systems. This raises the question of 
whether the enhanced DA turnover produced by VTA ICS in 
the present experiments was causally related to the rewarding 
properties of the brain stimulation or was an epiphenomenon 
incidental to the brain-stimulation reward. 

Several considerations indicate that the ascending DA pro- 
jections of the VTA have an important role in mediating the 
rewarding effects of ICS obtained from this site. First, ipsilateral 
lesions of the ascending DA projections resulted in marked de- 
creases in VTA ICS that could not be attributed to lesion-in- 
duced motor deficits. Second, as noted above, there is strong 
evidence that the rewarding properties of VTA ICS and of in- 
travenously self-administered stimulants such as d-amphet- 
amine and cocaine are mediated by the mesolimbic DA pro- 
jection (Lyness et al., 1979; Mogenson et al., 1979; Roberts et 
al., 1980; Pettit et al., 1984). These data indicate that enhanced 
DA release from terminals of the mesolimbic DA system, be it 
produced by electrical stimulation or by drugs, is sufficient to 
produce reward. However, the data of Gallistel et al. (1985) 
indicate that stimulation of other systems can also be rewarding 
and that these systems can function independently of the me- 
solimbic DA system. Thus, the DA system studied here and the 
non-DA system(s) identified by Gallistel et al. (1985) appear to 
function in parallel rather than being connected in series. Our 
results do not support the conclusion of Gallistel et al. (1985), 
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that “ascending catecholaminergic pathways are not the directly 
stimulated component of the reward pathway” (p. 1257). Rath- 
er, the evidence reviewed above indicates that there is not a 
single reward pathway, that the mesolimbic DA projection is 
but one link in a reward-related system, and that there exist 
other reward circuits that do not appear to contain this DA link. 
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