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Abstract 

Regional brain glucose utilization following unilateral lesion of the substantia nigra in rat was studied by 
[14C]-2-deoxyglucose autoradiography. Substantia nigra lesions were performed by perinigral injections of 6- 
hydroxydopamine (6-OHDA) - HBr, 6 pg, in rata pretreated 30 min earlier with desmethylimipramine (DMI), 
25 mg/kg, subcutaneously. The lesion produced extensive destruction of the ipsilateral substantia nigra pars 
compacta and a greater than 99% reduction in dopamine concentration in the ipsilateral striatum. 
Pretreatment with DMI prevented any reduction in the concentration of norepinephrine in ipsilateral 
forebrain structures. Glucose utilization was increased in the ipsilateral globus pallidus at 11, 21, 53, and 104 
days after substantia nigra lesion with the largest increase (about 140% of control) occurring at 21 days 
post-lesion. In addition, glucose utilization in ipsilateral lateral habenular nucleus was increased at each of 
the above time points. No changes in glucose utilization were noted in frontal cortex, striatum, subthalamic 
nucleus, entopeduncularis, or ventral tier nuclei of the thalamus. These results suggest that lesion of the 
substantia nigra with depletion of striatal dopamine content results in disinhibition of some striatal, and 
perhaps olfactory cortical, efferents producing increased metabolism and glucose utilization in terminal 
fields within the globus pallidus and lateral habenular nucleus. 

Degeneration of nigrostriatal dopaminergic neurons 
with depletion of striatal dopamine appears to be the 
critical pathologic process resulting in the signs and 
symptoms of Parkinson disease (Hornykiewicz, 1972). 
This hypothesis is supported by the observation that 
administration of L-dopa, which is converted to dopamine 
in the brain, causes a dr’amatic improvement in patients 
with idiopathic parkinsonism (Cotzias et al., 1967). How 
this relatively discrete lesion alters the normal function 
of the local neuronal circuits of the basal ganglia is not 
well understood. 

It has been possible in recent years to produce highly 
selective lesions of the substantia nigra in experimental 
animals by means of intracerebral injections of the cat- 
echolamine neurotoxin, 6-hydroxydopamine (6-OHDA) 
(Ungerstedt, 1971). Further, with the development of the 
[ 14C]-2-deoxyglucose autoradiographic method of Soko- 
loff et al. (1977), it has become possible to measure 
simultaneously the rate of glucose utilization or “func- 
tional metabolism” in individual structures within the 
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brain. We have combined these two methodologies in an 
effort to understand better the functional effects of uni- 
lateral dopaminergic denervation on the highly interre- 
lated circuits within the basal ganglia. We find that 
unilateral destruction of the substantia nigra in rat re- 
sults in a large increase in glucose utilization in the 
ipsilateral globus pallidus and lateral habenular nucleus. 

Material’s and Methods 

Preparation of animals. Male Sprague-Dawley rats 
weighing 300 to 350 gm were anesthetized with ketamine, 
I20 mg/kg, subcutaneously, pretreated with desmethyl- 
imipramine (DMI), 25 mg/kg, subcutaneously, 30 min 
prior to 6-OHDA injection (Breese and Traylor, 1971), 
and placed in a Kopf stereotaxic frame. 6-Hydroxydopa- 
mine hydrobromide, 3 mg/ml, and ascorbic acid, 1 mg/ 
ml, were dissolved in normal saline, maintained in the 
dark at 4”C, and loaded into a 30 gauge stainless steel 
cannula just prior to intracerebral injection. The cannula 
tip was lowered through a burr hole in the skull to a site 
near the substantia nigra with the following coordinates: 
incisor bar, 0; AP, 3.4 mm; ML, 2.0 mm; and DV, 2.8 mm 
(about 7.5 mm below the dural touch point). One minute 
after placement of the cannula, the injection was begun 
at the rate of 0.5 pl/min. The total volume injected was 
2.0 d (a total dose of 6 pg of 6-hydroxydopamine as the 
hydrobromide salt). Five minutes after completion of the 
injection, the cannula was removed. Ten days after the 
6-OHDA injections, rats were placed in individual cages, 
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injected with apomorphine HCl, 0.5 mg/kg, subcutane- 
ously, and observed for rotational behavior for 20 min 
(Ungerstedt, 1971). Only rats that exhibited consistent 
contralateral turning were used in subsequent experi- 
ments. 

Assay of brain regions for dopamine and norepineph- 
rine content. Two weeks after injection of 6-OHDA, rats 
were killed by cervical dislocation and their brains were 
removed rapidly and placed on a chilled stainless steel 
surface. The brain was dissected under magnification 
into the following regions: striatum, olfactory cortex-nu- 
cleus accumbens, septum, frontal cortex, and hypothal- 
amus. The tissues were frozen on dry ice, weighed, and 
homogenized in HC104, 0.2 N, containing reduced gluta- 
thione, 5 mM, to make a 1% homogenate. Aliquots of the 
homogenates then were assayed for dopamine and nor- 
epinephrine content by the method of Cheng and Wooten 
(1980). 

[‘4C]-2-Deoxyglucose autoradiography. [‘*Cl-2-De- 
oxyglucose autoradiography was performed according to 
the method of Sokoloff et al. (1977). At various times 
(from 11 to 104 days) after the 6-OHDA lesion of the 
substantia nigra, [‘4C]-2-deoxyglucose, 50 to 60 &i/kg of 
body weight, was injected into awake freely moving rats 
via a venous cannula placed 3 to 4 hr earlier under 
halothane anesthesia. Forty-five minutes later, the ani- 
mals were sacrificed with intravenous sodium pentobar- 
bital, perfused with sodium cacodylate, 0.2 M, pH 7.3, 
followed by paraformaldehyde, 3.3%, in the same buffer. 
The brain was removed, rapidly frozen in liquid Freon, 
and mounted on brass chucks. Duplicate 20-pm sections 
were taken every 200 pm, mounted on cover glasses, and 
exposed to Kodak SB-5 x-ray fihn for 5 days. Selected 
sections were then taken for thionine stains and densi- 
tometry was performed on the autoradiographs. All op- 
tical density (OD) measurements except for those in the 
quantitative study consist of a ratio of OD in region 
divided by OD of corpus callosum. Quantitative [14C]-2- 

deoxyglucose autoradiography was also performed ac- 
cording to the method of Sokoloff et al. (1977). 

Results 
Effects of substantia nigra lesion with DMIpretreat- 

ment on regional brain norepinephrine and dopamine 
content. In a series of preliminary experiments, intrace- 
rebral injections of 6-OHDA into the region of substantia 
nigra were made with doses varying from 2 to 12 pg as 
hydrobromide salt. Using histological criteria, it was de- 
termined that a dose of 6 pg produced the most extensive 
lesion of the substantia nigra pars compacta with the 
least amount of nonspecific tissue damage as evidenced 
by a glial reaction in the injection site just dorsal to the 
pars compacta. Figure 1 illustrates the degree of neuronal 
loss in substantia nigra 4 weeks after 6-OHDA injection 
of 6 pg. 

Two groups of four rats each were injected intracere- 
brally with 6-OHDA, 6 pg. One group received desmeth- 
ylimipramine HCl (DMI), 25 mg/kg, subcutaneously 30 
min before the 6-OHDA lesion while the control group 
received a subcutaneous injection of saline. Two weeks 
later, the animals were killed and regional brain dopa- 
mine and norepinephrine content was determined. The 
results are shown in Table I. 6-OHDA treatment resulted 
in a large reduction in dopamine content of each ipsilat- 
eral structure independent of DMI pretreatment. How- 
ever, DMI pretreatment completely blocked the reduc- 
tion in norepinephrine content of ipsilateral structures 
seen in the rats not pretreated with DMI. 

Thus, the injection of 6-OHDA resulted in extensive 
neuronal destruction of substantia pars compacta neu- 
rons and a large (>99%) reduction in ipsilateral striatal 
dopamine content. In addition, pretreatment with DMI 
prior to the 6-OHDA injection appeared to protect the 
ascending noradrenergic axons in the adjacent median 
forebrain bundle from the toxic effects of 6-OHDA. 

Effects of substantia nigra lesion on regional brain 

Figure 1. Thionine-stained section of the ventral portion of the mesencephalon 4 
weeks after unilateral injection of 6-OHDA on the left side. Note the marked cell 
loss in the substantia nigra pars compacta. 



The Journal of Neuroscience Brain Metabolism following Lesion of Substantia Nigra 

TABLE I 

287 

Each number represents the mean f  SEM. 

Brain Region 
Lesion 

Substantia nigra lesion with SOHDA 

Dopamine Norepinephrine 

Control Ratio J.&on Control Ratio 

Striatum 
Olfactory-accumbens 
Septum 
Frontal cortex 
Hypothalamus 

Striatum 
Olfactory-accumbens 
Septum 
Frontal cortex 
Hynothahunus 

No DMI Pretreatment (n = 4) 
kY/lm Id@ 

0.09 f  0.06 8.16 f  0.71 0.01” 0.02 f  0.001 0.12 f  0.01 
0.36 f  0.08 4.66 + 0.46 0.08” 0.10 f  0.03 0.33 + 0.09 
0.26 f  0.06 1.18 f  0.22 0.22” 0.16 f  0.03 0.46 + 0.03 
0.03 f  0.03 0.19 f  0.08 0.16” 0 0.20 * 0.02 
0.34 f  0.03 0.50 f  0.08 0.68” 0.59 f  0.10 1.32 f  0.27 

With DMI Pretreatment (n = 4) 

Mm’ ,ug/gm 
0.03 f  0.001 9.50 f  0.65 0.003” 0.13 + 0.02 0.11 f  0.02 
0.82 rt 0.20 4.60 f  0.32 0.17” 0.28 f  0.03 0.25 f  0.04 
0.46 f  0.06 1.09 f  0.46 ‘0.46” 0.38 f  0.03 0.43 f  0.03 

0 0.15 f  0.02 0.17 * 0.03 0.18 f  0.02 
0.38 c?z 0.10 0.50 f  0.06 0.76b 1.32 f  0.10 1.20 + 0.12 

0.17” 
0.30” 
0.35” 

0.45” 

1.18* 
1.126 
0.88” 
0.946 
1.10* 

’ Lesion side differs from control 0, < 0.01). 
* No difference between lesion and control. 
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Figure 2. Regional brain glucose utilization in globus pallidus, 
lateral habenular nucleus, and substantia nigra pars compacta 
as a function of time after 6-OHDA lesion of the substantia 
nigra. The points at 11 and 21 days represent the mean + SD 
of four animals while the points at 53 and 104 days are the 
mean + SD of three animals. The horizontal striped bar 
represents the contralateral control mean -I 2 SD. Glucose 
utilization as a percentage of control represents the ratio of 
optical density in each region divided by the mean optical 
density of several white matter areas in turn divided by the 
same ratio in the contralateral, unlesioned hemisphere. All 
points except for the substantia nigra pars compacta at 104 
days differ from control by at least the p < 0.05 confidence 
limit. 

glucose utilization. Regional brain glucose utilization 
was studied 11,21,53, and 104 days after substantia nigra 
lesion. The regions showing changes compared to the 
contralateral control side are shown in Figure 2. There 
was a large increase in glucose utilization in ipsilateral 
globus pallidus at 11 and 21 days after lesion which was 

Figure 3. A, [“Cl-2-Deoxyglucose autoradiograph at the 
frontal plane of the globus pallidus 3 weeks after 6-OHDA 
lesion of the left substantia nigra. B, Thionine-stained section 
which produced the autoradiographic image in A. 

less apparent at 53 and 104 days. Also, glucose utilization 
was increased in the lateral portion of the ipsilateral 
lateral habenular nucleus at each time point studied. 
Finally, glucose utilization was transiently reduced in the 
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ipsilateral substantia nigra pars compacta. Autoradi- 
ographs of each region 3 weeks after 6-OHDA lesion are 
depicted in Figure 3 (globus pallidus), Figure 4 (lateral 
habenular nucleus), and Figure 5 (substantia nigra pars 
compacta). No asymmetry was noted in neocortex, stria- 
turn, subthalamic nucleus, entopeduncularis, substantia 
nigra pars reticulata, or ventral tier nuclei of thalamus. 
These asymmetric changes appeared to be specific con- 
sequences of 6-OHDA injection and not due to nonspe- 
cific effects of tissue damage from the injection because 
rats receiving intracerebral injections of similar volumes 
of normal saline and ascorbic acid (2 pg) showed no 
histological damage of ipsilateral substantia nigra and 
absolutely no changes (or asymmetries) in regional brain 
glucose utilization. 

Table II summarizes the results of three rats studied 
by quantitative [‘4C]-2-deoxyglucose autoradiography 2 
weeks after 6-OHDA injections. These data confirm the 
selective increase in glucose utilization in ipsilateral glo- B 
bus pallidus and lateral habenular nucleus and decrease 
in substantia nigra pars compacta. In addition, these data 
suggest that no change in glucose utilization occurred in 
other ipsilateral or any contralateral structures compared 
to naive, unlesioned control rats. 

Vol. 1, No. 3, Mar. 1981 

Figure 5. A, [‘4C]-2-Deoxyglucose autoradiograph at the 
frontal plane of the mesencephalon 3 weeks after 6-OHDA 
lesion of the left substantia nigra. There is a reduction in 
glucose utilization in the region of the left substantia nigra pars 
compacta. B, Thionine-stained section which produced the 
autoradiographic image in A. 

TABLE II 

Quantitative [“C]deoxyglucose autoradiography in rats 2 weeks 
after unilateral lesion ofsubstantia nigra 

Each number represents the mean f 1 SD. 

Glucose Utilization 

Brain Region 
Lesioned Animals (n = 3) 

Control 
(n = 5) Ipsilateral Contralateral 

to Lesion to Lesion 

pmol/gm/min 

Frontal cortex 1.03 f 0.21 1.00 f 0.13 1.12 f 0.11 

Striatum 1.08 f 0.12 1.08 f 0.06 1.15 f 0.05 

Globus pahidus 0.58 f 0.15 0.89 f 0.04” 0.60 f 0.07 

Subthalamic nucleus 1.06 f 0.15 0.91 f 0.07 0.89 f 0.15 

Lateral habenular 1.33 f 0.22 2.01 f 0.32” 1.37 f 0.13 

nucleus 
Substantia nigra 0.82 rf 0.11 0.69 f 0.04’ 0.81 f 0.05 

pars compacta 
Substantia nigra 0.54 f 0.11 0.49 f 0.04 0.51 f 0.15 

Figure 4. A, [14C]-2-Deoxyglucose autoradiograph at the 
pars reticulata 

frontal plane of the habenula 3 weeks after 6-OHDA lesion of a Differs from control p -z 0.01. 

the left substantia nigra. B, Thionine-stained section which * Differs from control p < 0.05. 

produced the autoradiographic image in A. 
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Discussion 

To conclude from these studies that destruction of the 
ascending nigrostriatal dopaminergic pathway results in 
an increase in glucose utilization in ipsilateral globus 
pallidus and lateral habenular nucleus requires a high 
degree of confidence in the completeness and specificity 
of the lesion. That the lesion was complete was evidenced 
by the histological picture of extensive neuronal loss in 
ipsilateral substantia nigra pars compacta and a greater 
than 99% reduction in dopamine content of the ipsilateral 
striatum. Histological evidence for specificity rested on 
the apparent lack of damage to any adjacent nuclear 
groups including red nucleus and subthalamic nucleus. 
However, some damage to axons in passage cannot be 
unequivocally excluded. Biochemical specificity was con- 
ferred to a great extent by 6-hydroxydopamine which is 
concentrated in and selectively destroys catecholamine 
neurons (Kostrzewa and Jacobowitz, 1974). Pretreatment 
of rats with DMI prior to 6-OHDA injections protected 
noradrenergic axons in the nearby median forebrain bun- 
dle presumably by blocking the uptake of 6-OHDA into 
these neurons (Breese and Traylor, 1971). That the 
changes in glucose utilization were a consequence of 
nonspecific damage by the injections, or perhaps the 
ascorbic acid, was excluded by observations in control 
rats injected with the same volume of saline containing 
the same concentration of ascorbate as the experimental 
animals. Based on the above considerations, we can 
conclude with a high degree of confidence that increased 
glucose utilization in globus pallidus and lateral haben- 
ular nucleus resulted from extensive and specific destruc- 
tion of the nigrostriatal dopamine pathway. 

The predominant projection site of dopaminergic neu- 
rons from the substantia nigra pars compacta is the 
striatum (Fuxe, 1965). Further, there is evidence sug- 
gesting that dopamine is an inhibitory neurotransmitter 
(Siggins et al., 1976). It would be reasonable then to 
predict that a physiologic consequence of removal of 
the dopaminergic innervation of the striatum would be 
net disinhibition of denervated neuronal elements. Why, 
then, was glucose utilization increased in globus pallidus 
but not striatum? We would suggest that the explanation 
derives from observations indicating that the brain struc- 
tures showing the greatest increase in glucose utilization 
following stimulation are nerve endings and dendrites 
where surface-to-volume ratios are very high and the 
energy utilized to pump ions is expended at the highest 
rate per unit volume of tissue (Mata et al., 1980). The 
major projection of striatum is to globus pallidus (Cowan 
and Powell, 1966; Nauta and Mehler, 1966). If striatal 
neurons projecting to globus pallidus are disinhibited, 
then one would expect to see increased tiring and in- 
creased glucose utilization primarily in the terminal fields 
within globus pallidus. Alternatively, it is theoretically 
possible that increased inhibition with hyperpolarization 
could lead to an increase in the rate of local glucose 
utilization over base line rates. Direct evidence to support 
these speculations cannot be obtained by [14C]-2-deoxy- 
glucose autoradiography, however, because the precise 
structures (i.e., cell bodies, dendrites, nerve endings) 

cannot be resolved due to the relatively high energies of 
the 14C /3 emissions. Another contributing factor may be 
the removal of direct dopamine projections to pallidal 
neurons, but the existence of this projection is somewhat 
controversial (Mettler, 1970; Carpenter and Peter, 1972). 

Recent physiological observations by Filion (1979) 
seem consistent with our observations of increased glu- 
cose utilization in globus pallidus following nigrostriatal 
dopamine lesions. Filion recorded spontaneous activity 
of pallidal neurons in monkeys following both lesions of 
the nigrostriatal pathway and chronic administration of 
dopamine antagonists. In each paradigm, pallidal neu- 
rons fired in bursts continuously during sleep, movement, 
or quiet wakefulness, whereas pallidal recordings from 
unlesioned animals revealed discharges interrupted by 
long periods of silence. 

It is of interest that we found no changes in glucose 
utilization in several other structures within the local 
circuits of the basal ganglia that are linked in series with 
the striatum and globus pallidus. These structures in- 
clude subthalamic nucleus, entopeduncularis, and ventral 
tier nuclei of the thalamus (Nauta, 1979). It is possible 
that physiologic changes did occur in these structures 
but were below the limits of resolution of our method. 

Speculation regarding the mechanism of the increase 
in glucose utilization in the lateral habenular nucleus 
(LHN) following substantia nigra lesion also derives di- 
rectly from anatomical considerations. Within the limits 
of resolution, it appeared that the lateral portion of the 
LHN was the area where glucose utilization was highest. 
Herkenham and Nauta (1977) demonstrated that this 
region of the LHN receives afferents primarily from the 
entopeduncularis. The entopeduncularis, in turn, re- 
ceives direct projections from striatum and from the 
subthalamic nucleus. Further, the medial portion of the 
LHN receives its major afferent input from olfactory 
cortex (Herkenham and Nauta, 1977). It is perhaps of 
significance that our lesion of substantia nigra resulted 
in a large reduction in dopamine concentration in olfac- 
tory cortex (see Table I), indicating that, in addition to 
nigral neurons, more medially located A-10 dopaminergic 
neurons were lesioned by the 6-OHDA injections as well 
(Ungerstedt, 1971). Thus, the lateral habenular nucleus 
receives both mono- (from olfactory cortex) and disynap- 
tic (from striatum via entopeduncularis) projections from 
structures deprived of their rather dense dopamine in- 
nervation as a consequence of the nigral lesion. Also, 
more recent evidence indicates the existence of a direct 
projection from the ventral tegmental area to the lateral 
habenular nucleus (Beckstead et al., 1979). This projec- 
tion could be dopaminergic and hence could possibly be 
lesioned by our 6-hydroxydopamine injection. We spec- 
ulate that, like the changes in globus pallidus, the in- 
creased glucose utilization in LHN following nigral lesion 
resulted from increased activity in disinhibited afferents 
arising in entopeduncularis and perhaps olfactory cortex. 
Further, there may be loss of direct inhibition via lesion 
of dopaminergic projections from the ventral tegmental 
area to LHN. Other evidence of a functional role for 
dopamine in controlling the metabolic rate in the LHN 
has been presented by McCulloch et al. (1980). Using 
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[ “C]-2-deoxyglucose autoradiography, they found that 
apomorphine decreased and haloperidol increased glu- 
cose utilization in LHN. 

In earlier studies, cerebral glucose utilization in rats 
following electrolytic lesions of lateral hypothalamus and 
6-OHDA lesions of substantia nigra was described 
(Schwartz et al., 1976; Schwartz, 1978). These authors 
studied animals 3 days after lesioning and found that 
glucose utilization was reduced in a variety of ipsilateral 
forebrain structures including striatum. No change was 
noted in globus pallidus but glucose utilization was in- 
creased in the habenula by 8% above control rates. Study- 
ing these animals at 3 days may have been too early, as 
Ungerstedt has reported that several days are required 
for full depletion of dopamine from striatum after lesion 
of the nigrostriatal pathway (Ungerstedt, 1971). In addi- 
tion, the electrolytic lesions destroyed the entire median 
forebrain bundle, DMI pretreatment was not used in the 
6-OHDA-lesioned animals to protect noradrenergic path- 
ways, and no measurement of striatal dopaminergic 
markers or histological evidence of completeness of the 
6-OHDA lesion was reported. Thus, we find it difficult to 
compare meaningfully our results to those of Schwartz 
(1978). 

In a more recent study, Sagar and Snodgrass (1980) 
studied forebrain 2-deoxyglucose retention following 6- 
OHDA lesion. Their rats were not pretreated with DMI 
to protect noradrenergic fibers but all other aspects of 
their study are comparable with our own; these aspects 
include careful histological characterization of the lesion 
site, measurement of tyrosine hydroxylase activity and 
dopamine concentration in striatum after lesion, and 
carefully studied control animals injected with vehicle. 
Insofar as their results were reported, there were no 
discrepancies with our own. They found no changes as a 
result of substantia nigra lesion in glucose utilization in 
striatum, parietal cortex, or frontal cortex ipsilateral to 
the lesion. Unaccountably, they did not comment on the 
globus pallidus or lateral habenular nucleus. Thus, we 
cannot agree with their conclusion that lesions of the 
nigrostriatal dopaminergic pathway have only modest 
effects on 2-deoxyglucose retention by forebrain struc- 
tures. Also, we found no changes in anatomy, behavior, 
glucose metabolism, or dopamine concentration as a re- 
sult of vehicle injections into brain. 

Our observation that the increased glucose utilization 
in the globus pallidus seen at 11 and 21 days after lesion 
appears to be attenuated at 53 and 104 days suggests that 
some adaptive change occurred over a period of several 
months. This return toward control rates of glucose 
utilization is not accompanied by dopaminergic re-inner- 
vation, nor by attenuation of asymmetric motor re- 
sponses to treatment with apomorphine or amphetamine. 
The mechanism of this time-dependent change remains 
to be elucidated. 

Selective lesion of the nigrostriatal dopamine pathway 
resulted in a large increase in glucose utilization in ipsi- 
lateral globus pallidus. Since this lesion reproduces the 
major biochemical and pathological changes found in the 
brains of patients with Parkinson disease (Hornykiewicz, 
1972), one might reasonably speculate that striopalhdal 
neurons are chronically disinhibited, producing an excess 
of their neurotransmitter in the globus pallidus. There is 

evidence that a prominent striopallidal projection is en- 
kephahnergic (Elde et al., 1976). It is thus of much 
interest that Vardi et al. (1979) have recently reported 
that administration of the opiate antagonist naloxone to 
patients with Parkinson disease resulted in a significant 
clinical improvement. 
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