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Dopamine Receptor Binding Enhancement Accompanies 

Lesion-Induced Behavioral Supersensitivity 

Abstract. The binding of [3H]haloperidol to rat striatal dopamine receptors in- 
creases after lesion (made by injection of 6-hydroxydopamine) of the nigrostriatal 
dopamine pathway in those rats which are behaviorally supersensitive, as reflected 
by apomorphine-induced contralateral rotations. The enhanced binding is associat- 
ed with an increased number of receptor sites with no change in their affinity. 

The behavioral changes that occur in 
rats in which specific lesions have been 
made in the nigrostriatal dopamine path- 
way suggest that postsynaptic dopamine 
receptors in the corpus striatum become 
supersensitive to dopamine after remov- 
al of their normal innervation. After bi- 
lateral lesions (induced by 6-hydroxy- 
dopamine) have been made in the dopa- 
mine cell bodies of the substantia nigra, 
rats display increased stereotyped be- 
havioral responses to apomorphine, a 
dopamine receptor stimulant, and re- 
spond to previously subthreshold doses 
(1, 2). After unilateral lesions (induced 
by 6-hydroxydopamine) have been made 
within the nigrostriatal system, behav- 
ioral supersensitivity is manifested by 
the animal rotating after treatment with 
apomorphine in a direction contralateral 
to the side of the lesion (3). This rotation 
provides a readily quantified index of be- 
havioral supersensitivity (4). The nigro- 
striatal lesion induced by 6-hydroxy- 
dopamine may be a useful model of Park- 
inson's disease in which the nigrostriatal 
dopamine pathway is degenerated, and 

the supersensitivity of the dopamine re- 
ceptors in the corpus striatum could ac- 
count for the dramatic therapeutic re- 
sponse to /3-(3,4-dihydroxyphenyl)-L- 
alanine (L-dopa) (5). 

The enhanced behavioral response to 
dopamine receptor stimulants after nigro- 
striatal lesions have been induced might 
result, however, from changes distal to 
the dopamine receptor or in other neu- 
ronal systems. Alternatively, it could re- 
flect a true alteration in the dopamine re- 
ceptor itself. Activity of a striatal dopa- 
mine-sensitive adenylate cyclase, which 
appears to be associated with the dopa- 
mine receptor, has been reported to be 
unaffected by nigrostriatal lesions (6) or 
to show some enhanced activity (7). The 
response of striatal cells to iontophoreti- 
cally applied dopamine and apomorphine 
is enhanced by nigrostriatal lesion (8). 
Recently, dopamine receptor binding has 
been demonstrated in brain membranes 
by labeling the receptor with both the 
agonist [3FH]dopamine and the antagonist 
[3H]haloperidol (9). The binding sites of 
the two tritiated ligands have a similar 

regional distribution, their greatest den- 
sities occurring in brain regions with high 
dopamine levels (10). Dopamine agonists 
and phenothiazine antagonists have the 
same relative potencies in displacing 
both [3H]dopamine and [3H]haloperidol 
binding, indicating that both ligands label 
sites that have the characteristics ex- 
pected of the dopamine receptor (10). 
However, it is only in displacing 
[3H]haloperidol binding that the relative 
drug potencies for all classes of dopa- 
mine antagonists (phenothiazine, buty- 
rophenone, thioxanthene, for example) 
parallel clinical and behavioral effects in 
man and animals (11). We have inter- 
preted this result to indicate that the 
dopamine receptor may exist in two 
states, one of which has a high affinity 
for [3H]dopamine and the other a high af- 
finity for [3H]haloperidol. The l3H]halo- 
peridol binding site [to which dopamine 
binds with an affinity in the 0.5 to 1.0 1tM 
range paralleling its EC50 (effective con- 
centration for 50 percent stimulation) for 
stimulating adenylate cyclase activity] 
thus appears to be the physiologically ac- 
tive form of the dopamine receptor while 
[3Hjdopamine may be labeling a high- 
affinity, desensitized, and perhaps 
physiologically inactive form of the dopa- 
mine receptor (12). We now report en- 
hanced dopamine receptor binding of 
f3H]haloperidol in the corpus striatum of 
rats in which lesions of the nigrostriatal 
pathway have been made with 6-hydroxy- 
dopamine. 

Binding assays were performed as de- 
scribed (10). Homogenates (Brinkmann 
Polytron) of fresh rat corpus striatum in 
cold tris buffer, pH 7.7 at 25?C, were 
washed twice by centrifugation. The fi- 
nal pellet was resuspended in cold 
50 mM tris buffer containing 0.1 percent 
ascorbic acid, 10 AM pargyline, and ions 
as follows: 120 mM NaCl, 5 mM KCI, 
2 mM CaCl2, 1 mM MgCl2 (giving a final 
pH of 7.1 at 37?C). This mixture was 
warmed to 37?C for 5 minutes and re- 
turned to ice. Each tube received 1.0 ml 
of tissue suspension (4 to 6.4 mg, wet 
weight) and contained 0.2 to 4 nM 
[3H]haloperidol (9.6 c/mmole; Janssen 
Pharmaceutica). The tubes were in- 
cubated at 37?C for 10 minutes and trip- 
licate 0.3-ml portions were rapidly fil- 
tered under vacuum through Whatman G 
F/B filters with three 5-ml rinses of cold 
buffer. The filters were counted by liquid 
scintillation spectrometry. Specific bind- 
ing of [3H]haloperidol, measured as the 
excess over blanks containing 100 yiM 
dopamine, represented about half of the 
total binding. Previous experiments have 
demonstrated that 100 bUV dopamine 
displaces [31H]haloperidol binding to the 
same extent as the maximum stereo- 

596 SCIENCE, VOL. 197 



specific displacement by the isomers of 
butaclamol. Moreover, these maximum 
displacements are not additive, in- 
dicating that both drugs are displacing 
[3 H]haloperidol from the same sites (10). 

Sprague-Dawley rats (150 g) were 
used. Lesions of the nigrostriatal path- 
way were induced with 6-hydroxy- 
dopamine as described previously (I), 
except that the injection site was just 
rostral to the substantia nigra [coordi- 
nates AP + 3.2 mm, L 1.4 mm, V 7.6 
mm (13)] and 3 ,u of 6-hydroxydopamine 
(4 jug of free base per microliter) were in- 
jected. 

Two to seven months after the lesions 
were made, all the rats were injected 
subcutaneously with apomorphine (0.25 
mg/kg), and motor rotation was meas- 
ured manually 10 minutes later for 3 min- 
utes in an opaque plastic hemisphere (38 
cm in diameter). The rats showed a vari- 
able degree of contralateral rotation after 
the lesion was made, presumably reflect- 
ing the success of the lesioning proce- 
dure. The binding of [3H]haloperidol in 
the striatum was assayed between 1 and 
10 weeks after the behavioral tests were 
conducted. 

Behaviorally supersensitive rats, de- 
fined as those exhibiting at least six con- 
tralateral rotations per minute (mean rate, 
16 1 turns per minute), showed a 
mean increase in [3H]haloperidol binding 
of 50.0 ? 5.5 percent (range, 3.0 to 
117 percent, N = 27) on the lesioned 
side compared to their own contralateral 
unlesioned striatum. In some of the rats 
the binding was more than doubled on 
the lesioned side. Rats that did not turn 
displayed essentially no augmentation in 
binding on the lesioned side (mean, 
7.6 + 5.5 percent, range, - 19 to 20 per- 
cent, N = 10). Figure 1 shows that with 
increasing receptor "supersensitivity" 
there is a concomitant increase in behav- 
ioral "supersensitivity." However, rota- 
tional behavior does not increase in di- 
rect proportion to the augmentation of 
receptor binding. The apparent decrease 
in behavioral supersensitivity in the rats 
with the most pronounced increase in re- 
ceptor binding may be more apparent 
than real. The rats with the highest levels 
of receptor binding showed greater ste- 
reotyped gnawing of their fore and hind 
contralateral paws and tail, and this 
caused themn to fall and stumble so that 
their rotational rate was physically de- 
creased. There was no apparent trend for 
the rats that had lesions for the longest 
periods to show a degree of rotation or 
increase in [3H]haloperidol binding on 
the lesioned side greater than that for 
those rats that had lesions for shorter pe- 
riods. Previous behavioral studies have 
also demonstrated that the greatest in- 

Table 1. Effect of unilateral lesions (induced by 6-hydroxydopamine) in the nigrostriatal dopa- 
mine pathway on the binding of [3H]haloperidol in the rat. The rats were injected unilaterally 
with 6-hydroxydopamine in the substantia nigra. At least 2 months after the lesions were 
made, the left and right striatum of each rat were assayed separately with four concentrations of 
[3Hlhaloperidol between 0.4 and 
4 nM. The Kd and Bmax (maximum Tissue Kd (nM) Bmax 
number of binding sites) values were (pmole/g*) 
calculated from Scatchard plots of Control striatumt 0. 69 0. 08 16.1 ? 1.1 
[3 Hlhaloperidol binding data -and Lesioned striatumt 0.75? 0.07 22.7 ?+ 1.2 
analyzed by t-tests (two tailed) of Pared differences 0.06 ? 0.08 6.6 ? 1 .2? 
the paired differences betweeni the Paired__differences _____06 _0_08__6_6_-+-_1_2_ 

lesioned and control striatum of *Wet weight of tissue. tN= 24. tNot significant. 
each rat. ?Significant at P < .001. 

crease in behavioral supersensitivity oc- 
curs within the first 3 to 4 weeks after 
lesions have been made (3). 

Increased [3H]haloperidol binding as- 
sociated with dopamine receptors could 
be caused by a change in the affinity of 
binding or by a change in the number of 
binding sites. To discriminate between 
these two possibilities, we assayed each 
corpus striatum for [3H]haloperidol bind- 
ing at four concentrations of the tritiated 
ligand (0.4 to 4.0 nM) (Table 1). Again, 
only rats that exhibited at least six con- 
tralateral turns per minute (mean 16 + 1, 
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Fig. 1. Increased [3H]haloperidol binding in 
the lesioned striatum and behavioral super- 
sensitivity to apomorphine in rats with unilat- 
eral nigrostriatal lesions induced by 6- 
hydroxydopamine. Rotational behavior in re- 
sponse to subcutaneous injection of apomor- 
phine (0.25 mg/kg) was measured 2 to 7 
months after the lesions were made. The bind- 
ing of [3H]haloperidol was assayed in the le- 
sioned and control striatum of each rat sepa- 
rately 1 to 10 weeks later and is expressed as 
the percentage increase in radioactivity 
(counts per -minute) of specific [3H]halo- 
peridol bound in the lesioned compared 
with the control striatum at four concentra- 
tions of [3H]haloperidol (0.4 to 4.0 nM). 

range 6 to 31) to injections (0.25 mg/kg) 
of apomorphine were included. The dis- 
sociation constant (Kd) was unaffected 
by the lesion (Table 1), whereas a highly 
significant 40 percent increase in the 
number of binding sites was apparent in 
the lesioned striata (P < .001). 

It is conceivable that depletion of en- 
dogenous dopamine by the lesion could 
reduce the amount of dopamine in the 
striatal membranes available to compete 
for the binding of [3H]haloperidol, thus 
producing only an apparent increase in 
binding. This is unlikely for several rea- 
sons. The striatal membranes used for 
[3HJhaloperidol binding assays were 
washed twice and subjected to over a 
300-fold dilution in buffer for homoge- 
nization and assay, so that the amount of 
dopamine in the membranes was very re- 
duced (14). Moreover, if this increased 
[3H]haloperidol binding was simply 
caused by the depletion of endogenous 
dopamine on the lesioned side, this 
would be reflected by a change in the Kd, 

and not in the number of the binding 
sites. To determine whether short-term 
depletion of endogenous dopamine could 
change [3H]haloperidol binding, we in- 
jected groups of six control rats with re- 
serpine (5 mg/kg) or saline and assayed 
[3H]haloperidol binding in the striatal 
membranes 18 hours after drug adminis- 
tration. The Kd values for the control 
rats and the rats injected with reserpine 
were 0.65 + 0.11 and 0.61 + 0.04 nM, 
respectively, and the number of binding 
sites were 27.7 + 2.2 and 29.6 + 0.9 
pmole per gram of tissue, respectively. 
Thus a dose of reserpine that causes 
more than a 90 percent depletion of en- 
dogenous dopamine (15) failed to alter 
significantly the affinity or number of 
binding sites for [3H]haloperidol. How- 
ever, if the dopamine depletions were 
maintained by long-term treatment with 
reserpine (0.25 mg/kg per day) for 3 
weeks, [3H]haloperidol binding was in- 
creased by 25 percent (16), this effect 
again paralleling the enhanced behavior- 
al sensitivity to apomorphine that occurs 
at this time (17). The apparent lower 
number of total binding sites in the con- 
trol striata of the lesioned rats compared 
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to the number of sites in the control rats 
from the short-term reserpine experi- 
ment is a function of age. We have pre- 
viously demonstrated that [3H]haloperi- 
dol binding significantly decreases with 
age (18), and the lesioned rats in the pres- 
ent experiments were 2 to 7 months older 
than the rats used in the reserpine exper- 
iment. In the rats with unsuccessful le- 
sions (such rats may be considered 
equivalent to sham-injected rats of the 
same age), binding in their control striata 
(B max - 18.'7 ? 2.3 pmole per gram of 
tissue, N = 10) was comparable to that 
in the unlesioned striata of the behavior- 
ally supersensitive rats. This indicates 
that rotation is associated with an in- 
crease in [3H]haloperidol binding on the 
lesioned side rather than a decrease in 
binding on the control side. 

The major finding of this study is that 
[3FHlhaloperidol binding sites increase in 
rats with lesions of the nigrostriatal 
dopamine pathway. This increased num- 
ber of dopamine receptors could account 
for the behavioral supersensitivity to 
dopamine agonists which results from 
the lesion. The increased sensitivity to 
apomorphine in rats with bilateral le- 
sions of the nigrostriatal pathway (in 
which the same behavioral response can 
be measured before and after the lesions 
are made) is many times greater than the 
20 to '120 percent increase in binding 
seen here (1). This indicates that other 
components in the overall system deter- 
mining the behavioral response may also 
be changed by the lesion and thus pro- 
duce additive effects. However, meas- 
urements of striatal dopamine-sensitive 
adenylate cyclase after nigrostriatal le- 
sions have been made have proved 
equivocal (6, 7). In studies of butyrophe- 
none neuroleptic drugs we have also ob- 
served a similar poor correlation be- 
tween their influences on dopamine re- 
ceptor binding and on the cyclase (11). 
Recently, Kelly and Moore (19) have 
demonstrated that although effects of 6- 
hydroxydopamine in the caudate nucleus 
determine the direction of rotation and 
the sensitivity to apomorphine, the nu- 
cleus accumbens is also involved in de- 
termining the rate of rotation. Since le- 
sions induced by 6-hydroxydopamine in 
the region of the substantia nigra prob- 
ably destroy the dopamine innervation in 
the nucleus accumbens because they al- 
so destroy the neighboring AIO cell bod- 
ies, the apparent greater behavioral su- 
persensitivity as compared to augmented 
receptor binding may result from en- 
hanced receptor activity in the nucleus 
accumbens as well as the caudate. 

Behavioral supersensitivity to apo- 
morphine also occurs in rats subjected to 

long-term treatment with neuroleptic 
drugs, and such rats provide a model for 
tardive dyskinesia, the increased bizarre 
motor activity that occurs in patients 
treated for long periods with neurolep- 
tics (17). The behavioral supersensitivity 
to apomorphine in such rats is also asso- 
ciated with enhanced [3H]haloperidol 
binding to dopamine receptors, resulting 
from an increased number of binding 
sites with no change in Kd value (16). 
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Electrochemical Concentration Cells 

I would like to add a few thoughts on 
the extraction of energy from seawater 
by means of electrochemical concentra- 
tion cells (1). A few simple analyses will 
illustrate the critical role of membrane 
resistance in any practical system for the 
extraction of energy from seawater 
based on the use of concentration cells. 

In the analysis by Clampitt and Kiviat, 
Ri, the internal cell resistance, is taken to 
be the resistance of the low-concentra- 
tion (freshwater) side of the membrane. 
However, if one considers a reasonable 
geometry comprising closely spaced 
parallel plates separated by intervening 
membranes and electrolyte compart- 
ments, the following relationship de- 
scribes Ri: 

R= = (n/a)(r-d- + r,.d,, + r,-d,-) (1) 

where n is the number of concentration 
cells in series (as in a voltaic pile); a is 
the area of the membrane (assuming 
electrode plates and membranes of equal 
areas); dm is the membrane thickness; 
dCA and dcB are the electrode-to-mem- 
brane distances on each side of the mem- 
brane; and rm, rcA, and rCB are the specif- 
ic resistivities of the membrane and each 
solution. 

The maximum theoretical power of a 
series of such "seacells" based on Na+ 
transport is 

tantNaRT ln CAYA 

Pmax 

dmrm + 1000(HA + HB) 

where HA= dCA(A-CA- bCA'5' and 
HB =dc,(A.CB - bCB' 5); in Eq. 2 tNa 
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