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Earlier we reported the imaging and 
measuring of neurotransmitter receptors 
in the living human brain by means 
of "C-labeled 3-N-methylspiperone 
(["CINMSP), a neuroleptic ligand, and 
positron emission tomography (PET) (I). 
This ligand binds preferentially to D2 
dopamine and S2 serotonin receptors. 

brief mental examination, general health 
questionnaire, physical and neurological 
examination, resting electrocardiogram, 
and computerized tomography (CT) scan. 
The CT scans were taken of each subject 
to identify the planes containing the cau- 
date nucleus and putamen (8). Subjects 
were injected with ["CINMSP (dose range, 

Abstract. 0 2  dopamine and S2 serotonin receptors were imaged and measured in 
healthy human subjects by positron emission tomography after intravenous injection 
of "c-labeled 3-N-methylspiperone. Levels of receptor in the caudate nucleus, 
putamen, and frontal cerebral cortex declined over the age span studied (19 to 73 
years). The decline in 0 2  receptor in males was dlferent from that in females. 

The results of studies in vivo and in vitro 
indicate that most of the accumulation of 
["CINMSP in basal ganglia reflects 
binding to D2 dopamine receptors, 
whereas most of the accumulation in 
cerebral cortical areas reflects binding to 
S2 serotonin receptors (2-6). The imag- 
ing of neurotransmitter precursors and 
other receptors in animals and humans 
has also been reported (7). 

We now describe our studies of 22 
male and 22 female volunteers ranging 
in age from 19 to 73 years and from 19 
to 67 years, respectively [males: mean 
age, 39 i 17 years; females: mean age, 
36 +. 14 years (r 1 standard deviation)]. 
The volunteers were healthy as deter- 
mined by medical, neurological, and 
neuropsychological tests, including a 

0.2 to 2.9 ~ g l k g )  which was synthesized 
by the N-alkylation of spiperone with 
["Clmethyl iodide (1). Multiple, serial 
PET scans were obtained continuously 
for 2 hours after injection. Simultaneous 
venous samples from a heated hand (to 
simulate arterial blood) or arterial Sam- 
ples or both were obtained in all cases. 
These samples showed a decrease in the 
amount of ["CINMSP in both plasma 
and whole blood within the first 15 min- 
utes after the injection. Binding to the D2 
dopamine receptor was estimated by the 
ratio of radioactivity in the caudate to 
that in the cerebellum (Ac,/Acb, ex- 
pressed as mean counts per minute per 
computer picture element) and by the 
ratio of radioactivity in the putamen to 
that in the cerebellum. Binding to the S2 
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After the subjects were injected, accu- 
mulation of ["CINMSP within the cac- 
date and putamen, areas rich in D2 re- 
ceptors, increased progressively with 
time, whereas binding in the cerebellum, 
which contains few or no D2 receptors, 
decreased rapidly. Activity in the fron- 
tal, temporal, parietal, and occipital cor- 
tex decreased at an intermediate rate, 
reflecting a decrease both in S2 receptor 
binding and in nonspecific binding (Fig. 
1). These findings are similar to those 
from other in vivo receptor labeling stud- 
ies (1, 3 ,  5). 

In every subject, the Aca/Acb ratio in- 
creased linearly with time after injection 
(Fig. 2). The slope of this line reflects the 
rate (sometimes referred to as K3) of 
["CINMSP binding to the D2 receptor 
from the exchangeable tissue pool (in- 
cluding nonspecific binding) as derived 
below (Eq. 1). This linear increase in the 
Ac,/Acb ratio with time has been ob- 
served in more than 100 normal volun- 
teers and patients and suggests a three- 
compartment model (9, 10). 

where C, is the content of tracer in the 
plasma, C, is the content of exchange- 
able (free plus nonspecifically bound) 
tracer in tissue, and C, is the content of 
receptor-bound tracer in tissue. This lin- 
earity also confirms that K4 Q K3; there- 
fore, we will set K4 = 0. 

The equations describing the model 
are, in the cerebellum, 

and in the caudate, 

where Acb(t) and Aca(t) are the observed 
activities in the cerebellum and caudate. 
Integrating and combining these equa- 
tions yields a theoretical expression for 
the ratio &,/Acb, 



Fig. 1. Decrease in' the level of activity in 
various regions of the brain with time. Data 
were accumulated as described [see text and 
(I)]. The planes for PET imaging were select- 
ed after CT scans had identified planes con- 
taining the basal ganglia as well as the location 
of the basal ganglia within the plane. A head- 
holder was used to ensure ease and reproduc- 
ibility of locating the planes. The data shown 
are from a 29-year-old male and are a qualita- 
tive representation of the entire group. Activi- 
ty is reported as counts per minute per pixel 
(computer picture element). (0) Caudate and 
putamen, (0) occipital visual cortex, (H) fron- 
tal lobe cortex, (A) cerebellar cortex, and (A) 
cerebellar white matter. 
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Fig. 2. The ratio A,,/ACb, an estimate of D2 
dopamine receptor, increases linearly with 
time. The ratios are the average value of right 
and left sides of the brain. The ratios shown 
are underestimates because of physical fac- 
tors including partial volume and resolution 
effects (1). By using a life-sized phantom of 
brain with compartments shaped like the bas- 
al ganglia, we found in initial experiments that 
the recovery coefficients for our NeuroECAT 
(computerized axial tomography) scanner 
were 0.68 for the caudate, 0.66 for the puta- 
men, and 1.0 for the cerebellum (25). Thus, 
the actual Aca/Acb ratios are higher than our 
estimates. Data from the single male subject 
are qualitatively representative of the entire 
group and fit a straight line [m = 0.055 min-'; 
standard error (m) = 1.89 x lo-'; r = 0.991. 
The slopes of these plots are presumably 
related to K, (9). 
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Fig. 3. Decline in D2 dopamine receptor in males (A) and females (B) [see (23)l. The graph in (A) 
shows the exponential fit for the data, since the polynomial fit would indicate a slight increase at 
older ages which, on the basis of reasonable biological arguments, is unlikely. Furthermore, the 
slight upturn is at the upper range of the data, and additional studies at older ages would be 
necessary to determine whether this upturn is real. For the males, the 95 percent confidence 
limits on the regression line at ages 20, 40, and 65 were 4.30 a 0.46, 2.91 a 0.25, and 
2.44 2 0.27, respectively, and the 95 percent prediction limits for a new value of Ac.IAcb at 
these ages were 4.30 a 0.84, 2.91 a 0.74, and 2.44 a 0.75, respectively. For the females, the 
95 percent confidence limits on the regression line at ages 20, 40, and 65 were 3.59 a 0.32, 
3.22 0.22, and 2.76 a 0.48, respectively, and the 95 percent prediction limits for a new value 
of AcaIAcb at these ages were 3.59 + 1.02, 3.22 a 0.99, and 2.76 a 1.08, respectively. 

". 
Fig. 4 (left). PET scans of the brain of a young 
(left) and an old (right) male subject. Fig. * t  5 (right). The change with age in slopes of 
plots of Aca/Acb versus time in males. This 
plot is similar to that in Fig. 3A, showing that 
these lines for each subject change with age in 0 30 50 70 
a manner similar to the change in the ratios Age (years) 
[see (IS)]. 
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Fig. 6. Change in the ratio Ar,IA,, with age plotted separateiy for males (A) and females (B) [see 
(23)l. These data did not show a significant difference due to sex in the decline of receptor with 
age, the data for both sexes fitting best to a straight line (see Fig. 5). There was a 29 percent drop 
for males in the age range of 19 to 73 years and a 19 percent drop for females in the age range of 
19 to 67 years [males: Af,IAcb = 0 . 0 1 ~  + 2.05, standard error (m) = 0.0026; females: AfJAch 
= -0.007~ + 1.89, standard error (m) = 0.00361. For the males the 95 percent confidence 
limits on the regression line at ages 20, 40, and 65 were 1.85 + 0.13, 1.65 a 0.09, and 
1.40 a 0.17, respectively, and the 95 percent prediction limits for a new value ofAr,IACb at these 
ages were 1.85 2 0.44, 1.65 a 0.42, and 1.40 a 0.45, respectively. For the females the 95 
percent confidence limits on the regression line at ages 20, 40, and 65 were 1.73 5 0.15, 
1.60 5 0.1 I, and 1.44 2 0.24, respectively, and the 95 percent prediction limits for a new value 
of Ar,IAcb at these ages were 1.73 a 0.51, 1.60 2 0.50, and 1.44 a 0.54, respectively. 



The solution to Eq. 2 shows that at a 
time T * l/K2, Acb becomes proportion- 
al to (:,, 

and, similarly, 

Physiologically, this limit will be reached 
if the permeability of the barrier between 
blood and brain is high enough; the 
achievement of linearity in about 10 min- 
utes indicates that this is true. 

Replacing Eqs. 7 and 8 in Eq. 5 gives 

and if K3 4 K2, then 

Gjedde (10) argues that the normalized 
integral becomes proportional to time; 
hence, the model predicts a linear in- 
crease in Ac,IAcb with time, as observed 
experimentally, with a slope determined 
by K3 (11). This result indicates that 
measurement of cerebral blood flow and 
volume is not required, unlike the situa- 
tion for other proposed models (12). 

The lack of proportionality between 
the amount of ["CINMSP in the cerebel- 
lum and that in the blood evidently re- 
sults from the presence of nontransport- 
able metabolites in the blood and may 
serve as a measure of these metabolites 
(13, 14). Although it is possible that the 
metabolites of ["CINMSP change as a 
function of age, the observation that the 
absolute activity in the cerebellum did 
not suggests that the effects on input 
function for the caudate and putamen do 
not change significantly with age. Hence 
the decrease in Ac,IAcb is primarily due 
to a decrease in receptor binding. 

The ratio Ac,IAcb was calculated for 
the period between 43 and 49 minutes 
after injection, a time at which NMSP 
is preferentially associated with D2 re- 
ceptors (1, 5,  6), and was plotted versus 
the subjects' ages (Fig. 3). The plots 
revealed a decline in D2 receptor bind- 
ing. In the 22 males (Fig. 3A), the data 
were fitted by an exponential function 
(Ac,/A,:b = 2.31 + 6.56e-0 061X, where x 
is age; standard errors of coefficients, 
0.24, 3.09, and 0.023, respectively). There 
was a decline of 46 percent in the fitted 
function over the range of ages (19 to 73 

years) (see also Fig. 4). There was a 
similar (43 percent) exponential decline 
in the putamen with age. In the 22 fe- 
males (Fig. 3B), there was a somewhat 
smaller (25 percent) decrease in receptor 
binding with age (over the range of 19 to 
67 years) in the caudate and putamen 
[Ac,IAcb = 0 .018~  + 3.97; standard er- 
ror of slope (m) = 0.00721. When the 
slopes of plots for Ac,IAcb versus time 
were plotted against age for males, a 
similar exponential decline was observed 
(15) (Fig. 5). Finally, a plot of Afr/Acb 
against age revealed a statistically signif- 
icant linear decline of S2 receptor bind- 
ing with age (P < 0.001) for males and 
females combined, but there was no sig- 
nificant difference beween males and fe- 
males (Fig. 6). 

A likely explanation for the decline in 
binding with age is that the number of 
receptors decreases. Studies in vitro 
with both animal and human tissues ob- 
tained at autopsy have also revealed a 
decline in D2 and S2 receptor concentra- 
tion with age (16), with no change in the 
dissociation constant. A decline in cere- 
bral blood flow alone does not seem an 
adequate explanation of these findings. 
Cerebral blood flow has been shown to 
decrease with age, but the decline ap- 
pears to be less than that in receptor 
binding (17). We estimated cerebral 
blood flow from the initial distribution of 
["CINMSP at the time of injection to 6 
minutes after injection; we believe that 
this distribution is predominantly deter- 
mined by blood flow. During this period 
there was no statistically significant de- 
cline in the Ac,/Acb ratio (-1) as a func- 
tion of age in either the males or the 
females. In addition, the ratio of the 
activity in the caudate (counts per min- 
ute for this period) to the integral of that 
in the blood, and the ratio of the activity 
in the cerebellum to the integral of that in 
the blood, did not decrease with age for 
either sex. All CT scans were reviewed 
to determine the size of the caudate 
nucleus and putamen. There was no ob- 
servable decrease in size (18). Cerebral 
glucose metabolism, also measured by 
PET, has been found either not to de- 
crease or to drop only slowly with age 
(1 9). 

Other studies have revealed age-relat- 
ed decreases in various other dopaminer- 
gic features. Cell bodies in the substantia 
nigra and putamen decrease in number 
and size with age (20). There is also an 
age-related decrease in the levels of neu- 
rotransmitter as well as in activities of 
synthesizing enzymes (21) in the cau- 
date, putamen, and nucleus accumbens. 
These findings may be related to the 
decline in receptors observed here, since 
neurons in the basal ganglia and substan- 

tia nigra bear D2 receptors (22). Our data 
suggest that the decline in D2 receptor in 
females was different from that in males 
(23). However, more data is required for 
complete elucidation of this finding. In 
studies with other animals there is evi- 
dence of functional differences in dopa- 
mine receptors with sex and that estradi- 
01 can alter levels of dopamine receptor 
(24). 
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persuade Daniel Koshland to assume 
this responsibility. 
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obtained at B.S. in chemistry from the 
University of California, Berkeley, and a 
Ph.D., also in chemistry, from the Uni- 
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ship at Harvard he had joint appoint- 
ments at Brookhaven National Labora- 
tory and Rockefeller University until 
moving to the University of California, 
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in 1965. 
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chemistry of organic chemistry to the 
understanding of enzymatic mecha- 
nisms. It provided a unifying theory to 
many reactions that seemed widely dis- 
parate and was typical of many of his 
subsequent contributions. In demon- 
strating the validity of his theories, he 
developed a number of experimental 
tools-methods for modifying carboxyl 
and tryptophan residues in proteins, the 
all-or-none assay, oxygen-18 isotopic 
techniques for interpreting mechanisms 
of muscular contraction, and the first 
"chemical mutation" (the conversion of 
a serine to a cysteine residue at the 
active site of chvmotrv~sin bv chemical . - 
modification)-and a theoretical analysis 
of the "proximity effect." 

His next major contribution was the 
development of the "induced fit" the- 
ory, now included in textbooks of bio- 
chemistry. At its first promulgation, 
however, it was not easily accepted, for 
it proposed that enzymes were flexible 
molecules, not the classical keylock or 
template model of Emil Fischer, which 
was standard doctrine at the time. Kosh- 
land's proposal was that the fit between 
a protein molecule and its substrate was 
more like the fit of a hand in a glove than 
the fit of two pieces of a rigid jigsaw 
puzzle. Moreover, the change in shape 
of the ~ ro te in  "induced" bv the small 
molecule was essential to its biological 
properties. Koshland and others, of 
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