
known for guayulin A, but it is apparent 
that lipophilicity is important, both for 
skin penetration and possible insertion 
into membranes followed by alkylation 
of skin or serum proteins and lympho- 
cyte recognition (12). 

The problems that guayulin A presents 
in a developing guayule industry may be 
complicated by crossbreeding with other 
species of Parthenium to develop strains 
of guayule with higher rubber yields 
(13). Guayule readily undergoes inter- 
specific hybridization with Parthenium 
incanum (mariola), a close desert rela- 
tive, and with P .  tomentosum var. stra- 
monium, an arborescent species com- 
mon to Sinaloa, Mexico. These two spe- 
cies contain sesquiterpene lactones that 
are cytotoxic and produce allergic skin 
reactions in persons initially sensitized 
to species belonging to the sunflower 
family (Asteraceae). Preliminary investi- 
gations of crosses of P .  tomentosum var. 
stramonium with guayule indicate the 
presence of guayulin A and stramonin B, 
a cytotoxic pseudoguaianolide, in the 
first filial generation of the experimental 
hybrids. 

Allergic contact dermatitis is a leading 
occupational health problem today in 
terms of the number of persons afflicted 
and probably also in terms of misery 
(14). Guayule-processing facilities can be 
planned now to minimize worker contact 
with resins; rubber-processing proce- 
dures can be designed to ensure removal 
of allergens in final products to a safe 
level; breeding programs can select for 
strains low in allergen content as well as 
for high rubber yield. Since widespread 
cultivation of guayule in marginal arid 
regions around the world is likely, it 
would be wise to initiate studies of the 
potency of guayule allergens on humans 
and of occupational dermatitis in existing 
guayule-processing pilot plants. 
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Metabolic Mapping of the Brain's Response to 
Visual Stimulation: Studies in Humans 

Abstract. These studies demonstrated increasing glucose metabolic rates in the 
human primary (PVC) and associative (AVC) visual cortex as  the complexity of visu- 
al scenes increased. The metabolic response of the AVC increased more rapidly with 
scene complexity than that of the PVC, indicating the greater involvement of the 
higher order AVC for complex visual interpretations. Increases in local metabolic 
activity by as  much as a factor of 2 above that of control subjects with eyes closed 
indicate the wide range and metabolic reserve of the visual cortex. 

Much recent understanding of the ana- 
tomical and functional makeup of the 
visual system has been derived from 
electrophysiological studies, typically 
through the use of single cell recordings, 
such as those carried out by Hubel and 
Wiesel, who have extensively reviewed 
the subject (I). Some studies in which 
electrodes have been placed intra- 
operatively on the cortical surface have 
also been performed with human sub- 
jects (2,3). These and anatomical studies 
in animals or in humans with lesions in 
different parts of the visual system have 
delineated the highly organized structure 
and function as well as the clear species 
differences that exist in the visual sys- 
tem. 

Scalp electrodes have been used in 
human electrophysiological studies to 
measure changes in evoked potentials of 
the visual cortex during visual stimula- 
tion. Although this technique is simple 
and safe, it has provided very little new 
information about the visual system be- 
cause of the poor spatial resolution, diffi- 
culty in correlating the evoked potential 
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with cortical neurophysiology, and to 
some degree the variability of the tech- 
nique. 

Cerebral blood flow, which is consid- 
ered to provide an index of cerebral 
function, has been measured in animals 
to evaluate the visual system's response 
to stimulation (4, 5). Ingvar et a l .  (6) in- 
jected 133Xe into the carotid artery to 
study eye movements but not the visual 
cortex. 

Although cerebral blood flow is be- 
lieved to be normally related to cerebral 
function, measuring local metabolic 
rates would provide a more direct evalu- 
ation. Human hemispheric metabolism 
has frequently been studied by the Kety- 
Schmidt method, but this technique is in- 
sensitive to changes in local cerebral 
function (7) and requires jugular vein and 
arterial catheterization with their associ- 
ated trauma and risks. An autoradio- 
graphic technique for measuring the lo- 
cal cerebral metabolic rate for glucose 
in animals with 2-[14C]deoxy-~-glucose 
(DG) has been developed by Sokoloff et 
al.  (8). DG is a substrate that com- 
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petes with glucose for the facilitated 
membrane transport system and hexo- 
kinase. Its end product, DG-6-phosphate 
(DG6P), is not further metabolized and 
is essentially trapped in the cell be- 
cause of its low membrane permeability. 
The rate of accumulation or the net accu- 
mulation of DG6P over a given time 
is proportional to the glycolytic rate. The 
autoradiographic measure of local tissue 
"C concentration, measurement of the 
arterial plasma DG and glucose concen- 
trations, appropriate rate constants, and 
a tracer kinetic model developed by 
Sokoloff et al. allow the calculation of 
the local cerebral metabolic rate for glu- 
cose (8). These data are displayed as 
cross-sectional high-resolution images or 

maps of the distribution of cerebral me- 
tabolism. 

The DG technique can now be applied 
to human subjects. Whereas 14C is not 
detectable externally, 'BF-a positron- 
emitting radionuclide-has been incor- 
porated into DG (9) to form 2-[1sF]fluoro- 
2-deoxy- glucose (FDG). The FDG be- 
haves in the same manner as DG (1 0, ll).  
The lBF tissue concentration is measured 
with a positron computed tomograph 
(12), which consists of a circumferential 
ring of detectors that measure the radia- 
tion emitted from the patient subsequent 
to the intravenous injection of FDG. 
These data are then used to mathemati- 
cally reconstruct cross-sectional images 
of the distribution of 18F tissue concen- 

trations, allowing detailed examination 
of each slice, much as can be accom- 
plished by tissue sectioning in autoradi- 
ography, and providing quantitative 
evaluation of metabolism in resting, 
stimulated, and pathological states (10, 
11, 13, 14). 

We have developed a tracer kinetic 
compartmental model (11), an extension 
of Sokoloff s model, that additionally ac- 
commodates the slow dephosphorylation 
of FDG-&phosphate (FDG6P) by phos- 
phatase. This reaction is not significant 
in autoradiography since the animal is 
killed at 45 minutes (8), but it is signif- 
icant at the later time intewals of our 
in vivo studies. We have measured the 
model rate constants for FDG in hu- 
mans and have found a precision of 
about e 5 percent (standard deviation) 
for glucose metabolic rate in 1.5-cm2 
regions. This method has now been inte- 
grated in our tomograph to provide a 
direct approach to the measurement of 
the local metabolic rate. The tomograph 
used in our work is the ECAT (EG & G- 
ORTEC, Inc.) (12). In all the studies, 5 
to 10 mCi of FDG were injected intrave- 
nously, and blood was sampled from a 
vein of a hand heated to 44°C to produce 
arterialization (that is, an arteriovenous 
shunt); 40 to 50 minutes elapsed before 
imaging was initiated. Scanning times of 
about 30 minutes were required to image 
levels containing the visual cortex (typi- 
cally three levels, although a total of five 
to six were usually imaged). Resolution 
in the image plane and slice thickness 
were about 16 and 18 mm. This proce- 
dure and the tomograph have been de- 
scribed (1 1, 12). 

We used this technique to measure the 
metabolic response of the visual cortex 
to visual stimulations of increasing com- 
plexity. Unless otherwise stated, all sub- 
jects were studied in a controUed envi- 
ronment with a minimum of background 
noise and low-level background illumina- 
tion and were dark-adapted for 15 to 20 
minutes. Subjects (20 to 25 years of age) 
were given standard clinical examina- 
tions and latency tests of visual evoked 
potential, the results of which were 
judged to be normal. 

In experiment 1, five normal volun- 
R D teers were stimulated with white light 
b - l  ,- 

(570 lux). A control study was first per- 
Fig. 1. (A) Sketches from actual brain slices at approximately the level of the cross-sectional formed with the eyes closed 
tomographic images (4.4, 3.6, and 2.8 cm above the orbital-meatal plane). The blackened areas 
at the msterior of the brain indicate approximate location of primary (PVC) and associative and patched to provide a of (i) 
( ~ ~ ~ ) ; i s u a l  cortices. (B) When the eykiare closed and patched, the tissue metabolic activity is the local metabolic rate for alucose in the 
relatively low. (C) Stimulation by white light. Increasing glucose metabolic rate appears as visual cortex that resultedfrom sponta- 
increasing shades of gray, with black being the highest. Note the higher metabolic rate of the neous discharge of the retinal and lateral 
PVC and AVC (arrows) when the subject is being visually stimulated. The border zone between 
the posterior parietal cortex and the Brodmann area 19 of the AVC is also apparent when its ge"jculate '''Is and (ii) the functional 
metabolic rate is decreased in the unstimulated state. (D) Metabolic response of the visual baseline activity of the cortical tissue. 
cortex to the viewing of a complex visual scene. The next day, after decay of the 18F (2- 
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hour half-life), the subjects were reposi- 
tioned in the tomograph according to an- 

eye was patched than with unilateral 
enucleation, but no quantitative values 

atomical landmarks, aligned by use of a 
low-power neon laser, and stimulated vi- 
sually. Stimulation was started 5 minutes 
before injection of FDG and continued 
throughout the study (Fig. 1). The aver- 
age increase in glucose metabolic rate in 
the primary visual cortex (PVC, Brod- 
mann area 17) and associative visual 
cortex (AVC, Brodmann areas 18 and 

were given. 
Glucose metabolic rates in the PVC 

and AVC were symmetrical in subjects 
receiving monocular (left: right ratio, 
1.02 2 0.02) as well as binocular 
(1.03 * 0.04) stimulation. These data 
confirm that each eye provides half of 
the input to each visual cortex in hu- 
mans. In contrast, in rats and rabbits, 

19) were bilaterally 12 and 6 percent, re- 
spectively (Fig. 2). This low metabolic 
response probably results from the sim- 
plicity of the visual stimulation and the 

each eye provides about 85 and 100 per- 
cent respectively, of the input to the con- 
tralateral visual cortex. 0 I 

White One Two Complex 
light eye eyes scene 

Alternating checkerboard 

Fig. 2. Mean (2 standard deviation) increase 
in the glucose metabolic rate of the PVC and 
AVC in accordance with increasing complexi- 
ty of visual stimulation. Data are percentage 
increases above the baseline control values 
(with the eyes closed) of 8.40 and 6.66 mg of 
glucose per minute per 100 g of tissue in PVC 
and AVC, respectively. The metabolic re- 
sponse of the PVC increases by about a factor 
of 4, whereas the increase in the AVC is about 
a factor of 10. 

The visual stimulation was made still 
fact that, in mammals and probably in 
humans, most of the light intensity dis- 
crimination occurs in the lateral genic- 
ulate and the superior colliculus (15). 
This hypothesis is supported by autora- 
diographic studies in rats stimulated with 

more complex by allowing two subjects 
to observe the complex visual environ- 
ment in a park beside our laboratory 
(Fig. 1). This provided a multifaceted vi- 
sual stimulation, so we could examine 
the metabolic requirements to process 

an increasing intensity of white light. A 
logarithmic response of the glucose 
metabolic rate was observed in the later- 

and interpret a highly complex scene and 
make some estimate of the metabolic re- 
serve of the visual cortex. The metabolic 

a1 geniculate and superior colliculus, but 
only a small increase was observed in the 
visual cortex (16). The small change in 
the AVC mav also reflect the limited 

resvonse of the visual cortex was the 
largest we have observed from visual 
stimulation: about 45 percent above 
baseline in the PVC and 59 percent in 
the AVC. However, local regions of the 
visual cortex exhibited increases of as 
much as 100 percent. The larger increases 

involvement of this higher order struc- 
ture with a simple visual scene. Cooper 
et al. (3), using implanted electrodes and 

that produced by stimulation of both 
eyes; no statistically significant change 
between binocular and monocular stimu- 
lation was noted in the AVC. Since clos- thermistors (for measuring cerebral 

blood flow) in the human PVC and AVC, 
found that only the PVC was activated 
during stimulation with a flickering white 
light, whereas both the PVC and AVC 
were involved in the more complex visu- 
al stimulation of reading. 

in the AVC apparently reflect extensive re- 
cruitment of the AVC for the complex 
visual interpretations required for this 

ing one eye eliminates half the visual 
input to the visual cortices, one might 
expect the metabolic response, relative visual scene. The only other studies in 
to the eyes-closed control, to be half 
that of the binocular stimulation. The 
difference between our measured result 

which we have observed such large 
metabolic increases were in seizure foci 
of patients with epilepsy (Kuhl et al . ,  

In experiment 2, we increased the and the expected one is not likely due 
to spontaneous firing of precortical (reti- 
nal or geniculate) cells since the change 
in metabolic response of both the binoc- 

14). This result demonstrates the large 
range and metabolic capacity of the 
visual cortex. 

complexity of the visual scene with an al- 
ternating black and white checkerboard 
pattern (2 cycles per second), thereby Similar studies as well as investiga- 
adding moving edges and spatial fre- 
quency discrimination to stimulation by 
light intensity. Six subjects were studied, 

ular and monocular stimulation are rela- 
tive to a common baseline with the 
eyes closed. 

tions of patients with congenital and ac- 
quired blindness, visual hallucinations, 
visual stimulation of patients with 

first with their eyes closed and then with 
the checkerboard stimulation. In these 
studies, the PVC and AVC showed an in- 

A possible explanation for a greater- 
than-expected metabolic response in this 
situation might be the added de- 

homonymous hemianopsia, and com- 
parisons of the metabolic response with 
the visual evoked potential are the sub- 

creased metabolic response compared 
with white light stimulation (Fig. 2). 
The increased complexity of the alter- 

mands on the visual cortex during mon- 
ocular vision, altered interactions be- 
tween ocular dominance columns (disin- 

ject of a more extensive paper (18). 
We have shown how positron comput- 

ed tomography can map the distribution 
of local cerebral metabolic function in nating checkerboard pattern evoked 

about a 2.4-fold increase in the metabolic 
response of the PVC, whereas the meta- 
bolic response of the higher order AVC 
increased by a factor of about 4.4. This 
greater response of the AVC may reflect 
the more complex visual interpretation 

hibition), or the existence of three types 
of complex cells in the visual cortex ( I ) .  
The first group of cells responds to input 
from the ipsilateral eye, the second to 

humans in a safe and noninvasive man- 
ner that is not possible by any other tech- 
nique. These studies demonstrate that 

input from the contralateral eye, and a 
third to input from either eye. Since cells 
of the third group have bilateral input, 

simple visual stimulation with white light 
produces a small but measurable meta- 
bolic response in the PVC and an even 

required by the alternating checker- 
board. 

the metabolic response with one eye 
closed should not be half the binocular 

smaller response in the AVC. As the 
complexity of the visual scene is in- 
creased, a concomitant increase in meta- Three of the subjects were also tested 

with the alternating checkerboard pat- 
tern with one eye closed and patched. 

response, which is consistent with our 
findings. DG autoradiography studies in 
the monkey by Kennedy et al. (17) dem- 

bolic response of the visual cortex oc- 
curs. The complex visual interpretations 
associated with complex visual scenes Stimulation of one eye produced a meta- 

bolic rate in the PVC about 63 percent of 
onstrated that the metabolic rate of the 
visual cortex was reduced less when one appear to progressively increase the in- 
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emitting isotopes (for example, llC, 13N, 

1 5 0 ,  and lsF) (19) and tracer kinetic mod- 
els allows one to measure local physio- 
logical processes in human subjects. By 
selecting appropriate labeled compounds Pentobarbital: Dual Actions to Increase Brain 
and tracer kinetic models, studies of lo- Benzodiazepine Receptor Affinity 
cal neurotransmitters, membrane trans- 
port, blood flow, protein synthesis, and Abstract. The binding ~ f [ ~ H ] d i a z e ~ a m  to benzodiazepine receptors was studied in 
other physiologic processes are feasible. extensively washed membranes of rat cerebral cortex in the presence of the 

MICHAEL E. PHELPS depressant barbiturate, pentobarbital. Pentobarbital, like the endogenous neuro- 
DAVID E. KUHL transmitter y-aminobutyric acid (GABA), increased the basal binding and also 

Division of Nuclear Medicine, potentiated the GABA-enhanced binding of [3~]diazepam to benzodiazepine recep- 
Department ofRadiology, UCLA School tors by increasing the apparent a$nity of [3~]diazepam for the benzodiazepine 
of Medicine, Los Angeles 90024, and receptor. The concentrations ofpentobarbital necessary to elicit these effects in vitro 
Laboratory of Nuclear Medicine and are the same as those observed after treatment with pharmacologically relevant 
Radiation Biology, doses, suggesting that a common neurochemical association may exist between 
University of California, Los Angples these two types of compounds. 

JOHN C. MAZZIOTTA 
Department of Neurology, Barbiturates are effective general an- functions (4). In addition, anesthetic and 
UCLA School of Medicine esthetics, sedative-hypnotics, and anti- sedative-hypnotic barbiturates can, like 

convulsants ( I )  and share the last two GABA, directly inhibit excitability by 
therapeutic effects with the benzodiaze- increasing chloride conductance; this ef- 
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Christman, J. Fowler, P. Hand, A. Rosenquist, [3H]diazepam binding in the presence of pentobarbital (200 JLiM) or ( 0 )  pentobarbital (200 FM) 
W. Rintelman, A. Wolf, in Cerebral Blood Flow plus GABA (0.1 pM). This experiment was done in tris-maleate buffer. The experiment was 
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198. absolute increase in the [3~]binding both in the presence and absence of the drugs. The 
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