
mixture of tetrol and 9-methoxy-BP 43- 
diol. It has been reported that the 9- 
hydroxy-BP 4,5-oxide is a metabolite 
responsible, at least in part, for the bind- 
ing of BP to DNA in rat hepatocytes (9). 
It has not been possible to prepare this 
compound synthetically, and so its 9- 
methoxy analog has been used. The low- 
est singlet absorption spectra of the two 
compounds correspond to that of chry- 
sene and are therefore very similar and 
blue-shifted relative to the absorption of 
tetrol. The conventional fluorescence 
spectra of tetrol, 9-hydroxy-BP 4,5-diol, 
and 9-methoxy-BP 4,5-diol are essential- 
ly identical with emission maxima at 380 
and 400 nm. Since the lowest singlet 
absorption spectra of tetrol and BPDE- 
DNA are also very similar, the selectiv- 
ity problem for the tetrol-4,5-diol binary 
mixture is equivalent to that for a mix- 
ture of the adducts of DNA formed with 
BPDE and 9-hydroxy-BP 4,5-oxide. The 
FLN spectra of the mixture are shown in 
Fig. 2. Because the absorption spectra of 
the two compounds are shifted relative 
to each other, they can be distinguished 
by selective excitation. One can see this 
selectivity by comparing the lower spec- 
trum of Fig. 2 with the tetrol spectrum in 
Fig. 1. The upper spectrum of Fig. 2 is 
due entirely to 9-methoxy-BP 4,5-diol. 
Thus, it is established that, after the 
isolation of nucleic acids from cells ex- 
posed to BP, the BPDE and 9-hydroxy- 
BP 4,5-oxide adducts could be distin- 
guished by FLN spectrometry. This is a 
considerable simplification over the best 
current method for this characterization, 
which involves extensive enzyme diges- 
tion of the DNA, derivitization, and 
high-performance liquid chromatograph- 
ic (HPLC) analysis (10, 11). 

Our results demonstrate that FLN 
spectra for highly substituted PAH de- 
rivatives bound to polymeric materials 
can be obtained and that fluorescence 
line narrowing in polar glasses is a prom- 
ising approach for high-selectivity analy- 
sis of DNA obtained after in vivo expo- 
sure to PAH .mixtures. Such analyses 
will require improvements in sensitivity, 
which are possible at this time (12). 
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External Imaging of Cerebral Muscarinic 
Acetylcholine Receptors 

Abstract. A radioiodinated ligand that binds to muscarinic acetylcholine receptors 
was shown to distribute in the brain by a receptor-mediated process. With single- 
photon-emission imaging techniques, radioactivity was detected in the cerebrum but 
not in the cerebellum, whereas with a flow-limited radiotracer, radioactivity was 
detected in cerebrum and cerebellum. Single-photon-emission computed tomogra- 
phy showed good definition of the caudate putamen and cortex in man. 

The muscarinic acetylcholine receptor Huntington's chorea, and those with 
(m-AChR) appears to play an essential Alzheimer's dementia. Ethanol, barbitu- 
role in many physiological and behavior- rates, and antidepressants as well as 
a1 responses (1). Sleep, avoidance be- chronic exposure to insecticides, may 
havior, learning, and memory are also affect the concentration of the m- 
thought to be mediated by m-AChR. A AChR (2,3). Most of these observations 
decrease in m-AChR density has been have been made in autopsy studies in 
observed in elderly patients, those with humans or in animal studies. None of 
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4.0 Fig. 1 (left). (A) Distribution of ( R ) 4  
[1251]IQNB in Sprague-Dawley rats as a fulrc- 
tion of time after femoral vein idectiqn. (B) 
Distribution of (R)-[3HJQNB in Sprague-Daw- 
ley rats as a function of time h e r  femoral 
vein injection. The average value and the 
standard error for six rats are shown at each 
time point. Fig. 2 (right). Autoradiograph 
of (R)4['2SI]IQ~B in a cat IS minutes aft& 
injection. Results after 2 hours were similar. 
Coronal section, 20 pm thick; 500 pCi of the 
radioiodinated material was injected intrave- 
nously under light anesthesia Onnovar); the 
animal was killed by barbiturate injection and 
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Fig. 3. Lateral Anger camera 
images of the head after injec- 
tion of the perfusion agent, 
['231]HIPDM (left), and (R)-4- 
[1231]IQNB (right). On the per- 
fusion image, uptake is seen in 
both the cortex and cerebel- 
lum. On the (R)-4-[1231]IQNB 
image, uptake is seen in the 
cortex but not in the cerebel- 
lum. For the (R)-~-["~I]IQNB 
study, 4.9 mCi was injected HIPDM 

intravenously in one of us. 

these relationships has been observed in 
intact humans by external detection with 
receptor-specific radiotracers. 

Recently (R)-3-quinuclidinyl-4-iodo- 
benzilate [(R)-4-IQNB] (4) has been pre- 
pared with Iz5I or with Iz3I (5). The 
product is a mixture of two diastereo- 
mers because of the unresolved chiral 
center in the acid moiety. However, pre- 
liminary studies show that this is not the 
critical center because the affinity con- 
stants do not differ by more than a factor 
of 4, whereas the affinities of the (R)-3- 
quinuclidinyl derivative [(R)-QNB] and 
the (S)-3-quinuclidinyl derivative differ 
by a factor of 100. We have studied the 
distribution of (R)-4-IQNB in rats (Fig. 
1); 3~-labeled (R)-QNB was used as a 
control. The distribution of the two ra- 
diotracers is qualitatively similar, but the 
lung accumulation is greater for (R)-4- 
IQNB than for (R)-QNB. As a result, the 
concentration of Iz51 was lower than the 
concentration of 3H in target organs such 
as cerebrum and heart. This preferential 
lung accumulation of (R)-4-IQNB is 
probably explained by the increased li- 
pophilicity caused by the addition of an 
iodine atom. Earlier experiments in 
which 50 nmole of (RS)-QNB was inject- 
ed with (R)-4-IQNB showed the satura- 
bility of the binding sites of CIQNB, 
supporting the hypothesis that the distri- 
bution is primarily receptor-mediated (6). 
In addition, we showed that (R)-[3~]- 
QNB binding in rat brain and heart was 
decreased compared with control values 
when 50 nmole of the pharmacologically 
active isomer (R)-QNB was injected with 
(R)-I~H]QNB but was not decreased 
when the inactive isomer (S)-QNB was 
used (6). This stereoselective competi- 
tion adds further support to a receptor- 
mediated mechanism of localization in 
vivo. These tests of saturability cannot 
be used in humans because of the high 
drug doses required and the associated 
toxicity with large doses. 

In a cat (Fig. 2) and a dog (not shown) 
treated with ( R ) - ~ - [ ~ ~ ~ I ] I Q N B  we ob- 
served radioactivity in the cerebrum but 
not in the cerebellum. The concentration 
of m-AChR was not determined in the 

cat, but in the dog the concentration is 
474 pmole per gram of protein in caudate 
nucleus, 147 in the thalamus, 57 in the 
hypothalamus, and 36 in the cerebellar 
cortex (7). 

Using planar emission imaging tech- 
niques, we compared the distribution of 
(R)-~-["~I]IQNB with the distribution of 
the flow-mediated agent [ ' 2 3 ~ ] ~ ~ ~ ~ ~  (8) 
in a human subject (Fig. 3). These data 
show that HIPDM accumulates in both 
the cerebrum and cerebellum, as would 
be expected for a flow agent, but that 
(R)-~-[ '~~I]IQNB accumulates only in 
the cerebrum. These observations sug- 
gest that the uptake of ( R ) - 4 - [ ' 2 3 ~ ] ~ ~ ~ ~  
is receptor-mediated in the human be- 
cause muscarinic receptors are at rela- 
tively low concentration in the cerebel- 
lum. Single-photon-emission computed 

Fig. 4. A single tomographic slice obtained 
parallel to the orbital medial line through the 
region of the basal ganglia. The study was 
performed on one of us 20 minutes after 
injection of 4.9 mCi of 4-[1231]IQNB. The 
images were obtained in 20 minutes on the 
Harvard Multidetector Brain Scanning Sys- 
tem, collecting 1,331,000 counts. The system 
resolution is 10 mm full width at half maxi- 
mum with a slice thickness of 9.8 mm. The 
image shows increased uptake in the area of 
the caudate putamen having a high m-AChR 
concentration. Activity conforming to the 
convolutions of the gyral architecture of the 
cerebral cortex is visualized; more centrally, 
in the area of white matter and ventricles, no 
activity is seen. 

tomography with a commercial ring sys- 
tem showed good definition of the cau- 
date putamen area and the cerebral cor- 
tex in the human (Fig. 4). The concentra- 
tion of a m-AChR in the human is 950 
pmole per gram of protein in the caudate, 
707 in the putamen, and 15 in the cere- 
bellar hemisphere, as determined by 
Wastek and Yamamura (9). Enna et al. 
(10) determined that the concentration is 
480 pmole per gram of protein in the 
caudate and 472 in the putamen but 
could not detect m-AChR in the cerebel- 
lum. Nordstrom et al. (11) determined 
that the cerebral cortex of untreated pa- 
tients contained 500 pmole per gram of 
protein. Only the cerebrum was detected 
when (R)-~-[ '~~I]IQNB was used in a 
human subject (Fig. 3). If the values of 
Enna et al. (10) are the correct ones, 
then the high ratio of radioactivity in the 
caudate putamen to radioactivity in the 
cerebellum in images of dog, cat, and 
man is understandable. The receptor 
concentration in the rat can be obtained 
only by use of a pharmacokinetic model 
(12). However, in dog, cat, and man the 
receptor concentration appears to deter- 
mine the distribution of radioactivity. 
These data indicate that receptor-binding 
radiotracers can be used in humans to 
visualize m-AChR by external imaging. 
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Neuromagnetic Evidence of Spatially Distributed Sources 
Underlying Epileptiform Spikes in the Human Brain 

Abstract. Neuromagnetic measurements were performed on 17 subjects with focal 
seizure disorders. In all of the subjects, the interictal spike in the scalp electroen- 
cephalogram was associated with an orderly extracranial magneticjield pattern. In 
eight of these subjects, multiple current sources underlay the magnetic spike 
complex. The multiple sources within a given subject displayed ajixed chronological 
sequence of discharge, demonstrating a high degree of spatial and temporal 
organization within the interictal focus. 

Human epilepsy is a disorder charac- 
terized by an uncontrolled discharge of 
brain neurons that produces seizures. In 
focal epilepsy, the source of the seizure 
is confined to limited regions of the 
brain. In the interictal period between 
seizures, isolated electrical spikes may 
often be recorded both from the scalp 
and from electrodes implanted within the 
brain (1). Interictal spikes have aroused 
clinical interest because of the possible 
role that they may play in diagnosis and 
in identifying the epileptic focus for sur- 
gical resection. Interictal spikes are also 
of neurophysiological interest in that 
they represent the spontaneous activity 
of epileptogenetic cortex in which the 
normal regulatory mechanisms have 
been disrupted. 

Examination of the precise timing of 
the interictal spike recorded simulta- 
neously from a number of scalp locations 
in the electroencephalogram (EEG) indi- 
cates that these spikes frequently differ 
in wave shape and latency at different 
sites; thus, the recorded discharge often 
appears to be composed of separately 
firing generators within the epileptic 
zone (2). The impression of multiple gen- 
erators is confirmed by recordings ob- 
tained from indwelling electrodes (3). 
Furthermore, when spike complexes re- 
corded from such depth electrodes are 
averaged, evidence of a systematic tem- 
poral order of discharge in adjacent cor- 
tical regions is often observed (4). Such 
data suggest the presence of preferred 
pathways of epileptiform discharge with- 
in the region of the interictal focus, but 
are insufficient to provide a complete 
mapping of the discharge zone. 

Interictal spikes recorded in the EEG 
also produce extracranial magnetic fields 
that may be recorded in the magnetoen- 
cephalogram (MEG) (5, 6). We demon- 
strated earlier that neuromagnetic map- 
ping may identify the three-dimensional 
location of single sources of interictal 
spiking in the human brain with greater 
accuracy than the EEG (6), presumably 
because magnetic fields are not distorted 
or attenuated by the highly resistive skull 
(7). We now report that complex pat- 
terns of multifocal interictal discharges 
may be mapped directly from measure- 
ments of extracranial magnetic fields to 
provide a clear visualization of the con- 
tributing generators. These patterns ex- 
hibit a high degree of temporal and spa- 
tial organization of discharges within the 
epileptic zone. 

Subjects were drawn from an ongoing 
neuromagnetic study of the interictal spike 
complex and consisted of 17 patients 
with focal (partial) seizure disorders. All 
subjects displayed orderly magnetic 
fields associated with interictal spiking. 
In nine subjects, the interictal spike ap- 
peared to originate from a single source. 
However, in the other eight subjects, 
distinct spatiotemporal discharge pat- 
terns suggested multiple intracranial gen- 
erators. Two of these subjects showed 
particularly evident separation in the 
timing and location of sources producing 
the discharge sequence. Both had fre- 
quent interictal EEG spikes localized in 
the right temporal region. 

The normal component of the extra- 
cranial magnetic field produced by spon- 
taneous interictal spikes was measured 
and mapped with previously developed 

procedures (6, 8). Visually identified in- 
terictal spikes in the scalp EEG recorded 
from a bitemporal bipolar montage (9) 
were used as time markers to generate 
digital averages of the magnetic signal 
over at least 20 spikes for each MEG 
probe position in a rectangular recording 
matrix covering the interictal focus. Se- 
quential magnetic field maps were com- 
puted at 4-msec intervals during the av- 
eraged magnetic spike complex. From 
these, distinct temporal components of 
the magfietic spike were identified. The 
three-dimensional locations of putative 
sources were calculated for the identified 
magnetic field maxima of each compo- 
nent (10). These field distributions were 
plotted on the photographic image of 
each subject's head. Finally, computer- 
ized tomographic scans (CT) were ob- 
tained at levels indicated by the surface 
MEG localization to determine the posi- 
tion and depth of underlying cortical 
structures. 

Figure 1A displays an outline of the 
right side of the first subject's head, with 
both the MEG recording matrix (dots) 
and scalp EEG electrode locations 
marked. The routine scalp EEG obtained 
with bipolar recording (Fig. 1E) showed 
a focal right anterior-midtemporal spike 
(electrodes F8-T4) which was used as a 
time marker for averaging ten channels 
of referential EEG (Fig. IF) (11). The 
EEG spike from different regions of the 
right hemisphere occurred with a slight 
variation in latency. 

Averaged magnetic spikes measured 
from each point in the MEG recording 
matrix are shown in Fig. 1G. Two dis- 
tinct spike morphologies may be ob- 
served in areas of the matrix labeled a 
and b. Each of these spike morphologies 
appears in opposite polarity within a 
complementa~y region of the matrix (la- 
beled fi and b). Superimposed traces of 
the complementary pairs (solid add dot- 
ted lines in Fig. 1B) indicate that they are 
nearly mirror images, reflecting scalp 
locations where the magnetic flux simul- 
taneously emerge from (upward deflec- 
tion) and reenter (downward deflection) 
the cranium. Such a magnetic field pat- 
tern is expected if the underlying source 
for each of the pairs is modeled as a 
current dipole oriented tangentially to 
the scalp (12). The measured fields there- 
fore provide evidence of two dipoles or 
sources (a and b) that differ in both 
location and orientation. 

The discharge sequence between the 
two sources is composed of four com- 
ponents. The magnetic fields associated 
with each component (Fig. 1, H to K) 
display well-defined maxima where the 
normal components of the magnetic flux 
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