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SCIENCE

Mapping of Functional Neural Pathways by Autoradiographic

Survey of Local Metabolic Rate with [“C]Deoxyglucose

Abstract. If sufficient time has elapsed following an intravenous pulse of
[t4C)deoxyglucose. the carbon-14 contents of the tissues of the central nervous
system represent mainly the accumulated phosphorylated derivative of {**Cldeoxy-
glucose and reflect the rates of glucose consumption of the tissues. Altered
functional activity alters metabolic activity and the uptake of {**Cldeoxyglucose
in the tissues. By autoradiographic survey of sections of the central nervous
system it is then possible to map all the regions with altered functional and
metabolic activities in response to experimentally induced changes in functional

state.

A method has been developed for
quantitative estimation of the rates of
glucose consumption in the various
structural components of the brain
(1). The method is based on the up-
take of MC in the various cerebral
tissues following an intravenous tracer
pulse of [14C)deoxyglucose. If suffi-
cient time is allowed after the pulse
for the free [1*C]deoxyglucose to have
been cleared from the tissue, then the
HC concentration of the tissue repre-
sents the [11Cldeoxyglucose-6-phosphate
content which. in turn, equals the in-
tegrated rate of ['*Cldeoxyglucose
phosphorylation with respect to time.

With appropriate consideration of the
time course of the relative concentra-
tions of glucose and [1*Cldeoxyglucose
in the plasma, of the rate constants
for the turnover of the free glucose
and ["Cldeoxyglucose pools in the
tissue, and of the ratios of the kinetic
constants for the transport and phos-
phorylation of glucose and [1#C]deoxy-
glucose, the rate of glucosc utilization
in the tissue can be computed from its
[1*Cldeoxyglucose-6-phosphate concen-
tration (I).

In order to achieve as fine a resolu-
tion and as broad a representation of the
various cerebral structures as possible,
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tissue YC concentration is measured
by a quantitative autoradiographic
technique similar to the one used for
the assay of tissue ['*CJantipyrine con-
tent in the measurement of local cere-
bral blood flow (2). Even without the
quantitation, the autoradiographs pro-
vide a pictorial representation of the
relative rates of glucose consumption
in the various cerebral structures—the
darker the area the higher the rate of
glucose consumption (1). If, as is gen-
erally believed, the energy metabolism
of a tissue is more or less coupled to
its functional activity, then the auto-
radiographs could serve to identify the
various components of the brain which
exhibit altered metabolic and func-
tional activities in response to altera-
tions in the functional state of the ani-

mal. This report demonstrates that
the [1*C]deoxyglucose autoradiographic
technique is a useful, indeed powerful
method for mapping functional neural
pathways.

The experimrents were performed
with Sprague-Dawley adult male rats
and mature rhesus monkeys. Poly-
ethylene catheters were inserted into
the femoral vein under Fluothane
anesthesia, and the animals were
allowed to recover from the anesthesia
for at least 4 to 24 hours before the
administration of [!*C]dexoyglucose.
[1-1*C]Deoxyglucose (specific activity,
53 mc¢/mmole) was administered as a
pulse via the femoral venous catheter.
Rats received a dose of approximately
15 to 20 uc per 100 g of body weight
in a total volume of 1.5 ml of physio-

Fig. 1 (left). Effects of localized increases in functional ac-
tivity on uptake of [**Cldeoxyglucose into neural tissues. (A
and B) Autoradiographs of sections of the lumbar spinal cord
of a control rat (A) and of a rat with unilateral electrical stimu-
lation of the sciatic nerve (B). Note the bilateral symmetry of
optical densities in control rat and the asymmetrical increase
in optical density in the dorsal horn ipsilateral to stimulation
in the animal with sciatic stimulation. (C and D) Autoradio-
graphs of comparable brain sections from a normal rhesus
monkey (C) and from a monkey in which seizures were in-
duced by application of penicillin to the motor cortex of one
side (D). Note the unilateral increases in optical density in
discrete areas of the putamen and globus pallidus ipsilateral to
the locus of penicillin application in (D). In autoradiographs
of other brain sections from the animal with seizures (not
shown), areas of increased uptake of [*Cldeoxyglucose are
seen in the motor cortex adjacent to the site of penicillin ap-
plication and in parts of the caudate nucleus and thalamus.
Fig. 2 (right). Effects of unilateral enucleation on [*Cldeoxy-

logical saline; the monkeys received
120 pc per kilogram of body weight
in 3 ml of saline. Additional procedures
specifically related to the experimental
condition being examined are described
when these experiments are discussed.
The animals were killed 45 minutes
after the pulse, the rats by decapita-
tion and the monkeys by an intra-
venous dose of sodium thiopental and
saturated KCI solution followed by
decapitation. With rats the brains were
immediately removed and frozen in
Freon 12 chilled to —75°C with liquid
nitrogen. In the case of monkeys the
entire heads were frozen, and the brains
were dissected out in a cold room
maintained at 2° to 4°C. The frozen
brains were then sectioned in 20-um
sections and autoradiographed as previ-

glucose uptake in components of the visual system in the rat (A to D) and rhesus monkey (E to H). In the normal rat with both
eyes intact the uptakes in the lateral geniculate bodies (LG), superior colliculi (SC), and striate cortex (Str C) are approximately
equal on both sides (A and C). In the unilaterally enucleated rat, there are marked decreases in optical density in the areas
corresponding to these structures on the side contralateral to the enucleation (B and D). In the unilaterally enucleated monkey,
areas of asymmetry are seen only in regions with monocular input, namely, the rostral portion of the calcarine cortex (F) and
the loci corresponding to the blind spots of the visual fields (H). Autoradiographs from corresponding sections of brain from a
control monkey with both eyes intact exhibit no asymmetry in these regions (E and G). The section in (H) is only one of many
serial sections demonstrating the loci of the blind spots, which appear to extend approximately 3.4 mm from front to back; the
gross appearance of the section in (G) is somewhat different from that of the section in (H) because of a slight difference in the
plane of sectioning, but it includes the portions of cortex containing the loci of the blind spots.
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ously described (2). In experiments in

rats with sciatic nerve stimulation, the

spinal cord was removed, frozen, sec-
tioned, and autoradiographed instead
of the brain.

Figure 1, A and B, illustrates the
effects of increased necural activity re-
sulting from eclectrical stimulation of
the sciatic nerve in the rat under bar-
biturate anesthesia. Such stimulation
caused increased [!''C]deoxyglucose up-
take (that is, increased optical density
in the autoradiographs) in the ipsi-
lateral dorsal horn of the lumbar spinal
cord (Fig. 1, A and B). The local in-
jection of 25,000 units of potassium
benzyl penicillin into the hand-face
area of the motor cortex of the rhesus
monkey has been shown to induce
electrical discharges in the adjacent
cortex and to result in recurrent focal
seizures involving the face, arm, and
hand on the contralateral side (3).
When seizure activity so induced oc-
curred following the pulse of [1C]-
deoxyglucose, there was a selective in-
crease in uptake of tracer in areas
of motor cortex adjacent to the peni-
cillin locus and in small discrete re-
gions of the putamen, globus pallidus,
caudate nucleus, and thalamus of the
same side (Fig, 1, C and D). The
identical regions have previously been
shown to have increased blood flow
under the same experimental condi-
tions and are believed to be selectively
activated in the course of seizure ac-
tivity (4).

Decrements in functional activity re-
sult in reduced uptake of [14Cldeoxy-
glucose. In the rat, the visual system
is 80 to 85 percent crossed at the
optic chiasma (5), and unilateral enu-
cleation removes most of the sensory
input due to either retinal stimulation
by light or spontaneous retinal cell
potentials to the central visual struc-
tures of the contralateral side. In the
conscious rat studied 24 hours after
unilateral enucleation, there are marked
decrements in [1¢C]deoxyglucose up-
take in the contralateral superior col-
liculus, lateral geniculate body, and
visual cortex as compared to the same
structures on the ipsilateral side (Fig.
2, B and D). These effects are observed
whether the remaining eye is stimu-
lated repetitively with a photoflash or

the animal is maintained in normal
room light. In the rat with both
eyes intact, no asymmetry in the

autoradiographs is observed (Fig. 2.
A and C).

" In the monkey, in which the visual

pathways are approximately 50 percent

- the autoradiographs

crossed (6), unilateral enucleation pro-
duces no asymmetry in [''Cldeoxyglu-
cosc uptake in the superior colliculi,
latcral geniculates, and most arcas of
the visual cortex. There are, however,
two small arcas of the striate cortex
which do exhibit asymmetry. One is
situated in the rostral portion of the
deep calcarine cortex, which receives
only monocular input from the ex-
trcme nasal portion of the contralateral
retina. (6). Unilateral enucleation,
therefore, removes all input to this area
on the contralateral side, and, indeed,
demonstrate a
marked reduction in ['*C]deoxyglucose
uptake at this site compared to the
ipsilateral side (Fig. 2F). The other
arca of asymmetry is located in a por-
tion of striate cortex which may cor-
respond to the “blind spots” of the
visual fields. This area of cortex re-
ceives no input from the portion of
the contralateral retina occupied by the
optic disk but is fully innervated from
the area of the ipsilateral retina that
corresponds to the same spot in the
visual field. Unilateral enucleation,
the:efore, does not alter the input to
the contralateral cortical locus but re-
moves all input to the ipsilateral locus.
On the other hand, the surrounding
striate cortex loses 50 percent of its
input when either eye is removed. The
neuroanatomical relationships are such
that unilateral enucleation would be
expected to reduce the input to the
striate cortex of both sides by one-
half, cxcept in the loci for the blind
spot, where input is unaffected on the
contralateral side and completely in-
terrupted on the ipsilateral side. The
[''Cldeoxyglucose technique dramati-
cally demonstrates these relations. In
autoradiographs prepared from mon-
keys studied in the conscious state 24
hours after unilateral enucleation, a
contralateral cortical locus in the deep,
folded portion of the calcarine cortex
appears very dark compared to its
surrounding striate cortex, whereas the
same locus on the ipsilateral side is
almost blanked out, indicating mark-
edly lower [Cldeoxyglucose uptake
compared to its surrounding cortex
(Fig. 2H). Other evidence suggests
that the cortical locus of the blind spot
is approximately in this area (7).
Qualitatively similar although quanti-
tatively less pronounced differences be-
tween the two sides are obtained when
visual input to one eye is blocked with
an opaque plastic disk instead of by
enucleation; the lesser contrast between
the two sides probably reflects the per-

sistence of spontancous discharges from
the retinal ganglion cells of the oc-
cluded eye (8).

The ["Cldecoxyglucose has also
proved effective in mapping the cen-
tral auditory components of the rat.
The autoradiographs from normal
conscious rats exposed to the ambient
noisc of the laboratory demonstrate
high optical density in regions corre-
sponding to the structures mediating
hearing, that is, the auditory cortex,
medial geniculate body, inferior col-
liculus, lateral lemniscus, and superior
olive, and a narrow band in the audi-
tory cortex which appears to corre-
spond to layer 4. If the external audi-
tory canals are occluded with wax and
the experiments conducted in a quiet,
soundproof room, the optical densities
of the regions corresponding to these
structures arc markedly reduced, and
they can hardly be distinguished from
the adjacent gray matter. Unilateral
occlusion of an auditory canal results
in marked asymmetry of tracer uptake
in the inferior colliculus, which has a
lower optical density on the contra-
lateral side. This observation is con-
sistent with neuroanatomical knowledge
of the central organization of the audi-
tory system (9),

These studies demonstrate that {1C]-
deoxyglucose can be used to map the
regions in brain with altered glucose
utilization in response to alterations in
local functional activity. This capa-
bility can be applied to the mapping
of functional neural pathways. When
combined with autoradiography, this
mapping technique has a major ad-
vantage over conventional mapping
methods in that it permits a survey of
all the structures of the brain simul-
taneously. It is possible that the use of
[*H)deoxyglucose rather than [1C]-
deoxyglucose as the tracer may extend
the structural resolution of the tech-
nique even further.
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