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A Sequential Double-Label Autoradiographic Method that Quantifies Altered Rates of
Regional Glucose Metabolism
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An autoradiographic sequential double-label variant of the deoxyglucose method for measurement of local glucose utilization has
been developed. This technique takes advantage of the short half-life of the positron emitter, 18F (t,, = 110 min) relative to that of 1*C.
Sequential injection of [!8F]fluorodeoxyglucose (FDG) and 4C-labeled FDG allows the production of two separable autoradiograms,
each of which represents the same 20-um brain slice, but under potentially different cerebral metabolic states. We have used this tech-
nique to demonstrate that ibotenic acid-lesioned rat striatum is selectively refractory to the depressing effects of barbiturate anesthe-
sia upon brain glucose utilization. The described method has applicability to the analysis of small changes in regional cerebral metabo-
lism in localized brain regions and represents a solution to the problem of intersubject variability inherent in conventional approaches

to the deoxyglucose method.

INTRODUCTION

The usefulness of the [14C]2-deoxyglucose (2-DG)
method for autoradiographic determination of the lo-
cal cerebral metabolic rate of glucose (LCMRglc) in
evaluating regional functional neuronal activity un-
der a wide variety of physiological and behavioral
conditions is well documented5.27.28. A limitation of
the technique lies in the intrinsic metabolic variabili-
ty between subjects unrelated to the experimental
manipulations!. Thus, detection of small but signifi-
cant alterations in regional glucose utilization that
might be anticipated as a result of subtle physiologic-
al or behavioral changes requires the use of large
numbers of animals, adding to the time and expense
of experiments.

A solution to this problem is to utilize each subject
as its own control, by employing two isotopically la-
beled forms of deoxyglucose administered sequen-
tially during resting and stimulated states. Previous
work from this laboratory using brain tissue punches
from rats undergoing vibrissal stimulation4 demon-
strates the feasibility of this technique. The punch

technique has the drawback, however, that anatom-
ical resolution is poor compared with autoradio-
graphic methods.

Following the installation of a medical cyclotron
for positron emission tomography (PET), the pos-
itron emitter 18F became available locally and thus
provided the opportunity to design a new sequential
double-label protocol based on autoradiography24.
Isotopic separation is based on the short half-life of
18F (ty, = 110 min), the design of a radiochemical syn-
thesis of [!8F]fluorodeoxyglucose (FDG)!0 and the
commercial availability of [14C]JFDG. Double-label
autoradiography employing 18F and 14C has been pre-
viously employed in studies of local cerebral blood
flow (LCBF) and LCMRglc in the same animal using
[14Cliodoantipyrine and [8F]FDG, respectively26. In
addition, other y radiation- or positron-emitting ra-
dionuclides such as !IC, 123] 131], 9mTc and 68Ga
have been used in various combinations to produce
multiple images for clinical applications?.9.14-16,18,

In the present study the two isotopic forms of
FDQG, injected sequentially, are shown to lead to two
separable autoradiograms, each of which represents
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a different physiological state in the same tissue slice.
MATERIALS AND METHODS

[#C]JFDC was either purchased from New En-
gland Nuclear (Boston, MA), or was the generous
gift of Dr. Surenvra Gupta, American Radiolabeled
Chemical (St. Louis, MO). Specific activities were
343.0 mCi/mmol and 325 mCi/mmol, respectively.
18F-Labeled FDG was obtained from the University
of Michigan Cyclotron/PET Facility using a previous-
ly described synthesis!?. Ibotenic acid was purchased
from Regis Chemical (Morton Grove, IL). Male
Sprague-Dawley rats weighing between 180 and 200
g were obtained from Harlan Sprague—Dawley (In-
dianapolis, IN).

Calibration of 14C plastic standards for quantitation of
I8F

Autoradiographic standardization was performed
using a modification of previously described meth-
0ds22.28. Rat brain tissue paste was mixed with vary-
ing amounts of ['8F]FDG, frozen, sliced in 20-um sec-
tions on a cryostat and exposed to Kodak SB-5 X-ray
film for 12 h along with a set of 14C plastic standards.
Optical densities of the resultant autoradiograms de-
termined with a computer-assisted spot densitome-
ter8 were plotted against tissue 18F content.

Animal preparation

In initial validation studies, rats were catheterized
in both the femoral artery and vein under light di-
ethyl ether anesthesia and allowed to recover for 4
h28, To initiate the experiments, they were injected
simultaneously with 100 uCi/kg of [MC]FDG and 25
mCi/kg of [8FJFDG. Arterial plasma was sampled
for 14C, 18F and glucose during the incorporation pe-
riod. After 45 min the animals were killed, brains
were rapidly dissected, then frozen and sectioned
into 20-um slices, which were rapidly dried2s.

Exposure of autoradiograms

A 12-h autoradiographic exposure on Kodak SB-5
X-ray film, which reflected primarily {F]FDG up-
take, was initiated 4 h after FDG injection. Three
days later (about 40 18F half-lives), a 7-day film expo-
sure for 14C was initiated. Isotope concentrations
were determined from the resulting autoradiograms

using computer-assisted densitometry averaged over
adjacent sections. The first image thus reflected pri-
marily '¥F decay while the second image reflected
only !4C decay. In some experiments, a 50-um-thick
sheet of aluminum foil was interposed between the
tissue and the X-ray film to minimize the contribution
of 14C to the '8F autoradiogram, as discussed in Re-
sults.

Ibotenic acid lesions

Striatal lesions were made according to the method
of Frey and Agranoff!!. Briefly, 20 ug of sodium ibo-
tenate was injected into the right striatum. After 7
days the rats were injected intravenously with
[“CJFDG and 30 min later they were injected with
pentobarbital (2 mg/kg, i.v.) followed by [BF]FDG.
Animals were killed after the second 30-min incorpo-
ration pulse, brains were removed and sectioned and
both immediate and delayed autoradiograms were
made as described above.
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Fig. 1. Plasma input functions for an animal injected simulta-
neously with both isotopically labeled forms of FDG. A:
[“C]FDG. B: [**F]FDG.
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Summary of LCMRglc data from a rat injected simultaneously with [ FJFDG and [*CJFDG

Glucose utilization units are umol/100 g tissue/min £ $.D.; n = 12.

Region [8F]LCMRglc [4C]LCMRglc Ratio

Caudate putamen 118.82 +£1.76 68.70 £ 5.26 1.73

Motor cortex 119.83 £ 1.35 73.70 £ 6.89 1.63
Somatosensory cortex 124.08 + 4.18 75.68 = 7.06 1.64
Substantia nigra 87.67 £2.94 3378+ 2.12 2.60

Globus pallidus 79.94 + 4.94 3251+1.14 2.46
RESULTS gram revealed, however, that a significant 14C contri-

The plasma curves for 18F and 4C radioactivity
(Fig. 1) appear to be similar. Regional glucose utili-
zations from a simultaneous injection experiment
(Table I) showed that the LCMRglc (18F)/LCMRglc
(14C) ratio was not unity, and in fact appeared to
vary systematically in 5 selected brain regions: it was
greater for regions with lower relative FDG uptake.
The same trend was seen in an initial sequential in-
jection experiment in which no experimental manip-
ulation was applied to the animal. We made a 12-h
test autoradiogram 3 days (ca. 20 18F half-lives) after
FDG injection in order to determine if this effect was
due to contamination of the 18F exposure by 14C. The
resultant brain images apparent on this autoradio-
gram indicated that there was indeed a significant 14C
contribution to the 18F image.

In further validation experiments which employed
the simultaneous injection procedure, the amounts
of [UCJFDG were reduced 5-fold. A test autoradio-
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Fig. 2. Diagram illustrating placement of foil screen. The high-
energy positrons from 18F pass through the foil to the film while
the low-energy B-radiation from 1C is filtered out.

bution to the 18F autoradiogram during the 12-h ex-
posure remained. We therefore next interposed a 50-
um-thick sheet of aluminum foil between the tissue
sections and the X-ray film for the initial exposure
(Fig. 2). Densitometry of 4C standards showed that
80% of the 14C disintegrations were attenuated by
the foil. A resultant 26% attenuation of 18F calcu-
lated from a tissue standard experiment was used to
correct densitometric analyses of !8F autoradio-
grams.

A scatter plot (Fig. 3) of the pooled isotope con-
centrations from two experiments with the foil screen
yielded a highly linear best-fit line (r = 0.988). The
averaged ratios of 18F/14C across all the brain regions
as determined by spot densitometry was in good
agreement with the ratio determined by liquid scintil-

lation and y spectroscopy of brain tissue samples
(Table II).
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Fig. 3. Scatter plot of pooled isotope concentration data from
two rats injected simultaneously with [18F]FDG and [“C]FDG.
The isotope ratio for both animals was identical. Correlation
coefficient determined by linear regression was 0.988.
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TABLE 11

Isotope ratios for selected brain regions (pooled data) from two
foil validation experiments

Actual isotopic ratio was 91.84 derived from liquid scintillation
and y counts of brain tissue. Mean isotopic ratio = 94.26; S.D.
=6.93.

Isotopic ratio (18F/14C)

Striatum 98.03
Motor cortex 93.99
Mamillary body 94.69
Inferior colliculus 111.66
Periaqueductal gray 94.57
Medial geniculate 97.37
Substantia nigra 91.10
Corticomedial amygdala 85.10
Hypothalamus 88.05
Septum 90.36

Globus pallidus 91.98

Fig. 4. These computer-digitized autoradiographic images
were produced from the same coronal brain section of a rat in-
jected simultaneously with [“C]FDG and ['8F]FDG. To reduce
the !C contribution to the !8F exposure, Reynold’s 650 alumi-
num foil was interposed between the X-ray film and the tissue
sections during the first 12 h of exposure. The foil greatly re-
duced the C contribution to the 8F image. Upper image:
[“C]FDG uptake. Lower image: ['8F]JFDG uptake.

Fig. 5. Computer-digitized autoradiographic images of the
same coronal rat brain section 7 days following ibotenic acid le-
sion of the right striatum using the sequential double-label
method. Upper image, control: [CJFDG uptake in awake ani-
mal. Lower, experimental image: ['"F]FDG uptake in the same
animal after pentobarbital injection. Note that lesioned stria-
tum is selectively refractory to the depressing action of anes-
thesia on brain metabolism.

The autoradiogram pair in Fig. 4 shows how this
technique produced two virtually identical FDG in-
corporation images following simultaneous injection.
Autoradiogram pairs for the ibotenic acid lesion ex-
periment are shown in Figs. 5 and 6. As previously
demonstrated?11, the lesioned striatum is selectively
insensitive to the depressing effects of barbiturate
anesthesia. In addition, the substantia nigra shows a
hypermetabolic asymmetry ipsilateral to the lesion in
both the awake and anesthetized rat?.!1.



Fig. 6. As Fig. 5 from a more caudal section at the level of the
substantia nigra.

DISCUSSION

The sequential double-label paradigm has been ex-
amined previously by means of tissue punches and
qualitative 2-DG autoradiography!.4.17. It is, howev-
er, intrinsic to the punch method that only a limited
number of discrete samples can be taken, while the
autoradiographic method has the advantage that it si-
multaneously samples all brain regions at a high level
of anatomic resolution. The present autoradiograph-
ic sequential double-label method provides control
and experimental data pairs for each part of the brain
down to the 100-xm resolution of the DG method.

The 3H/C punch method has previously been
used in conjunction with 4C autoradiography!4. In
developing the present double-label autoradiograph-
ic method, we initially considered using the 3H/4C
combination of isotopes, but were faced with a num-
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ber of potential obstacles. A major drawback is the
low energy of the 3H f emission, which leads to pro-
found self-absorption by tissue. Since white matter
has a higher percentage of dry weight per unit vol-
ume than does gray matterl, it is more highly
quenched than gray, with the result that densitome-
tric linearity is compromised3. A second problem is
that of separation of 3H and 14C contributions to
autoradiographic exposures. Techniques for distin-
guishing 3H from 14C in autoradiograms are generally
based on two exposures, in the presence and absence
of an interposed thin sheet of Mylar or other absorb-
ing material which permits 14C j particles, but not the
3H B particles, to penetrate the photographic emul-
sion. Much more 3H than 14C is employed in such ex-
periments, so that the exposure in the absence of an
intervening film will be maximally attributable to 3H.
However, since 14C produces several fold more silver
grains than does 3H per disintegration?, 20-100-fold
more 3H than 14C is desirable. As discussed below, it
is possible that these problems can be readdressed
and eventually solved.

In the aforementioned 4C/18F studies26, the ratio
of 18F/14C was about 50 and an initial 2-h autoradio-
gram exposed within 4 h of FDG injection produced
an image which probably reflected only 18F incorpo-
ration with little contribution from 14C. A second de-
layed autoradiogram produced 3 days later yielded
an autoradiogram that represented only 14C incorpo-
ration, which in this case reflected LCBF. Other
workers have used [8F]FDG and [14C]DG to exam-
ine the distribution of chlorpromazine and its effect
on glucose metabolism in mice?9.

Validation of the present 14C/18F quantitative auto-
radiographic method required demonstration that
both isotopically labeled forms of FDG were metabo-
lized identically in vivo. Our simultaneous injection
experiments, by taking advantage of the fact that
both compounds are injected into the animal under
conditions which eliminate temporal changes in
LCMRglc as a confounding variable, were designed
for this purpose. If in fact both compounds were bio-
logically equivalent, the ratio of tracer concentra-
tions (corrected for decay of 18F) should have re-
mained constant throughout the nervous system, re-
flecting the ratio of the injected radioactive mixture.
The isotopic ratios, determined by spot densitometry
and based upon calibrated [14C]methylacrylate
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standards22, were then compared (as an internal con-
trol) to ratios derived from counting plasma samples
and tissue samples, using both y and liquid scintilla-
tion counters. Such an analysis led to the conclusion
that the first autoradiogram was contaminated with a
contribution from 4C. By lowering the amount of in-
jected 14C 5-fold, its resultant contribution to a 12-h
autoradiogram was reduced. Also, the interposition
of a 50-um sheet of aluminum foil attenuated the 8F
positron radiation to only a moderate extent while
blocking most of the 14C § particle radiation. The re-
sult of these two measures was to vastly improve the
autoradiographic separation possible between the
two isotopes, so that the 12-h autoradiogram made
with the foil interlayer represented [8F|FDG incor-
poration with only 1% !4C contamination. The sec-
ond autoradiogram, prepared after > 99% 18F decay,
provided the [“C]FDG autoradiographic image.

Our demonstration model for the study of the effi-
cacy of the sequential double-label method has its ba-
sis in previous work from this laboratory in which it
was shown that brain scar tissue was selectively re-
fractory to the effects of barbiturate anesthesiaz!l.
Seven days after unilateral ibotenate injection into
the striatum, it could be shown that glucose utiliza-
tion was reduced in the region of the injection. If
LCMRglc was measured in lesioned animals which
had been anesthetized prior to the [14C]DG injec-
tion, glucose utilization was profoundly reduced in
the brain, except in the region of the scar. It was hy-
pothesized that this result might be due to infiltration
of the lesion area by inflammatory cells, as is seen in
cerebral infarction?. This metabolic contrast tech-
nique, i.e., with and without barbiturate, served then
as a test system of the 18F/14C sequential double-label
method.

We found two distinct patterns of FDG accumula-
tion for each 20 um tissue slice taken: one pattern
represented FDG accumulation in the awake animal
and served as a metabolic control, while the second
pattern represented FDG accumulation in the anes-
thetized state.

[t appears then, that a quantitative sequential
autoradiographic  technique for  determining
LCMRglc is feasible. Its applicability is limited by
the local availability of [18F]JFDG. Furthermore, the
method requires rapid sectioning and film exposure
following incorporation. Unlike the longer-lived nu-

clides, there is no opportunity for a second exposure
if the first one fails. In addition, positrons are ineffi-
cient in reducing silver grains, so that relatively large
amounts are required. The high-energy y rays pro-
duced in the subsequent annihilation reaction do not
play a significant role in the film image production,
but nevertheless constitute a potential health hazard.
The amounts of 18F radioactivity required (5 mCi) is
in the range of radioactivity needed for a human
brain scan via PET. Since it was essential to this para-
digm that we used identical compounds, we em-
ployed [*C]FDG instead of [4C]DG. [UCJFDG is
more expensive than [4C]DG, but can be used for
glucose utilization studies?¥ and has the possible ad-
vantage that its brain uptake is superior to that of
DG28. A possible confound is introduced, however,
in that FDG is asymmetric at the 2-carbon and there
is in fact a variable amount of fluorodeoxymannose
in FDG preparationss.25. This can be problematic,
particularly if the percent contamination is different
in the 14C and the !'8F preparations, since we assume
that both injections are chemically identical. The si-
multaneous injection experiments indicate that,
were fluorodeoxymannose indeed present, the
amounts would probably have been similar in both
preparations since we observed no change in the iso-
topic ratio of brain or plasma as a result of in vivo me-
tabolism.

Thus, while these experiments report the success-
ful application of a quantitative method for
LCMRgle, they also suggest that the use of another
isotopic combination should be pursued. We are at
present re-examining the use of 3H with !4C and have
to a great extent solved the 3H self-absorption prob-
lem by means of lipid extraction2!. In addition, the
problem of the isotope separation in autoradiograms
may be amenable to available computer techniques
for image analysis.

It is becoming increasingly evident that a sequen-
tial double-label technique by use of 8F/14C, 3H/14C
or some other combination will find applicability12.20.
Recent use of the DG method in classical condition-
ing of rats has shown statistically significant learning-
specific changes in glucose utilization in the molecu-
lar layer of the hippocampus!3. In addition, specific
regional metabolic changes in self-stimulating rats
compared with subjects receiving non-contingent
stimulation of the same anatomical areas have been



reported?3. In all of these instances, a double-label
approach should aid the analysis of the relatively
small changes in regional cerebral glucose utilization
due to the altered state. The technique should also
make possible small animal experiments that are ap-
plicable to PET, a technique in which within-subject
comparisons are made possible by its non-invasive
nature.
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