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The brain is a complex, heterogeneous organ
composed of many anatomical and functional com-
ponents with markedly different levels of functional
activity that vary independently with time and
function. Other tissues are generally far more
homogeneous, with most of their cells functioning
similarly and synchronously in response to a com-
mon stimulus or regulatory influence. The central
nervous system, however, consists of innumerable
subunits, each integrated into its own set of func-
tional pathways and networks and subserving only
one or a few of the many activities in which the
nervous system participates. Understanding how
the nervous system functions requires a knowledge
not only of the mechanisms of excitation and inhi-
bition, but even more so of their precise localization
in the nervous system and the relationships of
neural subunits to specific functions.

Historically, studies of the central nervous sys-
tem have concentrated heavily on localization of
function and mapping of pathways related to spe-
cific functions. These have been carried out
neuroanatomically and histologically with staining
and degeneration techniques, behaviorally with
ablation and stimulation techniques, electrophysio-
logically with electrical recording and evoked
electrical responses, and histochemically with a
variety of techniques, including fluorescent and
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immunofluorescent methods and autoradiography
of orthograde and retrograde axoplasmic flow.
Many of these conventional methods suffer from
a sampling problem. They generally permit exam-
ination of only one potential pathway at a time,
and only positive results are interpretable. Fur-
thermore, the demonstration of a pathway reveals
only a potential for function; it does not reveal
its significance in normal function.

Tissues that do physical and/or chemical work—
such as heart, Kidney, and skeletal muscle—exhibit
a close relationship between energy metabolism and
the level of functional activity. The existence of a
similar relationship in the tissues of the central ner-
vous system has been more difficult to prove, partly
because of uncertainty about the nature of the work
associated with nervous functional activity, but
mainly because of the difficulty in assessing the
levels of functional and metabolic activities in the
same functional component of the brain at the same
time. Much of our present knowledge of cerebral
energy metabolism in vivo has been obtained by
means of the nitrous oxide technique of Kety and
Schmidt (19484) and its modifications (Scheinberg
and Stead, 1949; Lassen and Munck, 1955; Eklof et
al., 1973; Gjedde et al., 1975), which measure the
average rates of energy metabolism in the brain as a
whole. These methods have demonstrated changes
in cerebral metabolic rate in association with gross
or diffuse alterations of cerebral function and/or
structure, as, for example, those that occur during
postnatal development, aging, senility, anesthesia,
disorders of consciousness, and convulsive states
(Kety, 1950, 1957; Lassen, 1959; Sokoloff, 1960,



8 L. SOKOLOFF

PLASMA BRAIN TISSUE
Precursor Pool i Metabolic Products
. I,
(4C]Deoxyglucose -——?}%[ﬂdﬂeomlucose :“3 14C]Deoxyglucose-8-Phosphate
(Cp) z (Ce) | (Cw)
z TOTAL TISSUE *C t%umxmnun -Cj = C¢ +Cy
E J
Glucose = :; % Glucose ' I~ Glucose-§-Phosphate
(Cp) g C T (Cw)
2 | !
: i
! COz + H20
|

FIG. 1. A: Diagrammatic representation of the theoretical model. C’ represents the total '*C concentration in a single
homogeneous tissue of the brain. C; and C, represent the concentrations of [''C|deoxyglucose ([*C]DG) and glucose in the
arterial plasma, respectively; C; and C, represent their respective concentrations in the tissue pools that serve as substrates for
hexokinase. Cy; represents the concentration of ["“C]deoxyglucose-6-phosphate in the tissue. The constants k%, k3%, and k3,
represent the rate constants for carrier-mediated transport of [*C]DG from plasma to tissue, for carrier-mediated transport back
from tissue to plasma, and for phosphorylation by hexokinase, respectively. The constants k,, k;, and k, are the equivalent rate
constants for glucose. |"*C]DG and glucose share and compete for the carrier that transports both between plasma and tissue
and for hexokinase which phosphorylates them to their respective hexose-6-phosphates. The dashed arrow represents the
possibility of glucose-6-phosphate hydrolysis by glucose-6-phosphatase activity, if any. (From Sokoloff, et al. 1977; Sokoloff,

1978b.)

1976). They have not detected changes in cerebral
metabolic rate in a number of conditions with,
perhaps, more subtle alterations in cerebral func-
tional activity, for example, deep slow-wave sleep,
performance of mental arithmetic, sedation and
tranquilization, schizophrenia, and LSD-induced
psychosis (Kety, 1950; Lassen, 1959; Sokoloff,
1969). It is possible that there are no changes in
cerebral energy metabolism in these conditions.
The apparent lack of change could also be explained
by either a redistribution of local levels of functional
and metabolic activity without significant change in
the average of the brain as a whole or the restriction
of altered metabolic activity to regions too small to
be detected in measurements of the brain as a
whole. What has clearly been needed is a method
that measures the rates of energy metabolism in
specific discrete regions of the brain in normal and
altered states of functional activity.

In pursuit of this goal, Kety and his associates
(Landau et al., 1955; Freygang and Sokoloff, 1958;
Kety, 1960; Reivich et al., 1969) developed a quan-
titative autoradiographic technique to measure the
local tissue concentrations of chemically inert, dif-
fusible, radioactive tracers, which they used to de-
termine the rates of blood flow simultaneously in all
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the structural components visible and identifiable in
autoradiographs of serial sections of the brain. The
application of this quantitative autoradiographic
technique to the determination of local cerebral
metabolic rate has proved to be more difficult be-
cause of the inherently greater complexity of the
problem and the unsuitability of the labeled species
of the normal substrates of cerebral energy
metabolism, oxygen and glucose. The radioisotopes
of oxygen have too short a physical half-life. Both
oxygen and glucose are too rapidly converted to
carbon dioxide, and CQ. is too rapidly cleared from
the cerebral tissues. Sacks (1957), for example, has
found in man significant losses of *CO, from the
brain within 2 minutes after the onset of an intrave-
nous infusion of ['*C]glucose, labeled either uni-
formly, in the C-1, C-2, or C-6 positions. These lim-
itations of ["*C]Jglucose have been avoided by the
use of 2-deoxy-D-["*C]glucose (['*C]DG), a labeled
analogue of glucose with special properties that
make it particularly appropriate for this application
(Sokoloff et al., 1977). It is metabolized through
part of the pathway of glucose metabolism at a de-
finable rate relative to that of glucose. Unlike glu-
cose, however, its product, ['"C]deoxyglucose-6-
phosphate ([''C]DG-6-P), is essentially trapped in
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FIG. 1. B: Operational equation of radioactive deoxyglucose method and its functional anatomy. T represents the time at the
termination of the experimental period; A equals the ratio of the distribution space of deoxyglucose in the tissue to that of
glucose; ® equals the fraction of glucose which, once phosphorylated, continues down the glycolytic pathway; and K;, and V;; and
K, and V,, represent the familiar Michaelis-Menten kinetic constants of hexokinase for deoxyglucose and glucose, respectively.
The other symbols are the same as those defined in Fig. 1A. (From Sokoloff, 1978b.)

the tissues, allowing the application of the quantita-
tive autoradiographic technique. The use of
radioactive DG to trace glucose utilization and the
autoradiographic technique to achieve regional lo-
calization has recently led to the development of a
method that measures the rates of glucose utiliza-
tion simultaneously in all components of the central
nervous system in the normal conscious state and
during experimental physiological, pharmacologi-
cal, and pathological conditions (Sokoloff et al.,
1977). Because the procedure is so designed that the
concentrations of radioactivity in the tissues during
autoradiography are more or less proportional to
the rates of glucose utilization, the autoradiographs
provide pictorial representations of the relative
rates of glucose utilization in all the cerebral struc-
tures visualized. Numerous studies with this
method have established that there is a close re-
lationship between functional activity and energy
metabolism in the central nervous system (Plum et
al., 1976; Sokoloff, 1977), and the method has be-
come a potent new tool for mapping functional

neural pathways on the basis of evoked metabolic
responses.

Theory

The method is derived from a model based on the
biochemical properties of DG (Fig. 1A) (Sokoloff et
al., 1977). 2-Deoxyglucose is transported bi-
directionally between blood and brain by the same
carrier that transports glucose across the blood-
brain barrier (Bidder, 1968; Bachelard, 1971; Old-
endorf, 1971). In the cerebral tissues it is phos-
phorylated by hexokinase to DG-6-P (Sols and
Crane, 1954). Deoxyglucose and glucose are,
therefore, competitive substrates for both blood-
brain transport and hexokinase-catalyzed phos-
phorylation. Unlike glucose-6-phosphate (G-6-P),
however, which is metabolized further, eventually
to CO, and water and to a lesser degree via the
hexosemonophosphate shunt, DG-6-P cannot be
converted to fructose-6-phosphate and is not a sub-
strate for G-6-P dehydrogenase (Sols and Crane,
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1954). There is very little glucose-6-phosphatase
activity in brain (Hers, 1957) and even less
deoxyglucose-6-phosphatase activity (Sokoloff et
al., 1977). Deoxyglucose-6-phosphate, once formed,
is therefore essentially trapped in the cerebral
tissues, at least long enough for the duration of
the measurement.

If the interval of time is kept short enough, for
example, less than 1 hour, to allow the assumption
of negligible loss of ["*C]DG-6-P from the tissues,
then the quantity of ["*C]DG-6-P accumulated in
any cerebral tissue at any given time following the
introduction of ["*C]DG into the circulation is equal
to the integral of the rate of {'*C]DG phosphoryla-
tion by hexokinase in that tissue during that inter-
val of time. This integral is in turn related to the
amount of glucose that has been phosphorylated
over the same interval, depending on the time
courses of the relative concentrations of ["*C]DG
and glucose in the precursor pools and the
Michaelis-Menten kinetic constants for hexokinase
with respect to both [""C]DG and glucose. With
cerebral glucose consumption in a steady state, the

amount of glucose phosphorylated during the inter-
val of time equals the steady-state flux of glucose
through the hexokinase-catalyzed step multiplied
by the duration of the interval, and the net rate of
flux of glucose through this step equals the rate of
glucose utilization.

These relationships can be mathematically de-
fined and an operational equation derived if the fol-
lowing assumptions are made: (1) a steady state for
glucose (i.e., constant plasma glucose concentra-
tion and constant rate of glucose consumption)
throughout the period of the procedure; (2)
homogeneous tissue compartment within which the
concentrations of [**C]DG and glucose are uniform
and exchange directly with the plasma; and (3) that
[““C]DG is present in tracer concentrations (i.e.,
molecular concentrations of free ['"C]DG essen-
tially equal to zero). The operational equation
which defines R;, the rate of glucose consumption
per unit mass of tissue, i/, in terms of measurable
variables is presented in Fig. 1B.

The rate constants are determined in a separate
group of animals by a nonlinear, iterative process

TABLE 1. Values of rate constants in the normal conscious albino rat

Rate constants Distribution Half-life of
(min-') volume precursor pool
(ml/g) (min)
Structure k% k% k% k%(k% + k%) log 2/(k% + k%)
Gray Matter
Visual cortex 0.189 + 0.048 0.279 = 0.176 0.063 = 0.040 0.553 2.03
Auditory cortex 0.226 = 0.068 0.241 + 0.198 0.067 = 0.057 0.734 2.25
Parietal cortex 0.194 = 0,051 0.257 = 0.175 0.062 = 0.045 0.608 2.17
Sensorimotor cortex 0.193 = 0.037 0.208 = 0.112 0.049 = 0.035 0.751 2.70
Thalamus 0.188 = 0.045 0.218 = 0.144 0.053 + 0.043 0.694 2.56
Medial geniculate body 0.219 = 0.055 0.259 = 0.164 0.055 = 0.040 0.697 2.21
Lateral geniculate body 0.172 = 0.038 0.220 = 0.134 0.055 + 0.040 0.625 2.52
Hypothalamus 0.158 = 0.032 0.226 = 0.119 0.043 + 0.032 0.587 2.58
Hippocampus 0.169 = 0.043 0.260 = 0.166 0.056 + 0.040 0.535 2.19
Amygdala 0.149 + 0.028 0.235 = 0.109 0.032 = 0.026 0.558 2.60
Caudate-putamen 0.176 = 0.041 0.200 = 0.140 0.061 = 0.050 0.674 2.66
Superior colliculus 0.198 = 0.054 0.240 = 0.166 0.046 + 0.042 0.692 2.42
Pontine gray matter 0.170 = 0.040 0.246 = 0.142 0.037 = 0.033 0.601 2.45
Cerebellar cortex 0.225 + 0.066 0.392 = 0.229 0.059 + 0.031 0.499 1.54
Cerebellar nucleus 0.207 = 0.042 0.194 = 0.111 0.038 = 0.035 0.892 2.99
Mean 0.189 = 0.245 = 0.052 = 0.647 = 2.39 «
+ SEM 0.012 0.040 0.010 0.073 0.40
White Matter

Corpus callosum 0.085 = 0.015 0.135 = 0.075 0.019 = 0.033 0.552 4.50
Genu of corpus callosum 0.076 = 0.013 0.131 = 0.075 0.019 + 0.034 0.507 4,62
Internal capsule 0.077 = 0.015 0.134 = 0.085 0.023 + 0.039 0.490 4.41
Mean 0.079 = 0.133 = 0.020 = 0.516 = 4.51 =
+ SEM 0.008 0.046 0.020 0.171 0.90

From Sokoloff et al., 1977.
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which provides the least-squares best-fit of an
equation which defines the time course of total tis-
sue “C concentration in terms of the time, the his-
tory of the plasma concentration, and the rate con-
stants to the experimentally determined time
courses of tissue and plasma concentrations of *C
(Sokoloff et al., 1977). The rate constants have thus
far been completely determined only in normal con-
scious albino rats (Table 1). Partial analyses indi-
cate that the values are quite similar in the con-
scious monkey (Kennedy et al., 1978).

The A, @, and the enzyme kinetic constants are
grouped together to constitute a single, lumped con-
stant (Fig. 1B). It can be shown mathematically that
this lumped constant is equal to the asymptotic
value of the product of the ratio of the cerebral ex-
traction ratios of ['*C]DG and glucose and the ratio
of the arterial blood to plasma-specific activities
when the arterial plasma ['*C]DG concentration is
maintained constant (Sokoloff et al., 1977). The
lumped constant is also determined in a separate
group of animals from arterial and cerebral venous
blood samples drawn during a programmed intrave-
nous infusion which produces and maintains a con-
stant arterial plasma ['*C]DG concentration
(Sokoloff et al., 1977). An example of such a deter-
mination in a conscious monkey is illustrated in Fig.
2. Thus far the lumped constant has been deter-
mined only in the albino rat, monkey, cat, and dog.
The lumped constant appears to be characteristic of
the species and does not appear to change signifi-
cantly in a wide range of physiological conditions,
some of which are shown in Table 2 (Sokoloff et al.,
1977).

Despite its complex appearance, the operational
equation is really nothing more than a general
statement of the standard relationship by which
rates of enzyme-catalyzed reactions are determined
from measurements made with radioactive tracers
(Fig. 1B). The numerator of the equation represents
the amount of radioactive product formed in a given
interval of time; it is equal to C%, the combined
concentrations of [*C]DG and ["*C]DG-6-P in the
tissue at time, 7, measured by the quantitative au-
toradiographic technique, less a term that repre-
sents the free unmetabolized [*C]DG still remaining
in the tissue. The denominator represents the inte-
grated specific activity of the precursor pool mul-
tiplied by a factor, the lumped constant, which is
equivalent to a correction factor for an isotope ef-
fect. The term with the exponential factor in the
denominator takes into the account the lag in the

equilibration of the tissue precursor pool with the
plasma.

Experimental Procedure for Measurement of
Local Cerebral Glucose Utilization

Theoretical Considerations in the Design of
the Procedure

The operational equation of the method specifies
the variables to be measured in order to determine
R;, the local rate of glucose consumption in the
brain. The following variables are measured in each
experiment: (1) the entire history of the arterial
plasma ["*C]DG concentration, C#, from zero time
to the time of killing, T; (2) the steady-state arterial
plasma glucose level Cp, over the same interval; and
(3) the local concentration of '*C in the tissue at the
time of killing, C%(T). The rate constants, k%, k%,
and k%, and the lumped constant, A VK, /®V, K},
are not measured in each experiment; the values for
these constants that are used are those determined
separately in other groups of animals as described
above and presented in Tables 1 and 2.

The operational equation is generally applicable
with all types of arterial plasma ["*C]DG concentra-
tion curves. Its configuration, however, suggests
that a declining curve approaching zero by the time
of sacrifice is the choice to minimize certain poten-
tial errors. The quantitative autoradiographic tech-
nique measures only total '*C concentration in the
tissue and does not distinguish between
[*CIDG-6-P and ["*C]DG. It is, however, the
[**CIDG-6-P concentration that must be known to
determine glucose consumption. ["*C]DG-6-P con-
centration is calculated in the numerator of the op-
erational equation, which equals the total tissue *C
content, C*(T), minus the [**C]DG concentration
present in the tissue, estimated by the term con-
taining the exponential factor and rate constants. In
the denominator of the operational equation there is
also a term containing an exponential factor and
rate constants. Both these terms have the useful
property of approaching zero with increasing time if

% is also allowed to approach zero. The rate con-
stants, k*, k%, and k%, are not measured in the same
animals in which local glucose consumption is being
measured. It is conceivable that the rate constants
in Table 1 are not equally applicable in all
physiological, pharmacological, and pathological
states. One possible solution is to determine the rate
constants for each condition to be studied. An al-

J Cereb Blood Flow Metabol, Vol. 1, No. I, 1981
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ternative solution, and the one chosen, is to admin-
ister the ["*C]DG as a single intravenous pulse at
zero time and to allow sufficient time for the clear-
ance of [“C]DG from the plasma and the terms
containing the rate constants to fall to levels too low
to infleence the final result. To wait until these
terms reach zero is impractical because of the long
time required and the risk of effects of the small but
finite rate of loss of ['*C]DG-6-P from the tissues. A
reasonable time interval is 45 minutes; by this time
the plasma level has fallen to very low levels, and
on the basis of the values of (k% + k%) in Table 1, the
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exponential factors have declined through at least
10 half-lives.

Experimental Protocol

The animals are prepared for the experiment by
the insertion of polyethylene catheters in any con-
venient artery and vein. In the rat the femoral or the
tail arteries and veins have been found satisfactory.
In the monkey and cat the femoral vessels are prob-
ably most convenient. The catheters are inserted
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TABLE 2. Values of the lumped constant in the albino rat,
rhesus monkey, cat, and dog

Animal No. of animals Mean = SD SEM

Albino rat

Conscious 15 0.464 = 0.099 +0.026

Anesthetized 9 0.512 = 0.118" +0.039

Conscious (5% CO.) 2 0.463 = 0.122 +0.086

Combined 26 0.481 = 0.119 +0.023
Rhesus monkey,

conscious 0.344 = 0.095 +0.036
Cat, anesthetized 6 0.411 = 0.013 +0.005
Dog (beagle puppy),

conscious 7 0.558 + 0.082 +0.031

« No statistically significant difference between normal conscious and anesthe-
tized rats (0.3 < p < 0.4) and conscious rats breathing 5% CO, (p > 0.9).

Note: The values were obtained as follows: rat, Sokoloff et al., 1977; monkey,
Kennedy et al., 1978; cat, M. Miyaoka, J. Magnes. C. Kennedy, M. Shinohara,
and L. Sokoloff, unpublished data; dog, Duffy et al., 1979. (From Sokoloff, 1979.)

under anesthesia, and anesthetic agents without
long-lasting aftereffects should be used. Light
halothane anesthesia with or without supplementa-
tion with nitrous oxide has been found to be quite
satisfactory. At least 2 hours are allowed for recov-
ery from the surgery and anesthesia before initiation
of the experiment.

The design of the experimental procedure for the
measurement of local cerebral glucose utilization
was based on the theoretical considerations dis-
cussed above. At zero time a pulse of 125 uCi (no
more than 2.5 umoles) of [*C]DG per kilogram of
body weight is administered to the animal via the
venous catheter. Arterial sampling is initiated with
the onset of the pulse, and timed 50— 100 ul samples
of arterial blood are collected consecutively as
rapidly as possible during the early period so as not
to miss the peak of the arterial curve. Arterial sam-
pling is continued at less frequent intervals later in
the experimental period but at sufficient frequency
to define fully the arterial curve. The arterial blood
samples are immediately centrifuged to separate the
plasma, which is stored on ice until assayed for
[**C]DG by liquid scintillation counting and glucose
concentrations by standard enzymatic methods. At
approximately 45 minutes the animal is decapitated,
and the brain is removed and frozen in Freon XII or
isopentane maintained between —50 and —75°C
with liquid nitrogen. When fully frozen, the brain is
stored at —70°C until sectioned and autoradio-
graphed. The experimental period may be limited to
30 minutes. This is theoretically permissible and
may sometimes be necessary for reasons of experi-

mental expediency, but greater errors due to possi-
ble inaccuracies in the rate constants may result.

Autoradiographic Measurement of Tissue
MC Concentration

The *C concentrations in localized regions of the
brain are measured by a modification of the quan-
titative autoradiographic technique previously de-
scribed (Reivich et al., 1969). The frozen brain is
coated with chilled embedding medium (Lipshaw
Manufacturing Co., Detroit, Mich.) and fixed to
object-holders appropriate to the microtome to be
used.

Brain sections, precisely 20 um in thickness, are
prepared in a cryostat maintained at —21 to —22°C.
The brain sections are picked up on glass cover
slips, dried on a hot plate at 60°C for at least 5
minutes, and placed sequentially in an X-ray cas-
sette. A set of [*“C]methyl methacrylate standards
(Amersham Corp., Arlington Heights, Ill.), which
include a blank and a series of progressively in-
creasing "*C concentrations, are also placed in the
cassette. These standards must previously have
been calibrated for their autoradiographic equiva-
lence to the “C concentrations in brain sections, 20
um in thickness, prepared as described above. The
method of calibration has been previously described
(Reivich et al., 1969).

Autoradiographs are prepared from these sec-
tions directly in the X-ray cassette with Kodak
single-coated, blue-sensitive Medical X-ray Film,
Type SB-5 (Eastman Kodak Co., Rochester, N.Y.).

J Cereb Blood Flow Metabol, Vol. 1, No. I, 1981
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The exposure time is generally 5—6 days with the
doses used as described above, and the exposed
films are developed according to the instructions
supplied with the film. The SB-5 X-ray film is rapid
but coarse grained. For finer-grained autoradio-
graphs and, therefore, better-defined images with
higher resolution, it is possible to use mammo-
graphic films, such as DuPont LoDose or Kodak
MR-1 films, or fine-grain panchromatic film such as
Kodak Plus-X, but the exposure times are two to
three times longer. The autoradiographs provide a
pictorial representation of the relative *C concen-
trations in the various cerebral structures and the
plastic standards. A calibration curve of the re-
lationship between optical density and tissue '“C
concentration for each film is obtained by den-
sitometric measurements of the portions of the
film representing the various standards. The local
tissue concentrations are then determined from the
calibration curve and the optical densities of the
film in the regions representing the cerebral struc-
tures of interest. Local cerebral glucose utilization
is calculated from the local tissue concentrations of
1C and the plasma [*C]DG and glucose concentra-
tions according to the operational equation (Fig. 1B).

Computerized Color-Coded Image Processing

The autoradiographs provide pictorial repre-
sentations of only the relative concentrations of the
isotope in the various tissues. Because of the use of
a pulse followed by a long period before killing, the
isotope is contained mainly in DG-6-P, which re-
flects the rate of glucose metabolism. The au-
toradiographs are, therefore, pictorial repre-
sentations also of the relative but not the actual
rates of glucose utilization in all the structures of the
nervous system. Furthermore, the resolution of
differences in relative rates is limited by the ability
of the human eye to recognize differences in shades
of gray. Manual densitometric analysis permits the
computation of actual rates of glucose utilization
with a fair degree of resolution, but it generates
enormous tables of data which fail to convey the
tremendous heterogeneity of metabolic rates, even
within anatomic structures, or the full information
contained within the autoradiographs. Goochee et
al. (1980) have developed a computerized image-
processing system to analyze and transform the
autoradiographs into color-coded maps of the dis-
tribution of the actual rates of glucose utilization
exactly where they are located throughout the cen-
tral nervous system. The autoradiographs are
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scanned automatically by a computer-controlled
scanning microdensitometer. The optical density of
each spot in the autoradiograph, from 25 to 100 um,
as selected, is stored in a computer, converted to
4C concentration on the basis of the optical den-
sities of the calibrated '“C plastic standards, and
then converted to local rates of glucose utilization
by solution of the operational equation of the
method. Colors are assigned to narrow ranges of the
rates of glucose utilization, and the autoradiographs
are then displayed on a color TV monitor in color
along with a calibrated color scale for identifying
the rate of glucose utilization in each spot of the
autoradiograph from its color. These color maps
add a third dimension, the rate of glucose utilization
on a color scale, to the spatial dimensions already
present on the autoradiographs.

Rates of Local Cerebral Glucose Utilization in
the Normal Conscious State

Thus far, quantitative measurements of local ce-
rebral glucose utilization have been reported only
for the albino rat (Sokoloff et al., 1977) and monkey
(Kennedy et al., 1978). These values are presented
in Table 3. The rates of local cerebral glucose utili-
zation in the normal conscious rat vary widely
throughout the brain. The values in white structures
tend to group together and are always considerably
below those of gray structures. The average value in
gray matter is approximately three times that of
white matter, but the individual values vary from
approximately 50 to 200 wmoles of glucose/100
g/min. The highest values are in the structures in-
volved in auditory functions, with the inferior col-
liculus clearly the most metabolically active struc-
ture in the brain.

The rates of local cerebral glucose utilization in
the conscious monkey exhibit similar heterogene-
ity, but they are generally one-third to one-half the
values in corresponding structures of the rat brain
(Table 3). The differences in rates in the rat and
monkey brain are consistent with the different cel-
lular packing densities in the brains of these two
species.

Effects of General Anesthesia

General anesthesia produced by thiopental re-
duces the rates of glucose utilization in all struc-
tures of the rat brain (Table 4) (Sokoloff et al.,
1977). The effects are not uniform, however. The
greatest reductions occur in the gray structures,
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TABLE 3. Representative values for local cerebral glucose
utilization in the normal conscious albino
rat and monkey

Local cerebral glucose
utilization (umoles/100 g/min)

TABLE 4. Effects of thiopental anesthesia on local cerebral
glucose utilization in the rat"

Local cerebral glucose
utilization”
(umoles/100 g/min)

Albino rat” Monkey” Control  Anesthetized Change
Structure (n = 10) (n=17 Structure (n = 6) (n = 8) (%)
Gray Matter Gray Matter
Visual cortex 107 = 6 59 +2 Visual cortex 111 =5 64 =3 ~42
Auditory cortex 162 + 5 79 + 4 Auditory cortex 157 =5 81 +3 —48
Parietal cortex 112 =5 47 £ 4 Parietal cortex 107 = 3 65 2 -39
Sensorimotor cortex 120 =5 44 =3 Sensorimotor cortex 118 = 3 67 =2 —-43
{halamus Lateral geniculate bod 92 =2 53+3 ~42
Lateral nucleus 116 = 5 54 =2 Majr.dl gen'lculatebody 126 + 6 63 + 3 ~50
Ventral nucleus 109 = 5 43 =2 Tl?al;dmﬁzmcu ate body - -
Medial gem.culate body B31+5 . Lateral nucleus 108 = 3 58 +2 —46
Lateral geniculate body 9% + 5 39 + 1
Ventral nucleus 98 + 3 5§ =1 —44
Hypothalamus 54+ 2 25 = 1
. Hypothalamus 63 +3 43 £ 2 -32
Mamillary body 121 =5 57«3 Caudat i 11 < 4 73 35
Hippocampus 79 £ 3 39 =2 Hz.iu ate-pu ar-n;n - - -
Amygdala 52+2 25 =2 P puS: Ammon's 6o 9
Caudate-putamen 110 = 4 52+3 A on(lj(], 56 + 4 2 7
Nucleus accumbens 82 =3 36 + 2 mygdala - -
Globus-pallidus 58 £2 26 £ 2 Cochlear nucleus 124 = 7 79 =5 -36
Substantia nigra 58 =3 29+ 2 Lateral lemniscus 114 = 7 75+ 4 -34
Vestibular nucleus 128 = 5 66 =3 Inferior colliculus 198 = 7 131 + 8 -34
Cochlear nucleus 113 = 7 S1 =3 Superior olivary nucleus 141 = 5 104 = 7 -26
Superior olivary nucleus 133 = 7 63 + 4 Superior colliculus 99 + 3 59 =3 —-40
Inferior colliculus 197 = 10 103 6 Vestibular nucleus 133 = 4 81 = 4 -39
Superior colliculus 95 5 55+ 4 Pontine gray matter 69 + 3 46 = 3 -33
Ponti + +
Cc;r:;g]:“i:agfo?::;ter g; : ; i? : ; Cerebellar cortex 66 + 2 4 = 2 -33
Cerebellar nuclei 100 = 4 45+ 2 Cerebellar nucleus 106 = 4 75 + 4 -29
White Matter AL By
Corpus callosum 42 +2 30+2 -29
Corpus callosum 40 + 2 1=+ 1
Internal capsule 332 13 %1 Sﬁg:ﬂgrfggg&ica“osum gg f ; 3(9) f ; :}‘7‘
Cerebellar white matter == 21 Cerebellar white matter 382 29 =2 —24

“ From Sokoloff et al., 1977.

* From Kennedy et al., 1978.

The values are the means * standard errors from measure-
ments made in the number of animals indicated in parentheses.

particularly those of the primary sensory pathways.
The effects in white matter, though definitely pres-
ent, are relatively small compared to those of gray
matter. These results are in agreement with those of
previous studies in which anesthesia has been found
to decrease the cerebral metabolic rate of the brain
as a whole (Kety, 1950; Lassen, 1959; Sokoloff,
1976).

Relation Between Local Functional Activity
and Energy Metabolism

The results of a variety of applications of the
method demonstrate a clear relationship between
local cerebral functional activity and glucose con-
sumption. The most striking demonstrations of the
close coupling between function and energy
metabolism are seen with experimentally induced

“ Determined at 30 minutes following pulse of {"*C]deoxy-
glucose.

" The values are the means * standard errors obtained in the
number of animals indicated in parentheses. All the differences
are statistically significant at the p < 0.05 level.

From Sokoloff et al., 1977.

local alterations in functional activity that are re-
stricted to a few specific areas in the brain. The
effects on local glucose consumption are then so
pronounced that they are not only observed in the
quantitative results, but can be visualized directly
on the autoradiographs—which are really pictorial
representations of the relative rates of glucose utili-
zation in the various structural components of the
brain.

Effects of Increased Functional Activity

Effects of sciatic nerve stimulation. Electrical
stimulation of one sciatic nerve in the rat under bar-
biturate anesthesia causes pronounced increases in
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glucose consumption (i.e., increased optical density
in the autoradiographs) in the ipsilateral dorsal horn
of the lumbar spinal cord (Kennedy et al., 1975).
Effects of experimental focal seizures. The local
injection of penicillin into the hand-face area of the
motor cortex of the Rhesus monkey has been shown
to induce electrical discharges in the adjacent cor-
tex and to result in recurrent focal seizures involv-
ing the face, arm, and hand on the contralateral side
(Caveness, 1969). Such seizure activity causes
selective increases in glucose consumption in areas
of motor cortex adjacent to the penicillin locus and
in small discrete regions of the putamen, globus

pallidus, caudate nucleus, thalamus, and substantia
nigra of the same side (Fig. 3) (Kennedy et al.,
1975). Similar studies in the rat have led to compa-
rable results and provided evidence on the basis of
an evoked metabolic response of a ‘“mirror’’ focus
in the motor cortex contralateral to the penicillin-
induced epileptogenic focus (Collins et al., 1976).

Effects of Decreased Functional Activity

Decrements in functional activity result in re-
duced rates of glucose utilization. These effects are
particularly striking in the auditory and visual

FIG. 3. Effects of focal seizures produced by local application of penicillin to motor cortex on local cerebral glucose utilization in
the Rhesus monkey. The penicillin was applied to the hand and face area of the left motor cortex. The left side of the brain is on
the left in each of the autoradiographs in the figure. The numbers are the rates of local cerebral giucose utilization in umoles/100
g tissue/min. Note the following: in the upper left, motor cortex in the region of penicillin application and corresponding region
of contralateral motor cortex; lower left: ipsilateral and contralateral motor cortical regions remote from area of penicillin
applications; upper right: ipsilateral and contralateral putamen and globus pallidus; lower right: ipsilateral and contralateral
thalamic nuclei and substantia nigra. (From Sokoloff, 1977.)
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systems of the rat and the visual system of the
monkey.

Effects of auditory deprivation. In the albino rat
some of the highest rates of local cerebral glucose
utilization are found in components of the auditory
system, i.e., auditory cortex, medial geniculate
ganglion, inferior colliculus, lateral lemniscus, su-
perior olive, and cochlear nucleus (Table 3). Bilat-
eral auditory deprivation by occlusion of both ex-
ternal auditory canals with wax markedly depresses
the metabolic activity in all of these areas (Sokoloff,
1977). The reductions are symmetrical bilaterally
and range from 35 to 60%. Unilateral auditory de-
privation also depresses the glucose consumption of
these structures but to a lesser degree, and some of
the structures are asymmetrically affected. For
example, the metabolic activity of the ipsilateral
cochlear nucleus equals 75% of the activity of the
contralateral nucleus. The lateral lemniscus, supe-
rior olive, and medial geniculate ganglion are
slightly lower on the contralateral side, while the
contralateral inferior colliculus is markedly lower in
metabolic activity than the ipsilateral structure.
These results demonstrate that there is some degree
of lateralization and crossing of auditory pathways
in the rat.

Visual deprivation in the rat. In the rat, the
visual system is 80—85% crossed at the optic
chiasma (Lashley, 1934; Montero and Guillery,
1968), and unilateral enucleation removes most of
the visual input to the central visual structures of
the contralateral side. In the conscious rat studied
2—-24 hours after unilateral enucleation, there are
marked decrements in glucose utilization in the
contralateral superior colliculus, lateral geniculate
ganglion, and visual cortex as compared to the ip-
silateral side (Kennedy et al., 1975).

Visual deprivation in the monkey. In animals
with binocular visual systems, such as the Rhesus
monkey, there is only approximately 50% crossing
of the visual pathways, and the structures of the
visual system on each side of the brain receive equal
inputs from both retinae. Although each retina pro-
jects more or less equally to both hemispheres, their
projections remain segregated and terminate in six
well-defined laminae in the lateral geniculate gan-
glia, three each for the ipsilateral and contralateral
eyes (Hubel and Wiesel, 1968, 1972; Wiesel et al.,
1974; Rakic, 1976). This segregation is preserved in
the optic radiations which project the monocular
representations of the two eyes for any segment of
the visual field to adjacent regions of Layer IV of

the striate cortex (Hubel and Wiesel, 1968, 1972).
The cells responding to the input of each monocular
terminal zone are distributed transversely through
the thickness of the striate cortex, resulting in a
mosaic of columns, 0.3—0.5 mm in width, alter-
nately representing the monocular inputs of the two
eyes. The nature and distribution of these ocular
dominance columns have previously been charac-
terized by electrophysiological techniques (Hubel
and Wiesel, 1968), Nauta degeneration methods
(Hubel and Wiesel, 1972), and by autoradiographic
visualization of axonal and transneuronal transport
of [*H]proline- and [*H]fucose-labeled protein
and/or glycoprotein (Wiesel et al., 1974; Rakic,
1976). Bilateral or unilateral visual deprivation,
either by enucleation or by the insertion of opaque
plastic discs, produces consistent changes in the
pattern of distribution of the rates of glucose con-
sumption, all clearly visible in the autoradiographs,
that coincide closely with the changes in functional
activity expected from known physiological and an-
atomical properties of the binocular visual system
(Kennedy et al., 1976).

In animals with intact binocular vision, no bilat-
eral asymmetry is seen in the autoradiographs of the
structures of the visual system (Figs. 4A, SA). The
lateral geniculate ganglia and oculomotor nuclei ap-
pear to be of fairly uniform density and essentially
the same on both sides (Fig. 4A). The visual cortex
is also the same on both sides (Fig. 5A), but
throughout all of Area 17 there is heterogeneous
density distributed in a characteristic laminar pat-
tern. These observations indicate that in animals
with binocular visual input the rates of glucose con-
sumption in the visual pathways are essentially
equal on both sides of the brain and relatively uni-
form in the oculomotor nuclei and lateral geniculate
ganglia, but markedly different in the various layers
of the striate cortex.

Autoradiographs from animals with both eyes
occluded exhibit generally decreased labeling of all
components of the visual system, but the bilateral
symmetry is fully retained (Figs. 4B, 5B), and the
density within each lateral geniculate body is for the
most part fairly uniform (Fig. 4B). In the striate
cortex, however, the marked differences in the den-
sities of the various layers seen in the animals with
intact bilateral vision (Fig. 5A) are virtually absent
so that, except for a faint delineation of a band
within Layer IV, the concentration of the label is
essentially homogeneous throughout the striate cor-
tex (Fig. 5B).
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