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Cerebral Glucose Utilization: Local Changes During and

After Recovery from Spreading Cortical Depression

Abstract. Cerebral glucose utilization is markedly increased in most areas of the
cerebral cortex and reduced in many subcortical structures during spreading cortical
depression. During recovery, cortical glucose utilization is still elevated, but the in-
creased metabolic activity is distributed in columns running perpendicularly through

the cortex.

Spreading cortical depression, a phe-
nomenon first described by Leéo in 1944
(1), remains a puzzling and still poorly
understood response of the cerebral cor-
tex to a variety of noxious stimuli. It can
be elicited by mechanical, electrical,
thermal, and chemical stimuli 2) and is
characterized by a spread of transient in-
tense neuronal activity followed by de-
pression in all directions from the site of
initiation at a rate of 2 to 5 mm/min (2).
This rate of spread is similar to that seen
in the Jacksonian march of convulsions
or the development of the scotomata of
migraine in man (2, 3). The elec-
trophysiological changes consist of de-
polarization and decreased electrical ac-
tivity of neuronal units, depression of
amplitude of the electroencephalogram,
increased electrical impedance, and a
negative shift in the d-c potential of the
affected cortex (2). There is also evi-
dence of chemical changes in the de-
pressed cortex, for instance, a release of
K* and an increase in extracellular K*
#), decreased cortical pO, (2), decreased
concentrations of glycogen, glucose, and
phosphocreatine (5), and increased con-
centrations of inorganic phosphate and
lactic acid (5). Some of these chemical
changes are suggestive of increased en-
ergy metabolism, but measurements of
cerebral cortical energy metabolism in
spreading cortical depression have not
been reported. We have, therefore, em-
ployed the [**C]deoxyglucose method (6)
to determine the regional rates of glucose
utilization within the brain during and af-

ter the evocation of spreading cortical
depression.

The experiments were performed on
normal male Sprague-Dawley rats
weighing between 370 and 410 g. The
procedure for measuring local cerebral
glucose utilization has been described
6). Briefly, polyethylene catheters were
inserted into a femoral artery and vein
under light halothane-nitrous oxide
anesthesia, and the animal was then re-
strained by application of a loose-fitting
abdominal-pelvic plaster cast. Holes, ap-
proximately 2 to 3 mm in diameter, were
drilled through the skull over the occipi-
toparietal cortex on both sides of the
head to expose the dura, which was then
kept covered with mineral oil. At least 2
hours were then allowed for complete re-
covery of the animal from the effects of
anesthesia.

In one group of animals spreading cor-
tical depression was induced in one cere-
bral hemisphere by the application of a
filter paper disk soaked in 3M or SM KCl
to the exposed dura on that side. Anoth-
er disk soaked in 0.15M, 3M, or SM
NaCl was applied to the exposed dura on
the opposite or control side. Both disks
were replaced with freshly soaked disks
at 15- to 20-minute intervals until the end
of the experimental procedure. The ani-
mals so treated remained conscious, but
spreading cortical depression appeared
within 3 to S minutes after application of
the KCl disks and was manifested by a
marked hemiparesis and hemianesthesia
on the side of the body contralateral to
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the side of KCI application. Measure-
ment of local cerebral glucose utilization
was initiated 15 to 20 minutes after the
first application of the KCl and NaCl
disks by the administration of a pulse of
50 uCi of 2-deoxy-D-[1 — 'C]glucose
(specific activity, 50 to 55 wCi/umole) via
the femoral venous catheter. Arterial
blood samples were rapidly drawn imme-
diately after the pulse and at timed inter-
vals for 45 minutes. The blood samples
were immediately centrifuged to sepa-
rate the red cells, and the plasma sam-
ples were stored on ice until sub-
sequently analyzed for glucose and
[**C]deoxyglucose concentrations as de-
scribed (6). At the end of the 45-minute
period, the animal was decapitated, and
the brain was removed as rapidly as pos-
sible, frozen in Freon XII chilled to —60°
to —70°C with liquid nitrogen, sectioned,
and subjected to quantitative autoradiog-
raphy as described (6). Local cerebral
glucose utilization was calculated from
the time courses of the plasma
["C]deoxyglucose and glucose concen-
trations and the tissue '“C concentrations
by the operational equation of the
[**C]deoxyglucose method (6).

In another group of animals spreading
cortical depression was induced by the
application of KCl directly on the sur-
face of the parietal cortex. In these ex-
periments the animal was reanesthetized
with intravenous pentobarbital approxi-
mately 2 hours after recovery from the
halothane-nitrous oxide anesthesia, the
exposed dura was opened, and artificial
cerebrospinal fluid containing 20 to 80
mM KCIl was applied to one side of the
parietal cortex and artificial CSF without
added KCl was applied to the other side.
The d-c potential of the cortical surface
was monitored continuously by means of
Marshall glass pore electrodes (outer di-
ameter, 2 mm) (2). The recording elec-
trode was applied to the surface of the
cortex approximately 3 mm from the site
of KCI application, and the reference
electrode was placed in the subcutane-
ous tissues of the back of the neck. The
outputs of the electrodes were amplified
in a differential amplifier and displayed
on the face of a Tektronix type RM565
oscilloscope or recorded by means of a
Beckman model R611 polygraph. Local
cerebral glucose utilization was mea-
sured under two sets of conditions in
these experiments: (i) during sustained
spreading cortical depression manifested
by repeated waves of negative shifts of
d-c potential caused by repeated appli-
cations of KCl, and (ii) immediately after
return of the d-c potential to the normal
value after a single wave of depression
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provoked by a single application of KCI.
The procedure for the measurement of
local cerebral glucose utilization was the
same as that described above.

In all experiments, mean arterial blood
pressure and arterial pCO,, pO,, and pH
were monitored repeatedly throughout
the experiment. Experiments were com-
pleted only if these physiological vari-
ables remained within normal limits.

In the conscious animals in which
spreading cortical depression was in-
duced by KCI application to the intact
dura, glucose utilization increased
markedly in most regions of the homo-
lateral cerebral cortex as compared to
the corresponding areas of the con-
tralateral cortex exposed to NaCl (Table
1). These effects were so prominent that
they could be readily visualized directly
by increased optical density in the auto-
radiographs (Fig. 1A). The most promi-
nent and consistent effects were in the
frontal cortex and frontal pole. The ef-
fects in the parieto-occipital cortical area
were more variable, possibly because of
variations in the exact location of the
holes 'in the skull (Table 1). In the af-
fected cortical regions the glucose utili-
zation increased in all layers of the cor-
tex, but most dramatically in layers I and
VI, and resulted in the loss of distinction
of the cytoarchitectural cortical layers
generally visible in the autoradiographs
of the normal side (Fig. 1A). Layer IV is
normally prominently represented in the
autoradiographs of normal cortex; it
could not be seen in the presence of
spreading cortical depression (Fig. 1A),
partly because of increased glucose utili-
zation in the other layers and also be-
cause in some regions of the cortex (such
as the auditory cortex) its metabolic rate
was even slightly reduced.

In contrast to the increased metabo-
lism in the cerebral cortex, glucose utili-
zation was strikingly depressed in a num-
ber of subcortical structures of the ex-
perimental hemisphere (Table 1 and Fig.
1A). This depression of energy metabo-
lism was particularly prominent in the
caudate-putamen and thalamus; this may
reflect the functional decortication asso-
ciated with spreading cortical depression
(7) and the consequent reduced cortical
input through well-established cortico-
caudate and corticothalamic pathways to
these regions. Structures of the midbrain
and brainstem were affected very slightly
if at all by spreading cortical depression
(Table 1).

In the anesthetized animals in which
spreading depression, manifested by the
shift in cortical d-c potential, was in-
duced and sustained by repeated appli-
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cations of KCl directly to the surface of
the cerebral cortex, the changes in local
cerebral glucose utilization were essen-
tially the same as those seen in the ani-
mals studied with the intact dura (Fig.
1B). When, however, glucose utilization
was measured in these animals during

wave of spreading cortical depression
produced by a single application of
KCl—increased cerebral cortical glucose
utilization was still apparent, but it ap-
peared to be distributed in a pattern of
darkened columns arrayed perpendic-
ularly to the cortex and alternating

with columns of almost normal or even
depressed glucose utilization (Fig. 1B).
These columns were particularly prom-

the recovery period—that is, in the peri-
od immediately after the return of the d-c
potential to normal following a single

Frontal cortex Control

During spreading depression

Parietal cortex During recovery from

spreading depression

Fig. 1. Autoradiographs of sections of rat brains during spreading cortical depression and during
recovery. The autoradiographs are pictorial representations of the relative rates of glucose utili-
zation in various parts of the brain; the greater the density, the greater the rate of glucose
utilization. The left sides of the brain are represented by the left hemispheres in the autoradio-
graphs. In all the experiments illustrated, the control hemisphere was treated the same as the
experimental side except that equivalent concentrations of NaCl rather than KCl were used.
The NaCl did not lead to any detectable differences from hemispheres over which the skull was
left intact and no NaCl was applied. (A) Autoradiographs of sections of brain at different levels
of cerebral cortex from a conscious rat during spreading cortical depression induced on the left
side by application of 5M KCl to the intact dura overlying the left parietal cortex. The spreading
depression was sustained by repeated applications of the KCl at 15- to 20-minute intervals
throughout the experimental period. (B) Autoradiographs from sections of brain at the level of
the parietal cortex from three animals under barbiturate anesthesia. The top section is from a
normal anesthetized animal; the middle section is from an animal during unilateral spreading
cortical depression induced and sustained by repeated applications of 80 mM KCl in artificial
cerebrospinal fluid directly on the surface of the left parieto-occipital cortex. At the bottom is a
comparable section from an animal studied immediately after the return of cortical d-c potential
to normal after a single wave of spreading depression induced by a single application of 80 mM
KCl to the parieto-occipital cortex of the left side.
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inent in the parietal cortex. The basis
of this columnar arrangement of in-
creased glucose utilization in the cere-
bral cortex during recovery from spread-
ing cortical depression is unknown, but it
may be related to the functional and mor-

phological columnar organization of the
cortex in units of afferent-efferent con-
nectivity (8) or, possibly to the observa-
tion of a columnar distribution of adeno-
sine triphosphate in the cerebral cortex

©).

Table 1. Effects of unilateral spreading cortical depression on local cerebral glucose utilization
in conscious rats. Potassium chloride (5M) was applied to intact dura over the occipito-parietal
cortex of the experimental hemisphere. The control side was treated similarly with physiologi-
cal saline, 3M or SM NaCl. The data represent the means =+ standard error of mean obtained in
seven animals. Probability values are for paired comparisons between control and experimental

hemispheres.
Glucose utilization
(umole per 100 g per minute)
Area
Control Experimental
hemisphere hemisphere
Gray matter
Visual cortex: layer IV 87 = 4 76 = 11
Visual cortex: layer VI 72 = 1 98 = 14
Auditory cortex: layer IV 115+ 4 86 + 5*
Auditory cortex: layer VI 89 = 3 117 = 11
Parietal cortex: layer IV 83+ 4 108 £ 7%
Parietal cortex: layer VI 73+ 3 102 = 9%
Sensory-motor cortex: layer IV 2= 6 87 = 5
Sensory-motor cortex: layer VI 72 5 101 = 5%
Olfactory cortex 82+ 3 86 = S
Frontal cortex: layer IV 78 = 2 121 = 12*
Frontal cortex: layer VI 64 £ 2 136 = 12F
Frontal pole 76 £ 4 160 + 12F
Thalamus: lateral nucleus 81+ 3 45 = 2f
Thalamus: ventral nucleus 76 = 4 47 = 2%
Medial geniculate 93 + 4 54 + 3%
Lateral geniculate 77+ 4 44 + 1%
Hypothalamus . 47 = 2 44 = 2%
Hippocampus: Ammon’s horn 67 = 3 54 = 3%
Hippocampus: dentate gyrus 58+ 3 53 + 3%
Amygdala 40 = 2 33 + 2%
Septal nucleus 39+ 2 36 = 2%
Nucleus accumbens 61+ 3 60 = 4
Caudate-putamen 80 = 3 54 = 4t
Globus pallidus 45+ 2 35 = It
Substantia nigra 47 = 2 41 = 2%
Superior olive 109+ 9 107 £ 7
Lateral lemniscus 91 = 2 80 = 7
Inferior colliculus 166 = 11 146 = 17
Superior colliculus 78+ 3 64 = 3*
Pontine gray 2=+ 2 49 = 2
Vestibular nucleus 9+ 4 95+ 4
Cochlear nucleus 106 = 7 110+ S
Cerebellar hemisphere 41 = 1 43+ 2
Cerebellar nucleus 80 = 4 81 3
White matter
Internal capsule 26 2 23 = 2%
Cerebellar white 29+ 1 29+ 2
*P < .01. TP < .001. iP < .05.
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The present studies quantify the
changes in energy metabolism through-
out the brain during and after recovery
from spreading cortical depression. Glu-
cose utilization is increased in most
areas of the cerebral cortex during re-
peated waves of spreading cortical de-
pression, but columnar patterns sugges-
tive of metabolic or functional cortical
organization appear after a single wave
of spreading cortical depression has
passed. Glucose utilization is depressed
in subcortical structures functionally
connected to the cortex of the experi-
mental side. The local and global
changes reported here may be similar to
those in focal epilepsy (2) and migraine
(3) in humans, conditions that have some
features in common with spreading cor-
tical depression (2, 3).
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