The Journal

of Neuroscience,

August

1994,

14(8):

50685076

Extracellular
Glucose Concentration
in Mammalian Brain: Continuous
Monitoring of Changes during Increased Neuronal Activity and upon
Limitation in Oxygen Supply in Normo-, Hypo-, and Hyperglycemic
Animals
Ian A. Silver’

and

Maria

EreciAska*

‘Department of Anatomy, School of Veterinary Science, University of Bristol, Bristol, BS2 8EJ, United Kingdom and
*Department of Pharmacology, University of Pennsylvania, Philadelphia, Pennsylvania 19104

The concentration
of extracellular
glucose in anesthetized
rat brain was measured continuously
with two types of substrate-specific
microelectrodes
in a number of physiological
and pathological
conditions.
Extracellular
glucose level increased in hyperglycemia
and decreased
in hypoglycemia,
paralleling
the changes in blood sugar. Increased
neuronal
activity and in particular
spreading
depression,
evoked triphasic alterations
in extracellular
glucose concentration:
an
initial rapid fall was followed by an equally swift overshoot
above the baseline and a subsequent
return to it. Limitation
in 0, supply led to a decline in extracellular
content of glucose: respiration
with 5% 0, reduced the level by 7-20%
and that with 3% 0, by 75-85%.
Decreases
to undetectable
concentrations
were seen in ischemia despite the use of an
oxygen-insensitive
microglucose
sensor. Restoration
of oxygen supply to the brain was accompanied
by increases
in
extracellular
glucose content above the original normoxic
level, which returned to baseline values after 1 O-l 5 min. In
hyperglycemic
animals ischemia-induced
leakage of K+ was
delayed while the rate of recovery to control levels after
restitution
of blood flow was enhanced.
It is concluded
that
continuous
monitoring
of glucose with glucose-specific
microelectrodes
provides a new and important insight into brain
energy metabolism.
[Key words: glucose microelectrodes,
brain glucose concentration,
hypoglycemia,
hyperglycemia,
ischemial hypoxia; external ion levels in brain]

The mammalian CNS relies on a constant supply of external
glucosefor its undisturbed operation. Under normal circumstancesother fuels, such as fatty acids or ketone bodies, play
only a very minor role (Siesjo, 1978) while endogenousstores
ofglycogen are relatively smalland confined largely to astrocytes
(Watanabe and Passonneau,1973; Koizumi, 1974; Ibrahim,
1975;Cataldo and Broadwell, 1986;Sagaret al., 1987). Glucose
is transported rapidly acrossthe blood-brain barrier and plasma
membranes,and it is generally accepted that its metabolism is
phosphorylation rather than transport limited (Lund-Andersen,
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1979; Pardridge, 1983; Robinson and Rapoport, 1986; Furler
et al., I99 1). Thus, free glucoseis present intracellularly. Measurementsfrom several laboratories using biochemical assays
on fixed tissue(see,e.g., Lowry et al., 1964; Tews et al., 1965;
Duffy et al., 1972; Lewis et al., 1974a; Gjedde et al., 1981;
Gjedde and Diemer, 1983; Evans and Meldrum, 1984) aswell
as noninvasive in viw detection by NMR after infusion of lzCglucose(Mason et al., 1992a)have shownthat the averageglucose
content of rat brain is 2-4 Fmol/gm wet weight at normoglycemic plasmaconcentrations (6-8 mM). Brain glucoselevelsfall
in hypoglycemia (Tews et al., 1965; Lewis et al., 1974; Mason
et al., 1992; for review, seeSiesjo, 1978) and rise in hyperglycemia (Welsh et al., 1980; Mason et al., 1992)reflecting the fact
that the K,,, values for glucosetransport on the two predominant
relevant transporters, GLUT- 1 (located in blood-brain barrier)
and GLUT-3 (plasma membranes),are rather high (Gould et
al., 1991).
In spite of its cardinal role in cerebral metabolism and function, there is little information on the concentration of glucose
and changestherein in the extracellular environment of brain.
The finding that transport of glucoseoccurs via a Na-independent, facilitated diffusion (Crone, 1965; Lund-Andersen, 1979)
implies that the external concentration must be at leastashigh,
and under normal circumstanceshigher, than that inside the
cell in order to provide the driving force for uptake. However,
in a recent study usinga microdialysis technique (Fellows et al.,
1992) it was reported that the extracellular concentration of
glucosein the CNS is only 0.47 mM, which is on averagesixfold
lower than the total brain content.
The present study wasdesignedto measureand continuously
monitor changesin extracellular glucoseconcentrations using
glucosemicroelectrodes.Measurementswere madein normoxic
rat brain when plasma glucoselevel was normal (normoglycemia) or altered by an injection of insulin (hypoglycemia) or a
bolus of glucose(hyperglycemia). The effects of stimulated activity (including spreadingdepression)and limitations in oxygen
supply (hypoxia and ischemia)on brain glucoseconcentrations
were also investigated. To evaluate the role of glucosemetabolism in cellular ion homeostasis,alterations in extracellular
potassium and hydrogen ion concentrations ([K+],. and [H+ ]J
were monitored simultaneously in someexperiments.
Materials
and Methods
White Wistarratsof bothsexesweighing250-300gmwereanesthetized
by intraperitonealinjectionof pentobarbitonesodium(60 mg/kgasa
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6% solution in water; Abbott Laboratories Inc., Irving, TX) together
with atropine sulfate (0.3 mg/kg; Roche Products, Ltd., Welwyn Garden
City, Her&, UK). The body temperature was maintained constant at
38°C with a thermostatically controlled heating pad. Additional doses
of anesthetic were given as required.
Surgicalpreparation.
A tracheostomy was performed and the trachea
intubated for later connection to an anesthetic apparatus supplying 30%
0, and 70% N20. The tracheal cannula was kept free of secretions by
periodic aspiration when necessary. Respiration was recorded via a
pressure transducer and CO, in the expired air was monitored with a
Beckman infrared analyzer. Artificial respiration was carried out during
ischemic and hypoxic episodes using a Harvard small animal respiratory
pump.
The ventral caudal artery was cannulated for the collection of arterial
samples and for recording blood pressure via a miniature Gould-Statham P50 physiological pressure transducer. A catheter was inserted
into the left femoral vein for administration of fluids, collection of
venous samples and return of blood from the caudal artery used for
measurement of blood sugar (see below). The ventral aspect of the neck
was incised; the vertebral arteries were exposed at the level of Ce6-7
and occluded bilaterally. The common carotid arteries were separated
from the other structures in the carotid sheath and snared with linen
thread which was brought to the ventral surface of the neck through 2
mm i.d. polyethylene tubes and secured loosely in bulldog clips, as
described previously (Silver and Erecinska, 1990, 1992). The head of
the animal was secured in a modified “Baltimore”
stereotaxic head
holder using the position described by de Groot (1959). ECoG was
recorded from stainless steel miniature bone screws inserted into the
frontal bones, and EKG activity was monitored continuously via subcutaneous needle electrodes from left and right forelimbs.
The skin over the top of the skull was incised and reflected and the
brain exposed through 3-mm-diameter burr holes over the cingulate
cortex on each side of the midline. The dura was removed and substratespecific, extracellular microelectrodes (tips < I .O FM) were inserted into
the brain by means of micromanipulators.
The electrodes were connected via appropriate preamplifiers to a Gould multichannel recorder.
Ischemia was induced by simultaneous compression of both carotid
arteries by ligatures (the vertebral arteries having been occluded by
diathermy as described above). Blood flow to the brain was restored by
release ofthe same ligatures. The rats remained anesthetized throughout
the postischemic recording period, during which monitoring of blood
pressure. ECoG, heart rate, body temperature, and blood gas levels was
maintained.
Hypoxia was produced by substituting Nz for the N,/O? mixture in
the respiratory pump. Hyperglycemia was induced by intraperitoneal
injection of 0.5 gm of glucose in 3 ml of water and hypoglycemia by
subcutaneous injection of insulin (25 IU/kg).
Spreading depression was provoked either by application of a cotton
wick approximately I mm diameter soaked in 0.5 M KCI or by touching
the cortex with a cold metal probe.
Recordings. Two types ofglucose-sensitive microelectrodes were used.
In normoxic brain needle electrodes slightly modified from those described by Gardiner and Silver (1979) were constructed by electrodeposition of platinum black on gold or platinum surfaces. The Pt-black
was dipped into a 1% solution of glucose oxidase (Boehringer-Mannheim Corp., Indianapolis, IN), dried in air, and cross-linked to the metal
by IO set exposure to 1% glutaraldehyde solution, after which the probes
were washed in several changes of distilled water and air dried. The tips
were then coated in four thin layers of cellulose diacetate, dried, and
dipped into a I% aqueous solution of ascorbate oxidase (BoehringerMannheim Corp.). Since the changes recorded in the present study were
relatively slow, diffusion membranes were used on the glucose electrodes
which eliminated stirring sensitivity and other diffusion related artefacts.
Moreover, the covering of an electrode tip by a water-permeable membrane, within which the linear diffusion path of the substrate is confined
to at least 95%, virtually eliminates the effects of edema and small
hematomas. After coating, the electrodes were air dried for storage in
the dark and hydrated immediately before use. These probes were polarized at +0.6 V against a silver/silver chloride reference electrode and
calibrated in standard solutions of 0, I, 2, 4, 8, 16, and 32 mM glucose
in 5% bovine serum albumin at 37°C. Each electrode was tested for
sensitivity to ascorbate by including ascorbic acid (I 0 mgliter) in the
4 mM glucose solution. Electrodes that were sensitive to ascorbate gave
readings above those expected for glucose at that concentration and
were discarded. The current flowing from the electrodes was measured
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with a high-input impedance amplifier and was linear in respect of
glucose concentration. A small residual “zero current” was always observed in the absence of glucose. The sensor is based on the reaction
glucose + O2 - gluconic acid + HzOz
and the immediate electrolysis of the hydrogen peroxide to water and
oxygen. Although the K,,, ofglucose oxidase for oxygen is low, in severely
hypoxic brain oxygen may become the limiting factor in the above
reaction. Lack of oxygen causes the type of electrode described above
to indicate that a lower concentration of glucose is present than may
actually be the case.
In brain that was expected to become hypoxic at some stage the
glucose electrodes used were of the type described by Cass et al. (I 984),
which involve using ferrocene as an electron acceptor by incorporating
it onto the electrode surface. The performance of this electrode is linear
within the range ofglucose concentrations 0. I-40 mM and is insensitive
to changes in oxygen concentration (Frew and Hill, 1987). Protection
of the electrode surface by a relatively thick diffusion membrane and
incorporation of ascorbate oxidase onto its surface largely eliminates
possible errors due to interfering substances and variability in the diffusion pathway. The calibrations offerrocene-based electrodes remained
stable over many days in protein-containing
test solutions at 37°C.
Glucose microelectrodes in tissue recorded glucose concentrations in
the extracellular space. In order to establish the relationship of the
electrode measurements to those of glucose content of whole brain, in
some experiments where histological reconstruction was not required,
brain was flash frozen with liquid nitrogen in situ while electrode recordings were being made and the glucose content measured by standard
biochemical technique. In the seven brains examined, the extracellular
glucose content measured by the electrodes was within 5% of that measured for whole brain.
Blood glucose was measured in a small arteriovenous bypass system
located between the caudal artery and the femoral vein. The blood
flowed from the arterial catheter through a I mm channel in a siliconized
miniature polycarbonate block that incorporated a flat-ended, glass insulated, glucose oxidase-ferrocene electrode. Blood samples (40 ~1) were
collected at I5 min intervals into Beckman Microfuge capillary tubes.
An aliquot of 20 ~1 was centrifuged immediately and the plasma kept
on ice at 0°C until analyzed for glucose content in a standard clinical
hexokinase-based calorimetric system (Technic0 Instruments Corp.,
Tarrytown, NY) to check that the in-line electrode was functioning
reliably. Total blood sugar was determined from the other 20 ~1 by the
method of Trinder (I 969) using an Instrumentation Laboratories (Warrington, Cheshire, UK) pediatric blood-glucose analyzer.
Extracellular recording qf single cell electrical activity. Output from
Pt-in-glass H, clearance, O,- or glucose-sensitive electrodes was divided
so that one record was made through a capacity coupled amplifier that
detected single- or multiple-cell electrical activity while the second connection was via a polarizing DC input with a pass band from DC to 2
Hz.
Blood,flow and oAyvgenmeasurements. Brain oxygen availability, extracellular pH, and potassium concentration were measured with platinum needle electrodes and ion-sensitive micropipettes containing appropriate liquid ion sensors as described by Silver and Erecinska (I 990).
Changes in local blood flow were followed by hydrogen clearance using
the HZ-generating and detection system of Stosseck et al. (I 974).
Statistical anal.vsis. Data were treated by analysis of variance with
post hoc t test and the level of statistical significance is specified in the
tables and text.

Results
Performance

qf the glucose electrode

Both types ofglucose oxidase-basedelectrodesprovided a linear
output in relation to glucose
concentration well beyond the range
of values encountered in these experiments. However, these
probesare sensitivenot only to glucosebut alsoto ascorbicacid,
the presenceof which gives a falsehigh reading for glucose.The
interference from ascorbicacid waseliminated by incorporation
of ascorbate oxidase in the outer layer of the electrode membrane, consistent with the finding of Scheller et al. (Schelleret
al., 1987). Limitation of oxygen supply in hypoxic tissue presents a greater problem since despite the low K,,, of glucose
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Table 1. Extracellular
in blood

concentration of glucose in brain of anesthetized rats and corresponding levels

Normoglycemia
Condition Brain
Blood
Control
2.4 k 0.1
1.6 * 0.3
lschemia
2 min
0.3 -t O.la
10 + 1.8
4 min 0.05 i 0.04
6 min 0.P
8 min 0.P
Recovery
2 min
6.0 k 1.3"
11.0 Z!Z2.1
4 min
8.5 + 2.0"
11.3 k 2.1
6 min
6.4 f 1.6"
8.5 k 1.3
8 min
4.1 + 0.9
7.1 -t 1.6
10min
3.5 * 0.9a
1.3 f 1.8
15min
2.6 -t 0.4
7.1 f 0.5

Hyperglycemia
Brain
Blood
4.5 i

0.46

Hypoglycemia
Brain
Blood

15.2 + 2.4

1.9 + 0.4=,b 15.8
f O.lOa,b
0.0’
0.W

*

3.1

0.16

8.1 + 2.6=,”
10.5 I

3.2a,b
8.8 t 3.3u.b
7.1 k 2.7=,b
5.8 * 1.5a,b
4.3 f l.Ob

15.6f 4.1

0.16

+ 0.03b

2.8 i

0.03

k O.fzFb

2.4

f 0.1

0.P
0.0”
0.00
0.09
0.15
0.17
0.17

0.03b
i 0.036
k 0.02*

2.3
2.2
2.4
2.3

13.9f 2.9

k
i
f
k
0.14 * O.O1a,b2.4 i

0.1
0.1
0.1
0.1
0.0

13.3 k 2.1

0.13

i- 0.02a,b

2.3 f

0.0

14.9 f 3.1
14.8 i 3.7
14.8 k 3.7

zk 0.020

f

Brain glucose concentrations
were measured with microelectrodes
and those in blood either with a microelectrode
by an enzymatic method. All values are millimolar
and represent means f SD of results in 40 normoglycemic,
hyperglycemic,
and 34 hypoglycemic
rats.
” Statistically significant with respect to control.
/’ Statistically significant with respect to normoglycemia
@ < 0.05 or better).

oxidase of oxygen, oxygen becomesthe limiting factor in electrode output in severeischemiaor hypoxia. However, the nonoxygen dependent glucose-oxidase-ferrocenecoupled system
proved to be satisfactorily linear in hypoxic tissue in viva.
Extracellular concentration of glucosein rat brain
The concentration of glucose in the extracellular spaceof rat
brain was measuredin normo-, hyper-, and hypoglycemic animals. The values are summarized as Control in Table 1. In
normoglycemic rats, in which blood glucoselevel was 7.6 ? 0.3
mM, that in the brain was 2.4 t- 0.13 mM. Upon an intraperitoneal bolus injection of 0.5 gm of glucose,blood sugarlevel
rose to 15.2 * 2.4 mM in about 10 min; this was accompanied
by an increasein the cerebralglucosecontent to 4.5 + 0.35 mM.
Hypoglycemia induced by administration of insulin lowered
blood sugarconcentration to 2.8 + 0.8 mM and brain concentration to 0.16 f 0.03 mM. There were no significant differences
in the levels of glucosebetween the anterior hypothalamus on
the one hand and in the various regionsof the cortex where the
majority of measurementswere made.
IZflkct qf increasedactivity on e,ytracellular glucose
concentration
Stimulation of electrical activity in a single cell by touch or
pressureon the sensoryinput from the tail or foot and recorded
via the metal needle electrodes, causedno noticeable changes
in the extracellular glucoseconcentration, although it wasalmost
impossibleto determine how closeto a driven neuron a microelectrodewassituated. However, when a microelectrode tip was
fortuitously located among a group of cells that were activated
simultaneously, small and transient falls in the sugarlevel were
recorded, which usually did not exceed 0.1-0.2 mM. The falls
were followed by overshoots of similar magnitude above the
baselinevalue before return to the control level. Much larger
and very reproducible changeswere seenupon induction of a
wave of spreadingdepression(Fig. 1). Within a few secondsof
application of KCl, extracellular glucoseconcentration declined

0.8

or
30

from 2.4 mM to 1.95 mM in lessthan 1 min and then abruptly
roseto about 2.9 mM. During the next 2-3 min, a gradual return
to the baselinesugarconcentration was observed.
Thesetriphasic alterations in the level of extracellular glucose
were also seenin brains of hyperglycemic animals although the
initial fall and later overshoot were numerically smaller (Fig.
1).
The t$ects qf hypoxia on brain glucoseconcentration
The effect of hypoxia on changesin cerebral extracellular concentration of glucosewere investigated in normoglycemic animals in which the content of oxygen in the inspired air was
lowered to lo%, 5%, or 3%. Mean arterial blood pressureand
blood glucoselevel as well as brain oxygen tension were measured simultaneously. There were no alterations in [glucose],in
brains of animals inspired at 10% O2 but a fall of 7-20% was
noted with 5% oxygen when brain partial pressureof oxygen
(~0~) was reduced almost to zero. With 3% oxygen marked
alterations were observed (Fig. 2). Blood glucoseconcentration
rosetransiently to 9.5 mM and blood pressuredeclined by about
20 mm Hg and then gradually rose toward the control value.
Brain pOz fell almost instantaneously to 0, as measuredwith
an oxygen microelectrode. Brain glucosedecreasedto a level
lessthan 0.5 mM in about 1 min.
When after 4 min the animals were returned to respiration
with the usual 30% oxygen in N2. arterial blood pressurenormalized, brain oxygen tension rosefar beyond the control value
asdid the extracellular glucoseconcentration. Both the p0, and
glucose level returned in parallel to the baselinelevel in 4-5
min (Fig. 2).
Changesin extracellular glucoseconcentration in brains of
normo-, hyper-, and hypog/.vcemicanimals..correlation with
(K+J, and [H+J, during ischemia and recovery therefrom
Alterations in [glucose],.in brains of normo-, hyper-, and hypoglycemic animals were followed simultaneouslywith changes
in cortical pOl, [K+],, and [H+],, during 10 min ischemiaand 40
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min recovery period. Examples ofthe continuous recordings are
displayed in Figures 3-5 and results from a number of experiments are summarized
in Tables 1 and 2. The following points
can be made. (1) The fastest event which followed carotid compression was the decline in oxygen tension. (2) Ischemia led to
a rapid fall in external concentration
of glucose in all animals
(Table 1). The numerical values recorded within the first 2 min
were highest in hyper- and lowest in hypoglycemic
animals, as
Oxygen
30%

I

3%

/

Figure 1. Composite
figure compiled
from two sets of nine records ofglucose
concentration changes (x-axis) in cerebral cortex during single waves of
spreading depression in normoglycemic (solid line) and hyperglycemic (dushe~
line) rats. The scale for the normoglycemic recordings (2.0-3.2 mM) is shown
on the kj? and that for the hyperglycemic animals (4.6-5.8 mM) on the right
of the diagram. Recordings were made
with microelectrodes that did not incorporate ferrocene. A typical ECoG
trace is shown below. Note the smaller
changes in the hyperglycemic trace.

expected. However,
after 3-4 min of ischemia, extracellular
glucose concentration
in brain, as measured with the microelectrode, was close to 0 in all animals. (3) [K+], rose and pH,
fell during periods of oxygen deprivation.
Changes in potassium
concentration
were fastest in hypoglycemic
and slowest in hyperglycemic animals, although after 10 min there is no statistical
difference in [K+],. among the three groups. The largest and
fastest decline in extracellular
pH was seen in hyperglycemic

30%
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o8-

Blood Glucose

5%
.?.

Figure 2. Simultaneous
traces of
ECoG, oxygen availability (PO,), blood
glucose, mean arterial blood pressure,
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glucose

in an anesthetized

rat.

The glucose electrodes were made with
ferrocene as the electron acceptor. The
concentrations ofoxygen supplied to the
rat are shown as percentages at the top
of the chart, the balance of gas being
nitrogen. All other measurements are
as described in the text.
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Figure 3. Simultaneous
records of
ECoG, oxygen availability (PO,), cortical pH (pH Brain Tissue), blood glucose concentration and extracellular
brain glucose in a normoglycemic rat,
before, during, and after a global cerebral ischemic episode caused by bilateral carotid compression. The glucose
electrodes used for the recordings incorporated ferrocene.
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and the slowest in hypoglycemic
rats. After 10 min of
ischemiachangesin pH,, among the three groups were still statistically significant. (4) The recovery of brain p0, and extracellular content of glucosefrom ischemiaresembledthat after
hypoxia: both the oxygen tension and the sugarlevel roseswiftly
and almost in parallel beyond their respective baselinevalues
and returned to a ‘control’ state after about I5 min. (5) [K+],,
normalized fastest in brains of hyperglycemic rats and slowest
in those from hypoglycemic animals. Cerebral pH,. recovered
most rapidly in normoglycemic animals. In brains of rats with
high blood sugar levels the recovery was slowed but complete
within I5 min whereasin hypoglycemia it appearedto be longer
animals

delayed. (6) In animals given insulin, the fall in brain glucose
was accompanied by a rise in brain p0, (Fig. 5).
Discussion
The results summarized in this work offer the first systematic
evaluation of changesin the extracellular concentration of glucosein the CNS under a variety ofphysiological and pathological
conditions. The study utilizes microelectrode technology that
has the advantage over biochemical assaysin that it allows
continuous monitoring of changesover a period of time in the
sameanimal. Although this is not the first attempt to measure
external glucosein brain, earlier investigations with microelec-

32

‘61

Figure 4. Simultaneous records of
ECoG, brainoxygenavailability(Bruin
PO,), blood glucose concentration, and
extracellularglucose levels in brain cortex (brainglucose)
beforeand after intraperitoneal injection of0.5 gm ofglu-

casein 3 ml of water. The glucose
electrodes were made with ferrocene.
After establishment of hyperglycemia
an ischemic episode was induced by bilateral carotid compression (On). Cerebral blood supply was restored (Curotid Compression Of) after 8 min.
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trodes either were of a preliminary nature (Silver, 1976) or did
not yield any quantitative data (Boutelle et al., 1986). More
recently the technology has been combined with intracerebral
microdialysis and changesquantified indirectly, after a correction for recoveries of the sugarin the dialysates(Fellows et al.,
1992).For reasonsthat we cannot explain, this approachyielded
severalfold lower values for extracellular concentration of glucose(0.47 mM) than the measurementsreported here (and that
utilized an apparently identical technology) as well as any estimates of total brain glucosereported in the literature (Lowry
et al., 1964; Tews et al., 1965; Duffy et al., 1972; Lewis et al.,
1974; Gjedde et al., 1981; Gjedde and Diemer, 1983; Evans
and Meldrum, 1984;Mason et al., 1992).Another attempt aimed
at on-line monitoring of cerebral extracellular glucoseconcentration used the microdialysis technique combined with an
NADPH-linked enzymatic assay for the sugar; however, this
study provided only qualitative results(van der Kuil and Korf,
1991).
The values for the extracellular concentration of glucosein
brains from normo-, hyper-, and hypoglycemic rats determined
in the current work (Table I) are very close to the figures for
the total tissuelevels obtained by others under comparableconditions (seeabove). Interestingly, our numbers are particularly
close to those produced by NMR (Mason et al., 1992) which,
like microelectrode technology, does not require prior tissue
fixation for generation of the results.Becausethe overwhelming
proportion of the CNS volume, about 85%, is occupied by cells,
the similarity in the extracellular glucoseconcentration and that
in whole brain meansthat there are no major gradients in this
sugaracrossthe plasmamembrane.
Extracellular concentration of glucose is the product of the
rate of sugar delivery from capillaries acrossthe blood-brain
barrier and the rate of utilization by cells. It is well known that
there is close coupling in the CNS between the two processes
and that the velocity of influx exceedsthat of phosphorylation
(Cremer et al., I98 I; Hawkins et al., 1983; Cunningham et al.,

50

54

58

62

Figure
5. Simultaneous records of
ECoG, brain oxygen availability (Brain
PO,), blood glucose concentration, and
brain glucose level before and during
hypoglycemia induced by subcutaneous injection of insulin (25 W/kg). After establishment of hypoglycemia a
global cerebral ischemic episode was
induced by bilateral carotid occlusion
(Carotid
Compression
On) for 8 min.
Ferrocene-type glucose electrodes were
used.

1986; Robinson and Rapoport, 1986; Furler et al., 199I). Consequently, intracellular glucosemetabolismcan remain constant
in spiteofa decreasein blood sugarconcentration until transport
becomeslimiting. This usually occurs at plasma levels of 2.5
mM and lower (Norberg and Siesjb, 1976; Ghajar et al., 1982;
Robinson and Rapoport, 1986; Pelligrino et al., 1990). Our
results show that extracellular glucose concentration in brain
changesin a number of physiological and pathological situations. Increasein neuronal firing, suchasoccursduring electrical
stimulation, reducesglucoselevel in the external environment,
most likely due to enhanced utilization by cells (Shinohara et
al., 1979; Sokoloff, I98 I; Kocher, 1990). Aerobic spreadingdepressionalso decreasesextracellular concentration of the sugar
becauseelevated ion pumping consumesmore energy. These
observations are consistentwith data obtained on whole brain,
which record a fall in tissueglucosecontent under similar conditions (Krivanek, I96 I; Gjedde et al., I98 1; Evans and Meldrum, 1984; Lauritzen et al., 1990). However, a fall in brain
glucose level must activate homeostatic mechanisms,such as
increasein blood flow (Leao, 1944; Van Harreveld and Ochs,
1957; Leniger-Follert and Hossmann, 1979) and/or enhancement of transport (Gjedde et al., 1981) becausethe reduction
is rapidly followed by a transient overshoot after which glucose
level returns to the original value. Similar, albeit qualitative,
observations were madein two other investigationsthat utilized
cerebral microdialysis. In the first, it was shown that after electrically induced seizures(which should have increasedmetabolism) dialysate concentration of glucose in the hippocampus
was increasedtransiently (van der Kuil and Korf, I99 1). In the
second,application ofveratridine, which potently enhancesneuronal firing and energy utilization, was found to decreasethe
extracellular glucosecontent as measuredby microdialysis in
conscious,freely moving rats (Fellows et al., 1992). It appears
that each of these studies recorded a different phaseof the responsemeasuredby us directly in brain.
Respiration of rats with 3% oxygen induced an immediate
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Normoglycemia
Condition

K+l,

Control

3.30

-t 0.10

(73)

Ischemia
2 min
4 min
10 min

6.35
59.4
75.3

+ 0.7@
f 12.5”
rf- 8.6’

(28)

brain

(pH)

in the brains

of normo-,

hyper-,

and hypoglycemic

Hyperglycemia
PH

W+le

7.34 -+ 0.02

3.30

(34)

(41)

7.01

2 0.114

6.30

+- 0.33a

(28)

3.50
47.6
73.2

Hypoglycemia
K’le

PH
k 0.10

7.35

i

0.08

3.50

(38)
k 0.30
+- 9.0n,b
2 7.9a

6.90

k 0.13”.bb

6.11

-c 0.214,b

(27)

(23)

10.2 xi 3.1=,”
3.50 + 0.15b
3.30 k 0.11

6.92
7.21
7.32

anesthetized

+ 0.32

rats during

PH
7.30

iz 0.11

(47)

(34)

13.8 k 7.3a
67 . 0 k 8 . 3n,b
78.7 + 5.3a

7.00

+ 0.12a

6.43

f 0.150

(29)

(25)

27.5 +- 7.1a
5.9 + 1.5=
3.80 f 0.57

7.11
7.18
7.22

(29)

(24)

Recovery

2 min
min
min

10
15

16.2 i 7.4a
3.04
3.54

* 0.15
+ 0.15

(24)
Brain ion concentrations
in parentheses.
*’ Statistically significant
), Statistically significant

were measured

7.15
7.28
7.31

+ 0.15=
i. 0.13
* 0.11

(27)

(25)

with microelectrodes.

with respect to control.
with respect to normoglycemia

All values for uotassium

k 0.13”,”
k 0.08~~
iz 0.13

(21)
are millimolar

and represent

+ 0.230
f 0.1g4
f 0.13=

means k SD of results for the number

of animals

(p < 0.05 or less).

decrease in extracellular concentration of glucose to a very low
level, in spite of a rise in blood sugar level (Fig. 2). This behavior
was somewhat unexpected because’ Duffy et al. (1972) did not
note any reduction in brain glucose content when mice (anesthetized or not) were allowed to breathe 4% oxygen for 1.5min;
even during respiration with zero oxygen a 50% reduction required almost a minute. This diversity in sensitivity to a limitation in oxygen supply may be due to species differences. Notwithstanding, our observation implies that under such conditions
either glucose utilization by cells is markedly increased or transport is decreased, or both occur simultaneously. Increased carbohydrate metabolism via anaerobic glycolysis with generation
of lactate is a well-known phenomenon that accompanies tissue
hypoxia (SiesjG, 1978). However, it has also been reported that
anoxia impairs unidirectional transport of glucose (Betz et al.,
1974). This suggests that in spite ofa rise in plasma sugar content
and an increase in cerebral blood flow glycolysis may be substrate-limited during severe hypoxia.
In our experiments ischemia led to a rapid decrease in extracellular glucose concentration consistent with many studies on
whole brain that show rapid depletion of tissue carbohydrate
stores under such conditions (Lowry et al., 1964; Duffy et al.,
1972; Ljunggren et al., 1974; for review, see SiesjG, 1978). We
have also confirmed earlier data in the literature that hyperglycemia decreases the rate of ischemic potassium leakage from
cells but increases the rate of external acidification, whereas
hypoglycemia has an opposite effect on both parameters (Branston et al., 1978; Siemkowicz and Hansen, 198 1; Ekholm et al.,
1993). The delay in K+ leakage during hyperglycemia is, most
likely, caused by better preservation ofcellular ATP level, which
takes longer to decline when brain glucose content is higher
(Ekhdlm et al., 1993). In our hands, hyperglycemia accelerates
whereas hypoglycemia diminishes the rate of [K+], normalization after periods of oxygen deprivation. This behavior, which
is at variance with an earlier study in which no effect of hyperglycemia on ion recovery was reported (Siemkowicz and Hansen, 198 l), was consistently observed in all our experiments on
a relatively large number of animals. Moreover, a similar effect
of high external glucose concentration has been noted in ex-

periments on brain slices (Schurr et al., 1987; Roberts and Sick,
1992). Although external potassium concentration may recover
faster in the presence of high cerebral glucose content, this does
not appear to be related in any beneficial way to normalization
of metabolism because it has been found that hyperglycemia
impairs postischemic recovery of the energy level (Welsh et al.,
1980) and depresses cerebral metabolic rate (Siemkowicz et al.,
1982).
Our study shows that in the immediate postischemic/posthypoxic period there is a transient increase in extracellular glucose
level in brains of anesthetized animals, although blood glucose
concentrations may be falling under the same conditions. Interestingly, the pattern of changes in glucose under these conditions follows very closely that in brain PO,. This suggests that
increase in blood flow and consequent hyperemia (Pulsinelli et
al., 1982) may be responsible for both phenomena. Decreases
in metabolic rate and in utilization of glucose reported by previous authors (Pulsinelli et al., 1982) usually occur late in postischemic recovery. Nevertheless, it is also possible that in the
very early stage of reperfusion, lactate that has accumulated in
the tissue during hypoxia/ischemia is metabolized by cells in
addition to glucose.
Another interesting observation in this study is that in hypoglycemia, when external glucose level in brain begins to fall,
that of oxygen rises. This finding is consistent with these observations in the literature which noted that cerebral oxygen
consumption during hypoglycemia is lower than in normoglycemia (Ghajar et al., 1982; but see Norberg and SiesjG, 1976,
and Agardh et al., 1981, for contrary findings) while oxygen
supply is simultaneously elevated through an increase in blood
flow (see, e.g., Abdul-Rahman et al., 1980; Bryan et al., 1987;
Breier et al., 1993).
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