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Abstract: The relationship between brain extracellular glu- 
cose levels and neuronal activity was evaluated using micro- 
dialysis in awake, freely moving rats. The sodium channel 
blocker tetrodotoxin and the depolarizing agent veratridine 
were administered through the dialysis probe to provoke 
local changes in neuronal activity. The extracellular glucose 
content was significantly increased in the presence of tetro- 
dotoxin and decreased sharply following veratridine appli- 
cation. The systemic injection of a general anaesthetic, 
chloral hydrate, led to a large and prolonged increase in 
extracellular glucose levels. The brain extracellular glucose 
concentration was estimated by comparing dialysate glu- 

cose efflux over a range of inlet glucose concentrations. A 
mean value of 0.47 mM was obtained in five animals. The 
results are discussed in terms of the coupling between brain 
glucose supply and metabolism. The changes observed in 
extracellular glucose levels under various conditions suggest 
that supply and utilization may be less tightly linked in the 
awake rat than has previously been postulated. Key Words: 
Glucose-Tetrodotoxin-Veratridine- Anaesthesia-Mi- 
crodialysis-Rat brain. Fellows L. K. et al. Extracellular 
brain glucose levels reflect local neuronal activity: A micro- 
dialysis study in awake, freely moving rats. J. Neurochem. 
59,2141-2147 (1992). 

The brain is singularly dependent on glucose as its 
main source of energy (Siesjo, 1978). Although astro- 
cytes do contain small amounts of glycogen (Swanson 
et al., 1990), the brain relies overwhelmingly on glu- 
cose supplied cellular utilization. Glucose is taken up into the brain 

by facilitated transport across the blood-brain bamer 

(BBB). Under normal conditions, supply is in excess 
of metabolic requirements (Pardridge, 1983). 

The rates ofglucose uptake and utilization are, how- 
ever, not fixed. Hexokinase is an important regula- 
tory enzyme in the glycolytic pathway, and its activity 
is sensitive to changes in the cellular energy balance 
(Siesjo, 1978). There is evidence that both local glu- 
cose utilization (Sokoloff et al., 1977) and the rate of 
glucose transport (Braun et al., 1985) show regional 
variation and can change in a given region under dif- 
ferent conditions. 

1979). 

Previous studies demonstrating the close coupling 
between glucose phosphorylation and glucose trans- 
port into the brain (Cremer et al., 1983; Hawkins, 
1986) suggest that there should be little, if 
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activity and extracellular glucose levels, as well as the 
effects of general anaesthesia. The changes in extracel- 
lular glucose content observed under these conditions 
are discussed with respect to the local coupling be- 
tween glucose transport and utilization. 

EXPERIMENTAL PROCEDURES 

Materials 
Glucose oxidase and horseradish peroxidase were pur- 

chased from Boehringer-Mannheim. The silica beads used 
as the enzyme support substrate were from Merck. Tetrodo- 
toxin (TTX), veratridine, and ferrocene monocarboxylic 
acid were obtained from Sigma Chemical Co. Chloral hy- 
drate was from Hopkins and Williams. Kathon CG was 
from Rohm and Haas. 

Glucose assay 
The dialysate was analysed for glucose using a flow injec- 

tion enzyme-based assay. The assay is described in detail 
elsewhere (Boutelle et al., 1992). In brief, glucose oxidase 
(EC 1.1.3.4) and horseradish peroxidase (EC 1.1 1.1.7) were 
immobilized on 10-pm spherical silica beads. The beads 
were highly activated with tresyl chloride and subsequently 
reacted with the appropriate enzyme. Approximately 60% 
of the sites available for enzyme binding were filled using 
this procedure. 

The beads were slurry-packed into a 2- X 20-mm column 
(Anachem). A buffer solution, composed of 50 mM 
Na,HPO,, 1 mM EDTA, and 0.5 mM ferrocene monocar- 
boxylic acid and adjusted to pH 7.0, with 0.05% Kathon CG 
added to inhibit bacterial growth, was pumped through the 
bed at 0.5 ml/min using an HPLC pump. 

Dialysate was injected into the packed bed in 2O-pl vol- 
umes. Glucose present in the sample was oxidized to give 
gluconolactone and H20,. A second enzyme reaction was 
introduced at this stage, to optimize the electrochemical de- 
tection (Frew et al., 1986). The peroxide was oxidized to 
water by horseradish peroxidase, with the electrons trans- 
ferred to the mediator compound ferrocene, which was pres- 
ent in the buffer. The femcinium species produced was de- 
tected by reduction at a glassy carbon electrode, held at 0.0 
V vers1t;ectrons and located 
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culating the perfusate concentration 



2144 L. K.  FELLOWS ET AL. 

- 
2 
2 3 -  
0 

0 

v s 
x 2 -  a 
E .  
8 1 -  

Q) 

Q) 

I 2 ,  
OD 

T 

4 - B  - veratridine - 
' -  

r ., - 
- 

0 ,  

-30 -24 -10 0 10 u) 30 40 50 60 70 80 

time (min) 

time (min) 

FIG. 4. A: Effect of addition of 1 pM l T X  to the perfusion fluid. B: 
Effect of addition of 50 pM veratridine to the perfusion fluid. Data 
values are mean * SEM (bars) in four animals in both cases. Both 
experiments were conducted 24 h following implantation. ' p  
< 0.05 cornpared with the last predrug point by paired Student's t 
test. 

exhibited no behavioural effects with the application 
of either drug. 
Effects of anaesthesia 

In animals implanted 24 h earlier, systemic admin- 
istration of the general anaesthetic chloral hydrate led 
to a rapid and sustained increase in the dialysate glu- 
cose concentration, reaching levels 250 f 36% above 
baseline (Fig. 5). Deep anaesthesia, defined by the ab- 
sence of the hind limb withdrawal reflex, was estab- 
lished within 10-20 min of the injection. The reflex 
had not recovered by 100 min postinjection. 

DISCUSSION 
Previous in vivo studies of extracellular glucose in 

the brain, using both microdialysis (van der Kuil and 
Korf, 1991) and voltammetry (Boutelle et al., 1986), 
found that glucose levels fluctuate under various con- 
ditions. This study examined the degree to which ex- 
tracellular glucose levels are linked to neuronal ac- 
tivity. 
Determination of the basal extracellular glucose 
concentration 

We have used microdialysis coupled with the varia- 
tion-of-concentration method to provide a new tech- 

nique for directly determining the extracellular glu- 
cose concentration in the awake and unrestrained rat. 
This gave an estimate of 0.47 &for the ECF glucose 
concentration in the striatum. 
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The 



2146 L. K. FELLOWS ET AL. 

As the glucose sampled by the microdialysis probe 
reflects a balance between supply and utilization, 
changes in local cerebral blood flow might also play a 
role in the fluctuations seen with TTX and veratri- 
dine. Regional cerebral blood flow is thought to be 
closely linked to local functional activity, and changes 
in this parameter have been closely correlated to 
changes in the local cerebral glucose metabolic rate 
(Fox et a]., 1988). It has been postulated that increases 
in extracellular K+ concentration as a result of neuro- 
nal activity may regulate regional cerebral blood flow 
(Paulson and Newman, 1987). These results suggest 
that local application of TTX would, if anything, de- 
crease local blood flow, whereas veratridine would 
likely cause an increase. These changes would be ex- 
pected to have the opposite effects on extracellular 
glucose concentration to those reported here. This 
suggests that in the present experiments, extracellular 
glucose is predominantly being affected by changes in 
local newond metabolic demands, which in turn re- 
flect the intensity of local neuronal activity. 

Effects of anaesthesia 
Anaesthetics are known to have a profound effect 

on several aspects of brain metabolism. Under pento- 
barbital anaesthesia, glucose consumption is approxi- 
mately halved (Sokoloff et al., 1977), BBB transport is 
depressed, blood flow diminishes (Pardridge, 1983), 
and glycogen synthesis is enhanced (Siesjo, 1978). 
The increase in extracellular glucose level seen in ani- 
mals under chloral hydrate anaesthesia (Fig. 5) sug- 
gests that this anaesthetic also alters the normal glu- 
cose balance in the brain. In a separate group of ani- 
mals, the same dose of chloral hydrate caused a 
marked increase in plasma glucose levels (authors’ 
unpublished data). The increase in extracellular glu- 
cose content may therefore be due in part to changes 
in the concentration of glucose in the blood. 

The parallel decrease in brain glucose transport and 
utilization observed under pentobarbitol anaesthesia 
(Sokoloff et al., 1977) has led to the hypothesis that 
demand and supply are tightly linked under such con- 
ditions (Hawkins, 1986). The large increases in extra- 
cellular glucose level with animals under chloral hy- 
drate anaesthesia reported here suggest that a general 
reduction in brain metabolism may not necessarily 
bring about a well-matched reduction in glucose 
supply. 

The present experiments show that brain glucose 
transport and utilization 




