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ABSTRACT 

The objective of the present study was to eva- 
luate the effects of hyperglycemia on glucose 
metabolism of brain cells. Not only a sustained 
hyperglycemic state, but also a fluctuating plas- 
ma glucose concentration has been implicated 
in the pathogenesis of diabetic angiopathy. 
Acutely increasing plasma glucose levels have 
not been reported to alter glucose utilization of 
the brain as a whole. In the present study, we 
examined the effects of chronic (3 weeks) or 
short-term (24-hour) exposure to a high glucose 
concentration on the oxidative metabolism of 
neurons and astroglia. Cells were prepared from 
Sprague-Dawley rats and cultured in the pre- 
sence of a high (22 mM) or low (5 mM) concen- 
tration of glucose. The high or low glucose me- 
dia did not alter either the rates of [14C]deoxyglu- 
cose phosphorylation (an indicator of total glu- 
cose utilization) or [14C]lactate and [14C]pyruvate 
oxidation (indicators of oxidative glucose me- 
tabolism) in neurons. In contrast, chronic or 
short-term exposure to a high glucose concen- 
tration resulted in significant decreases in oxi- 
dation of [14C]acetate, an astrocyte-specific re- 
porter molecule, or [14C]lactate and [14C]pyru- 
vate oxidation in the astroglia. Thus, either chro- 
nic or short-term increases in the glucose con- 
centration suppressed oxidative metabolism only 
in astroglia, indicating neuro-protective roles 
against hyperglycemic brain cell injury in diabe- 
tes mellitus. These different responses of neu- 
rons and astroglia may also shed new light on 
brain energy metabolism in diabetic patients 
with either chronic high or fluctuating plasma 
glucose concentrations. 
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1. INTRODUCTION 

Diabetes mellitus is a major risk factor of cardiovas- 
cular diseases [1]. Moreover, several population-based 
studies have revealed that diabetic patients suffer from 
dementia more frequently than normal age-matched peo- 
ple [2]. Interestingly, diabetes mellitus causes not only 
vascular dementia, but also non-vascular type of demen- 
tia (i.e., Alzheimer disease). The mechanism by which 
diabetes mellitus causes dementia independent of vascu- 
lar factors remains to be solved. Recent findings suggest 
that persistent hyperglycemia per se induces the over- 
production of reactive oxygen species (ROSs), which 
play a unifying role in several pathomechanisms of both 
peripheral and central nervous system impairment in 
diabetic patients [3,4]. 

Not only a sustained hyperglycemic state, but also 
acute hyperglycemia or a fluctuating plasma glucose 
concentration has been implicated in the pathogenesis of 
diabetic angiopathy [5,6] and the derangement of brain 
energy metabolism [7] as well as cognitive function (i.e., 
diabetic encephalopathy) [8-11]. Acute hyperglycemia is 
not thought to alter the cerebral metabolic rate of glucose 
(CMRglc) [12,13]. However, whether chronic hypergly- 
cemia enhances or suppresses the CMRglc remains con- 
troversial [12,14], and the effect of a fluctuating plasma 
glucose concentration on the CMRglc has not been exam- 
ined extensively. Moreover, the effect of hyperglycemia 
on the cerebral metabolic rate of oxygen (CMRO2) re- 
mains to be examined [15-17]. 

Astrocytes are thought to be more dependent on gly- 
colytic, rather than oxidative, glucose metabolism for 
energy production. Recent findings, however, have re- 
vealed that oxidative metabolism in astrocytes might be 
comparable to that in neurons in vitro and in vivo [18]. 
Recently, we reported that oxidative metabolism in as- 
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trocytes depended on the environmental glucose con- 
centration in vitro [19]. Therefore, the role of astrocytic 
oxidative glucose metabolism in the in terms of ROSs 
generation under a hyperglycemic state should be deter- 
mined. In the present study, we examined the effects of 
chronic or short-term exposure to a high glucose concen- 
tration on total (both glycolytic and oxidative) and mito- 
chondrial (oxidative) metabolism of glucose in neurons 
and astroglia in vitro, as assessed by monitoring 14C- 
labeled substrates. 

2. MATERIALS AND NETHODS 

2.1. Animals 

Timed-pregnant Sprague-Dawley rats were purchased 
from Japan SLC, Inc. (Hamamatsu, Japan). All animal 
procedures were performed in accordance with The 
Animal Experimentation Guidelines of Keio University 
School of Medicine and were approved by the Labora- 
tory Animal Care and Use Committee of Keio Univer- 
sity. 

2.2. Chemicals 

Chemicals and materials were obtained from the fol- 
lowing sources: 2-deoxy-D-[1-14C]glucose ([14C]deoxy- 
glucose; specific activity, 2.0 GBq/mmol), L-[U-14C]lac- 
tate ([14C]lactate; specific activity, 4.84 GBq/mmol), 
[1-14C]pyruvate ([14C]pyruvate; specific activity, 0.67 
GBq/mmol), [1-14C]acetate ([14C]acetate; specific activ- 
ity, 2.09 GBq/mmol), Insta-Fluor Plus and hyamine hy- 
droxide 10-X were obtained from Perkin-Elmer Life 
Sciences (Boston, MA, USA); Dulbecco’s modified Ea- 
gle medium with or without glucose, penicillin, and 
streptomycin were obtained from Life Technologies 
(Grand Island, NY, USA); defined fetal bovine serum 
was obtained from HyClone Laboratories (Logan, UT, 
USA); trypsin-EDTA was obtained from Boehringer 
Mannheim (Indianapolis, IN, USA); and all other che- 
micals were obtained from Sigma (St Louis, MO, USA). 

2.3. Preparation of Cells 

Primary astroglial cultures were prepared from the 
cerebral cortex of rat pups 24 to 48 hours after birth [20]. 
The dissociated cells from the frontoparietal cortices (2.5 
× 105 cells/mL) were plated (15 mL/flask) in uncoated 
75-cm2 culture flasks (Sumitomo Bakelite, Tokyo, Japan) 
and cultured in a high-glucose medium (final concentra- 
tion, 22 mM of glucose) comprised of Dulbecco’s modi- 
fied Eagle medium with 10% (v/v) fetal bovine serum, 
penicillin (100 U/mL), and streptomycin (100 μg/mL) at 
37˚C in humidified air containing 7% CO2 (day 0). The 
culture medium was changed every two days until the 
cultures reached confluence (usually on day 9 to 11). On 

day 10, the adherent cells were treated with trypsin- 
EDTA solution, suspended in fresh high-glucose medium, 
and placed in uncoated 24-well culture plates (Sumitomo 
Bakelite, Tokyo, Japan) or in 25-cm2 culture flasks 
(Nalge Nunc., Rochester, NY, USA). From the day after 
subculturing, some of the cells were cultured in a low- 
glucose medium (final concentration, 5 mM of glucose) 
comprised of Dulbecco’s modified Eagle medium with- 
out glucose but supplemented with D-glucose, fetal bo- 
vine serum, penicillin, and streptomycin. The culture 
medium was changed twice a week, and the cells were 
used once they reached confluence (days 22 to 24). 

The primary neuron culture was prepared from the 
striata of fetal rats on embryonic day 16, as described 
previously [20]. The mechanically dissociated cells were 
placed (0.4 mL/well) in 24-well culture plates or 25-cm2 
culture flasks coated with poly-L-lysine (5 μg/mL). Cells 
were cultured in high-glucose (final concentration, 22 
mM) Dulbecco’s modified Eagle medium at 37˚C in 
humidified air containing 7% CO2. Cytosine arabinoside 
(10 μmol/L) was added 72 hours later to induce the mi-
totic arrest of the astroglia. Assays were performed using 
cultures that were 8 to 10 days old. The nutrient medium 
remained untouched until the experiments were initiated. 

2.4. Assay for 2-Deoxy-D-[1-14C]Glucose  
Phosphorylation 

The rates of glucose phosphorylation in neurons and 
astroglia were evaluated using the [14C]deoxyglucose 
method [20,21], which is an indicator of total glucose 
utilization. The culture medium was replaced by 0.4 mL 
of Dulbecco’s balanced salt solution (DBSS) containing 
110 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM 
MgSO4, 0.9 mM NaH2PO4, and 44 mM NaHCO3 with 2 
mM glucose and 10 mL of [14C]deoxyglucose (3.7 
MBq/mL); incubation was continued for 30 minutes at 
37˚C, 7% CO2. At the end of the incubation period, the 
DBSS was replaced by a fresh reaction mixture lacking 
[14C]deoxyglucose; incubation was continued at 37˚C, 
7% CO2 for 5 minutes to allow the efflux of residual 
[14C]deoxyglucose from the cells. The cell carpets were 
washed quickly three times with ice-cold PBS and di- 
gested in 0.2 mL of 0.1 mM NaOH at room temperature. 
The cell digests were then assayed for protein content 
using the bicinchoninic acid method [22], and the 14C 
count was measured using a liquid scintillation counter 
(Tri-Carb 3100TR; Perkin-Elmer Life Sciences, Boston, 
MA, USA). 

2.5. Measurement of the Rate of  
L-[U-14C]Lactate, [1-14C]Pyruvate, and  
[1-14C]Acetate Oxidation to 14CO2 

The rate of [14C]lactate, [14C]pyruvate, and [14C]ace- 
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tate oxidation to 14CO2 was measured using a modifica- 
tion of a previously described method [19], which is an 
indicator of oxidative glucose metabolism. After cells 
cultured in 25-cm2 culture flasks were washed twice with 
PBS, 2.5 mL of DBSS containing 2 mM of lactate and 
2.5 μL of [14C]lactate (original concentration: 3.7 MBq/ 
mL), 2 mM of pyruvate and 2.5 μL of [14C]pyruvate 
(original concentration: 18.5 MBq/mL), or 0.2 mM of 
acetate and 0.25 μL of [14C]acetate (original concentra- 
tion: 37 MBq/mL) was added to the flasks. The culture 
flasks were then capped with rubber stoppers containing 
a center well and incubated at 37˚C for 60 minutes. The 
14CO2 produced was trapped by a cotton ball placed in 
the center well containing 100 μL of hyamine hydroxide 
10-X. The reactions were terminated by the injection of 
250 μL of 60% perchloric acid through the rubber stop- 
per, and the flasks were kept at 4˚C overnight to trap the 
14CO2. The center wells were transferred to 20-mL glass 
scintillation counter vials, and 500 μL of ethanol and 10 
mL of Insta-Fluor Plus were added. The 14C contents of 
the vials were then evaluated using a liquid scintillation 
counter. [23] reported that substantial 14C counts were 
obtained from a flask without cells. Therefore, the 14C 
counts obtained from a flask without cells in which the 
reaction had been stopped at 60 mins were regarded as 
the background values and were subtracted in our studies. 
The cell carpets left in the incubation flasks after the 
removal of the reaction mixtures were then digested with 
5 mL of 0.1 M NaOH, and their protein contents were 
determined. 

2.6. Statistical Analyses 

Statistical comparisons among the values obtained for 
each group were carried out using grouped t-tests. A 
P-value of <0.05 was considered statistically significant. 
For each experiment, at least three sets of assays were 
performed on different batches of cell preparations, and a 
set of representative data (mean ± SD) was presented in 
each figure or table. 

3. RESULTS 

3.1. Effects of a High Glucose Culture  
Medium on [14C]Deoxyglucose  
Phosphorylation and [14C]Lactate or  
[14C]Pyruvate Oxidation to 14CO2 in  
Neurons 

As reported previously [19], reducing the glucose 
concentration of a culture medium to 2 mM elicits an 
increase in the oxidative glucose metabolism of cultured 
rat astroglia. However, the effect of different concentra- 
tions of glucose in culture media on total glucose utilize- 
tion or glucose oxidation in neurons remains to be evalu- 

ated. Therefore, we first compared the rates of [14C]de- 
oxyglucose phosphorylation (total glucose utilization) in 
neurons cultured in the presence of 5 mM of glucose 
with those cultured in the presence of 22 mM of glucose. 
As shown in Table 1, no difference was found in the 
rates of [14C]deoxyglucose phosphorylation in astroglia 
cultured under the two different glucose conditions, con-
firming our previous results [19]. No difference in the 
rates of [14C]deoxyglucose phosphorylation was noted in 
the neuronal cultures, either. Under both conditions, the 
rates of [14C]deoxyglucose phosphorylation were higher 
in the astroglia than in the neurons. 

Secondly, we examined the oxidation of [14C]lactate to 
14CO2 (oxidative glucose metabolism) in neurons and 
astroglia cultured in media with high (22 mM) or low (5 
mM) glucose concentrations. As reported previously [19], 
[14C]lactate oxidation was suppressed in the astroglia that 
had been cultured in the presence of 22 mM of glucose, 
compared with those that had been cultured in the pres- 
ence of 5 mM of glucose (Table 2). The rates of 
[14C]lactate oxidation in neurons, however, showed no 
statistically significant difference after 7 days of cultiva- 
tion in the presence of 5 mM or 22 mM of glucose (Ta-
ble 2). 

To verify that the increases in [14C]lactate oxidation to 
14CO2 in astroglia were not attributable to the cellular 
uptake of lactate, the time course of [14C]lactate accu- 
mulation in the cells was also observed. Figure 1 shows 
that 14C accumulated in a linear manner during the initial 
10 - 30 minutes and then gradually leveled off thereafter.  
 
Table 1. [14C]Deoxyglucose phosphorylation (pmol deoxyglu- 
cose/μg protein/60 min) by astroglia and neurons grown in 
high-(22 mM) or low-(5 mM) glucose medium. 

 High-glucose medium Low-glucose medium 

Astroglia 2.6 ± 0.7a (n = 8) 2.4 ± 0.9 (n = 8) 

Neurons 1.0 ± 0.02a,b (n = 4) 1.0 ± 0.2b (n = 4) 

Values are the mean ± SD of number (n) of experiments carried out under 
the same conditions; aNot significant between cells cultured in high- and 
low-glucose medium (grouped t-test); bP < 0.01 vs. astroglia cultured in 
high- or low-glucose medium (grouped t-test). 
 
Table 2. [14C]Lactate oxidation to 14CO2 (pmol lactate/μg pro-
tein/60 min) by astroglia and neurons grown in high-(22 mM) 
or low-(5 mM) glucose medium. 

 High-glucose medium Low-glucose medium 

Astroglia 2.3 ± 0.5a (n = 4) 4.8 ± 0.4 (n = 4) 

Neurons 10.7 ± 1.6b,c (n = 4) 12.3 ± 1.5c (n = 4) 

Values are the mean ± SD of number (n) of experiments carried out under 
the same conditions. aP < 0.01 vs. astroglia cultured in low-glucose medium 
(grouped t-test). bNot significant vs. neurons cultured in low-glucose me- 
dium (grouped t-test). cP < 0.01 vs. astroglia cultured in high- or low-glu- 
cose medium (grouped t-test). 
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Figure 1. Time courses of [14C]lactate accumulation in astro- 
glia cultured in the presence of high (22 mM) or low (5 mM) 
glucose concentrations. Values are the mean ± SD of quadru- 
plicate wells. Closed squares indicate cells cultured in high- 
glucose conditions, and open squares indicate those cultured in 
low-glucose conditions. 
 
No difference was observed in the uptake process be- 
tween astroglia cultured in the presence of 5 mM or 22 
mM of glucose, indicating that the decreased production 
of 14CO2 from [14C]lactate did not reflect an alteration of 
uptake by monocarboxylate transporters (MCTs), but the 
oxidation of [14C]lactate. 

Finally, we examined the oxidation of [14C]pyruvate to 
14CO2 (an indicator of oxidative glucose metabolism, 
especially pyruvate dehydrogenase; PDH) in neurons and 
astroglia cultured in media with high (22 mM) or low (5 
mM) glucose concentrations. Similar to the changes in 
lactate oxidation, [14C]pyruvate oxidation was markedly 
suppressed in the astroglia that had been cultured in the 
presence of 22 mM of glucose, but not in neurons (Table 
3). 

3.2. Acute Effect of Changing Glucose  
Concentrations on [14C]Lactate  
Oxidation and [14C]Deoxyglucose  
Phosphorylation in Astroglia 

Next, we evaluated the effects on oxidative glucose 
metabolism of exposing astroglia to media containing 
high (22 mM) or low (5 mM) glucose concentrations for 
24 hours. Twenty-four-hour exposure to a high glucose 
medium after cultivation in a low-glucose medium re- 
sulted in a significant decrease (p < 0.01, grouped t-test) 
in [14C]lactate oxidation in astroglia (2.9 ± 0.5 pmol lac- 
tate/μg protein/60 min, mean ± SD, n = 4), compared 
with that in cells cultured in the presence of a low glu- 
cose concentration (4.8 ± 0.4, n = 4) (Figure 2). In con- 
trast, 24-hour exposure to a low glucose concentration 
after cultivation in a high-glucose medium did not affect 
[14C]lactate oxidation in the astroglia (Figure 2).  
Despite the fact that fluctuating glucose concentrations 

altered the rates of [14C]lactate oxidation, the rates of 
[14C]deoxyglucose phosphorylation in the astroglia re-  

Table 3. [14C]Pyruvate oxidation to 14CO2 (pmol pyruvate/μg 
protein/60 min) by astroglia and neurons grown in high-(22 
mM) or low-(5 mM) glucose medium. 

 High-glucose medium Low-glucose medium 

Astroglia 21.8 ± 3.9a (n = 4) 34.9 ± 3.6 (n = 4) 

Neurons 52.0 ± 4.2b,c (n = 4) 54.5 ± 1.7c (n = 4) 

Values are the mean ± SD of number (n) of experiments carried out under 
the same conditions. aP < 0.01 vs. astroglia cultured in low-glucose medium 
(grouped t-test). bNot significant vs. neurons cultured in low-glucose me- 
dium (grouped t-test). cP < 0.01 vs. astroglia cultured in high- or low-glu- 
cose medium (grouped t-test). 
 

 

Figure 2. Acute effect of changing glucose concentrations on 
[14C]lactate oxidation in astroglia. Cells were cultured in the 
presence of the glucose concentration indicated below each 
column; 24 hours prior to the assay, the glucose concentration 
was changed as indicated. The column heights and error bars 
represent the mean and SD (n = 4). *P < 0.01 vs. corresponding 
astroglia cultured in 5 mM of glucose (grouped t-test). n.s.; not 
significant between astroglia exposed to 5 mM of glucose and 
corresponding astroglia cultured in the presence of 22 mM of 
glucose (grouped t-test). 
 
mained totally unchanged (Figure 3). 

3.3. Oxidation of [14C]Acetate in Astroglia as  
a Result of Chronic and Acute  
Fluctuations in Glucose Concentrations 

Acetate is known to be taken up by specific MCTs ex-
pressed on astrocytes, but not on neurons [23,24]. In as- 
troglia, acetate is converted to acetyl-CoA by acetate- 
CoA ligase, then, it enters the tricarboxylic acid (TCA) 
cycle and produces CO2. Figure 4 shows that the rates of 
[14C]acetate oxidation, as measured by 14CO2 production, 
were markedly higher in astroglia than in neurons. In fact, 
[14C]acetate oxidation in neurons cultured in either a 
high- or low-glucose medium was negligible (Figure 4, 
right). In astroglia, however, cultivation in a high-glu- 
cose medium elicited a statistically significant (P < 0.01)  
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Figure 3. Acute effect of changing glucose concentrations on 
[14C]deoxyglucose phosphorylation in astroglia. Cells were 
cultured in the presence of the glucose concentration indicated 
below each column; 24 hours prior to the assay, the glucose 
concentration was changed as indicated. The column heights 
and error bars represent the mean and SD of [14C]deoxyglu- 
cose phosphorylation (n = 8). n.s.; not significant between as- 
troglia exposed to 22 mM or 5 mM of glucose and correspond- 
ing astroglia (grouped t-test). 
 

 

Figure 4. Rates of [14C]acetate oxidation in astroglia (left) and 
neurons (right) cultured in the presence of high (22 mM) or low 
(5 mM) glucose concentrations. [14C]acetate oxidation was 
much higher in astroglia than in neurons. A low-glucose condi- 
tion caused a significant increase in the rate of [14C]acetate 
oxidation only in astroglia. *P < 0.01 between astroglia cul- 
tured in the presence of 22 mM or 5 mM of glucose (grouped 
t-test). n.s.; not significant between neurons cultured in the 
presence of 22 mM or 5 mM of glucose (grouped t-test). 
 
decrease in the rate of [14C]acetate oxidation, compared 
with astroglia cultured in a low-glucose medium (Figure 
4, left). 

The initial rates of uptake of [14C]acetate by astroglia 
cultured in the presence of 5 or 22 mM of glucose did 
not differ (Figure 5), indicating that transport processes 
into astroglial cells via MCTs were not responsible for 
the difference.  
 Finally, the effect of an acute exposure to changing 

glucose concentrations on [14C]acetate oxidation was 
evaluated in astroglia. As shown in Figure 6, 24-hour  

 

Figure 5. Time courses of [14C]acetate accumulation in astro- 
glia cultured in the presence of high (22 mM) or low (5 mM) 
glucose concentrations. Values are the mean ± SD of quadru- 
plicate wells. Closed squares indicate cells cultured in high- 
glucose conditions, and open squares indicate those cultured in 
low-glucose conditions. *P < 0.01 between astroglia cultured in 
the presence of 22 mM or 5 mM of glucose (grouped t-test) at 
60 minutes. 
 

 

Figure 6. Acute effect of changing glucose concentrations on 
[14C]acetate oxidation in astroglia. Cells were cultured in the 
presence of the glucose concentration indicated below each 
column; 24 hours prior to the assay, the glucose concentration 
was changed as indicated. The column heights and error bars 
represent the mean and SD of [14C]acetate oxidation (n = 4). 
n.s.; not significant between astroglia exposed to 22 mM or 5 
mM of glucose and corresponding astroglia (grouped t-test). 
 
exposure to a high glucose concentration suppressed the 
rates of [14C]acetate oxidation in astroglia that had been 
cultured in a low-glucose medium. In contrast, acute 
exposure to a low glucose concentration did not elicit a 
significant alteration in [14C]acetate oxidation, similar to 
the results observed for [14C]lactate oxidation.  

4. DISCUSSION 

Normal brain function depends on the complete oxida- 
tion of glucose [25,26]. In fact, glucose is the sole energy 
substrate of the brain under normal physiological condi- 
tions. Under resting condition, the ratio between CMRO2/ 
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CMRglc is close to 6.0 [25], which is the theoretical value 
for the complete oxidation of glucose even though the 
ratio may temporarily decrease to 5.0 during functional 
activation [27]. Although the brain as a whole metabo- 
lizes glucose oxidatively, the differences in glucose me- 
tabolism in neurons and astroglia remain uncertain 
[28-30].  

Glucose in plasma is transported into the brain by fa- 
cilitated diffusion through a glucose transporter, design- 
nated Glut1, on the endothelium. The glucose concentra- 
tion of the extracellular fluid in rat brain is approxima- 
tely 0.5 to 3.3 mM [31,32], and this concentration can 
increase as the plasma glucose concentration rises both 
acutely [32] and chronically [33]. Acute hyperglycemia 
does not alter the CMRglc [12,13]. However, whether 
chronic hyperglycemia decreases [12] or increases the 
CMRglc [14] remains controversial. Although fluctuating 
plasma glucose concentrations have been implicated in 
the pathogenesis of diabetic angiopathy [5,6], the effects 
on brain energy metabolism have not been examined 
extensively. 

Diabetes mellitus has been reported to be a risk factor 
for dementia [2], not only as a result of cerebrovascular 
events, but also because of direct damage to neural cells 
(i.e., diabetic encephalopathy). The exact mechanisms by 
which neuronal injury occurs, however, remain uncertain. 
[3,4] postulated that ROSs play a pivotal role. A sus- 
tained hyperglycemic state causes an increased influx to 
the glucose metabolic pathway, resulting in the overac- 
tivity of the TCA cycle and the mitochondrial respiratory 
chain. Eventually, these pathways lead to the overpro- 
duction of ROSs and cellular damage. Although the oxi- 
dative metabolism of glucose, at least in neurons, is 
obligatory to normal brain function, it could act as a 
double-edged sword. The role of astroglia in the patho- 
genesis of diabetic encephalopathy and in terms of ROSs 
generation, however, has not been examined.  

The major finding of the present study is that an ele- 
vated glucose concentration does not affect total glucose 
utilization, as assessed by monitoring [14C]deoxyglucose 
phosphorylation, or the oxidative metabolism of glucose, 
as assessed by monitoring [14C]lactate oxidation in neu- 
rons. In astroglia, on the other hand, oxidative metabo- 
lism (but not total glucose utilization) is suppressed by 
short-term or chronic increases in the environmental 
glucose concentration. 

Energy production in astroglia is thought to be de- 
pendent on glycolysis, rather than oxidative metabolism. 
Recent findings, however, have revealed that oxidative 
metabolism in astrocytes in vivo is comparable to that in 
neurons both in vitro and in vivo [18]. We previously 
reported that the environmental glucose concentration is 
the major determinant of astroglial metabolism, in terms 

of glycolysis, rather than glucose oxidation [19]. A high 
glucose concentration reportedly elicits an increase in 
glucose utilization and lactate production in cultured 
astroglia [34,35]. However, the present results suggest 
that even acute hyperglycemia can elicit enhanced gly- 
colysis in astroglia. 

The suppression of oxidative metabolism of lactate or 
pyruvate (substrates for TCA cycle) was not caused by 
the decreased uptake by MCTs because the time courses 
of [14C]lactate uptake were similar in cultures with both 
glucose concentrations. Instead, the inactivation of PDH 
was thought to be the most likely mechanism, which was 
supported by the decreased oxidation of [14C]pyruvate. 
To further explore the effect of high glucose environ- 
ments on TCA cycle activity, we examined the oxidation 
of acetate, an astrocyte-specific reporter molecule. Ace- 
tate normally exists in the plasma at a low concentration 
and is taken up only by astrocytes, where it then enters 
the TCA cycle without the involvement of PDH. This 
molecule, therefore, has been used to assess the oxidative 
metabolism of astrocytes both in vitro [23,24] and in vivo 
[36-38]. The decreased production of 14CO2 from 
[14C]acetate by astroglia induced by exposure to a high 
glucose concentration, either acutely or chronically, in- 
dicates that not only PDH activation, but also the activa- 
tion of the TCA cycle overall is involved. The exact 
mechanism by which a high glucose concentration de- 
creases oxidative glucose metabolism remains uncertain.  

The decreased activity of TCA cycle irrespective of 
the unaltered total glucose utilization in astroglia indi- 
cates that glycolysis and lactate production could be en- 
hanced in these cells under hyperglycemia. The glycoly- 
sis, especially its shunt pathway of glucose metabolism; 
pentose-phosphate pathway has been implicated to pos- 
sess an important protective mechanism against ROS in 
concert with glutathione [39]. The fate of the increased 
lactate produced in vivo should be examined, since lac- 
tate can be used as an alternative energy source for neu- 
ronal oxidative phosphorylation. Conversely, [40] re- 
ported that astrocytic oxidative metabolism is essential to 
memory formation in young chicks. If persistent hyper- 
glycemia suppresses oxidative metabolism in astroglia in 
vivo, it could affect intellectual function and might act as 
a direct causative mechanism of diabetic encephalopathy. 

5. CONCLUSION 

In conclusion, fluctuations in environmental glucose 
concentration do not alter glucose metabolism in neurons. 
In contrast, increasing the concentration of glucose, ei- 
ther acutely or chronically, suppresses oxidative metabo- 
lism in astroglia. These different responses of neurons 
and astroglia may shed new light on brain energy me- 
tabolism in diabetic patients with fluctuating plasma 
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glucose concentrations. 
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