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Reexamination of Glucose-6-Phosphatase Activity in the 
Brain in Vivo: No Evidence for a Futile Cycle 

Abstract. Glucose-6-phosphatase activity in the rat brain in vivo was estimated by 
measuring the differential loss of tritium and carbon-14 from the glucose pool labeled 
by a mixture of [2-3H]glucose and [ ~ - ' ~ ~ ] ~ l u c o s e .  The resultsprovide no evidence of 
signijicant dephosphorylation of glucose-6-phosphate and do not support the hy- 
pothesis of a futile cycle involving glucose-6-phosphatase activity in the brain. 
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It is widely believed that the mammali- 
an brain is not a gluconeogenic organ and 
contains negligible glucose-6-phospha- 
tase (G6Pase) activity (I). The presence 
of G6Pase in the brain has been demon- 
strated by histochemistry (2, 3), but 
quantitative assays of the enzyme activi- 
ty in cerebral tissues in vitro have usual- 
ly shown it to be a small fraction of that 
of known gluconeogenic organs, such as 
liver and kidney (4,5), and supported the 
view that G6Pase activity has little, if 
any, role in the carbohydrate metabolism 
of the brain. This belief was recently 
challenged by Huang and Veech (6), who 
reported that there was sufficient G6Pase 
activity in the rat brain to maintain a 
steady-state hydrolysis of glucose-6- 
phosphate (G6P) equal to at least 35 
percent of its rate of formation by hexo- 
kinase-catalyzed phosphorylation of glu- 
cose. Since the brain has a very high rate 
of glucose utilization (7), a rate of de- 
phosphorylation of G6P equal to one- 
third the rate of glucose phosphorylation 
by hexokinase would represent a level of 
G6Pase activity approaching that found 
in the rat liver after feeding (8). 

Huang and Veech injected a mixture 
of [2-3~]glucose and [U-'4C]glucose into 
one carotid artery of rats, removed the 
brains by freeze-blowing (9) at various 
times up to 5 minutes later, separated 
free glucose from the tissue, and deter- 

mined its 3 ~ / ' 4 C  ratio by liquid scintilla- 
tion counting. The principle behind these 
procedures is as follows. Any [2-3H]glu- 
cose metabolized as far as fructose-6- 
phosphate in the glycolytic pathway 
loses most of the 3~ label, but ['4C]fruc- 
tose-6-phosphate retains the I4C (8). 
Some fructose-6-phosphate is converted 
back to G6P by reversal of the reaction 
catalyzed by hexosephosphate isomer- 
ase, and, if there is G6Pase activity, the 
glucose moiety is returned to the free 
glucose pool with its I4C but without 3H. 
The 3 ~ / ' 4 C  ratio in the free glucose pool 
should then decline progressively with 
time if there is G6Pase activity. Huang 
and Veech reported such a decline, sug- 
gesting previously unsuspected levels of 
G6Pase activity in the brain. 

A key issue is the purity of the free 
glucose pool in which they measured the 
3H/'4C ratio. Most products of glucose 
metabolism beyond the G6P step lose the 
3H but not the I4C label; if any of these 
products were to contaminate the glu- 
cose fraction, they would lead to low 3H/ 
I4C ratios. In their experiments Huang 
and Veech relied on Dowex 1-formate 
and Dowex 1-borate column chromatog- 
raphy of perchloric acid extracts of the 
brain tissue for purification of the glu- 
cose. In a subsequent study (10) they 
added derivatization of the glucose frac- 
tion by hexokinase-catalyzed phospho- 
rylation. 

We repeated the experiments of 
Huang and Veech (6) but with special 
efforts to ensure the purity of the glucose 
fraction in which the 3 ~ / ' 4 ~  ratio was 
measured. Normal male Sprague-Daw- 
ley rats (330 & 9 g) were anesthetized 
with pentobarbital (30 mglkg, intraperi- 
toneally), and one femoral artery and 
one external carotid artery were cathe- 

terized in each animal. The carotid cath- 
eter was inserted 5 mm past the carotid 
bifurcation into the common carotid ar- 
tery. Both catheters were secured by 
ligatures. In one group of seven rats the 
internal carotid artery contralateral to 
the side of catheterization was ligated as 
in the studies of Huang and Veech (6). 
Because these animals occasionally ex- 
hibited neurological and behavioral de- 
fects at the time of the experiment, a 
second group of eight animals was simi- 
larly prepared except that the contralat- 
era1 internal carotid artery was not per- 
manently ligated but was encircled with 
a loose ligature that was temporarily 
pulled taut during injection of the labeled 
glucose through the carotid catheter to 
ensure bilateral distribution of tracer. 

Approximately 24 hours after surgery 
a mixture of 50 p.Ci of [2-3H]glucose, 5 
pCi of [ ~ - ~ ~ C ] g l u c o s e  (1 I) ,  and 5.1 mM 
glucose in 0.05 ml of 0.9 percent saline 
was injected through the carotid cathe- 
ter. At various times between 2 and 7 
minutes after the injection the brain was 
removed by freeze-blowing (9). Several 
blood samples were drawn from the fem- 
oral artery at various times during the 
interval between the injection of labeled 
glucose and freeze-blowing. 

The frozen brains were powdered un- 
der liquid nitrogen in a cryostat at -35OC 
and perchloric acid (0.6M) extracts of 
the brain tissue and plasma were pre- 
pared. Acidic metabolites were removed 
from the neutralized supernatant frac- 
tions by passage through columns con- 
taining 2 ml of Dowex AG 1-X8 formate 
(200 to 400 mesh). After adjustment of 
the pH of the effluent to 4.0, basic 
metabolites were removed by cation-ex- 
change chromatography on columns 
with 2 ml of Dowex AG 50-X8 H' (200 to 
400 mesh). The final effluent contained 
approximately 96 percent of the glucose 
originally present in the perchloric acid 
extracts. Tritiated water released by the 
metabolism of [2-3H]glucose was also 
present. 

The extracts, now depleted of all an- 
ionic and cationic metabolic products of 
glucose metabolism, were evaporated to 
dryness to eliminate the [3H]H20 and 
chromatographed as 4-cm bands on 
Whatman 3MMChr paper in the ascend- 
ing direction with a solvent system con- 
sisting of isobutyric acid, water, and 
concentrated ammonium hydroxide 
(66:33: 1 by volume). ['4C]Glucose stan- 
dards were chromatographed in parallel 
lanes on the same chromatographic pa- 
pers. Bands migrating to the same posi- 
tion relative to the solvent front (RF) as 
authentic [ '4~]glucose were eluted with 
water; this eluate contained 25 to 40 
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percent of the total I4C applied to the 
chromatogram. Half of each of these 
samples was assayed for 3H and I4C 
concentrations by liquid scintillation 
counting calibrated with internal [3H]to- 
luene and ['4C]toluene standards; the 
other halves were converted to G6P by 
incubation with adenosine triphosphate, 
yeast hexokinase, and MgClz and chro- 
matographed on paper as before. Bands 
migrating with the same RF as authentic 
[I4C]G6P were eluted with water and 
assayed to determine the 3 ~ / ' 4 C  ratios. 

The 3 ~ / ' 4 C  ratios of the plasma and 
brain extracts were normalized to the 
3 ~ / ' 4 C  ratio of the injectant used in each 
experiment. The 3 ~ / ' 4 C  ratios of the 
injectants were determined in samples 
purified by the same procedures used for 
the plasma and brain extracts to elimi- 
nate radiochemical impurities that might 
have contaminated the injected labeled 
glucose. Best-fitting straight lines repre- 
senting the normalized 3H/'4C ratios of 
the labeled glucose and its G6P deriva- 
tive with respect to time were calculated 
by least-squares regression. 

The results for the two groups did not 
differ significantly and therefore were 
pooled for statistical analysis. The glu- 
cose fractions separated from plasma 
showed a slight, progressive decline in 
the 3 ~ / ' 4 C  ratio below that of the injec- 
tant over the 2- to 7-minute interval after 
injection (Fig. 1A); this decline probably 
reflects the consequences of glucose me- 
tabolism throughout the body. The glu- 
cose fractions from the brain showed a 

slightly greater progressive decline in 
3H/'4C ratios, but the difference was not 
statistically significant (Fig. lB), indicat- 
ing no differential loss of 3H and I4C in 
the glucose pool in the brain. 

To ensure that the 3 ~ / ' 4 C  ratios repre- 
sented uncontaminated glucose, portions 
of the fractions derived from plasma, 
brain, and injectants were derivatized to 
G6P by hexokinase-catalyzed phospho- 
rylation. The labeled G6P was separated 
by paper chromatography and assayed to 
determine the 3H/'4C ratios. The frac- 
tions from plasma so treated showed a 
statistically insignificant, time-depen- 
dent trend toward reduced 3 ~ / ' 4 C  ratios 
(Fig. 2A), and the fractions from brain 
tissue exhibited no greater change in 3H/ 
I4c ratio with time (Fig. 2B). In contrast 
to the results of Huang and Veech (6), 
there was no evidence of differential loss 
of 3H and I4C from glucose in the brain 
after intracarotid injection of [2-3H]glu- 
cose and [U-'4C]glucose. 

It appears that Huang and Veech inad- 
equately purified the fraction extracted 
from brain tissue which they designated 
as glucose and in which they measured 
the 3H/'4C ratio. The labeled glucose in 
brain tissue gives rise to many metabolic 
products, most of which lose the 3H but 
not I4C. Experiments in our laboratory 
have confirmed their results but have 
demonstrated that the sequential column 
chromatography of perchloric acid ex- 
tracts of brain tissue on Dowex AG 1-X8 
formate and Dowex AG 1-X8 borate 
does not isolate glucose uncontaminated 

by other labeled products. The eluate 
from the Dowex AG 1-X8 borate column 
does have a low 3 ~ / ' 4 C  ratio but con- 
tains several labeled components other 
than glucose when chromatographed on 
paper. At 7 to 8 minutes after the injec- 
tion, 40 to 50 percent of its I4C content 
are in contaminants that contain little 
tritium, but the 3 ~ / ' 4 ~  ratio in its glucose 
component is similar to that of the injec- 
tant. When the eluate from the Dowex 
AG 1-X8 borate column is chromato- 
graphed on a cation-exchange column, 
the 3 ~ / ' 4 C  ratio in the effluent is in- 
creased. Treatment of the effluent with 
glucose oxidase, which converts glucose 
to gluconic acid, and separation of this 
derivative by anion-exchange chroma- 
tography raises the 3 ~ / ' 4 ~  ratio to that of 
the plasma and close to that of the injec- 
tant. Hexokinase-catalyzed phosphoryl- 
ation of the eluate from the Dowex AG 1- 
X8 borate column is inadequate to en- 
sure purity of the glucose; hexokinase is 
less specific than glucose oxidase and 
would phosphorylate any fructose or glu- 
cosamine that might be present in that 
fraction. 

Our results do not support the finding 
of significant G6Pase activity in the brain 
in vivo. The activity of the small amount 
of enzyme that is present is limited by 
intracellular compartmentation. In the 
cell, G6Pase is present on the inner sur- 
faces of the cisterns of the endoplasmic 
reticulum (ER) (3, 12); the G6P is formed 
in the cytosol. In tissues with high glu- 
coneogenic activity there is a specific 

Time (minutes) 

Fig. 1 (left). Time course of 3H/14C ratios in glucose purified from plasma (A) and brain (B) after intracarotid injection of a mixture of [2- 
3H]glucose and [U-'4C]glucose. Symbols: (A) results for animals with carotid ligation contralateral to side of carotid catheterization and (e) 
results for animals with contralateral carotid obstruction only during the injection. The r represents the product-moment correlation coefficient of 
the normalized 3H/'4C ratio on the ordinate with respect to time; P represents the probability value of the correlation coefficient. Fig. 2 
(right). Time course of 3H/'4C ratios in G6P derivatized from the labeled glucose isolated from plasma (A) and brain (B) in Fig. 1. The symbols are 
explained in the legend to Fig. 1. 
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carrier in the ER that transports the 
substrate across the membrane to the 
phosphatase (12, 13). Karnovsky et al. 
(14) found that this carrier is absent in 
the brain and that G6P gains access to 
the phosphatase only by slow diffusion 
across the ER membrane. This would 
further slow the phosphohydrolytic ac- 
tivity of whatever G6Pase is present in 
the brain. 

The report of Huang and Veech (6) has 
led to debate on the role of G6Pase in the 
brain and to speculations about futile 
cycles in cerebral tissue (15). It has also 
been used to argue against the validity of 
the deoxyglucose method for measuring 
local utilization of glucose in the brain in 
animals and humans (6, 14), a method 
that in its earliest form assumed negligi- 
ble loss of deoxyglucose-6-phosphate in 
the brain during the experimental period 
(16). It now seems that such speculations 
and extrapolations are without founda- 
tion. 
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Regional Brain Dopamine Metabolism: A Marker for the 
Speed, Direction, and Posture of Moving Animals 

Abstract. Brain dopamine is necessary for normal movement. To determine 
whether there is a precise relation between the intensity of movement and changes in 
brain dopamine metabolism, the investigators ran rats on straight and circular 
treadmills at different speeds and with different body postures. Concentrations of 
dopamine and its metabolite 3,4-dihydroxyphenylacetic acid increased in the cau- 
date and accumbens nuclei in direct relation to the speed and angular posture of the 
animals. Dopamine metabolism in the nucleus accumbens was more strongly linked 
to the speed and direction of movement, while in the caudate nucleus dopamine and 
3,4-dihydroxyphenylacetic acid were affected most by posture and direction. 
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The neurotransmiter dopamine has an 
important role in the control of motor 
behavior. In patients with Parkinson's 
disease, loss of dopaminergic neurons 
leads to dopamine depletion in the brain 
and drastically reduced voluntary move- 
ment (I). Treatment with the dopamine 
precursor L-dopa can increase the dopa- 
mine concentration and restore motor 
function (2). Animal studies have provid- 
ed more detailed evidence about the neu- 
rophysiological action of dopamine. 
Electrical stimulation of the dopaminer- 
gic cells in the substantia nigra on one 
side of the brain causes animals to run in 
circles in a direction away from the stim- 
ulated side (3). The asymmetric move- 
ment is presumably the result of asym- 
metric release of dopamine in the cau- 
date and putamen, nuclei innervated by 
the substantia nigra. There is also func- 
tional specificity in the motor nuclei re- 
ceiving dopamine input. The caudate and 
putamen appear to regulate posture (4), 
while another dopaminergic structure, 
the nucleus accumbens, is more involved 
in the expression of general locomotor 
activity (5). 

We previously reported a new ap- 
proach to the study of the role of dopa- 
mine in movement (6). Rather than using 
electrical stimulation, drugs, or lesions 
to change brain physiology and behav- 
ior, we trained rats to turn in circles. We 
then looked for specific changes in dopa- 
mine metabolism produced by the act of 
running in circles. The results showed 
that the turning animals had increased 
release, synthesis, and catabolism of do- 
pamine in the caudate and accumbens 
nuclei on the side of brain contralateral 
to the circling direction. Because there 

were increases in both dopamine and its 
metabolite 3,4-dihydroxyphenylacetic 
acid (DOPAC), the increase in dopamine 
synthesis was even greater than the in- 
crease in the rate of dopamine release 
and metabolism. These results were evi- 
dence that a neurotransmitter could be 
selectively activated by voluntary motor 
behavior. 

We have now developed a series of 
motor tasks to determine whether there 
is a precise relation between the intensi- 
ty of motor behavior and the degree of 
activation of dopamine metabolism in 
the caudate and accumbens nuclei. We 
ran rats on powered straight, and circu- 
lar treadmills, with which we could regu- 
late the animals' speed and posture. To 
see whether movement of the head in 
space could change dopamine produc- 
tion, we also spun the animals in tube 
rotometers. 

Male Sprague-Dawley rats (300 to 350 
g) were run in three different treadmills 
and a tube rotometer. The animals had 
been deprived of water, and a water 
dropper was provided in front of each 
apparatus to keep them oriented in a 
forward-moving direction. They were 
run for one practice session on the day 
before the experiment to familiarize 
them with the apparatus. Motor behavior 
was allowed to proceed for 20 minutes 
and then the animals were killed. The 
caudate was removed from 0.0 to 1.5 mm 
anterior to bregma and dorsal to the 
anterior commissure (7). The nucleus 
accumbens was cut from a section 1.5 to 
3.0 mm anterior to bregma dorsal to the 
olfactory tubercle and ventral to the an- 
terior commissure. Tissues were assayed 
for dopamine and DOPAC by high-per- 
formance liquid chromatography with 
electrochemical detection (8). All data 
were analyzed by two-way analysis of 
variance followed by post hoc Dunnett's 
and Tukey's tests. 

In the first series of experiments, ani- 
mals were placed on a straight treadmill 
having a powered belt of emory cloth 10 
cm wide and 30 cm long. Groups of six 
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