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Physiological Stimulation Increases Nonoxidative Glucose 
Metabolism in the Brain of the Freely Moving Rat 
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Abstract: The effects of mild stress on nonoxidative glucose 
metabolism were studied in the brain of the freely moving 
rat. Extracellular lactate levels in the hippocampus and 
striatum were monitored at 2.5-min intervals with micro- 
dialysis coupled with an enzyme-based flow injection analy- 
sis system. Ten minutes of restraint stress led to a 235% 
increase in extracellular lactate levels in the striatum. A 5-  
min tail pinch caused an increase of 193% in the striatum 
and 170% in the hippocampus. Local application of tetro- 
dotoxin in the striaturn blocked the rise in lactate following 
tail pinch and inhibited the subsequent clearance of lactate 

The brain is fuelled almost entirely by the oxidative 
metabolism of glucose. The proportion of glucose that 
is broken down anaerobically has been estimated at 
5-lo%, providing less than 1% of the brain’s energy 
(Siesjo, 1978; Fox et al., 1988). This nonoxidative me- 
tabolism occurs despite adequate 0, tension (Siesjo, 
1978). 

There is growing evidence that transient increases 
in local nonoxidative glucose metabolism occur 
under a variety of conditions. Positron emission to- 
mography has been used to study brain metabolism 
during focal physiological neural activity in humans. 
Various forms of physiological stimulation lead to 
closely coupled increases in regional blood flow and 
glucose utilisation (Widen, 199 1). In some cases, glu- 
cose utilisation has been observed to increase out of 
proportion to the increase in 0, consumption. Visual 
or somatosensory stimulation led to such an increase 
in the nonoxidative breakdown of glucose (Fox and 
Raichle, 1986; Fox et al., 1988). In contrast, when 
subjects engaged in a visual imagery exercise, focal 

from the extracellular fluid. Local application of the non- 
competitive N-methyl-D-aspartate receptor antagonist MK- 
801 had no effect on the tail pinch-stimulated increase in 
lactate in the striaturn. These results show that mild physio- 
logical stimulation can lead to a rapid increase in nonoxida- 
tive glucose metabolism in the brain. Key Words: 
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increases in glucose consumption occurred with no 
evidence of any change in the degree of oxidative me- 
tabolism (Roland et al., 1987). These results suggest 
that some, but not all, forms of physiologic neural 
activity involve an increase in the nonoxidative me- 
tabolism of glucose. 

There is some controversy about the rate of lactate 
transport between blood and brain. Although a satura- 
ble carrier for lactate is present in the blood-brain 
barrier (BBB) (Oldendorf, 1973), a significant propor- 
tion of lactate transport is thought to occur by diffu- 
sion (Pardridge, 1983). Estimates of the efficiency of 
this transport vary (for discussion, see Pardridge, 
1983). However, direct measurement using microdial- 
ysis has shown that lactate transport across cell mem- 
branes is as much as two orders of magnitude faster 
than its transport to the blood (Kuhr et al., 1988). 
Brain extracellular lactate, as monitored with intra- 
cerebral microdialysis, has been shown to be of local 
origin and is not influenced by plasma levels (Kuhr et 
al., 1988). Local increases in lactate have been mea- 
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sured with microdialysis following spreading cortical 
depression (Scheller et al., 1992), ischaemia (Kuhr 
and Korf, 1988b), electroconvulsive shock (Kuhr and 
Korf, 1988a), and immobilisation stress (De Bruin et 
al., 1990). 

Although slow BBB transport would protect the 
brain from the large increases in plasma lactate that 
follow exercise (Pardridge, 1983), locally produced 
lactate must be dissipated in some way to prevent the 
accumulation of potentially toxic levels. High levels 
of lactic acid (20-30 mM) in brain tissue inhibit syn- 
aptic function (Walz and Harold, 1989) and are asso- 
ciated with cell death. Levels in this range have been 
recorded during ischaemia, hypoxia (Siesjo, 1978), 
and anoxia (Wagner et al., 1989), and lactic acid may 
play a role in the damage that follows such episodes 
(Norenberg et al., 1987; Choi, 1990). 

One possible mechanism for the local removal of 
lactate is reconversion to pyruvate, followed by oxida- 
tion via the Krebs cycle. Bachelard and Cox (1983) 
found that replacing glucose with pyruvate and ma- 
late in hippocampal slices maintained high-energy 
phosphate levels, but failed to support synaptic func- 
tion. However, recent work in the same preparation 
suggests that lactate produced within the brain could 
be used as a substrate for oxidation. Synaptic function 
was maintained in these preparations in the absence 
of glucose with lactate concentrations as low as 2 mM 
(Schurr et al., 1988). Schurr et al. (1988) postulate 
that lactate might become an important energy sub- 
strate in ischaemia or hypoglycaemia. 

In this study, we have investigated the degree of 
nonoxidative glucose metabolism that occurs in spe- 
cific regions of the brain under physiological condi- 
tions. Microdialysis coupled with an enzyme-based 
flow injection analysis allowed extracellular lactate to 
be monitored at 2.5-min intervals in the striatum and 
hippocampus of the freely moving rat (Boutelle et al., 
1992). This allowed us to study both lactate efflux 
into, and subsequent clearance from, the extracellular 
space in the presence and absence of locally applied 
drugs. Changes in neuronal activity were elicited by 
two forms of mild stress: restraint and tail pinch. We 
have previously observed changes in extracellular glu- 
cose levels and in regional blood flow in the awake rat 
with these forms of stress (Fellows et al., 1992b). 

MATERIALS AND METHODS 

Materials 
Lactate oxidase was purchased from Genzyme. Horserad- 

ish peroxidase (HRP) was from Boehringer-Mannheim. 
The silica beads used as the enzyme support substrate were 
from Merck. Tetrodotoxin (TTX), ferrocene monocarbox- 
ylic acid, and lactic acid were obtained from Sigma Chemi- 
cal Co. (+)-5-Methyl- 10,l I-dihydro-5H-dibenzo[u,& 
cyclohepten-5,lO-imine maleate (MK-80 1 )  was a gift from 
Merck, Sharpe and Dohme. Kathon CG was from Rohm 
and Haas. 

Enzyme-packed bed assay for lactate 
The dialysate was analysed for lactate using a flow injec- 

tion enzyme-based assay, which is described in detail else- 
where (Boutelle et al., 1992). Briefly, lactate oxidase and 
HRP were immobilised on silica beads, which were then 
packed into a small bed. A phosphate buffer containing the 
electrochemical mediator species ferrocene (composition: 
50 mMNa,HPO,, 1 mM EDTA, 0.5 mMferrocene mono- 
carboxylic acid, 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 by an HPLC pump (Pharmacia LKB 
2 150). Lactate was oxidised by lactate oxidase, producing 
hydrogen peroxide. HRP converted this to water, and was 
regenerated by the oxidation of the ferrocene species present 
in the buffer. The production of ferricinium was electro- 
chemically reversible and was detected by reduction at a 
downstream electrode controlled by a low-noise potentio- 
stat of our own design (Biostat 11, EMS, Oxford). The low 
potential of the electrode (0.0 V versus Ag/AgCl) prevented 
oxidation of other species in the dialysate, and a single peak 
was produced proportional to the lactate content of the sam- 
ple. The assay was linear over the range of lactate concentra- 
tions in dialysate. 

Probe construction 
The microdialysis probes were of concentric design, con- 

structed by inserting a plastic-coated silica tube (VS 170/ 
1 10; Scientific Glass Engineering) into a polyacrylonitrile 
dialysis fibre (0.d. 320 pm; Hospal, France). The fibre (total 
length 5-6 mm) was glued into a stainless steel cannula, 
leaving an active length of 4 mm, and the tip was sealed with 
epoxy. A second silica tube inserted into the cannula served 
as the outlet. 

Surgery 
Male Sprague-Dawley rats (200-300 g) were anaesthe- 

tised with a combination of fentanyl/fluanisone (0.25/0.8 
mg/kg i.p.) and midazolam (0.4 mg/kg i.p.) and placed in a 
stereotaxic frame. Body temperature was maintained at 
37°C with a heating pad (Sandown Scientific, U.K.). The 
microdialysis probe was implanted into the right striatum 
(from bregma: A/P: + 1 .O, M/L: +2.5; from dura: -8.5 mm) 
or the right hippocampus (from bregma: A/P: -4.8, M/L: 
+5.0; from dura: -8.5 mm) and secured with skull screws 
and dental acrylate. The animals were then allowed to re- 
cover for 24 h. Postoperative analgesia was provided in the 
form of a single injection of buprenorphine (0.1 mg/kg s.c.) 
given immediately after the implantation. The health of the 
animals was assessed following recovery according to pub- 
lished guidelines (Morton and Griffiths, 1985), and all pro- 
cedures were specifically licensed under the Animals (Scien- 
tific Procedures) Act, 1986. 

Experimental conditions 
Following surgery, the rats were housed in large plastic 

bowls (diameter 50 cm; Johnson’s Garden Centre, Oxford, 
U.K.), with free access to food and water. Experiments were 
carried out with the animal in its home bowl. On experimen- 
tal days, the probes were connected to a microinfusion 
pump (CMA Microdialysis) through a dual-channel liquid 
swivel (CMA Microdialysis), allowing the animals free 
movement. The probes were perfused with an artificial cere- 
brospinal fluid (aCSF; composition: 147 mM NaC1, 4.0 
mM, KC1, 1.2 mM CaCl,, 1 .O mM MgCl,), at 2 pl/min. 

The outflow of the microdialysis probe was connected via 
low dead volume FEP tubing (CMA Microdialysis) to a 22- 
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gauge square-ended injection syringe needle (Hamilton, 
Switzerland). The needle was inserted into the VISF- 1 injec- 
tion port of an HPLC valve (Valco C6W) mounted as part 
of a CMA/ 160 on-line injector (CMA Microdialysis). This 
arrangement allowed 5-pl dialysate samples to be injected 
automatically onto the enzyme-packed bed, providing on- 
line analysis of lactate at 2.5-min intervals. 

Tail pinch 
Gentle pressure was applied to the rat's tail for 5 rnin by 

means of a paper clip (wire loop type, 3.2 cm long) attached 
about 3 cm from the tip. This stimulus produces a stereo- 
typed gnawing behaviour (Antelman et al., 1975). The rat 
vigorously chewed a wooden stick held by the observer until 
the clip was removed. 

Restraint stress 
The rat was restrained for 10 rnin in a transparent, venti- 

lated box. The box was 6 X 6 cm in cross section. The rat 
was placed in the box, a collar was slid into place to prevent 
head movement, and the back panel was adjusted to keep 
the rat from backing out. The box prevented any move- 
ment, but did not compromise respiration and involved 
only minimal handling of the animal at the start of the pro- 
cedure. 

Drugs 
TTX was dissolved in aCSF and applied locally through 

the probe, at a concentration of 1 pA4. MK-801 was dis- 
solved in a minimal volume of ethanol and diluted to 0.1 
mM in a CSF. The final concentration of ethanol was 0.04% 
(vol/vol). This concentration did not affect tail pinch-stim- 
ulated increases in stnatal dopamine (Wheeler, 199 l), and 
so was not added to the corresponding control aCSF. The 
drugs were added to the perfusion fluid 30 min prior to the 
tail pinch. None of the compounds interfered with the de- 
tection of lactate at the applied concentrations. 

Data analysis 
All results are expressed as a percentage of the mean of 

baseline values 5 SEM. Statistical significance was assessed 
with the Mann-Whitney U test versus the last baseline 
point. Differences were considered significant at p < 0.05. 
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FIG. 1. The effect of 10 rnin of restraint stress (bar) on dialysate 
lactate levels in the striatum. Values are means k SEM (n = 4) 
expressed as a percentage of mean baseline levels. *p 4 0.05, 
Mann-Whitney U test versus last baseline point. 
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FIG. 2. The effect of a 5-min tail pinch (bar) on dialysate lactate 
levels in the striaturn (n = 5) and the hippocampus (n = 5). Values 
are means +- SEM expressed as a percentage of baseline levels. 
The lactate levels differ significantly from each other at 22.5 and 
25 rnin, indicated by daggers in the figure. The increases were 
significantly different from the last baseline point from 5 to 20 min 
in the striaturn indicated by asterisks below the traces, and from 5 
to 27.5 rnin in the hippocampus, indicated by asterisks above the 
traces. All comparisons were by the Mann-Whitney U test. ' p  
< 0.05; **p < 0.01. 

RESULTS 

Basal dialysate lactate levels 
The basal concentration of lactate in the dialysate 

was 96.6 -+ 4.2 pM in the hippocampus (n = 5 )  and 
86.5 * 5.2 ptM in the striatum (n = 15). Lactate levels 
were stable over the 4-5-h duration of the experi- 
ments. 

Effect of mild stress 
Ten minutes of restraint stress led to a large in- 

crease in dialysate lactate levels in the striatum, reach- 
ing 235 * 38% (n = 4) ofthe mean baseline value (Fig. 
1). Levels peaked 5 min after the start of the stress and 
returned to baseline after 17.5 min. 

A mild 5-min tail pinch caused an increase in dialy- 
sate lactate content in both the striatum and hippo- 
campus. The increase was of similar magnitude in 
both brain regions, reaching 193 * 13% of baseline 
values in the striatum and 169.8 k 14.2% of baseline 
in the hippocampus 10 rnin after the start of the stimu- 
lus (n = 5 for each region; Fig. 2). As with restraint 
stress, lactate levels in the striatum fell quite sharply 
following the tail pinch and returned to baseline after 
17.5 min. The increase in hippocampal lactate with 
tail pinch was considerably longer, only returning to 
basal levels 27.5 rnin poststimulus. 

Effect of local TI'X 
The local infusion of 1 ph4 TTX had no significant 

effect on basal striatal lactate levels. However, the tail 
pinch-induced increase in striatal lactate was atten- 
uated significantly in the presence of this blocker of 
voltage-sensitive sodium channels, reaching a Ievel 
only 144 * 9% of baseline compared with the maxi- 
mum increase of 193 * 13% observed in the control 
experiments (Fig. 3).  The increase in lactate during 
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FIG. 3. The effect of tail pinch (bar) on dialysate lactate levels in 
the striatum in the presence of 1 pM TTX (n = 5) applied through 
the dialysis probe, compared with the control response (n = 5). 
Values are means ? SEM expressed as a percentage of the mean 
baseline. *p < 0.05, **p < 0.01, Mann-Whitney U test compared 
to control values at each time point. The lactate levels in the pres- 
ence of TTX are significantly higher than the last baseline point 
from 5 to 47.5 rnin (Mann-Whitney U test versus last baseline 
point, p < 0.05). 
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the 5-min tail pinch was very similar in the presence 
or absence of TTX. However, the large increase that 
occurred immediately after the tail pinch under con- 
trol conditions failed to occur in the presence of TTX. 
In contrast to the control response, the TTX-insensi- 
tive increase in dialysate lactate that occurred during 
tail pinch did not return to baseline, remaining signifi- 
cantly elevated for at least 47.5 min. 

Effect of local MK-801 
The effect of N-methyl-D-aspartate (NMDA) recep- 

tor blockade was also examined. The noncompetitive 
inhibitor MK-80 1 was used, because the competitive 
inhibitors 2-amino-5-phosphonopentanoic acid (AP- 
5 )  and 2-amino-7-phosphonoheptanoic acid (AP-7) 
are strongly acidic and could interfere with the trans- 
port of lactate. The local application of 0.1 mM MK- 
801 beginning 30 min prior to the tail pinch had no 
significant effect on the increase in striatal lactate that 
followed this stimulus (Fig. 4). Lactate levels in- 
creased to a maximum of 16 1 +. 14% (n = 5) and were 
indistinguishable from control levels at all time 
points. The local application of MK-80 1 led to a slight 
decrease in basal dialysate lactate levels (data not 
shown). 

DISCUSSION 

The marked increase in extracellular lactate ob- 
served following both restraint stress and tail pinch 
demonstrates that there can be a significant increase 
in local nonoxidative metabolism as a result of mild 
physiological stimuli. This finding is somewhat sur- 
prising, because there is no shortage of O2 or glucose 
under these mild conditions, and the nonoxidative 
breakdown of glucose provides 1/18th the energy of 

aerobic metabolism. However, this result agrees with 
evidence from positron emission tomography studies 
in humans. These studies have found focal increases 
in glucose utilisation that are not matched by in- 
creased O2 metabolism following physiological forms 
of stimulation (Fox and Raichle, 1986; Fox et al., 
1988). There is also evidence for nonoxidative metab- 
olism from comparisons between [ '8F]fluorodeoxyglu- 
cose and 6-[ ''C]glucose autoradiography studies in 
rats (Ackermann and Lear, 1989; Lear and Acker- 
mann, 199 1). It appears that nonoxidative metabo- 
lism may be required to meet high-energy needs 
quickly, such as fuelling the Na+/K+-ATPase to re- 
store ionic gradients in the wake of a period of intense 
neuronal activity. 

The longer stress of restraint led to a slightly larger 
initial increase in lactate levels compared with the tail 
pinch response in the striatum. However, dialysate 
lactate returned to baseline within 17.5 rnin in both 
cases. The increase seen in hippocampal lactate fol- 
lowing tail pinch was of a similar magnitude to that 
observed in the striatum, but followed a slower time 
course, returning to baseline 27.5 rnin after the start 
of the stress. These differences in time course agree 
with the changes found in hippocampal 5-hydroxy- 
tryptamine and striatal dopamine and ascorbate fol- 
lowing tail pinch (Boutelle et al., 1990; Pei et al., 
1990), and hence probably reflect differences in the 
nature of the neuronal activity in the two regions fol- 
lowing this mild stress. These differences also support 
the view that the changes in extracellular lactate levels 
are not the result of increases in the plasma concen- 
tration. 

Schasfoort et al. (1988) reported only a slight and 
nonsignificant increase in striatal lactate efflux follow- 
ing 5 min of immobilisation stress, although they did 
observe significant increases in the hippocampus 
under these conditions. These changes, although con- 
siderably smaller than those reported here, neverthe- 
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FIG. 4. The effect of local 0.1 mM MK-801 pretreatment on the 
tail pinch-stimulated increase in striatal lactate levels. Values are 
means +- SEM expressed as a percentage of the mean baseline 
for both control (n = 5) and drug (n = 5) conditions. There was no 
significant difference between the response in the presence or 
absence of local MK-801 (Mann-Whitney U test, p > 0.05). 
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less follow a similar time course. The perfusion fluid 
used in their study contained 6 mM glucose, which is 
much higher than our estimate of 0.5 mM for the 
brain extracellular glucose concentration (Fellows et 
al., 1992~). We have found that including 10 mM 
glucose in the perfusion fluid significantly attenuates 
the tail pinch-stimulated increase in lactate (Fellows 
et al., in preparation). 

TTX had no effect on basal lactate efflux, confirm- 
ing a similar finding by Kuhr and Korf (19880) and 
Kuhr et al. (1988) following local application of a 
much larger dose. Cohen (1 985) argues that basal lac- 
tate production in the brain is a consequence of main- 
taining adequate levels of glucose and pyruvate. He 
suggests that appropriate supplies of these essential 
oxidative fuels are maintained in the brain by uptake 
of glucose from the blood that is greater than re- 
quired, with the excess constantly removed through 
anaerobic metabolism. Locally applied TTX leads to 
a marked and persistent increase in brain extracellu- 
lar glucose, as measured by microdialysis (Fellows et 
al., 1992~). This increase in local glucose supply with 
no change in lactate production argues against the 
suggestion that lactate is a metabolic safety valve in 
the brain. However, basal lactate release apparently is 
not linked directly to neuronal activity, either. 

In the presence of TTX, the tail pinch-stimulated 
increase in the striatum was attenuated, although not 
completely blocked. This concentration of TTX has 
been shown to block the increase in striatal dopamine 
that occurs during tail pinch. A considerable portion 
of the increase in lactate following tail pinch, particu- 
larly between 5 and 12.5 min post stimulus, would 
therefore appear to be related to increased local neuro- 
nal activity. The origin of the TTX-insensitive in- 
crease is not clear. 

Interestingly, TTX also affected the clearance of 
lactate from the extracellular fluid following tail 
pinch. As lactate transport into cells is much faster 
than that across the BBB, this result suggests that the 
mechanisms normally responsible for local removal 
of lactate following stimulation are inhibited in the 
presence of TTX. In slices and tissue homogenates, it 
has been shown that lactate can become a fuel for 
brain cells at concentrations as low as 2-3 mM(McI1- 
wain and Bachelard, 1985; Schurr et al., 1988). The 
metabolism of lactate in this way would also allow the 
brain to recover much of the potential energy lost dur- 
ing the nonoxidative breakdown of glucose. 

The effect of TTX following tail pinch suggests 
that, under normal circumstances, the increased lac- 
tate following physiological stimulation is removed 
partly by being metabolised in nearby cells. Further- 
more, it appears that this metabolism is not simply a 
mechanism for mopping up excess lactate, but is 
driven at least partly by neuronal energy require- 
ments. These requirements are reduced in the pres- 
ence of TTX, apparently leading to a decrease in the 
removal of lactate from the extracellular fluid. 

It has been postulated that NMDA receptors play a 
role in the accumulation of extracellular lactate fol- 
lowing stress. Kuhr and Korf (1 988b) have reported 
that the local administration of the competitive 
NMDA receptor antagonists AP-5 and AP-7 atten- 
uated the increase in lactate levels in striatal dialysate 
following electroconvulsive shock. Similarly, local ad- 
ministration of AP-5 and AP-7 reduced the increase 
in extracellular 1 actate observed in the hippocampus 
following handling or cold exposure (Schasfoort et al., 
1988). The increase in hippocampal lactate following 
immobilisation stress has also been shown to be re- 
duced in the presence of the noncompetitive NMDA 
receptor antagonist MK-80 1 (Korf et al., 199 1). 

In contrast, local infusion of MK-80 1 had no signifi- 
cant effect on the tail pinch-stimulated increase in 
striatal lactate levels (Fig. 4). The striatum receives 
glutamatergic inputs from the cortex (Girault et al., 
1986), and this concentration of locally applied MK- 
801 has been shown to abolish the tail pinch-stimu- 
lated increase in dopamine in the striatum monitored 
with microdialysis (Fillenz et al., 1991). The lack of 
effect of MK-80 1 on stimulated glucose metabolism 
suggests that the effects of NMDA receptor activation 
contribute very little to energy demands in the stria- 
tum following tail pinch. 

The results presented here demonstrate that even 
mild physiological stimulation can give rise to a signif- 
icant increase in the nonoxidative metabolism of glu- 
cose in the awake rat. The subsequent clearance of 
lactate from the extracellular space depends, at least 
in part, on local neuronal energy requirements. 
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