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Abstract: Microdialysis coupled with an enzyme-based 
flow injection analysis was used to monitor brain extracel- 
lular lactate and glucose in the freely moving rat. Glucose 
levels reflect the balance between supply from the blood 
and local utilisation, and lactate efflux indicates the degree 
of local nonoxidative glucose metabolism. Local applica- 
tion of tolbutamide, a blocker of the ATP-sensitive potas- 
sium channel, decreased extracellular glucose and lactate 
levels in the hippocampus but not in the striatum. The in- 
crease in glucose and lactate levels following mild be- 
havioural stimulation was also reduced by tolbutamide in 
the hippocampus. Similar effects on both basal and stimu- 
lated lactate levels were obtained with local application of 
10 mM glucose. These results indicate that ATP-sensitive 
potassium channels are active under physiological condi- 
tions in the hippocampus and that the effects of tolbuta- 
mide can be mimicked by physiological glucose levels. 
Key Words: ATP-sensitive potassium channel-Glucose 
-Lactate-Tail pinch-Microdialysis-Rat brain. 
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ATP-sensitive potassium (KATp) channels have 
been described in several tissues, including pancreatic 
p cells and both cardiac and skeletal muscle. Patch- 
clamp studies have shown that these channels are 
closed by intracellular ATP (Noma, 1983; Cook and 
Hales, 1984; Ashcroft, 1988). KATp channels have 
been most extensively studied in pancreatic 0 cells, 
where they are thought to be involved in triggering 
insulin release following an increase in blood glucose 
levels (Ashcroft, 1988; Ashcroft and Ashcroft, 1990). 
An increase in intracellular ATP content or an in- 
crease in glucose levels leads to potassium channel 
closure, which moves the membrane potential closer 
to the sodium equilibrium potential and causes cell 
depolarisation. 

KATp channels are selectively blocked by a class of 
drugs known as sulfonylureas, including the antidia- 
betic drug tolbutamide (Trube et al., 1986). These 
drugs mimic the effects of high ATP concentrations, 
decreasing channel activity and leading to depolarisa- 
tion in pancreatic 0 cells (Trube et al., 1986). Sulfonyl- 
urea binding sites are widespread in the brain, with 
particularly high densities present in the substantia 

nigra, cortex, and CA3 region of the hippocampus 
(Mourre et al., 1989). 

The physiological role of KATp channels in the CNS 
is at present not clear. There have been suggestions 
that these channels play a protective role during an- 
oxia and ischaemia in the brain by counteracting the 
membrane depolarisation that results from the de- 
creased energy supply to the Na+/K+ pump (Ben-Ari, 
1990; Miller, 1990; Jiang et al., 1992). 

Basal neuronal activity was not affected by sulfonyl- 
urea application in hippocampal neurones in three 
electrophysiological studies (Grigg and Anderson, 
1989; Mourre et al., 1989; Ben-An, 1990). However, 
in vitro and in vivo studies in the substantia nigra and 
hippocampus have demonstrated that drugs acting at 
KATp channels modulate neurotransmitter release 
(Amoroso et al., 1990; Zetterstrom et al., 1991). 

In the pancreas the effect of tolbutamide on KATp 
channels can be mimicked by application of high con- 
centrations of glucose (Ashcroft, 1988). Conse- 
quently, KATp channels provide a link between glu- 
cose levels and cell excitability. The experiments re- 
ported in this article were designed to determine 
whether KATp channels in the brain are active under 
physiological conditions and whether they respond to 
the application of high concentrations of glucose. 

Extracellular glucose levels are increased during 
and for long periods after mild stress (Fellows and 
Boutelle, 1993) and are sensitive to the changes in 
local energy demands that follow local drug applica- 
tion (Fellows et al., 1992). We have used microdialy- 
sis in the freely moving rat to monitor changes in 
brain extracellular glucose levels; these levels repre- 
sent the balance between supply from the blood and 
utilisation by the brain. As they turn out to be deli- 
cately balanced, a change in either will result in a 
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change in the extracellular glucose level. We also 
monitored extracellular lactate to assess the degree of 
nonoxidative glucose metabolism. Extracellular lac- 
tate in the brain is of local origin and is not influenced 
by plasma levels (Kuhr et al., 1988; Nehlig and Per- 
eira de Vasconcelos, 1993). Lactate levels increase in 
the extracellular fluid following periods ofintense neu- 
ronal activity, such as those elicited by various forms 
of stress (Schasfoort et al., 1988; De Bruin et al., 1990; 
Fellows et al., 1993). The rate of lactate removal from 
the extracellular space is greater when local energy 
requirements are increased (Fellows et al., 1993). 

Glucose and lactate levels in the dialysate were 
monitored at 2.5-min intervals with an enzyme-based 
flow injection analysis (Boutelle et al., 1992). The 
KATP channel blocker tolbutamide and a high concen- 
tration of glucose were locally applied in the hippo- 
campus under basal conditions and during mild tail 
pinch. 

MATERIALS AND METHODS 
Materials 

Lactate oxidase was purchased from Genzyme. Glucose 
oxidase (grade 11) and horseradish peroxidase ( H R P  grade 
I) were from Boehnnger-Mannheim. The silica beads used 
as the enzyme support substrate were from Merck. Tolbuta- 
mide, ferrocene monocarboxylic acid, glucose, and lactic 
acid were obtained from Sigma Chemical Co. 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 that is described in detail else- 
where (Boutelle et al., 1992). In brief, 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 (50 mM 
Na,HPO,, 1 m M  EDTA, and 0.5 mM ferrocene monocar- 
boxylic 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 (model 2248; Phar- 
macia LKB). Lactate was oxidised by lactate oxidase, pro- 
ducing hydrogen peroxide. HRP converted this to water 
and was regenerated by the oxidation of the ferrocene spe- 
cies present in the buffer. The femcinium produced was 
electrochemically reversible and was detected by reduction 
at a downstream electrode controlled by a fast low-noise 
potentiostat ofour own design (Biostat 11; Enery Micro Sys- 
tems, Newbury, U.K.). The low potential of the electrode 
(0.0 V vs. Ag/AgCI) prevented oxidation of other species in 
the dialysate, and a single peak was produced proportional 
to the lactate content of the sample. The assay was linear 
over the range of lactate concentrations in dialysate. 
Enzyme packed-bed assay for glucose 

The dialysate was analysed for glucose again using a flow 
injection enzyme-based assay (Boutelle et al., 1992). The 
assay was of the same basic design as the lactate assay and 
operated in the same way but used immobilised glucose 
oxidase and HRP for glucose detection. 
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 (weighing 200-300 g) were 

anaesthetised 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 main- 
tained at 37°C with a heating pad (Sandown Scientific, 
U.K.). The microdialysis probe was implanted into the right 
striatum (from bregma: A/P +1.0 mm, M/L +2.5 mm; 
from dura, -8.5 mm) or the right hippocampus (from 
bregma: A/P -4.8 mm, M/L +5.0 mm; from dura, -8.5 
mm) and secured with skull screws and dental acrylate. The 
animals were then allowed to recover for 24 h. Postopera- 
tive analgesia was provided in the form of a single injection 
of buprenorphine (0. I mg/kg, s.c.) given immediately after 
the implantation. The health of the animals was assessed 
following recovery according to published guidelines (Mor- 
ton and Griffiths, 1985), and all procedures were specifi- 
cally licensed under the Animals (Scientific Procedures) 
Act, 1986. 

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

bowls (Johnson’s Garden Centre, Oxford, U.K.), with free 
access to food and water. Experiments were camed out with 
the animal in its home bowl. On experimental days, the 
probes were connected to a microinfusion pump (CMA Mi- 
crodialysis) through a dual-channel liquid swivel (CMA Mi- 
crodialysis), allowing the animals free movement. The 
probes were perfused with an artificial CSF (aCSF 147 mM 
NaCI, 4.0 mM KCl, 1.2 m M  CaCl,, and 1 .O mM MgCI2), at 
2 pl/min. 

The outflow ofthe microdialysis probe was connected via 
low dead-volume FEP tubing (CMA Microdialysis) to a 22- 
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/I60 on-line injector (CMA Microdialysis). This 
arrangement allowed 5-pl dialysate samples to be injected 
automatically onto an enzyme packed bed, providing on- 
line analysis of lactate or glucose at 2.5-min intervals. 

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

means ofa paper clip attached - 3  cm from the tip (Boutelle 
et al., 1990). This stimulus produces a stereotyped gnawing 
behaviour (Antelman et al., 1975). The rat vigorously 
chewed a wooden stick held by the observer until the clip 
was removed. 

Drugs 
Glucose was dissolved in aCSF and applied locally 

through the probe, at a concentration of 10 mM. Tolbuta- 
mide was dissolved in dimethyl sulphoxide (DMSO) to give 
a concentration of 200 mM. Before use, a small volume of 
this stock solution was diluted with aCSF to give a final 
tolbutamide concentration of 1 mM. Prepared in this way, 
the final DMSO content was <OS% by volume. Neither 
tolbutamide nor 0.5% DMSO interfered with the detection 
of lactate or glucose at this concentration. 
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FJG. 1. a: Effect of 1 mM tolbutamide applied through the dialysis 
probe on basal lactate levels in the hippocampus (n = 5). b: Effect 
of 1 mM tolbutamide applied through the dialysis probe on basal 
glucose levels in the hippocampus (n = 5). Data are mean t SEM 
(bars) values, expressed as percentages of the mean baseline. *p 
< 0.05 versus the last baseline point by Mann-Whitney U test. 

Data analysis 
All results are expressed either as the mean f SEM of 

absolute analyte content (in picomoles per microlitre per 
minute) or as a percentage of the mean k SEM of baseline 
values. Statistical significance was assessed with the Mann- 
Whitney U test versus the last baseline point. Differences 
were considered significant at p < 0.05. 

RESULTS 

Effect of local tolbutamide on basal lactate levels 
The local application of 1 mM tolbutamide, a con- 

centration sufficient to block KATp channels (Ash- 
croft, 1988), had no significant effect on basal dialy- 
sate lactate levels in the striatum (data not shown). In 
contrast, lactate levels in the hippocampus were signif- 
icantly decreased in the presence of this KATp channel 
blocker (Fig. la). The decrease was gradual, but by 35 
rnin it had dropped to 56.0 * 10.5% of the last base- 
line point. As tolbutamide had no effect in the stria- 
tum, all subsequent experiments were carried out in 
the hippocampus. Local infusion of 0.5% DMSO in 
aCSF (the tolbutamide vehicle) had no effect. 

Effect of local tolbutamide on basal glucose levels 
Local application of tolbutamide also led to a grad- 

ual decrease in extracellular glucose levels in the hip- 
pocampus (Fig. 1 b). This decrease followed a similar 
time course to the decrease in lactate content ob- 
served in this brain region. Extracellular glucose levels 
decreased slowly following the application of the 
drug, dropping significantly below the last baseline 
point at 17.5 rnin and remaining significantly lower 
for as long as the experiment continued. The magni- 
tude of the decrease was much smaller than that of 
lactate; at 52.5 min, the glucose level reached its low- 
est point of 79.3 * 7.8% of baseline. 

Effect of tolbutamide on tail pinch-stimulated 
metabolism 

Following a 5-min tail pinch, lactate levels in the 
hippocampus in the presence of tolbutamide were sig- 
nificantly elevated above the last baseline point be- 
tween 7.5 and 20 min (p < 0.05 by paired Student's t 
test). The increase in lactate content was very similar 
to the control response during the stimulation but did 
not continue once the tail pinch had ended. Lactate 
levels returned to baseline 7.5 rnin earlier in the pres- 
ence of the drug (Fig. 2a). The difference between the 
two responses was significant only at 10 min, where 
dialysate lactate content was 306 f 48 pmol/5 pl 
above mean basal values, compared with an increase 
of 160 * 22 pmol/5 p1 in the presence of tolbutamide. 

Local tolbutamide also attenuated the tail pinch- 
stimulated increase in glucose content in the hippo- 
campus (Fig. 2b). In the presence of this compound, 
glucose levels did not rise significantly above baseline 
following the tail pinch. Tolbutamide prevented both 
the early increase observed immediately after the tail 
pinch and the prolonged increase that follows under 
control conditions; glucose levels actually fell below 
baseline between 42.5 and 57.5 min. Glucose levels 
reached a maximum of 107.2 f 4.6% of baseline, 
compared with the control increase of 128 k 12%. 

Effect of local glucose application 
The presence of 10 mM glucose in the perfusion 

fluid had a pronounced effect on the increase in hip- 
pocampal lactate content that followed tail pinch stim- 
ulation (Fig. 3). The increase was much less variable 
and was significantly smaller than the control re- 
sponse: High-glucose prevented the large increase that 
occurred during the tail pinch under control condi- 
tions and attenuated the increase observed after the 
stimulus. In the presence of 10 mM glucose, lactate 
levels increased to a maximum of 132.1 2 4% of base- 
line, compared with the control increase of 169.8 * 14.2%. 

Local application of 10 Wglucose  led to a small 
but significant decrease in basal lactate levels in the 
hippocampus (Fig. 4). Levels had fallen to 92.3 f 5% 
of basal values 47.5 rnin after the start of the infusion. 

J .  Nrurochem., Vol. 61, No. 3, I993 
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FIG. 2. a: Effect of local application of 1 mM tolbutamide on the 
tail pinch-stimulated increase in lactate content in hippocampal 
dialysate (n = 5), compared with the control response (n = 5). The 
tail pinch is indicated by the solid bar. Data are mean f SEM 
(bars) values, expressed as the net change with respect to mean 
basal levels. *p i 0.05 by Mann-Whitney U test. b: Effect of local 
application of 1 mM tolbutamide on the tail pinch-stimulated in- 
crease in glucose content in hippocampal dialysate (n = 5), com- 
pared with the control response (n = 6). The tail pinch is indicated 
by the solid bar. Glucose levels were significantly (by Mann-Whit- 
ney U test) below control values as indicated: *p < 0.05, **p 
< 0.01. In the presence of tolbutamide, glucose levels following 
tail pinch were never significantly above the last baseline point but 
were significantly below this point between 42.5 and 57.5 min ( p  
< 0.05 by Mann-Whitney U test). 

Effect of glucose and tolbutamide on hippocampal 
lactate levels 

When 1 mM tolbutamide was added to the perfu- 
sion fluid in the presence of 10 mM glucose, the re- 
sulting decrease in hippocampal lactate content was 
significantly smaller than the decrease seen following 
tolbutamide alone (Fig. 4). Thirty-five minutes after 
the start of the drug infusion, lactate levels were 74.1 
k 5.5% of baseline in the presence of 10 mM glucose 
and 1 mM tolbutamide and 56.0 k 10.5% of baseline 
in the presence of tolbutamide alone. 

DISCUSSION 
These findings demonstrate that tolbutamide has 

significant effects on both basal and stimulated glu- 
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FIG. 3. Effect of local application of 10 mM glucose on the tail 
pinch-stimulated increase in lactate content in hippocampal dialy- 
sate (n = 5), compared with the control response (n = 5). The tail 
pinch is indicated by the solid bar. Lactate levels were signifi- 
cantly below control values as indicated: *p < 0.05 by Mann- 
Whitney U test at each time point. 

cose levels in vivo. The effects of tolbutamide on stim- 
ulated lactate levels were mimicked by application of 
a high concentration of glucose, although high glu- 
cose had a smaller effect than tolbutamide on basal 
lactate levels. The effects of the two compounds to- 
gether on basal lactate content were not additive; in- 
deed, the decrease caused by tolbutamide was dimin- 
ished in the presence of high glucose. 

The precise mechanism of action of tolbutamide in 
the brain is not clear; although it inhibits KATp chan- 
nels, this may not be by a direct action on the channel 
(Ashford et al., 1990). There is also evidence that in 
the CNS some sulphonylureas can modulate K+ 
channels that are not generally considered to be ATP 
sensitive (Crkpel et al., 1992). 
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FIG. 4. Combined effect of 1 mM tolbutamide (tolbut) and 10 mM 
glucose (n = 4) compared with the effect of 1 mM tolbutamide 
alone (n = 5) and 10 mM glucose alone (n = 5). The compounds 
were applied locally as indicated by the solid bar. Data are mean 
f SEM (bars) values, expressed as percentages of the mean 
baseline. *p < 0.05 (by Mann-Whitney U test) compared with the 
last baseline point. The decrease in the presence of tolbutamide 
alone and in the presence of tolbutamide and glucose was signifi- 
cant beginning at 15 min. 
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Brain extracellular glucose levels represent a bal- 
ance between supply from the blood and local utilisa- 
tion. Supply in turn depends on blood flow, plasma 
glucose, and the number and activity of the glucose 
carriers. Change in the number of carriers occurs with 
a time course measured in hours or days (McCall et 
al., 1986; Walker et al., 1988). A large proportion of 
the energy consumed by the brain fuels the Na+/K+ 
pumps, which maintain electrochemical gradients 
(Siesjo, 1978; Edwards et al., 1989; Erecihska and Da- 
gani, 1990). We have found that the local application 
of veratridine, which opens voltage-gated sodium 
channels at resting membrane potential, causes extra- 
cellular glucose levels to drop toward 0 (Fellows et al., 
1992). Thus, glucose supply from the blood can be- 
come inadequate when local glucose utilisation is in- 
creased by local drug application. Similarly, the grad- 
ual decrease in extracellular glucose levels in the hip- 
pocampus following application of tolbutamide 
suggests that this drug is causing the rate of glucose 
supply to be challenged, presumably by blocking 
K,,, channels, depolarising the membrane, and 
thereby increasing the energy requirements of the 
Na+,K+-ATPase. 

Local application of tolbutamide also caused a sub- 
stantial decrease in basal lactate levels in the hippo- 
campus but not in the striatum (Fig. la). The hippo- 
campus has a much higher density of sulfonylurea 
binding sites than the stnatum (Mourre et al., 1989), 
suggesting that the decrease in lactate content was due 
to a specific action at these binding sites. 

Evidence exists that lactate can be reconverted to 
pyruvate and used as a fuel in the brain (Schurr et al., 
I988), and we have found that the clearance of lactate 
from the extracellular fluid following tail pinch is in- 
fluenced by the intensity of local energy requirements 
(Fellows et al., 1993). It appears that in the presence of 
tolbutamide, hippocampal lactate is being consumed 
as a supplementary fuel to meet the increased energy 
demands. 

This hypothesis is supported by the finding that the 
decrease in basal lactate levels caused by tolbutamide 
was significantly smaller when 10 mM glucose was 
included in the perfusion fluid (Fig. 4). We have 
found that the brain extracellular glucose concentra- 
tion is near 0.5 mM (Fellows et al., 1992). Thus, the 
local application of 10 mMglucose, which is near the 
plasma concentration (Braun et al., 1985), constitutes 
a considerable increase in glucose availability. 

Under control conditions, a 5-min tail pinch leads 
to a sharp increase in extracellular lactate levels, 
which continues once the tail pinch has ended and 
returns to baseline within 27.5 min (Fellows et al., 
1993). This increase in lactate content is associated 
with increased neuronal activity in the hippocampus, 
as exemplified by the tail pinch-induced increase in 
hippocampal serotonin levels (Pei et al., 1990). In the 
presence of tolbutamide, the initial increase in lactate 
content during the tail pinch was identical to the con- 

trol, but the “overshoot” was absent and levels fell 
more quickly to baseline (Fig. 2a). This physiological 
stimulation would generate an additional load for the 
ion pumps. Local tolbutamide did not inhibit the in- 
crease in lactate content during the tail pinch, but 
lactate disappeared from the extracellular fluid more 
quickly following the stimulus, presumably because 
of greater consumption as fuel. This result is also con- 
sistent with the view that lactate is an important en- 
ergy source, particularly when the local glucose sup- 
ply is inadequate. 

Tail pinch is followed by a biphasic increase in ex- 
tracellular glucose levels in the hippocampus. This in- 
crease is probably due to both a rapid local increase in 
blood flow and the more prolonged increase in 
plasma glucose concentration that follows stress (Fel- 
lows and Boutelle, 1993). In the presence of tolbuta- 
mide, this increase was abolished; glucose levels never 
rose significantly above baseline (Fig. 2b). This effect 
is more likely to represent an increase in utilisation 
than a decrease in supply, because the closure of potas- 
sium channels is unlikely to decrease cerebral blood 
flow. 

In the pancreas, the effect of tolbutamide on KATp 
can be mimicked by the application of high concen- 
trations of glucose (Ashcroft, 1988). We considered 
whether this was also the case in the hippocampus, by 
monitoring lactate levels while 10 mM glucose was 
applied locally through the microdialysis probe. Two 
results might be expected: Either glucose would have 
no effect on KATp channels and would simply act as an 
additional energy source, or it would block the chan- 
nels, leading to increased energy demands in the same 
manner as tolbutamide. In the first case, lactate levels 
would increase or show no change. In the second, lac- 
tate levels should decrease. The infusion of 10 mM 
glucose led to a slow decrease in basal lactate levels 
and attenuated the increase in lactate content that fol- 
lowed tail pinch (Figs. 3 and 4), suggesting that the 
second hypothesis is more likely. 

The effect of 10 mM glucose on basal lactate levels 
was considerably less than that of tolbutamide. High 
glucose levels may lead to increased Na+/K+ pump 
activity by blocking the KATp channel, but the pres- 
ence of extra glucose would also help to meet the in- 
creased energy demand, reducing the need for lactate 
catabolism. Nevertheless, the reduction in the tail 
pinch-stimulated increase in lactate content was, if 
anything, even greater in the presence of 10 mM glu- 
cose than in the presence of tolbutamide. 

The fact that 10 mMglucose can have such marked 
effects is also relevant to the composition of aCSFs. 
The perfusion fluids used both for microdialysis and 
in cell and tissue culture often contain glucose at or 
near this concentration (Amoroso et al., 1990; Ben- 
veniste and Hiittemeier, 1990; Schaeffer and Laz- 
dunski, 199 l), which may account for the absence of 
basal effects of sulfonylureas (Grigg and Anderson, 
1989; Mourre et al., 1989; Ben-An, 1990). 
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These results suggest that in the intact hippocam- 
pus, KATP channels can influence the levels of energy- 
providing chemicals under physiological conditions. 
Blocking these channels either with tolbutamide or by 
applying 10 mM glucose leads to increased local en- 
ergy demands. The pronounced effects of 10 mMglu- 
cose suggest that these channels may be modulated by 
physiological glucose levels. 
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