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The distribution of antidiabetic sulfonylurea ([3H]glibenclamide) binding sites is heterogeneous in rat brain. Pyramidal and
extrapyramidal motor system contain the highest densities of sites, particularly in the substantia nigra and in the globus pallidus.
Only low levels are present in the hypothalamic nuclei and the main medulla oblongata regions. In hippocampal formation the
stratum lucidum and the stratum lacunosum moleculare of CA3 show an important density of glibenclamide binding sites.
Electrophysiological studies with hippocampal slices show that glibenclamide blocks hyperpolarization induced by anoxia, suggesting
the involvement of adenosine triphosphate-sensitive K÷ channel in this early hyperpolarization event.
Sulfonylureas form an important class of widely
used antidiabetic drugs which stimulate insulin secretion in pancreatic fl-cells 1. Their target is the
adenosine triphosphate (ATP)-sensitive K ÷ channel 19'23. Glibenclamide is presently the most potent
molecule in the sulfonylurea series (K d = 0.3-0.7
nM). [3H]glibenclamide has been shown to be a
good ligand to characterize sulfonylurea binding
sites in cerebral cortex microsomes6'12.
The activation of K ÷ plays an important role in
anoxia. Anoxia of hippocampal neurons produces an
early hyperpolarization which is due to the activation
of K ÷ channels and a rapid blockade of synaptic
transmissionS,7,1o,]3,14.
In the present study, we describe the distribution
of [3H]glibenclamide receptors in the brain and
particularly in the hippocampus which is the brain
area most sensitive to ischemic damage 21. We also
report that glibenclamide blocks the early hyperpolarization produced by hypoxia in hippocampal
slices, suggesting that the ATP-sensitive K ÷ channels

may play a role in the electrical events leading to a
blockade of synaptic transmission during anoxia.
Adult rat brain microsomes 16 (0.95 mg/ml) were
incubated for 60 min (equilibrium binding was found
to be reached at 40 min) at 4 ° C in 20 mM
H E P E S / N a O H buffer at pH 7.5 with the required
concentrations of [3H]glibenclamide (50 Ci/mmol,
99% pure). Incubations were stopped by rapid
filtration through Whatman GF/B filters under reduced pressure. Filters were washed with 100 mM
Tris/HCl buffer at pH 7.5 and 4 °C and counted.
Non-specific binding was measured using 0.1 p M
glibenclamide. [3H]Glibenclamide binding was proportional to membrane protein concentrations between 0.2 and 1.3 mg/ml and was found to be
unaffected by changes of ionic strength up to 1 M
NaCI. Rat brain sections of 15/~m thickness were
prepared as described 17 and incubated with 0.02-3
nM [3H]glibenclamide (for autoradiographic procedures, 2.5 nM [3H]glibenclamide) as described
above. Sections were washed at the end of the
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Fig. 1. Binding of [3H]glibenclamide to rat brain microsomes
and to rat brain sections. A: binding to microsomes in the
absence (O) or in the presence of 0.1/~M gtibenclamide (D)
and to brain sections, in the absence (IS])or in the presence (11)
of 1/~M glibenclamide. Inset: Scatchard plot for the specific
[3H]glibenclamide binding. Microsomes (11), sections ([]). B:
binding of [3H]glibenclamide to microsomes from rat brain,
from insulinoma, and from guinea pig hearts. Correlation
curve. K a values of different sulfonylureas for binding to rat
brain microsomes were plotted versus Kj values of different
sulfonylureas for binding to insulinoma cell (RINm5F)
microsomes 3 (slope = 0.98, r = 0.99) or to guinea pig heart
microsomes ~ (slope = 0.98; r = 0.99). Both experiments were
done in duplicate.

incubation. Some sections were removed and
counted. The other slices were used to prepare
autoradiograms 17. The films were analyzed and
quantified using a computerized image analysis
system 17. For electrophysiological studies, conventional hippocampai slices were prepared from adult
male Wistar rats and maintained fully submerged in
vitro 3.
Sulfonylurea binding sites are present in mammalian brain membranes and can be identified with
[3H]glibenclamide. Fig. 1A shows comparative equi-

librium binding of [3H]glibenclamide to rat brain
microsomes and to brain sections. Scatchard plots
indicate the presence of a single type of high affinity
saturable binding sites with equilibrium dissociation
constant, K d = 0.7 + 0.1 nM for microsomes and Kd
= 0.5 + 0.1 nM for brain sections (Fig. 1A, inset).
Binding capacities ( B m a x = 140 + 10 fmol/mg of
protein) for brain microsomes are comparable to
those (150 fmol/mg of protein) found for insulinoma
microsomes 19. Specific [3H]glibenclamide binding to
rat brain microsomes was inhibited by glibenclamide
and other sulfonylureas (not shown). A n excellent
correlation was observed between affinities of different suifonylureas for their binding sites in rat
brain membranes, in insulinoma cell (RINm5F)
membranes and in cardiac cell microsomes (Fig.
1B). This is an important observation since these
binding sites have clearly been shown to be associated with ATP-sensitive K + channels both in insulinoma cells ~9 and in cardiac cells 4.
Fig. 2 shows the distribution of [3H]glibenclamide
binding sites in rat brain using a quantitative autoradiographic procedure. The localization of glibenclamide binding sites was very heterogeneous. The 5
main structures containing the highest concentrations of receptors were the substantia nigra, the
globus and ventral pallidus, the motor neocortex and
the molecular layer of the cerebellar cortex. All
these structures participate in the pyramidal and
extrapyramidal motor control. The other motor
regions presented intermediate densities of binding
sites. In the somatosensory system, except for the
sensory neocortex the majority of sensory relays
contained intermediate to low densities of sulfonylurea binding sites. The hypothalamic nuclei, the
reticular formation and most areas of the medulla
oblongata were poor in glibenclamide sites. Specific
binding was undetectable in fiber tracts. In the
limbic system, the septohippocampal nucleus was
very enriched in glibenclamide binding sites, while
low densities were present in accumbens nucleus,
habenula and mammillary bodies. In the hippocampus, the highest level of binding sites was found
in stratum lucidum of CA3 where the mossy fibers
make synaptic contacts with the proximal part of the
apical dendrite of CA3 neurons (Fig. 3). The
lacunosum moleculare presented high densities in
CA3 and intermediate densities in CA1 and CA2.
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Intermediate levels of binding were found in stratum
oriens (CA1-CA3) and low levels of binding in
stratum radiatum (CA1-CA3). In the dentate gyrus,
the hilus, the granular layer and the external
molecular layer contained an important level of
sites. An intermediate density was found in the
internal molecular layer. Glibenclamide binding sites
could, in principle, be present in neuronal and
neuroglial cells, but no specific binding was detectable in astrocytes in culture (not shown), suggesting
a neuronal localization of the receptors.
The presence of sulfonylurea receptors in the
brain suggests the associated presence of ATPsensitive K ÷ channels. These channels have been

directly identified by patch-clamp techniques with
neuronal cells from rat cortex in culture 2. Since
ATP-sensitive K ÷ channels seem to be involved in
electrical events associated with cardiac ischemia 4'
11.18.22 it also seems logical to associate them with
early electrical events associated with brain ischemia. The rapid loss of awareness and purposive
behavior of man and higher animals when the brain
oxygen supply is cut off, is a universally-known
phenomenon. The exact cellular mechanisms of this
loss are still largely unexplained. However, it has
been suggested by Krnjevic 13 that the tight coupling
between consciousness, neuronal activity and oxygen
supply might be mediated by a change in K ÷

Fig. 2. Color image analysis of the autoradiographic distribution of [3H]glibenclamide binding sites in rat brain. The color scale
corresponds to the specific binding expressed in fmol/mg of protein. Brain sections were incubated in 2.5 nM [3H]glibenclamide as
described in Fig. 1. The non-specific binding was identical to the background of the tritium-sensitive film (not shown). Acb,
accumbens nucleus; AH, Ammon's horn; CG, central gray; CPu, caudate putamen; DG, dentate gyrus; FrCx, frontal cortex; Gp,
globus pallidus; Gr, granular layer of the cerebellar cortex; Hy, hypothalamus; IC, inferior colliculus; Mo, medulla oblongata; mol,
molecular layer of the cerebellar cortex; OB, olfactory bulb; SN, substantia nigra; Sub, subiculum; Thai, thalamus. Bar = 2 mm.
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Fig. 3. Autoradiographic distribution of [3H]glibenclamide binding sites in the rat hippocampal formation. Dark areas indicate high
levels of binding sites. The autoradiogram (A) corresponded to the histological micrograph (B). The double arrow was used as a
guide mark to observe the very high labelling of the mossy fiber fields in CA3. Brain sections were incubated in 2.5 nM
[3H]glibenclamide. CA1,2,3, regions 1,2,3 of Ammon's horn; DG, dentate gyrus; Ext mol, external molecular layer; Gr, granular
layer; H, hilus; Int mol, internal molecular layer; LMol, stratum lacunosum moleculare; Lu, stratum lucidum; Or, stratum oriens;
Py, stratum pyramidal; Rd, stratum radiatum. Bar = 1 ram.
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conductance. This suggestion is now strengthened by
n u m e r o u s observations that anoxia has a hyperpolarizing effect on neocortical and hippocampal
neurons 5'7'w. The early hyperpolarizing step has
been first suggested to be due to an activation of
CaZ+-sensitive K ÷ channels 13, but it has also been
thought to be due to ATP-sensitive K + channels 5.
These channels would be expected to be activated in
parallel with the decrease of intraceUular ATP
concentration following acute anoxia. Glibenclamide
which blocks ATP-sensitive K ÷ channels should then
be expected to prevent anoxia-induced hyperpolarization.
In a g r e e m e n t with earlier studies 5'7"1°A3"14, a brief
anoxic episode ( 2 - 3 min) p r o d u c e d in C A 3 neurons
a small depolarization followed by an hyperpolarization associated with a reduction in input resistance. U p o n return to oxygenated m e d i u m there was
a post-anoxic hyperpolarization which is thought to
be due to the reactivation of the electrogenic Na ÷
p u m p (Fig. 4 A and also refs, 5, 7, 10, 14). Bath
application of glibenclamide (0.5-1/~M) p r o d u c e d a
block of the early hyperpolarization and a conside r a b l e increase of the post-anoxic hyperpolarization
(Fig. 4B); both effects were reversible (Fig. 4C).
Interestingly, in the presence of glibenclamide, the
anoxic episode was often associated with a larger
increase in synaptic activity and a larger decrease in
input resistance (Fig. 4B). Similar observations were
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Fig. 4. Glibenclamide blocks the early hyperpolarization
produced by a brief anoxic episode. Three brief anoxic
episodes (3 min dark bar) were applied while recording
intracellularly the same CA3 neuron. In control (A) as during
12-rain wash (C), anoxia induced an early hyperpolarization
associated with a reduction in input resistance as tested by
electronic potentials induced by hyperpolarizing constant
current pulses through the recording electrode. Upon return to
oxygenated medium there was an additional late hyperpolarization. (B) The early hyperpolarization was fully blocked in
the presence of glibenclamide. Also in the presence of
glibenclamide, there was an increase in the synaptic activity
during anoxia and the postanoxic hyperpolarization was
enhanced.
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made in 5 CA3 neurons; in 4 of these neurons, bath
application of glibenclamide in control oxygenated
medium had no effects on membrane potential or
resistance. This suggests that the effects of the drug
may involve ATP-sensitive K ÷ channels which, as in
cardiac cells, are probably silent in physiological
intracellular ATP concentrations. The enhanced
synaptic activity and resistance decrease seen in the
presence of glibenclamide may be due to a presynaptic effect of the drug which by blocking ATPdependent K ÷ channels during anoxia would enhance transmitter release.
In contrast to the present observations, Krnjevic
and Leblond 15 have recently reported that in the
CA1 region the other sulfonylurea tolbutamide does
not reduce the anoxic hyperpolarization. This discrepancy may be due to regional differences in the
distribution of ATP-dependent K + channels.
Interstitial K ÷ concentrations drastically increase
in brain cortex after cardiac arrest. This increase
occurs in two major phases. In the first one ( - 2
min), [K+]o increases from normal to - 1 0 mM. In
the following second phase, there is a steep (a few
seconds) increase of [K+]o to concentrations as high
as 60 mM. This second phase is associated with
extensive cellular Ca 2÷ uptake leading ultimately to

cell death particularly in hippocampus 9'2°. It appears
possible that the first phase of K + efflux from
neuronal cells might be due to K + release through
open ATP-sensitive K ÷ channels, since this phase
has been found to be shortened in hypoglycemic
animals (lower blood glucose and presumably lower
intracellular ATP concentrations) and considerably
prolonged in hyperglycemic animals (higher blood
glucose and presumably higher intracellular ATP
concentrations) 8,9.
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