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Glucose, Sulfonylureas, and Neurotransmitter Secretion of GABA from SN slices (12) is 
similar to secretion of insulin from pancreat- Release: Role of ATP-Sensitive K+ Channels ic cells. [3H]GABA release is stimulated by 
K+ depolarization (Fig. 1A) or exposure to 

SALVATORE AMOROSO," HEIDY SCHMID-ANTOMARCHI, glucose (Fig. 1B) or to the potent sulfonyl- 

MICHEL FOSSET, MICHEL LAZDUNSKI~ urea gliquidone (Fig. 1C) in a dose-depen- 
dent manner. [3H]GABA release is stimulat- 
ed to a similar extent by 20 rnM glucose and 

Sulfonylurea-sensitive adenosine triphosphate (ATP)-regulated potassium (KATP) 100 nhf gliquidone. Half-maximal stimula- 
channels are present in brain cells and play a role in neurosecretion at nerve terminals. tion of 13H]GABA release by gliquidone 
KATp channels in substantia nigra, a brain region that shows high sulfonylurea binding, (EC50) is observed at 3 niM. We also com- 
are inactivated by high glucose concentrations and by antidiabetic sulfonylureas and pared the efficacy of a series of hypoglycemic 
are activated by ATP depletion and anoxia. KATp channel inhibition leads to activation sulfonylureas (Fig. ID) .  Half-maximal stim- 
of y-aminobutyric acid (GABA) release, whereas KATp channel activation leads to ulatory effects vary between 3 nM and 300 
inhibition of GABA release. These channels may be involved in the response of the pM; the most active compound was gliqui- 
brain to hyper- and hypoglycemia (in diabetes) and ischemia or anoxia. done and the least active was tolbutamide. 

KATp channels are permeable to both K+ 

A TP-DEPENDENT POTASSIUM CHAN- different areas of the brain (10); one of the and Rb+. 8 6 ~ b +  efflm (13) has been usehl 
nels are critical for insulin secretion predominant areas is the substantia nigra for identifying KATp channels in insulinoma 
from pancreatic p-cells (1-3). They (SN), in which the cells contain as many cells and for establishing their basic pharma- 

are Inhibited by glucose, which in turn leads KATp channels as pancreatic @-cells (7, 10). cological and regulatory properties (4, 6, 7). 
to insulin secretion (2, 3), and activated by We have investigated the role of these chan- As is true in insulinoma cells, in SN a 
polypeptide hormones such as galanin and nels in the release of GABA, which is a key mixture of oligomycin and 2-deoxyglucose 
somatostatin (4-6), which are known inhib- neurotransmitter in SN (11). (2DG) inhibits ATP formation from both 
itors of insulin release. KATp channels are 
the target of an important class of antidia- Fig. 1. [3H]GABA- 
betic drugs, the sulfonylureas (2, 3, 7, 8). 2El l./ml evoked release by (A) 
These channels open and produce a hyper- extracellular potassium 

concentration [K+]:, 
polarization when the intracellular concen- (B) glucose, and (C) gh- 
tration of ATP ([ATPIin) decreases, and p 3 0  6 0  2 o quidone. Horizontal 
close and lead to depolarizations when 2 'K'lo("M) [Glucosel (IP.M) bars represent the period 
[ATPIin increases (2, 3). Glucose, as well as .! 0 . 0  of stimulation by effec- 

K+ - Glucose 
the sulfonylureas, induces a depolarization, o.5 0.5 - tors. (A) Control in me- 

dium (.), activation by 
which then leads to the activation of L-type 0  1 0  2 0  3 0  4 0  0  ' 0  2 0  3 0  4 0  5 0  

Time (min) Time (min) 15 a K+ ( 0 ) .  Inset, 
Ca2+ channels, to Ca2+ entry, and to insulin 4 dose-response curve for 
secretion. The depolarizing step is due to 2 K+ activation (at 5 rnin). 

direct (sulfonylureas) or indirect (glucose, To keep ionic strength 
constant, we modified 

probably by an increase of [ATPIin) block- the medium so that 
ade of KATp channels. [Na+], plus [K+], was 

The central nervous system is a rich source 1 123.5 m ~ .  (B) Control 
of sulfonylurea receptors (9). These recep- • in medium (O), activa- 
tors are present in high concentrations in tion by 20 mM glucose 

0.5 0.5 (V) .  Inset, dose-re- 
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. . . . 
o 1 o 2 0  3 0  4 0  - 1  2  -I 0  - 8  - 6  - 4  sponse curve for glucose 

Time (min) log [Sulfonylureal ( M )  activation (at 10 min). 
(C) Control (O), activa- 

tion by 100 nM gliquidone (V) .  Inset, dose-response curve for gliquidone activation (at 5 min). (D) 
Release of [3H]GA~A was evoked by increasing concentrations of gliquidone ( 0 )  (ECS0, 3 nM), LH35 
(A) (EC5,, 50 nM), glipizide (0) (EC5,, 80 nM), LH32 (V) (EC5,, 500 nM), glibenclamide (A) 
(EC50, 27.5 FM), glisoxepide (+) (EC50, 27.5 pM), and tolbutamide (V) (EC5,, 300 FM). Data points 
represent the means of four experiments. 
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oxidative phosphorylation and glycolysis 
and leads to a decrease in [ATPIin in SN 
slices (Fig. 2A, inset). This treatment trig- 
gers a 86Rb' efflux from SN that is com- 
pletely inhibited by gliquidone (100 nA4) 
(Fig. 2A), as also occurs in insulinoma cells. 
8 6 ~ b +  efflux is probably occurring through 
KATp channels that have been opened by the 
[ATPIin depletion. The relative potency of 
different sulfonylureas in blocking these 
channels is shown in Fig. 2C. 

Pathological situations such as anoxia or 
ischemia decrease [ATPIin in brain tissue. 
Indeed replacement of the normal oxygenat- 
ed medium (containing 02, C02,  and glu- 
cose) by the anoxic medium (containing N2, 
C02, and glucose) decreases [ATPIin in SN 
slices (Fig. 2B, inset) and triggers a parallel 
8 6 ~ b +  efflux that is completely blocked in 
the presence of gliquidone (Fig. 2B). The 
efficacy of anoxia in provoking the gliqui- 
done-sensitive 8 6 ~ b +  efflux is linked to the 
extracellular glucose concentration. Expo- 
sure to anoxia in the presence of 20 mM 
instead of 10 mM glucose nearly abolishes 
the gliquidone-sensitive 8 6 ~ b +  efflux com- 
ponent produced by anoxia (Fig. 2D). The 
dfferent sulfonylureas block nearly identi- 
cally 8 6 ~ b +  efflux induced either by treat- 
ment with oligomycin plus 2DG or by 
anoxia (Fig. 2C). 

Finally, there is a linear relation (Fig. 3) 
between the potency of different sulfonylur- 
eas in blocking 8 6 ~ b +  efflux in response to 
poisoning and in stimulating 13H]GABA 

release. The most active sulfonylurea in in- 
hibiting 86Rb+ efflux in SN is gliquidone, 
whereas it is glibenclamide in insulinoma 
cells (7). Thus, the sulfonylurea receptors 
appear to be similar, but not identical, in SN 
and pancreatic p-cells. 

A I ~  these results together with our previ- 
ous data demonstrati& high concentrations 
of sulfonylurea receptors in the SN (particu- 
larly in pars reticulata) (1 1) show that there 
are KATp channels in SN, that they are 
inhibited by sulfonylureas and inactivated 
by elevated glucose concentrations, and that 
they play a-central role in the control of 
GABA release from SN terminals that in 
turn controls the activity of dopamine-con- 
taining neurons. 

High levels of blood glucose suppress the 
firing of dopamine-containing neurons in 
SN ( 14). Our inter~retation of this effect of 

\ ,  

glucose is that high glucose concentrations 
close KATP channels in terminals from neu- 
rons in SN that innervate dopamine-con- 
taining neurons. This inhibitory effect leads 
to depolarization of GABA-containing ter- 
minals then to GABA release and subse- 
quent inhibition of dopamine-containing 
neurons. 

SN is a central gating system for general- 
ized convulsive activity, and GABA in SN 
plays a critical role in seizure control (15- 
17). A critical level of nerve terminal GABA 
must be maintained in SN to protect against 
generalized seizures, although these seizures 
do not originate from the SN. Diabetic 

Fig. 2. (A) Kinetics of 
86Rb+ efflux from SN 
slices, control (O) in the 
presence of oligomycin 

ei plus 2DG without ( 0 )  
L, and with 100 nM gliqui- 
X 

; 10 
done ( 0 )  (lower bar). 
Inset, time dependence 
of [ATPIi, in the ab- 
sence ( e )  or in the pres- 

o 2 0  4 0  6 o o 2 5  5 0  7 5  I 0 0  ence of oligomycin plus 
Time (min) Time (min) 2DG (0). ( 6 )  Kinetics 

% l o o  3 20 of 86Rb+ eflux without 

,: - e (V) or with anoxia in the 
X 

I = absence ( 0 )  or the pres- 
L 

2 15 ence of 100 nM gliqui- 
E 

5 so - done ( 0 )  (lower bar). 
x Inset, variation of 

X ; 10 
E, [ATPIi, in control ( e )  
+ + or in anoxic conditions 
I I z 5  

(0). In both insets, 
0  [AT!?];, is in nanomoles 
- 1 2  -10  -8  - 6  - 4  - 2  o 2  o 4  o 6 0  per milligram of protein. 

log [Sulfonylureal (M) Time (min) Data points represent 
the means of n = 8. (C) 

Activated 86Rb+, efflux afier 5 min in oligomycin plus 2DG (closed symbols) or in anoxic conditions 
(open symbols), is inhibited by increasing concentrations of gliquidone (0, +), glipizide ( 0 ,  e ) ,  LH32 
(A, A), glibenclamide (0, m), and tolbutamide (V, V). Results with LH35 and glisoxepide are not 
shown (see Fig. 3). (D) Kinetics of 86Rb+ efflux from SN slices without (0) or with anoxia (W), carried 
out in 10 mM (W) or in 20 m M  glucose ( 0 ) .  Data points represent the means of n = 6 to 8. Unlike the 
results in p-cells, glucose does not reduce basal 86Rb+ eflux, nor do the sulfonylureas. This may be a 
technical problem, that is, there are too few channels to be detected without stimulation, or there is a 
larger proportion of contaminating, nonsensitive cells in the preparation that give a higher background. 

- 9  - 8  - 7  - 6  - 5  - 4  - 3  
log EC,, (M ) 

Oligomycin + 2DG-evoked R 6 ~ b +  emux 

- 9 - 7  - 5  - 3 
log EC,, (M ) 

Anoxia-evoked 86~bi efflux 

Fig. 3. Structure-function relations for the effect 
of sulfonylureas on 86Rb+ efflux and inhibition of 
GABA release. EC50 values of different sulfonyl- 
ureas for activation of [3H]GABA release were 
plotted as a function of EC50 values of the same 
compounds for inhibition of 86Rb+ emux activat- 
ed (A) by oligomycin plus 2DG treatment (slope 
of line = 1.08 * 0.03) or ( 6 )  by anoxia (slope of 
h e  = 1.02 * 0.08). 

patients tend to develop seizures in the 
course of hypoglycemia. Our results suggest 
that a decrease in blood glucose will de- 
crease GABA release from SN nerve termi- 
nals through hyperpolarization due to the 
opening of K~~~ chknels. It is tempting to 
speculate that this decrease in the inhibitory 
capacity of the GABA system during hypo-- 
glycemia will eliminate seizure protection by 
SN. For such a speculation to be correct, 
one would need to have a dose-response 
curve of the glucose effect on GABA release 

u 

in vivo in a physiological range of glucose 
concentration between 2 to 3 mhf and 10 
mM glucose (instead of 10 and 20 rnM in 
the in vitro conditions of Fig. 1B). 

A decrease of the inhibitory capacity of 
the GABA system is also to be expected in 
anoxia (and in ischemia), which decreases 
IATPlin and opens KATP channels. The de- 
velopment of seizures is a complication of 
cerebral ischemia (15). 

Status epilepticus, which appears to be 
linked to low GABA levels in SN (18), 
causes lesions of SN; ischemia that is associ- 
ated with a decrease of [ATPIin and an 
inhibition of GABA release (Fig. 2)  also 
produces SN damage (1 6 ) .  GABA is essen- 
tial to protect SN against delayed transneur- 
onal death after destruction of caudate nu- 
cleus (19). 
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Increases in blood glucose levels also have 
pathological effects that seem to be strongly 
correlated to SN and have potentially im- 
portant implications for diabetes. The loco- 
motor activity of experimental animals is 
closely related to the activity of dopamine- 
containing neurons (20). Yet, the ambula- 
tory activity of streptozotocin-induced dia- 
betic rats is decreased when the blood glu- 
cose level rises (21). We would like to 
propose that high glucose levels inhibit 
KATp channels, depolarize SN terminals, 
increase GABA release, and thereby also 
extensively inhibit the activity of dopamin- 
ergic neurons (21), resulting in a decrease of 
ambulatory activity. 
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Functional Properties of Rat Brain Sodium Channels 
Expressed in a Somatic Cell Line 

Transfection of Chinese hamster ovary cells with complementary DNA encoding the 
RIIA sodium channel a subunit from rat brain led to expression of functional sodium 
channels with the rapid, voltage-dependent activation and inactivation characteristic of 
sodium channels in brain neurons. The sodium currents mediated by these transfected 
channels were inhibited by tetrodotoxin, persistently activated by veratridine, and 
prolonged by Leiurus a-scorpion toxin, indicating that neurotoxin receptor sites 1 
through 3 were present in functional form. The RIIA sodium channel a subunit cDNA 
alone is sufficient for stable expression of functional sodium channels with the expected 
kinetic and pharmacological properties in mammalian somatic cells. 

S ODIUM CHANNELS MEDIATE THE MA- 

jor inward current responsible for the 
upstroke of the action potential in 

many excitable cells. Rat brain Na' channels 
are heterotrimeric proteins consisting of a,  
PI, and P2 subunits of 260, 36, and 33 kD, 
respectively (1). A wide variety of neurotox- 
ins affect Na+ channel activity, and five 
different toxin receptor sites on the rat brain 
channel have been biochemically character- 
ized (1). Three distinct subtypes of the rat 
brain Na' channel a subunit, RI, RII, and 
RIII, have been cloned and sequenced (2, 3). 
Expression of a subunits by injection of 
mRNA into Xenopus oocytes has shown that 
many Na' channel functions are mediated 
by the a subunit alone (4-7). However, 
high molecular weight brain mRNA or RIIA 
mRNA direct the synthesis of Na+ channels 
with unusually slow inactivation kinetics 
(7). Coexpression with size-fractionated 
brain mRNA smaller than 4 kb is able to 
accelerate inactivation, suggesting that a low 
molecular weight brain protein is necessary 
for rapid inactivation in oocytes (7). We 
have stably expressed cDNA for the RIIA a 
subunit in Chinese hamster ovary (CHO) 

cells, a mammalian cell line that lacks endog- 
enous voltage-sensitive Na+ channels, in 
order to examine the physiological and 
pharmacological properties of these chan- 
nels in the genetic background of a mamma- 
lian somatic cell. 

CHO cells were cotransfected (8) with 
pVA222 containing the coding region of 
the RIIA Na+ channel a subunit (7) in 
vector pECE (9) and pSV2ne0, a plasmid 
conferring resistance to the antibiotic G418. 
Control transfections with pECE lacking 
the a subunit were also performed. Trans- 
fectants were selected through multiple pas- 
sages in the presence of G418 (8). Seven 
independent stable G418-resistant cell lines 
were isolated and analyzed for the presence 
of the a subunit transcript by the ribonucle- 
ase (RNase) protection procedure. Cell lines 
PVAl and PVA4 expressed RNA that pro- 
tected a 781-nucleotide (nt) cRNA anti- 
sense transcript covering nucleotides 50 to 
831 of the RIIA 5' region (7) (Fig. 1A). 
Northern (RNA) blots showed that these 
two cell lines expressed mRNA species of 
approximately 7.5 and 3.5 kb, which were 
specifically recognized by an RIIA cRNA 
probe (Fig. lB, lanes 3 and 4). Although 

T. Scheuer, J. Offord, W. A. Catterall, Dep-ent of 7.5 kb is the expected size for transcription Pharmacolo School of Medicine, University of Wash- 
ington, seat%, w A  98195. of the RIIA cDNA in the pECE vector, the 
". J. Auld, S. R* Dunn, D e p m e n t  of 3.5-kb species is truncated, possibly due to Genetics, University ofToronto, Toronto, Ontario, Can- 
ada M5S 1Al. premature termination of transcription or 
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