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Volatile anesthetics inhibit the ion flux through Ca2+-activated K ÷ 
channels of rat glioma C6 cells 
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CaZ+-activatod K + channels in rat glioma (:6 culls were investigated using monulayers of these cells in petri dishes. The 
ion flux through t l~  channels was studied with SSRh+ after addition of a Ca2+-ionophore to the incubation medium. 
Both the influx and efflux o! ~tRb+ through these CaZ+-aetivated K + channels were inhibited by the general anesthetic 
halothane (at clinical concentrations). Other volatile anesthetics such as isoflurane, enflurane and ntethoxyflmmle also 
inhibited the CaZ+-activated K* channels at  clinical concentrations. Inhibition of these chennds by general anesthetics 
could have profound effects on signal transmission in the brain. 

Introduction 

Glial cells appear to play a key role in regulation of 
the K + concentrations in the extracellnlar space sur- 
rounding the neurov-s [ l-3].  It is suggested that glial 
cells cope with local increases in K + concentration via a 
removal mechanism which has been termed spatial 
buffering [4-6]. The prerequisites for spatial buffering 
are a high glial membrane selectivity and permeability 
for K + ions and an electrical coupling between glial 
cells. K " depolarization of such gliul cells due to active 
neurons will lead to a local inflow of K ÷ ions at the site 
of depolarization and an outflow of K + ions at mem- 
brane sites with more negative potential. Spatial barfer- 
ing therefore redistributes local increases in potassium 
using the specialized properties of the glial syneytium. 
Recent evidence [7-9] has suggested that spatial buffer- 
ing is triggered by depolarization of glial cells which 
leads to an opening of voltage-dependent Ca 2+ channels 
and a subsequent rise of the Ca 2÷ concentration which 
in turn activates a special class of K + channels (Ca 2+- 
activated K ÷ channels). 

Since the maintenance of potassium concentrations 
within physiological levels in the brain is important for 
proper signal transmission, we have investigated whether 
volatile anesthetics interfere with spatial buffering by 
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inhibition of the ion flux though Ca2+-aetivated K + 
channels.. The results of this study show that volatile 
anesthetics in clinical concentrations interfere with the 
ion flux through these channels. 

Materials and Methods 

Materials 
Halothatl~ was obtained from Hoechst (Frankfurt, 

F.R.G.). All other anesthetics were from Abbott  
(Wiesbaden, F.R.G.). Rubidium-86 (spee. act. 1.37 
mCi /mg)  was obtained from New England Nuclear, 
Leiurus quinquestriatus scorpion venom and A23187 
were from Sigma (St. Louis, MO, U.S.A.) and ionomy- 
t in  and fura-2~acetoxymethyl ester ( fura-2/AM) were 
from Culbioehem (Frankfurt, F.R.G.). Charyhdotoxin 
was a g ih  of Prof. Chris Miller, Brandeis University, 
Waltham. MA (U.S.A.). All other chemicals were from 
Merck (Darmstadt, F.R.G.). 

Cell culture 
C6 rat glioma cells (ATTC CCL 107) [10] were 

maintained in plastic tissue culture flasks (Nune, 
Roskilde, Denmark) in Dulbecco's modified Eagle's 
medium ( D M E M ;  G1BCO) with 10% (v/v)  fetal calf 
serum (G1BCO) in a 10,% CO2/90% humidified air 
atmosphere and were passaged by trypsinization (0.25% 
trypsin). 

~*Rb + influx and e/flux experiments 
Permanent cultures of rat glioma C6 cells on 3 cm 

petri dishes were preincubated for 10 rain at 3 6 ° C  in 
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150 mM NaCI, 5 mM KC1. 2 mM CaC12, 0.4 m M  
MgSO 4, 25 m M  glucose and 25 m M  Hepes-Tris pH 7.3 
(buffer A) followed by an  incubation in buffer A con- 
ta ining 0.25 /LCi SrRb+ and 2 # M  of CaZ~-ionophore 
for the indicated period. To determine the specific 
86Rb+ flux through the Ca 2+ activated K + channels,  
experiments were performed in the presence and  ab- 
sence of 50 /~g/ml of crude Leiurus quinquestriatus 
venom and  the toxin sensitive par t  of the total ~ R b  + 
influx was taken as specific flux through the K ÷ chan-  
nels. After incubation the cells were quickly rinsed three 
t imes with ice-cold phosphate.buffered saline. After the 
last wash the calls were scraped off in the presence of 1 
ml 5% trichloroacetic acid. After a low-speed centrif- 
ugat lon the  rad~oacrivily in the supernatant  was mea- 
sured by Cerenkov radiation in a scintillation counter. 
The  sediment was dissolved in 1 M N a O H  and the 
protein content  was determined by the method of L o w ~  
et al. [11]. 

For  efflux measurements  rat  gl ioma C6 cells were 
pre-ineubated for 1 h in buffer A conta in ing  0.25 pCi  
SrRb ÷. The cells were then quickly rinsed four times 
wi th  2 ml buffer A. Efflux was then measured for 1 min 
in 1 ml buffer A conta ining 2 / t M  of Ca 2÷ ionophore in 
the presence or absence of 5 0 / t g / r n l  scorpion venom. 
The  e~Rb + efflux da ta  were corrected for differences in 
SrRb + loading of  each petri  dish. 

arRb + influx measurements in the presence of volatile 
anesthetics 

[:or these experiments the culture dishes were placed 
in a plastic gas flow chamber  at  3 6 ° C  under  a flow of  
air  to which the desired anesthetic concentrat ion was 
administered wi th  special vaporizers (Dr~igerwerk, 
Liibeck). Since volatile anesthetics diffuse very slowly 
into H~O conta ining media,  we pre-equil ibmted the 
uptake buffer for 20 mill wi th  a n  air stream conta ining 
the desired anestheqc concentrat ion.  The diffusion of 
the anesthetic i~ the  ,.~ptake buffer  was moni tored with 
a ga  eh ro raa t e~aph  as &~eribed previously [12]. 

Fura-2 loading and Ca~ + measurements 
Rat  glioraa C5 cells were washed by centr ifugation 

and  resuspended in buffer A ( 1 . 1 0  ~ eel ls /ml) ,  mixed 
wi th  0.570 volume of 1 m M  f u r a - 2 / A M  in dimethylsaif-  
oxide. After incubation at 1 5 ° C  for I h, the cells were 
washed twice and  resuspended in buffer A. Measure- 
ments  of Ca ~+ was as described previously [13]. 

Results 

Characteristics of  the a~Rb ÷ ion flux through Ca ~ 
activated K + channels 

Monolayers of rat  glioma C6 cells on  3 cm petri 
dishes were treated with Ca~+-ionophnres (A23187 or  
ionomycin) to raise the intraeellular Ca 2+ concentrat ion 

zo~ 

and to activate Ca z %activated K ÷ channels. The Ca ~ ÷- 
activated ~ R b  ~ (used here as a substitute for potas- 
sium) uptake was not affected by apamin up to a 
concentrat ion of 2 ~zM. however, the ion flux was 
inhibited by crude LeJurtt~ quinquestriatus scorpion ve- 
nom tiCs0 = 2.5 ~ g / m l )  (Table l). Complete inhibit ion 
was obtained by 0. concentration of 50 / t g / m l  of the 
latter toxin. The active component  in the Leiurtt~ ve- 
nom is probably charybdotoxin since the Ca"+-activated 
K + channel  wa also inhibited by a purified preparation 
of this toxin (Table I). The IC w of the inhibition by 
charybdotoxin was 1.6 nM (not  shown). The scorpion 
toxin sensitive par t  of the total ~rRb* uplake was 
considered to represent the specific ~ R b  + flux through 
CaZ*-activated K ~ channels. Fig. [A shows the activa- 
tion of the Ca~+-activated K + channels by the addit ion 
of ionophore to the incubation medium. Half  maximal  
activation was obtained with 0.4 /~M A23187. For  the 
Ca:  %ionophore ionomycin,  half  maximal  activation was 
at 0.05 p M  (not  shownl.  Using tufa-2 loaded rat  glioma 
cells, we estimated that  half  maximal  activation of the 
Ca2+-actNated K ~ channels was obtained at a cylo- 
pla~mic Ca 2~ concentrat ion of 400 n M  (not shown}. 
Fig. 1B shows the time-course of S~Rb' uptake into the 
glioma cells via Ca:+-activated K + channels. 86Rb + 
uptake is approximately linear for 1 rain and  then levels 
off. 

Effect of ~,olutile anestbetfc~ on the a^Rb + ion flux through 
Ca:+-activated K ~ cltamlels 

Fig. 2A shows the effect of increasing concentrations 
of  the general anesthetic halothane on the SrRb* influx 
through Ca2+-activated K + channels. Clinical con- 
centrat ions of the anesthetic (0.5-2 vol% in air  corre- 
sponding to 0.26-1.04 mM of  the an~the t ic  in buffer 

TABLE I 

Effect of vario~ forms ,,n the ~aRh *uptuke int~l rat glioma C6 celt~ in 
the presence or abseme of 211.,14 A23187 

Monolay~s of glioma cells on 3 cm peld dish~ were pteincubated f~  
10 rain in buffer A (~e Materials and Metl~c~ls). After pteincubation 
the cells were changed to suffer a ~nlaining 0.2.5 pCi/ml ~Rb* in 
the pr~enc~ or absence of 2 /LM A23187 and various to~ins as 
indicated in the table. Incubation was tar 4 rain at 36°C. The 
incubations were stopped by rinsing the cells with ice,old PBS. The 
m~su~meat of the ~Rb" uptake into Ihe cells w~ as d~eribed in 
Methods. Dala arc rmmns ~ S.D. of quadruplicate dete~nlinalions of a 
representod~ ¢ experiment. The average scolpi~ toxi~sensilive ~Rb* 
uptake was 195.4± 19.3 nmol/mg protein per 4 rain in = 151. 

Additions S~Rb* uplak¢ 
( n ~ l / m g  prolei~ ,~r 4 mini 

- 2  ~M A~18"/ ÷ 2 ~tM A23187 

None 70A± t4.1 287 _+57.4 
50 lag/ml ~orpion venom 5%3:[: 52 87.8±17.6 
25 nM charybdoloxin 57.0± 8,S t06.S±2L3 
2.5 #M apamin 93.9 ± 8.9 265.8 ± 53.2 
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Fig. I. Effect of the ionophore A23187 on the SSRh* uptake through 
CaZ+.achsaled K ~ channels (At and the umPdependant uptake of 
S~Rb* afl~ addition of 2 /zM A231S7 tB). After a preineubadon of 
lg rain in buffer A the ceils were changed to buffer A containing the 
indicated concentrations of ionophore, 0.25 pCi/ml s*gb + with or 
withonl 5O ttg/ml L e h ~  qumquestriat~ ~orpion v~om, For the 
experiment in A the rat ghoma cells we~ incubated with AX3fR7 for 4 
nlin al 36°C and in B for the indicaled time~. The incubation was 
slopped by nnsin s with i~-cold phosphat~buffered saline ~ d ~  
scribed in Matedal~ and Methods. Tile ~orpion toxin-sensitive part 
of the total ~Rb + uptake is plotted in the figures. Data are means:~ 
S.D. of triplicate demnrJnations of a representative expcrlm~t, for 

Fig. IA and are means ± S.E. for Fig. 1B ( n 3). 

A) significantly inhibited the SdRb+ influx. At the 
halothane concentration which anesthetizes 50% of rats 
(1.05 vo1%), we observed a 50% inhibition of the SdRb+ 
influx. Almost identical results (48 + 3,% inhibition by 
1% halothane (n = 4)) were obtained in the presence of 
50 nM charybdotoxin. Replacement of the halothane 
containing incubation medium by a medium without 
halothane resulted in an almost complete retain of the 
original channel transport activity (not shown). Fig. 2B 
shows that the efflux through the K ÷ channels is also 
inhibited in a doze-dependent manner by  the anesthetic. 

=~1oo A Influx ~ lOO B Enlux 

~ 6o ~ 6o 

2O "6 20 _ 
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Halothane (Vol,°Jb) Halothane { r u i n / o )  

Fig 2. Eff~t of the general anesthetic halothene on ndRb+ influx (At 
and e[flux (Be through Ca2+-aetivated K ~ channels of rat gaoma C6 
ceils Influx and efflux were measured for 1 rain at 36°C in the 
pre~nce or absen~ of the volatile anesthetic. Measurements were 
perfo~cd in the presence or abs~c¢ of S0 /tg/ml crude Leiurm 
qumquestrial~ venom in order to delermine the specific f lux through 
Ca 2+ activated K + channels. The uptake measurcmems in the pres- 
ence of halothan¢ were perto~ed ~ de~rihed in Materials ~ d  
Methods Data are means±S.F-, of three separate e~periments per- 
formed in quadruplicate. The average scorpion toxin sensitive ~gh" 
influx in the absen~ of halothane was 5%3 ± 7.8 front/ms prolein per 

rain (n = S). 

-Halofhane / +Halo thane 
(d % } 

~a s s 

k - . i  i i i i i ! 
o t g o t 2 

T imetm ln )  T ime train) 

Fig. 3. Influence of 4% halotha~ on the 2 •M io~mycin-indueed 
rise of the cytoplasmic Ca z+ concentration of rat glioma C6 cells. C6 
ceils at a concentrati~ of I(] 7 ceIl~/ml in DMEM (-serum) were 
mixed with O.5% volume of I mM fula-2/AM in DMSO. M~sure- 
merit of Ca 2. after addition of 2 flM ionomgeln was carried out at 
36°C with a r,~edified 4-8202 Aminco Bowman spcctrofluorimeter 
(Silver Spring, MD. U.S.A.) tined with a ~guetie s t i ~  and a 
thermostated cuvene holder. Intracellular turn-2 fluorescence was 
measured at ~wo quickly ahemating excitation wavelengths 04O/385 
rim) ~ d  corninuously recorded at 500 nm. Ca'* values were calcu- 
lated using the $40/385 nm ratio of fluorescence intensities as de- 
scribed previously 1131. Shown in the figure is a representative set of 

data ~ t  of five independent experiments. 

Comparison of Figs. 2A and 2B show that influx and 
efflux through Ca2+-activated K + channels are about 
equally sensitive to halothane. 

To exclude the possibility that ionophore-induced 
Ca 2+ transport was affected by the anesthetic we studied 
the rise in the Ca a÷ concentration with the CaZ+-indica - 
tor fura-2 in the presence and absence of 4% halothane. 
Measurement was only for 2 min in order to prevent 
photobleaching of fura-2. The  rise in the 340/385 ratio 
(Fig. 3) was not affected ,by the anesthetic, indicating 
that halothane does not interfere with the ionophorc-in- 
dueed Ca z+ rise. 

We further investigated whether other volatile 
anesthetics (enflurane, isonurane and methoxyflurane) 
also inhibit the Ca2+-aetivated K + channels in these 
glioma cells. All three volatile anesthetics inhibited these 
channels in a dose dependent  manner (Fig. 4). Similar 
results were obtained in the presence of 50 nM ehar~b- 
dotoxin (37 _ 4.1% inhibition by 2% isoflurane (n = 4)). 
The  inhibitory potency (1C~0) of the anesthetics for the 
CaZ+-activated K + channels also correlated very well 
( r = 0 . 9 9 )  with the concentrations of the anesthetics 
that anesthetize 50% of test animals (Fig. 5). These 
observations suggest that charyhdotoxin-sensit ive 
Ca2+-activated K + channels in glint cells are a target 
site for volatile anesthetics. Whether inhibition of these 
K + channels by  volatile anesthetics plays a role in 
anesthesia remains to be investigated. 

D i s c u s s i o n  

The data in this study provide the first evidence for 
the presence of chatybdotoaln sensitive Ca2÷-activated 



267 

lOO 100  

8O gP 

g 60  gO 60  

4o 40 ~ 4 .  

"~ 20 ~ 2 2 

i s o f l u  r a n e  ( V o l ,  ° k ] )  e n n u r a n e  ( v o l  / o ~ )  m e t h o x y n q r a n e  ( V o L  O/o) 

Fig. 4, Inhibition of Ca2+-acavated K + channeb in rat slip ma C6 cells by the volatile anesthetics isofluraae, ~nflu~ne and methoxyflu~n¢. I n f l a x  
was ~asurecl for 1 rain at 36°C in the presence and absence of the volatile anesthetics. The scorpion toxin-sensitive parl of the total S6Rb+ 
uptake was considered as specific influx through the CaZ+-activated K * channels. The specific influx in the absence of anesthetic was taken as 
1005[ and the other flux~ ~ e  calculated as % of this maximum influx All other pr~edures were as de~rlbed in Matefial~ and Methods. Data ate 
m~ns ± S.E. of thr~ ~parat¢ experiments p~formed in triplicate. The average ~orpion ioxin sen~illVe ~Rb • influx in the ahgence of isoflurane 

was 67.3 ± 20.t, in the absence of ennurane 60.3 ± 6 3 and in the absence of methoxy flurane 69.1 +_ 9.8. 

K + channels in glial cells. To date. charybdotoxin-sensi- 
t ire K ÷ channels have been implicated in act ion poten- 
tial repolarization in nerve [14], fluid secretion in exoe- 

fine cells [15.16| epithelial salt t ransport  [17] and neuro-  
secretion in  pi tui tary cells [lg]. I t  is t empt ing  to specu- 
late tha t  these charybdotoxin  sensitive channels in glial 
cells are involved in spatial buffering. The  observation 
tha t  bo th  influx and  efl lux th rough  these channels  can 
occur, makes  it a potential  candidate [or such a func- 

tion. 

The  effects of  volatile anesthetics on  the charyb- 

dotoxin-sensitive K + channels in rat  glioma C6 cells 
differ f rom the effects o f  general anesthetics on  Ca '-+- 
activated K + channels in h u m a n  erythrocytes [19]. In  
the  latter, general anesthetics st imulated rather t han  

i !tel , /  
~ ' 2 _ )  

Anest / i©  potency (Vol.o/o) 
Fig. 5. Relatiomhip between s ~ a l  anesthetic concentrations needed 
to anesth~ize 50% of tesz animals and the concentrations necessary 
for 505 inhibition of Ca z+-activaicd K+ channel in rat glioma CO 
tens. 'Eae line through tile origin ~presents the theoretical sltualion 
where the anesthetic concentration is identical to the concenlmtion 7 Mac Vicar, hA. (1984) Science 226,1345-1347. 
thai inhibils the CaZ÷-activated K + ¢hannel by 5D% (ICs0). The lCso 8 QuandL F,N, and Mac Vicar, B.A. (19861 Neur~clence 19, 7-9-41 
values for Ca2+-aetivated K + charmer inhibition of the volatile 9 Seagar. MJ., DepreL P, Marlin-Moutot, N~ and Couraad, F. 
anesthetics were extrapolzled from Fig. 2A and Fig. 4. The animal [1987) Brain Res. 411. 226 230. 
potency data of the anesthetics for rats w~re from Rer. 21 $in~ the 10 Bends. P.. Lighrbody. J.. Snip. O. and Sweet. W. 1101581 Science 
anesthetic potency of methoxy/lu-~le for rats is not available in the 161. 370 371 
literature we have used theanesthelicpoleney br  mice(Ref 22). (H, 11 Lowry, O.H,, Rosebn)ugh, N J , .  Fort. A.L. and Randall, R,J. 

halolhane; 1. isoflurane; E, e.nflurane and M, inethoxyflurane). (1951) J. Biol. Chem. 193, 265 279. 

inhibited the Ca ~ -dependen l  efflux of K + when used 
at  clinical concentrations.  Since at least three different 
CaZ+-activated K '  channels have been described [20L 

the above discrepancy may be due  to the detection of 

different types of  Ca:+-activaled K + channels in the 
two systems. 

In  order to assess the relevance of  the inhibition of 
Ca'- V-activated K ' channels in glial cells [or anesthesia 

it is necessary to s tudy (a) whether glial cells in vivo 
also express these channels and  (h) whether these chan- 

nels are involved in spatial buffering. 
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