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ABSTRACT Electrical properties of  the plasma membrane of  guard cell proto- 
plasts isolated from stomates o f  Viciafaba leaves were studied by application o f  the 
whole-cell configuration of  the patch-clamp technique. The two types o f  K § cur- 
rents that have recently been identified in guard cells may allow efflux of  K s dur- 
ing stomatal closing, and uptake o f  K + during stomatal opening (Schroeder et al., 
1987). A detailed characterization o f  ion transport properties o f  the inward-rec- 
tifying (IK*,i,) and the outward-rectifying (IK+.ou,) K § conductance is presented here. 
The permeability ratios o f  Ix+.~ , and I~+.out currents for K § over monovalent alkali 
metal ions were determined. The resulting permeability sequences 
(P~. > PRb + > PNa § > PIJ" >> Pc,+) corresponded closely to the ion specificity o f  
guard cell movements in V. faba. Neither K s currents exhibited significant inactiva- 
tion when K s channels were activated for prolonged periods (>10 min). The 
absence o f  inactivation may permit long durations o f  K § fluxes, which occur dur- 
ing guard cell movements. Activation potentials o f  inward K § currents were not 
shifted when external K + concentrations were changed. This differs strongly from 
the behavior o f  inward-rectifying K s channels in animal tissue. Blue light and fusi- 
coccin induce hyperpolarization by stimulation o f  an electrogenic pump. From 
slow-whole-cell recordings it was concluded that electrogenic pumps require cyto- 
plasmic substrates for full activation and that the magnitude of  the pump current 
is sufficient to drive K + uptake through IK§ channels. First, direct evidence was 
gained for the hypothesis that IK§ channels are a molecular pathway for K s accu- 
mulation by the finding that IK§ Was blocked by AI s§ ions, which are known to 
inhibit stomatal opening but not closing. The results presented in this study 
strongly support  a prominent  role for IK§ and IK*,o,t channels in K § transport 
across the plasma membrane of  guard cells. 

I N T R O D U C T I O N  

Vital processes in higher  plant  cells such as solute t ransport ,  plant movements ,  
osmoregulat ion,  and growth require  the t ranspor t  and accumulat ion o f  K s salts in 
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specialized cells of  various tissues (Satter et al., 1974; Lfittge and Pitman, 1976). 
This study focuses on guard cells that surround stomatal pores in the epidermis of  
leaves. Movements of  two guard cells lead to variations in the aperture of  their cen- 
tral pore (stomatal pore). Changes in the pore aperture regulate the gas exchange 
for photosynthesis while controlling water loss of  the plant to the atmosphere. Sto- 
matal pores open when the two surrounding guard cells augment their osmotic 
potential by increasing their concentration of  K + and counter  ions (Imamura, 1943; 
Humble and Raschke, 1971; Raschke, 1979). Release of  K + and counter  ions by 
guard cells leads to closure of  the stomatal pore. Environmental signals such as blue 
light, red light, CO 2, temperature, and drought regulate the gas exchange of  plants 
by controlling the K + salt content of  guard cells (for review see: Raschke, 1979; 
Zeiger, 1983). 

Guard cells provide an ideal model system for the purpose of  studying processes 
that underlie K + transport across higher plant membranes. Patch-clamp studies 
have revealed the existence of  inward- and outward-rectifying K + channels in the 
plasma membrane of  guard cells. It has been suggested that these K § channels allow 
uptake and release of  K + during the stomatal opening and closing (Schroeder et al., 
1984; Schroeder et al., 1987). In recent voltage-clamp studies time-dependent out- 
ward-rectifying K § channels have been found in the plasma membrane of  algae, 
yeast, and various other  higher plant cells, and have been suggested to play a role in 
K § release during osmoregulation (Findlay and Coleman, 1983; Beilby, 1985; Gus- 
tin et al., 1986; Satter et al., 1986; Sokolik and Yurin, 1986; Bertl and Gradmann, 
1987; Iijima and Hagiwara, 1987). The voltage-dependent inwardly rectifying K + 
channels, which activate in a time-dependent manner (IK~.in) were originally 
described in guard cells (Schroeder et al., 1987). Electrogenic H + pumps, which are 
activated by blue and red light, have been suggested to provide the driving force for 
K § uptake through K + channels (Assmann et al., 1985; Shimazaki et al., 1986; Ser- 
rano et al., 1988). 

The object of  this study is to examine critically whether voltage-dependent K + 
channels represent a significant pathway for the uptake and release of  K + in guard 
cells during the regulation of  gas exchange in leaves. For this purpose biophysical 
properties of  the plasma membrane have been investigated in detail that can be 
compared to previous studies of  guard cell movements. The following questions 
were addressed: Are the alkali metal ion selectivities of  IK+,i . and IK§ comparable to 
selectivities found in tracer flux studies of  stomatal movements (Raschke, 1975; 
MacRobbie, 1983; Zeiger, 1983)? As K + fluxes in guard cells occur on a slow time 
scale, how do the kinetics of  IK+.m and IK+.out behave in response to sustained (>_10 
rain) depolarizations and hyperpolarizations? Do activation potentials of  IK§ . and 
IK+ ou~ channels shift when K + gradients are varied? Can blockers of  K + channels that 
also block stomatal movements be found? Slow-whole-cell recordings (Lindau and 
Fernandez, 1986) were established to examine whether blue light stimulation of 
electrogenic pumps could provide sufficient driving force to activate IK'.m channels 
and to propel K + uptake through these channels. In this report,  direct investigation 
of  these questions with the patch-clamp technique allows evaluation of  the impor- 
tance of  K + channels for K + transport during guard cell movements. Some aspects 
of  this study have been published in abstract form (Schroeder, 1988). 
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M E T H O D S  

Solutions 

Solutions were developed that permitted good yields in sealing and stable recordings from 
single protoplasts for periods of  up to several hours. The composition of the bath solution 
was 10 mM K§ 1 mM CaCI~, 2 mM MgCI2, 1 mM KOH, 10 mM MES ([N-morpha- 
lino]ethanesulfonic acid), pH 5.5, osmolality adjusted to 480 mmol �9 kg -~ with D-mannitol. 
The composition of  the intracellular medium was 100 mM K+-glutamate, 1 mM EGTA, 2 mM 
MgCI 2, 5 mM KOH, 10 mM HEPES, 2 mM MgATP, pH 7.2, osmolality adjusted to 530 
mmol �9 kg -j with D-rnannitol. Osmolalities were measured with a vapor pressure osmometer 
(5100 c; Wescor Inc., Logan, UT). The 10% higher osmolality of the pipette solution with 
respect to the bath made it possible to obtain stable and low access resistances between the 
patch pipette and the cytoplasm, thus enabling well defined voltage-clamp conditions (effec- 
tive R . . . .  < 10 Mg). This behavior may be explained by an osmotic shrinking of the vacuole, 
which can take up over 90% of the cell volume. 

Permeability ratios of IK§ and IK§ for K § over other alkali metal ions were determined 
by replacing 10 mM K+-glutamate and 1 mM KOH in the bathing medium with 100 mM of 
various alkali metal ion glutamate salts. Relative permeabilities and K § equilibrium potentials 
were calculated from ionic activities. Ionic activity coefficients for 10 mM K+-glutamate, 100 
mM K§ 100 mM Li§ 100 mM Na+-glutamate, 100 mM Rb+-glutamate, 
and 100 mM Cs§ solutions were 0.89, 0.77, 0.79, 0.78, 0.76, and 0.755, respec- 
tively. These values were approximated from activity coefficients of various salt solutions as 
determined by Robinson and Stokes (1955). Membrane potential values were corrected for 
the liquid junction potential that develops at the opening of  the patch pipette when it is 
immersed into the bath solution. Liquid junction potentials were measured with a 3-M-KC1 
agar bridge as described elsewhere (Fenwick et al., 1982). The liquid junction potential 
between the 100-raM K§ internal solution and the 10-raM K§ external 
solution was - 1 7  mV. With 100 mM K+-glutamate internal and 100 mM of the alkali metal 
ions Li § Na +, Rb § and Cs § in the bath, corrections of  liquid junction potentials were - 6 ,  
-4 ,  + 1, and + 2 mV, respectively. 

Protoplast Isolation 

Protoplasts were isolated from abaxial epidermal strips of  2-3-wk-old V/c/a faba (Gruenker- 
nige Hangdown (G6ttingen, F.R.G.) leaves by modification of a published procedure (Gotow 
et al., 1984). Epidermal strips were incubated in 15 ml of  1.6% Cellulase Onozuka RS (Yakult 
Honsha Co., Japan), 0.016% Pectolyase Y-23 (Seishin Pharmaceutical Co., Japan), 23.2 g 
liter -I Gamborg's culture medium B-5 (no hormones added; Gibco, Grand Island, NY), 1 
mM CaCI 2, 1 mM Spermidine, 0.2% BSA (Sigma Chemical Co., St. Louis, MO), and 185 mM 
D-Mannitol, pH 5.57, osmolality: ~350 mmol �9 kg -~. The incubation medium was centrifuged 
at 2,000 g for 5 rain to remove starch grains and other enzyme debris. Epidermal strips were 
exposed to the incubation medium in a shaking water bath at 29"C (f - 0.5 Hz) for 35-50 
min. Released protoplasts were purified by passage through a 30-#m mesh and centrifuged at 
125 g and 5~ for 12 min. The pellet consisting of  guard cell protoplasts was washed twice (at 
125 g and 5~ for 10 min) in Gamborg's culture medium 13-5 (no hormones added; Gibco), 
with 380 mM o-mannitol, 1 mM CaCI2, osmolality 500 mmol �9 kg -~. The ability of protoplasts 
to swell in the light was verified as an indication of intactness of  guard cells. 

Patch Clamp and Seal Formation 

The  mechanica l  work  s ta t ion for  pa tch  c l amping  was as desc r ibed  by Hamil l  e t  al. 
(1981) (see also Sch roede r ,  1987). T h e  whole-cel l  conf igu ra t ion  o f  the  pa t ch -c l amp  
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technique (Hamill et al., 1981; Marty and Neher, 1983) was applied to isolated 
guard cell protoplasts as described previously (Schroeder et al., 1987). In general, 
obtaining gigaseals ( R ~  > 10 G~2) between recording pipettes and plant protoplasts 
is more difficult than with animal cells or plant vacuoles. Therefore,  procedures that 
may facilitate seal formation on guard cell protoplasts were developed for this study 
and are described in the following. 

The addition of  membrane-stabilizing agents and culture media to the isolation 
and washing solutions as well as to the K+-glutamate solutions described above were 
optimized for improved yields in seal formation. In the case of  very difficult sealing, 
preliminary experiments can be performed with up to 40% lower osmolality in the 
pipette solution with respect to the bathing medium. However, osmolalities needed 
to be adjusted as specified for reliable whole-cell voltage-clamp recordings (see Solu- 
tions above). Good seals were obtained when patch pipettes were fabricated from a 
thin-walled borosilicate glass (Kimax glass, Kimble 34500; Kimble Div., Owens-IL, 
Inc., Toledo, OH). Seal formation can be very slow. An adequate procedure for 
reproducibly forming seals was developed in which the suction is slightly increased 
stepwise every minute by ~ - 1  to - 1 0  cm H~O. As soon as the seal starts to form 
(R,,~, > 100 Mfl) negative voltage is applied to the pipette ( - 4 0  to - 8 0  mV). Fre- 
quently, the gigaseal forms quickly after following this procedure for several min- 
utes. In this case, the suction should be released immediately before breaking into 
the cell. The seal can be improved ( R ~  >_ 20 Gf~) by applying slight suction (5 cm 
H20) for 1-5 s and releasing it again several times. When all procedures 
described here were followed closely, high resistance seals (>20 G~2) could be 
obtained in up to ~90% of  the trials. When these suitable procedures for patch 
clamping guard cells were applied to protoplasts from other  types of  higher plant 
tissue, gigaseals could be obtained. 

For slow-whole-cell recordings the pipette solution was backfilled (100 nl behind 
the tip) with a solution including 50 hemolytic units of  the purified bacterial porin 
Haemolysin from Escherichia coli (Menestrina, G., N. Mackman, I. B. Holland, and S. 
Bhakdi, manuscript in preparation). After establishment of  the cell-attached record- 
ing configuration, capacitive transients were monitored. Usually, after 10-20 min 
slow-whole-cell capacitive transients appeared (time constant ~5 ms). Capacitances 
and series resistances of  _< 1 G~2 could be compensated by modification of  an inte- 
gration circuit in the EPC-7 patch-clamp amplifier. 

Data Recording and Acquisition 

Voltage-clamp measurements of whole-cell currents were performed at 21-23"C with an 
EPC-7 patch-clamp amplifier (List Elektronik, Darmstadt, FRG). Errors in membrane poten- 
tial (<6 mV) due to the voltage drop across the effective access resistance, were compensated 
as described previously (Schroeder et al., 1987). Data were low-pass-filtered with eight-pole 
Bessel characteristics and digitized at a sample rate of five times the filter cutoff frequency. 
Data were stored on a PDP-11/73 computer (INDEC, Sunnyvale CA) operating on-line. All 
data values and error bars are mean +SD. 

R E S U L T S  

In a previous study it was shown that both outward-rectifying and inward-rectifying 
K + currents are present in the plasma membrane of  guard cell protoplasts from V. 
faba. These K + currents were shown to be carried by several hundred single K + 
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channels  that  a re  loca ted  in the  p l a sma  m e m b r a n e  o f  a g u a r d  cell, and  which acti- 
vate in a vol tage-  and  t i m e . d e p e n d e n t  m a n n e r  (Schroede r  et  al., 1987). 

A l k a l i  M e t a l  Ion  Selectivity 

Various  monova l en t  ca t ions  have been  used  in f o r m e r  whole  tissue s tudies  o f  g u a r d  
cell movemen t s  (MacRobbie ,  1983; see: Raschke,  1975; Zeiger ,  1983). To  c o m p a r e  
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FIGURE 1. Tail current recordings, 
which were used to determine the 
reversal potential of  K + currents with 
100 mM Li + in the bath (A). With 
100 mM Cs + in the bath (B) and with 
100 mM Cs + in the cytoplasm (C), no 
typical tail current reversals could be 
found. A and B show the superposi- 
tion of 6, and C the superposition of 
10 current recordings at different 
tail potentials (VT~). K + currents 
were activated by stepping the mem- 
brane to values indicated by V~r 
Subsequently, the potential was 
stepped to values (VT~) at which 
deactivating currents were recorded. 

pa t ch -c l amp  r eco rd ings  o f  K § p e r m e a t i o n  t h r o u g h  K § channels  with p rev ious  s tud-  
ies o f  g u a r d  cell movemen t s  it  is o f  in te res t  to  s tudy the  comple t e  alkali meta l  ion  
selectivity o f  these  channels .  Permeabi l i ty  ra t ios  for  K + ions over  the  alkali metal  
ions Li +, Na  +, Rb  § a n d  Cs + were  m e a s u r e d  by d e t e r m i n i n g  the reversal  po ten t ia l  o f  
tail cu r r en t s  with 105 mM K § in the  cy top lasm a n d  100 m M  o f  an alkali metal  ion in 
the  ba th  (for the  m e t h o d  see: S c h r o e d e r  et  al., 1987). Fig. 1 A shows a typical  
r e c o r d i n g  o f  tail cu r r en t s  o f  IK§ with 100 mM Li + in the  bath .  I t  should  be  n o t e d  
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that with 100 mM Cs + in the bath no inward currents nor characteristic inward 
directed tail currents could be measured (Fig. 1 B). The same was found for out- 
ward currents when cells were loaded with I00 mM Cs+-glutamate and bathed in 10 
m M  K + - g l u t a m a t e  so lu t i on  (Fig. 1 C). T h e s e  resul t s  sugges t  tha t  b o t h  IK§ ~ a n d  1K.,out 

c h a n n e l s  have  a low p e r m e a b i l i t y  f o r  Cs + ions.  T h e  p e r m e a b i l i t y  ra t ios  fo r  K § o v e r  

o t h e r  alkali  me ta l  ions  X + w e r e  ca l cu l a t ed  by the  G o l d m a n  e q u a t i o n :  

PK+ [X+]~ e x p  (V,~,F/R T) - [X+]o 

ex--~ = [K+]o - [K+]i exp ( V r ~ F / R T )  ' (I) 

where Vr, v is the reversal potential of tail currents, R is the gas constant, T the abso- 
lute temperature, and F is Faraday's constant. The ionic concentrations in brackets 
w e r e  c o r r e c t e d  f o r  t he i r  act ivi t ies  in so lu t i on  (i = in te rna l ,  o = ex te rna l ) .  T a b l e  1 

s u m m a r i z e s  the  p e r m e a b i l i t y  ra t ios  d e r i v e d  f r o m  reve r sa l  po t en t i a l s  o f  tail cu r r en t s .  

M i n i m u m  values  f o r  PK+:Pc~+ in T a b l e  I r esu l t  f r o m  po ten t i a l s  u p  to  wh ich  n o  c lea r  

tail r eversa l  was m e a s u r e d .  T h e  p e r m e a b i l i t y  ra t ios  in T a b l e  I show tha t  i n w a r d  K + 

TABLE I 

Permeability Ratios (Px§ of Ix+,i . and Ix+,~ a Channels 

Li* Na + K + Rb + Cs + 

I~+,I. PK+:Px* 32 (• 17 (+5) 1 (+0.1) 5 (+1) >40 
V~ (mV) -89  • 10 -72  • 7 -54  • 3 -42  • 6 > +40 

n 6 5 10 3 3 
IK+.o~, PK+:Px+ 27 (• 8 (• 1 (• 3 (• I) >100 
Vr., (mV) - 8 5 •  - 5 2 •  10 - 5 3 •  - 2 7 •  10 < - 1 1 9  

n 3 4 10 3 3 

Permeability ratios were derived from reversal potentials (V~) of tail currents measured with 105 mM K + in the 
cytoplasm and 100 mM of other alkali metal ions (X +) in the bath (PK§ was measured with 11 mM K ~ in the 
bath, and PK+:Pc~+ for l~+.~n as shown in Fig. 1 C) (+ SD; n is the number of ceUs). Data for PK§ are taken 
from Schroeder et al., 1987. 

c u r r e n t s  a n d  o u t w a r d  K + c u r r e n t s  h a d  the  s a m e  p e r m e a b i l i t y  s e q u e n c e :  PK+ > 

Pp.b+ > P~a+ > Pu§ >> Pc,+. 

Special Gating Properties o f  lx+ ~ and Ix+ ~ . Channels 

In  p r e v i o u s  s tud ies  ( S c h r o e d e r  e t  al., 1984,  1987) e s t ima tes  o f  t he  m a g n i t u d e  o f  K + 

f luxes  t h r o u g h  IK+~ a n d  IK~out c h a n n e l s  w e r e  b a s e d  o n  the  a s s u m p t i o n  tha t  IK+,in a n d  

IK§ c h a n n e l s  d o  n o t  inac t iva te  u p o n  p r o l o n g e d  s t imula t ion .  W h e n  w h o l e  cells  w e r e  

c l a m p e d  fo r  p r o l o n g e d  d u r a t i o n s  (>_10 min)  to po t en t i a l s  at  wh ich  IK~,out a n d  IK+,i n 

w e r e  ac t iva ted ,  l i t t le o r  n o  inac t iva t ion  c o u l d  be  f o u n d  (Fig. 2). F o r  ou tward - r ec t i f y -  

ing  K § c u r r e n t s  an  a v e r a g e  d e c r e a s e  o f  t he  c u r r e n t  by 12 -+ 5% (n = 10) was f o u n d  

a f t e r  a 10-rain s t imu la t i on  at + 40 inV. I n w a r d  c u r r e n t s  s h o w e d  a m e a n  r e d u c t i o n  o f  

9 + 6% (n = 15) w h e n  s t i m u l a t e d  f o r  10 rain at - 1 3 0  to  - 1 4 0  mV.  T h e s e  expe r i -  

m e n t s  ind ica te  tha t  K + c h a n n e l s  can  r e m a i n  ac t iva t ed  f o r  phys io log ica l  d u r a t i o n s  in 
wh ich  K + f luxes  o c c u r  in g u a r d  cells. I n  Chara a suf f ic ien t  n u m b e r  o f  K + c h a n n e l s  

can  r e m a i n  ac t iva ted ,  wh ich  c o n t i n u o u s l y  po l a r i ze  t he  m e m b r a n e  p o t e n t i a l  to  the  

e q u i l i b r i u m  p o t e n t i a l  f o r  K § (Beilby, 1985).  
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In  some protoplas t  prepara t ions  the magni tude  o f  I K * , o u t  has been  repor ted  to 
diminish (" run  down")  with the dura t ion  o f  whole-cell r ecord ing  (Schroeder  et al., 
1987). Only prepara t ions  with stable ou tward  K § currents  were studied in experi- 
ments  as shown in Fig. 2 A. The  reduc t ion  o f  IK*,out with time, which occur red  in 
some preparat ions,  could no t  be a t t r ibuted to inactivation as this irreversible cur- 
rent  reduct ion  was also observed after  cells were constantly c lamped to - 7 5  and 
- 100 mV. Similar p h e n o m e n a  have been  observed for  different  types o f  K § chan- 
nels in animal cells and have been  at t r ibuted to washing ou t  o f  cytoplasmic factors 
dur ing  whole-cell recordings  (Levitan, 1985). 
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*200- 

g 

~ . 1 0 0 -  

0 
0 

B 

-100 
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| -2oc  
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I i 
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FIGURE 2. Outward K § currents (A) and inward K + currents (B) were recorded during con- 
tinuous stimulation by holding the membrane potential at +40 mV (A) and - 1 3 0  mV (B). 
Little or no inactivation was observed. 

As IK+,i. channels have propert ies  similar to inward-rectifying K + channels in ani- 
mal tissues, exper iments  were designed to test whether  the activation potential  o f  
IK.i. shifts with changes in the equil ibrium potential  for  K + as has been shown in 
animal cells (Hagiwara and Takahashi, 1974). In  Fig. 3 A  I~.m and IK*.out were 
r ecorded  with 100 mM K+-glutamate in the bath. Reversal potentials o f  tail currents  
were measured  after each bath perfus ion to test whether  K + concentra t ions  were 
effectively changed  in the vicinity o f  the plasma membrane .  Reversal potentials 
shifted f rom - 5 3  mV with 11 mM K + in the bath to - 2  mV with 100 mM K § in the 
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FmURE 3. (A) Recordings of 
IK+ou, and IK+,in in a guard cell 
b a t h e d  in 100 m M  K+-gluta-  
m a t e  ex te rna l  solut ion.  (B) the  
s u p c r p o s i t i o n  o f  cur ren t -vo l t -  
age  re la t ionsh ips  o f  the  cell in 
A with 100 m M  K+-gtu tamate  

in the  b a t h  (filled circles) a n d  
a f t e r  b a t h  p c r f u s i o n  wi th  the  

1 0 - r a M  K+-glu tamate  so lu t ion  
(open  circles). T h e  act ivat ion 
po ten t i a l  o f  IK.~ . was n o t  
sh i f ted  significantly with 

r e spec t  to t he  K + g rad ien t .  

bath (not shown). In Fig. 3 B it becomes apparent that the activation potential of  
IK.~ , was not shifted significantly by the change in the K + gradient. This property of  
IK.,~ channels reflects a pronounced difference from inward rectifiers in animal 
cells. Interestingly, the activation potential of  IK*,out shifted by ~ + 3 5  mV with 
respect to recordings with 11 mM K + in the bath. The activation potential depen- 
dence of  IK+out and IK+m on extracellular K + concentrations are summarized in Table 
II. 

Driving Force for K + Uptake 

The assumption that IK§ channels represent a permeation path for K + uptake dur- 
ing stomatal opening requires that an active transport system be capable of  hyper- 
polarizing the membrane potential to values of  ~ -  120 mV (Schroeder et al., 1987). 

T A B L E  I I  

Activation Potentials (Von) of  lx§ . and Ix .  o ~ Measured 

with 11 m M  K § and 100 m M  K § in the Bath 

11 m M K  § 1 0 0 m M K  + 

&*i;V~,.i. - 8 3  • 15 - 8 7  • 15  

IK+,o.,:V~,.o., --39 • 15 --2 + 5 

Activation potentials were defined as the potential at which a measurable time-dependent 
whole-cell current (->1 pA) was resolved. Values are • SD and n - 5. 
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In Fig. 4 the effect on membrane currents by the stimulators of  stomatal opening 
blue light (A) and the fungal toxin fusicoccin (MarrY, 1979; Clint and MacRobbie, 
1984) (B) were investigated. Exposure to blue light (n = 57) or bath application of  
fusicoccin (n = 17) lead to the activation of  an outward current. When the mem- 
brane potential was held at - 60 mV in symmetrical solutions, blue light and fusicoc- 
cin induced currents that surpassed the zero-current level. The blue light-activated 
outward current  has been shown to induce membrane hyperpolarization and could 
only be measured when MgATP was added to the pipette solution (Assmann et al., 
1985). No significant changes of  IK*.m and IK+,out channels in response to blue light 
were found (not shown). Furthermore,  outward currents could be measured in sym- 
metrical K§ solutions (Fig. 4, A and B). These data imply that currents activated 
by blue light and fusicoccin are mediated by an electrogenic ATPase. When guard 
cells are exposed to light and fusicoccin, acidification of  the extracellular medium 
has been measured (Raschke and Humble, 1973; Shimazaki et al., 1986). These data 
are in accord with the hypothesis that the electrogenic current  is mediated by a 
plasma membrane H+-ATPase (Gradmann et al., 1978; Serrano, 1985; Shimazaki et 
al., 1986). 

Previous experiments were performed with 9.2 mM ATP in the pipette solution 
(Assmann et al., 1985). In order  to address the question of  whether physiological 
cytoplasmic ATP levels of  ~1 mM (Roberts, 1984; Blatt, 1987b; Michalke and 
Schnabl, 1987) are sufficient to activate electrogenic pumps, experiments were per- 
formed with various concentrations of  MgATP in the pipette solution that dialyzes 
the cytoplasm. With 10 mM MgATP and 2 mM MgATP in the pipette solution, peak 
blue light-stimulated outward currents were 3.4 -+ 1 pA (n = 10) and 3.2 -+ 1 pA 
(n = 10), respectively. With 1 mM MgATP the peak current  was reduced by 35% 
(2.1 -+ 0.6 pA, n = 10), and with 0.1 mM MgATP clear electrogenic currents (>0.2 
pA) were seldom resolved. 

To provide the full driving force for K + uptake during stomatal opening in V. f a b a  

leaves the magnitude of  the electrogenic current  would need to exceed + 12 pA as 
judged from the activation potential of  IK§ n (Fig. 3, Table II), the membrane input 
resistance ( -10  G~2) and the estimated mean rates of  physiological K § uptake for 
which a membrane potential of  - 1 2 0  mV would be sufficient (Outlaw, 1983; 
Schroeder et al., 1987). However, in whole-cell recordings blue light-induced out- 
ward currents were always smaller than + 12 pA (see above). Possibly cytoplasmic 
substrates, which are washed out during whole-cell recordings, are required during 
physiological stimulation of  electrogenic pumps. To test this suggestion, the recently 
developed slow-whole-cell recording technique, which leaves the biochemistry of  the 
cell largely unper turbed (Lindau and Fernandez, 1986), was applied to guard cells. 
The magnitude of  electrogenic currents activated by blue light in slow-whole-cell 
recordings was 18 -+ 6 pA (n = 5) (Fig. 4 C). This finding suggests that diffusable 
cytoplasmic substrates other than MgATP, which are washed out in whole-cell 
recordings, may be required to fully activate blue light-stimulated pumps. At the 
peak of  the current  response in Fig. 4 C a resting potential of  - 140 mV was mea- 
sured by clamping the membrane to zero current. Resting potentials after blue light 
exposure were more negative than the required potential of  - 120 mV. Similar rest- 
ing potentials were recently reported in guard cells (Blatt, 1987a, b). Thus light- 
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Activation o f  electrogenic pumps in whole-cell recordings by blue light (A) and 
by bath perfusion o f  2 #M of  the fungal toxin fusicoccin (B) (Marr6, 1979) at a holding 
potential o f  - 60 inV. C shows the activation o f  electrogenic pumps by blue light in a nondia- 
lyzed cell (slow-whole-cell) at - 6 0  inV. The protoplasts were kept in the dark for 2 rain prior 
to exposure to fusicoccin or  blue light at an irradiance o f  100 #mol s -z m -~. Experiments in A 
and B were per formed in K+-free solutions; 100 mM and 10 mM K+-giutamate in the stan- 
dard solutions were replaced by 50 mM concentrations of  n-methylglucamine-glutamate 
(NMG-GIu) in both the pipette and the bath solution, and KOH was replaced by n-methylglu- 
camine. In A0 the relaxation of  an outward current  can be seen before blue light application, 
which can be attr ibuted to perfusion o f  the cell with symmetrical solutions. In C, two peaks 
can be seen in the blue l ight- induced current.  This type o f  behavior was observed in three 
out  o f  five slow-whole-cells. The underlying mechanism for the response is not  yet under- 
stood. Slow-whole-cell parameters in C were: Ra . . . .  ~ 500 Mfl, Rme~b~ = - 8  Gfl, and mem- 
brane capacitance = 5.9 pF. 



SCHROEDER K § Channels and Guard Cell K + Transport 677 

i n d u c e d  h y p e r p o l a r i z a t i o n  by e l e c t r o g e n i c  p u m p s  a p p e a r s  a d e q u a t e  to  d r ive  K § 

u p t a k e  t h r o u g h  IK+in channe l s .  

A l  3§ Blocks Ir~. ,  Channels  

A d i r e c t  test  o f  t he  hypo the s i s  tha t  K § c h a n n e l s  m a y  b e  r e s p o n s i b l e  f o r  K § t r a n s p o r t  

in g u a r d  cells  c a n  be  a c c o m p l i s h e d  by f i n d i n g  speci f ic  ex t e rna l l y  app l i c ab l e  b l o c k e r s  

o f  K § channe l s .  I n  a p r e v i o u s  s tudy  it was f o u n d  tha t  ex t e rna l l y  a p p l i e d  Ba +§ ions  
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FIGURE 5. Block of  IK,.~ . by AI s+ 
ions. (A) K + currents measured in 
standard K+-glutamate solutions. (B) 
K + currents in the same cell after the 
addition o f  100/~M A1CI s to the bath. 
(C) Normalized steady state IK, i n cur- 
rents measured at - 1 7 0  to - 1 7 5  
mV as a function o f  the AI s+ concen- 
tration. Currents  were normalized 
with respect to currents measured 

t before  A1 ~+ application. The fitted 
dose-response curve had a KD of  15 
#M AI s+ and a Hill coefficient o f  1 
(error bars, SD; n = 7). 
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block both IK§ . and I~+,out rather nonspecifically (K D ~ 0.8 mM) (Schroeder et al., 
1987). It has been shown by Schnabl and Ziegler (1975) that A1 s§ ions at a concen- 
tration of  1 mM inhibit stomatal opening but not closing in V. faba epidermal strips. 
In search of  a specific K § channel blocker, the effect of  A1 s+ ions on whole-cell 
currents was tested (Fig. 5). It was found that bath application of  100 #M A1CI s 
reduced the time-dependent IK+m by >80% (Fig. 5 B). In Fig. 5 B, a reduction of  
IK',n~, by 25% can also be detected (compare Fig. 5, A and B). This reduction of  I~:*,out 
may be attributed to " run  down" (see above), as in other whole-cells, the addition of 
100 #M A1 s§ had no significant blocking effect on IK§ (<10% current reduction), 
while IK§ ~ was abolished (>98% current reduction). Fig. 5 C shows the dose- 
response curve of  the AI s+ block of  IK+m measured at - -  170 inV. The data were 
fitted by a Hill equation with a KD of  15 #M AI s+ and a Hill coefficient of  1. These 
data represent first direct evidence for the hypothesis that IK.~ channels constitute a 
prominent molecular pathway for K + uptake in guard cells. 

D I S C U S S I O N  

K + Channels and Guard Cell K + Transport 

The whole-cell recording technique (Hamill et al., 1981; Marty and Neher, 1983), as 
applied to guard cell protoplasts in this study, provides a powerful tool to investi- 
gate molecular mechanisms of  transmembrane ion transport and celt biological 
events coupled to these processes in higher plant cells. It has been suggested in 
previous studies that IK+.out and IK+,i n channels provide a pathway for the release and 
uptake of  K + ions by guard cells during the regulation of  the gas exchange in leaves 
(Schroeder et al., 1984, 1987). The suggested significance of  K + channels was tested 
in this report  by examination of  ion transport properties of  IK+m and Ig+,out and H + 
pumps. The investigated transport properties can be brought in relation to investi- 
gations of  the physiology of  guard cell movements. 

The permeability sequence among alkali metal ions of  IK+nut and IK+,i . was: PK§ > 
PRb+ > PNa+ > PIa+ >> Pc~*. This sequence is similar to the specificity of  stomatal move- 
ments to various salts in leaves and epidermal strips of  V. faba as studied by many 
researchers (for review see: Raschke, 1975; Zeiger, 1983). Both IK§ and IK+i . did 
not show significant inactivation when stimulated for prolonged durations (Fig. 2), 
during which K § fluxes occur in guard cells. The effects of  external K + ions on the 
activation potentials of  IK+.ou, and IK+,in (Fig. 3, Table II) suggest that future studies of 
guard cell movements in symmetrical solutions may be of  interest. 

Blue light and fusicoccin stimulate electrogenic pumps (Fig. 4). In addition to 
activation of  a plasma membrane pump, tracer flux studies suggest that fusicoccin 
may also inhibit efflux of  cations by yet unknown mechanisms (Clint and MacRob- 
bie, 1984). The magnitude of  blue l ight-dependent electrogenic pumps in whole- 
cell recordings was not sufficiently large (< + 12 pA) to drive K + uptake through 
IK+,i . channels. This was found with either physiological or with excess concentra- 
tions of  MgATP (1, 2, and 10 raM) in the cytoplasmic solution. Therefore,  slow- 
whole-cell recordings of  electrogenic pump currents in response to blue light in 
nondialyzed guard cells were established. Blue light-induced H + pump currents in 
slow-whole-cell recordings were approximately six times larger than in whole-cell 
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recordings. Furthermore,  from microelectrode recordings calculated pump cur- 
rents of  ~200 pA have been inferred for guard cells at a membrane potential of  
- 1 4 0  mV (Blatt, 1987b). These results imply that soluble cytoplasmic substances 
other  than MgATP play an important role in the amplification of  H + pumps. In 
voltage-clamp studies of  electrogenic pumps in guard cells it was reported that these 
pumps are voltage dependent  and have a stoichiometry of  one charge transported 
per hydrolyzed ATP molecule (Blatt, 1987b). The voltage dependence indicates a 
decrease in pump current  for potentials negative to - 1 0 0  mV. This decrease in 
pump current  suggests that blue light-stimulated currents may be smaller when 
measured at a holding potential of  - 120 mV than when measured at - 60 mV as 
shown in Fig. 4 C. Slow-whole-cell recordings showed that sufficient hyperpolariza- 
tion can be achieved by blue light-stimulated pumps (e.g., - 140 mV in Fig. 4 C) to 
activate Ix+i ~ channels and drive physiological rates of  K + uptake through these 
channels. These data are supportive of  the hypothesis that K § uptake can be 
mediated via passive diffusion of  K § through IK+in channels. 

This hypothesis was strongly supported by the finding that A1 s+ ions at a concen- 
tration of  1 mM block both stomatal openings (Schnabl and Ziegler, 1975) and Ia§ 
channels (K D = 15/~M, Fig. 5) in V. faba guard cells. A1 s+ ions have been shown to 
interfere with cytoplasmic processes in guard cells (Schnabl, 1976) and other  plant 
cells (Haug, 1986). The selective Al s+ block of  Ix§ channels may be of  interest for 
future studies as it allows pharmacological separation of  functions of/K+,in and IK+,out 
channels. All results found in this report  affirm the hypothesis that IK*.i, and Ix§ 
channels may represent prominent  molecular pathways for K § accumulation and 
release, respectively. 

Comparison of Guard Cell K + Channels with K + Channels in Other Cells 

The existence of  voltage-dependent inward-rectifying K + channels that activate in a 
time-dependent manner  (Ix*,m) similar to those identified in guard cells (Schroeder 
et al., 1987) has to my knowledge not been clearly shown hitherto in previous volt- 
age-clamp studies of  higher plant cells. It should be noted however that instanta- 

neous inward-rectifying K § currents have been recorded in Nitella, which consist of  
two components (Sokolik and Yurin, 1986). One component  resembles a deactivat- 
ing tail current  seen after activation of  an outward-directed K + current. The other 
component  may represent a small instantaneous activation of  an Ix+., type current,  
as the current-voltage relationship is similar to that of  the time-dependent Ix+,i n cur- 
rents reported here. 

The voltage- and time-dependent activation of  outwardly directed K + currents 
have previously been measured in voltage-clamp recordings in preparations from 
algae, yeast, and higher plant cells (Findlay and Coleman, 1983; Gustin et al., 1986; 
Satter et al., 1986; Sokolik and Yurin, 1986; Bertl and Gradmann, 1987; Iijima & 
Hagiwara, 1987). Indirect measurements by current-clamp recordings in NiteUa and 
Chara have suggested the existence of  a K + conductance activated by depolarization 
for many years (Cole and Curtis, 1938; see: Findlay and Hope,  1976; Tazawa et al., 
1987). Interestingly, the permeability sequence of  Ix+out channels in guard cells is 
identical to the selectivity sequence recently found for K + currents in Nitella 
(Sokolik and Yurin, 1986). 
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Voltage-dependent K § channels have been characterized in many tissues from 
animal cells (for review see: Latorre and Miller, 1983; Hille, 1984). The permeabil- 
ity sequence of  K § channels in guard cells as determined here is similar to that 
found by Hille in the myelinated nerve of  frogs (1973). Although the activation time 
courses of  voltage-dependent K § channels in animal cells are generally on the order  
of  10-100 times faster than those studied here (Bezanilla, 1985), outward-rectifying 
K + channels with similar activation time courses have recently been described in 
frog heart (Hume et al., 1986; Simmons et al., 1986). Inwardly rectifying K + chan- 
nels in guard cells, on the other hand, differ in a basic characteristic from those 
studied in animal tissue; the activation potential of  guard cell IK..i . currents did not 
follow the equilibrium potential for K + ions in symmetrical solutions (Fig. 3, Table 
II). 

The Physiological Role of lK.o~ 

Two major physiological roles for outwardly directed K + currents have been pro- 
posed in plant cells. (a) It has been suggested that voltage-dependent K § conduc- 
tances play a role in the repolarization of  plant action potentials in both algae and 
higher plant cells (Sibaoka, 1966; Findlay and Hope,  1976; Simons, 1981). (b) In 
guard cells, IK+out channels have also been implicated as a pathway for K + release. 

In both cases, mechanisms that lead either to transient or prolonged depolariza- 
tion of  the membrane potential are required. The magnitude of  outward K § cur- 
rents has been estimated to account for K § fluxes during stomatal closing, when 
prolonged depolarizations are assumed. Prolonged depolarizations have been 
observed in guard cells under  current  clamp (Schroeder, unpublished observation), 
however, the underlying mechanisms remain unresolved. It has been suggested pre- 
viously that the phytohormone abscisic acid stimulates stomatal closure by inhibition 
of  H + pumps (Shimazaki et al., 1986) and by increasing the open probability of  K § 
channels (Schauf and Wilson, 1987). It becomes apparent from the electrical prop- 
erties of  the guard cell plasma membrane studied here that pump inhibition and 
increased K + channel open time alone would not be sufficient to depolarize the 
membrane beyond the activation potential for/K§ Therefore,  other  mechanisms 
need to be postulated that induce depolarization for prolonged periods. Preliminary 
evidence exists for one specialized mechanism of  depolarization. Ion channels have 
been found that are activated by stretching of  the plasma membrane and have a 
moderate selectivity for anions over cations (Edwards and Pickard, 1987; Schroeder, 
1987). Opening of stretch-activated channels would depolarize the membrane, 
which would lead to activation of  IK+.out and to simultaneous release of  K § and 
anions through IK§ and stretch channels. It is well established that a turgor sensor 
and regulator must exist in higher plant cells (Le Rudulier et al., 1984). Stretch- 
activated channels may fulfill both functions. 

Conclusions 

The finding that A13+ ions block both IK*,in channels and stomatal opening, and the 
increased magnitude of  blue light-stimulated pumps in slow-whole-cell recordings, 
taken together with the finding that IK+,m currents have been shown to be carried by 
passive transport through single K § channels (Schroeder et al., 1987) strongly sug- 
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gest  that  Ix..m channels  may r e p r e s e n t  a p r e d o m i n a n t  pa thway for  K § up take  in 
g u a r d  cells. The  expe r imen t a l  resul ts  r e p o r t e d  here ,  taken  t o g e t h e r  with the  charac-  
te r iza t ion  o f  Ix+ou, type channels  in o t h e r  p lan t  tissue (Findlay and  Coleman ,  1983; 
Beilby, 1985; Gus t in  et  al., 1986; Sa t t e r  et  al., 1986; Sokolik a n d  Yurin,  1986; Bert l  
and  G r a d m a n n ,  1987; I i j ima & Hagiwara ,  1987) and  observa t ions  o f  Ix.m and  IK+o~t 
channels  in p ro top las t s  f rom var ious  h ighe r  p lan t  tissues (Schroeder ,  u n p u b l i s h e d  
observat ion)  leads to the  pos tu la te  that  Ix§ and  Ix+out channels  may cons t i tu te  gen- 
eral  mechan i sms  o f  K § t r a n s p o r t  across  the  p lasma  m e m b r a n e  o f  p lan t  cells. 

I am grateful to Dr. Erwin Neher (Max-Planck-Institute, G6ttingen, FRG) and Dr. Klaus Raschke 
(University of G6ttingen) for stimulating discussions and comments on the manuscript. I thank Dr. 
Sucharit Bhakdi (University of Giessen, FRG) for the gift of bacterial Hemolysin for slow-whole-cell 
recordings. My special thanks to Ms. Monika Papke (MPI, G6ttingen) for careful handling of pro- 
toplast preparations. I thank Drs. Susumu Hagiwara (UCLA, Los Angeles, CA), Reinhold Penner 
(MPI, G6ttingen), and Elba Serrano (UCLA) for reviewing the manuscript. 

J. I. Schroeder was supported by a fellowship from the Max-Planck-Gesellschaft. 

Original version received 24 November 1987 and accepted version received 6June 1988. 

R E F E R E N C E S  

Assmann, S. M., L. Simoncini, and J. I. Schroeder. 1985. Blue light activates electrogenic ion 
pumping in guard cell protoplasts of Viciafaba. Nature. 318:285-287. 

Beilby, M. J. 1985. Potassium channels at Chara plasmalemma. Journal of Experimental Botany. 
35:228-239. 

Bertl, A., and D. Gradmann. 1987. Current-voltage relationship of potassium channels in the plas- 
malemma of Acetabularia. Journal of Membrane Biology. 99:41-49. 

Bezanilla, F. 1985. Gating of sodium and potassium channels.Journal of Membrane Biology. 88:97- 
111. 

Blatt, M. R. 1987a. Electrical characteristics of stomatal guard cells: the ionic basis of the mem- 
brane potential and the consequence of potassium chloride leakage from microelectrodes. 
Planta. 170:272-287. 

Blatt, M. R. 1987b. Electrical characteristics of stomatal guard cells: the contribution of ATP- 
dependent, "electrogenic" transport revealed by current-voltage and difference-current-voltage 
analysis. Journal of Merabrane Biology. 98:257-274. 

Clint, G. M., and E. A. C. MacRobbie. 1984. Effects of fusicoccin in "isolated" guard cells of 
Commulina communis L. Journal of Experimental Botany. 35:180-192. 

Cole, K. S., and H. J. Curtis. 1938. Electrical impedance of Nitella during activity. Journal of Gen. 
eral Physiology. 22:37-64. 

Edwards, K. L., and B. G. Pickard. 1987. Detection and transduction of physical stimuli in plants. 
In The Cell Surface in Signal Transduction. NATO ASI Series H12. E. Wagner, H. Greppin, and 
B. Biiler, editors. Springer-Verlag, Heidelberg. 41-66. 

Fenwick, E. M., A. Marry, and E. Neher. 1982. A patch-clamp study of bovine chromaffin cells and 
of their sensitivity to acetylcholine. Journal of Physiology 331:577-597. 

Findlay, G. P., and H. A. Coleman. 1983. Potassium channels in the membrane of Hydrodictyon 
africanum. Journal of Membrane Biology. 75:241-251. 

Findlay, G. P., and A. B. Hope. 1976. Electrical properties of plant cells: methods and findings. In 
Encyclopedia of Plant Physiology, New Series. Vol. 2. Transport in Plants. U. Lfittge, and M. G. 
Pitman, editors. Springer-Verlag, Berlin/Heidelberg/New York. 53-92. 



682 THE JOURNAL OF GENERAL PHYSIOLOGY �9 VOLUME 92 �9 1988 

Gotow, K., K. Shirnazaki, N. Kondo, and K. Syono. 1984. Photosynthesis-dependent volume regu- 
lation in guard cell protoplasts from Viciafaba L. Plant and Cell Physiology. 25:671-675. 

Gradmann, D., U.-P. Hansen, W. S. Long, C. L. Slayman, andJ.  Warncke. 1978. Current-voltage 
relationships for the plasma membrane and its principal electrogenic pump in Neur0spora crassa. 
I. Steady-state conditions. J0urna/ofMerabrane Biology. 39:333-367. 

Gustin, M. C., B. Martinac, Y. Salmi, M. R. Culbertson, and C. Kung. 1986. Ion channels in yeast. 
Science. 233:1195-1197. 

Hagiwara, S., and K. Takahashi. 1974. The anomalous rectification and cation selectivity of the 
membrane of a starfish egg cell. Journal of Membrane Biology. 18:61-80. 

Hamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. 1981. Improved patch-clamp 
techniques for high-resolution current recording from cells and cell-free membrane patches. 
Pfliigers Archly. 391:85-100. 

Haug, A., and C. Weis. 1986. Aluminum-induced changes in calmodulin. In Molecular and Cellular 
Aspects of Ca +2 in Plant Development. NATO Series A. A.J. Trewavas, editor. Springer-Verlag, 
Heidelberg. 104:19-26. 

Hille, B. 1973. Potassium channels in myelinated nerve: selective permeability to small cations. 
Journal of General Physiology. 61:669-686. 

Hille, B. 1984. Ionic Channels in Excitable Membranes. Sinauer Associates, Sunderland MA. 58-  
116. 

Humble, G. D. and K. Raschke. 1971. Stomatal opening quantitatively related to potassium trans- 
port. Evidence from electron probe analysis. Plant Physiology. 48:447-453. 

Hume, J. R., W. Giles, K. Robinson, E. F. Shibata, R. D. Nathan, K. Kanai, and R. Rasmusson. 
1986. A time- and voi~ge-dependent K+-current in single cardiac cells from bullfrog atrium. 

Journal of General Physiology. 88:777-798. 
Iijima, T., and S. Haglwara. 1987. Voltage-dependent K + channels in protoplasts of trap-lobe cells 

of Dionaea muscipula. Journal of Membrane Biology. 100:73-81. 
Imamura, S. 1943. Untersuchungen fiber den Mechanismus der Turgorschwankung der 

Spalttffnungs-Schliesszellen. Japanese Journal of Botany. 12:251-346. 
Latorre, R., and C. Miller. 1983. Conduction and selectivity in potassium channels.Journal of Mem- 

brane Biology. 71:11-30. 
Le Rudulier, D., A. R. Strom, A. M. Dandekar, L. T. Smith, and R. C. Valentine. 1984. Molecular 

biology of osmoregulation. Science. 224:1064-1068. 
Levitan, I. B. 1985. Phosphorylation of ion channels.Journal of Membrane Biology. 87:177-190. 
Lindau, M., and J. M. Fernandez. 1986. IgE mediated degranulation of mast cells does not require 

opening of ion channels. Nature. 319;150-153. 
Liittge, U., and M. G. Pitman, editors. 1976. Transport in plants, I, II, III. Springer-Verlag, Ber- 

lin/Heidelberg/New York. 517 pp. 
MacRobbie, E. A. C. 1983. Effects of light/dark on cation fluxes in guard cells of  Commelina com- 

munis L. Journal of Experimental Botany. 34(149):1695-1710. 
Marrt, E. 1979. Fusicoccin: a tool in plant physiology. Annual Review of Plant Physiology. 29:437- 

460. 
Marty, A., and E. Neber. 1983. Tight seal whole-cell recording. In Single-Channel Recording. 

B. Sakmann, and E. Neher, editors. Plenum Publishing Corp., New York. 107-122. 
Michalke, B., and H. Schnabl. 1987. The status of adenine nucleotides and malate in chloroplasts, 

mitochondria and supematant of guard cell protoplasts from Viciafaba. Journal of Plant Physiol- 
ogy. 130:243-253. 

Outlaw, W. H. 1983. Current concepts on the role of potassium in stomatal movements. Physio- 
logia Plantarum. 59:302-311. 



SCHROEDER K + Channels and Guard Cell K + Transport 683 

Raschke, K. 1975. Stomatal action. Annual Review of Plant Physiology. 26:309-340. 
Raschke, K. 1979. Movements of  Stomata. In Encyclopedia of  Plant Physiology, New Series. Vol. 7. 

W. Hanpt and E. Feinleib, editors. Springer-Verlag, Berlin. 383-441. 
Raschke, K., and G. D. Humble. 1973. No uptake of  anions required by opening stomata of  Vicia 

faba: guard cells release hydrogen ions. Planta. 115:47-57. 
Roberts, J. K. M. 1984. Study of  plant metabolism in vivo using NMR spectroscopy. Annual Review 

of Plant Physiology. 35:375-386. 
Robinson, R. A., and R. H. Stokes. 1955. Electrolyte solutions. Butterworth Publishers, Ltd., Lon- 

don. 
Satter, R. L., G. T. Geballe, P. B. Applewhite, and A. W. Galston. 1974. Potassium flux of  leaf 

movement in Samanea Saman. I. Rhythmic movement. Journal of General Physiology. 64:413- 
430. 

Satter, R. L., N. Moran, G. Ehrenstein, C. Mischke, and C. Bare. 1986. Patch clamp analysis of  
channels in Samanea membranes. Plant Physiology. 80(4):24. (Abstr.) 

Schauf, C. L., and K. J. Wilson. 1987. Effects of  abscisic acid on K + channels in Viciafaba guard 
cell protoplasts. Biochemical and Biophysical Research Communications. 145:284--290. 

Schnabl, H. 1976. The influence of  aluminum ions on starch metabolism of epidermal strips of 

Vicia faba. Zur Pflanzenphysiologie. 77:167-173. 
Schnabi, H., and H. Ziegler. 1975. The influence of  aluminum ions on the movement of the sto- 

mata in Viciafaba-epidermSs strips. Zur Pflanzenphysiologie. 74:394-403. 
Schroeder, J. I. 1987. K+-Kanaele in der Plasmamembran von Schliesszellen. Eine Patch-Clamp 

Untersuchung molekularer Mechanismen des K + Transportes in h6heren Pflanzenzellen. Ph.D. 
dissertation. University of  G6ttingen, FRG. 

Schroeder, J. I. 1988. Mechanism of plasma membrane transport in guard cells as a model for ion 
transport across higher plant membranes. Biophysical JournaL 53(2):264a (Abstr.) 

Schroeder, J. I., R. Hedrich, and J. M. Fernandez. 1984. Potassium-selective single channels in 
guard cell protoplasts of  Viciafaba. Nature. 312:361-362. 

Schroeder, J. I., K. Raschke, and E. Neher. 1987. Voltage dependence of  K + channels in guard-cell 
protoplasts. Proceedings of the National Academy of Sciences. 84:4108-4112. 

Serrano, E. E., E. Zeiger, and S. Hagiwara. 1988. Red light stimulates an electrogenic proton 
pump in Vicia guard cell protoplasts. Proceedings of the National Academy of Sciences. 85:436- 
440. 

Serrano, R. 1985. Plasma membrane ATPase of plants and fungi. CRC Press, Inc., Boca Raton, 
FL. 

Shimazaki, K., M. Iino, and E. Zeiger. 1986. Blue light-dependent proton extrusion by guard-cell 

protoplasts of  Viciafaba. Nature. 319:324-326. 
Sibaoka, T. 1966. Action potentials in plant organs. Symposium of the Society for Experimental Biology. 

20:49-74. 
Simons, P.J .  1981. The role of electricity in plant movements. New Phytologist. 87:11-37. 
Simmons, M. A., T. Creazzo, and H. C. Hartzell. 1986. A time-dependent and voltage-sensitive K + 

current in single cells from frog atrium.Journal ofC, eneral Physiology. 88:739-755. 
Sokolik, A. I., and V. M. Yurin. 1986. Potassium channels in plasmalemma of Nitella cells at rest. 

Journal of Membrane Biology 89:9-22. 
Tazawa, M., T. Shimmen, and T. Mimura. 1987. Membrane control in the Characeae. Annual 

Review of Plant Physiology. 38:95-117. 
Zeiger, E. 1983. The biology of  stomatal guard cells. Annual Review of Plant Physiology. 34:441- 

475. 


