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Effects of La3+ and Eu3+ on outward potassium channels (K+
out) in Vicia guard cells have been studied by 

patch clamping technique. Extracellular La3+ inhibited K+
out currents with a half-inhibition concentration 

(IC50) of 81 μmol·L−1. Interestingly, intracellular La3+ activated K+
out currents at a free concentration of 

1.13 × 10−14 mol·L−1, and inhibited K+
out currents at a free concentration of 5.86 × 10−14 mol·L−1. Extracel-

lular Eu3+ also activated K+
out currents at concentrations of 10 μmol·L−1 and 50 μmol·L−1, and inhibited 

K+
out currents at concentrations of more than 1 mmol·L−1. The effects of La3+ and Eu3+ on K+

out currents 
may contribute to regulation of the plant water status, which may be one of the mechanisms of the bio-
logical effect of rare earth elements. 

rare earth elements, stomata, guard cell, outward potassium channel 

1  Introduction 

Rare earth elements have been widely used in agricul-
ture in China, and the biological effects of rare earth on 
plants, animals, and the environments have been studied 
for many years[1]. In agriculture, application of rare earth 
to plants can improve productivity of crops and promote 
seed sprouting and growth of young plants[2]. 

Stomata are formed by pairs of guard cells on epi-
dermis of plant leaves and are the main pathway of pho-
tosynthesis and transpiration, linking plants to the envi-
ronment. The guard cells regulate plant water status by 
stomatal opening and closure. It was shown that almost 
90% of plant water was lost by stomatal transpiration[3]. 
Ion channels in guard cells play an important role in 
regulating stomatal movements. During stomatal closure, 
K+

out channels are activated and potassium effluxes from 
guard cells result in the reduction of turgor and shrink-
ing of volume[4,5]. Inward potassium channels regulation 
by La3+ have been studied previously[6]. Here we present 
our studies of effects of La3+ and Eu3+ on K+

out channels 
in Vicia guard cells by using whole-cell patch clamping 

method[7].  

2  Experimental 
2.1  Plant material and reagents 

Broad beans (Vicia faba L.) were grown in a greenhouse 
and leaves of 3―4 weeks old were used for experi-  
ments. 

CaCl2, MgCl2 and KOH were obtained from Beijing 
Chemical Reagent Company. HEPES, EGTA, MES, 
K-Glutamate and D-sorbitol were purchased from Sigma 
Company. 

2.2  Preparation of guard cell protoplasts 

Vicia guard cell protoplasts were isolated as described 
previously[8,9]. 

2.3  Whole-cell patch-clamp recordings 

Patch-clamp pipettes were prepared from soft glass cap-   
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illaries, pulled on a vertical two-stage puller (model 
PP-830; Narishige), and heat-polished by a microforge 
(model MF-830; Narishige). Glass pipettes had resis-
tances of approximately 5―8 MΩ when filled with the 
pipette solution (K-glutamate 100 mmol·L−1, CaCl2 0.1 
mmol·L−1, MgCl2 2 mmol·L−1, HEPES 10 mmol·L−1, 
MgATP 2 mmol·L−1, EGTA 1.1 mmol·L−1, pH 7.2, and 
osmolality at 510 mmol·kg−1 adjusted with D-sorbitol). 

Guard cell protoplasts were placed in a bath solution 
(K-glutamate 10 mmol·L−1, CaCl2 1 mmol·L−1, MgCl2  
2 mmol·L−1, MES 5 mmol·L−1, pH5.5, and osmolality at 
460 mmol·kg−1 adjusted with D-sorbitol). Giga-Ω seals 
(5―10 GΩ) between the electrode and the plasma mem-
brane were obtained by gentle suction. The plasma 
membrane was clamped to −52 mV (holding potential), 
whole-cell currents were measured in response to volt-
age pulses of 2 seconds from −20 mV to +80 mV in 
20-mV steps by using a patch-clamp amplifier (Axopatch- 
200B), and data were acquired 10 min after the forma-
tion of the whole-cell mode[10] by using software 
PCLAMP (6.0). Data were analyzed with software 
Clampfit 6.0 (Axon Instruments) and Microcal-Origin 
(5.0). Whole-cell clamping was performed at room tem-
perature (20―25℃). 

3  Results 
3.1  Whole-cell outward potassium channel (K+

out) 
currents 

In Vicia guard cell protoplasts, with the bath solution of 
10 mmol·L−1 K+ and the pipette solution of 100 mmol·L−1 
K+, when the membrane potential was held at −52 mV 
and pulsed from −20 to +80 mV in 20 mV increment, 
the outward currents were observed (Figure 1(a)). The 

membrane potential is also named reverse potential 
when ion channel’s tail current is at zero. Under certain 
ionic conditions, the reverse potential is close to the 
theoretical equilibrium potential of the permeable ion. 
The outward currents were identified as K+

out currents by 
tail currents analyses. Figure 1(b) shows tail currents of 
K+

out currents, and Figure 1(c) shows current-voltage rela-  
tionship of K+

out
 tail currents. According to Figure 1(c), 

the reverse potential of −60 mV was nearly equal to K+ 
equilibrium potential (−58 mV) calculated by Nernst 
equation.  

3.2  Extracellular La3+ inhibited K+
out currents 

By applying test potential of +80 mV for 2 s from hold-
ing potential of −52 mV, K+

out current trace was recorded. 
Different concentrations of La3+ were applied to the bath 
solution, and K+

out currents affected by extracellular La3+ 
were recorded. As shown in Figure 2(a), when the test 
potential was +80 mV, K+

out currents were recorded at 
varying La3+ concentrations of 0 μmol·L−1 (control),  
10 μmol·L−1, 50 μmol·L−1 and 200 μmol·L−1. According 
to Figure 2(a), the application of La3+ to the bath solu-
tion blocked K+

out channels in a concentration-dependent 
manner. Figure 2(b) shows the relationship between in-
hibitory rate of extracellular La3+ on K+

out currents and 
La3+ concentrations. The relationship curve was fitted by 
Hill equation[11] and the half-inhibition concentration 
IC50 was 81 μmol·L−1. In Figure 2(b), the data were 
taken based on the average values in 5 separate cells at 
each concentration. 

3.3  Effect of intracellular La3+ on K+
out currents 

EGTA could chelate with La3+ in the pipette solution, so 
the authentic free La3+ concentration was far below the 
total La3+ added in the pipette solution. Hence, we need  

 

Figure 1  (a) Voltage-activated Kout
+ currents in guard cells; (b) tail-currents of Kout

+ currents; (c) relation of voltage-current curve of Kout
+ tail currents. 

The tops of (a) and (b) show the voltage protocols. 
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Figure 2  (a) Effect of different concentrations of extracellular La3+ on K+
out current activated at +80 mV; (b) relation of inhibitory rate of external La3+ on 

K+
out currents vs. La3+ concentrations. The dot lines in (a) show zero current levels, and the dot line in (b) shows the fitting curve by Hill equation. 

to calculate the free concentrations of La3+ in the pipette 
solutions. According to the calculation method described 
before[12], the free La3+ concentrations in the pipette so-
lutions were 1.12 × 10−15 mol·L−1, 1.13 × 10−14 mol·L−1 

and 5.86 × 10−14 mol·L−1 when the total La3+ of 1 μmol·L−1, 
10 μmol·L−1 and 50 μmol·L−1 were added into the pi-
pette solutions. The other components in the pipette so-
lution are potassium glutamate 100 mmol·L−1, MgCl2  
2 mmol·L−1, HEPES 10 mmol·L−1, MgATP 2 mmol·L−1 
and EGTA 1.1 mmol·L−1 with pH 7.2.  

Figure 3(a) shows K+
out currents recorded as men-

tioned above, affected by different concentrations of 
La3+ in the pipette solutions. Compared with the control, 
intracellular La3+ with the free concentrations of 1.12 × 

10−15 mol·L−1 and 1.13 × 10−14 mol·L−1 activated K+
out  

currents, while intracellular La3+ with the free concen-
tration of 5.86 × 10−14 mol·L−1 inhibited the currents. 
Figure 3(b) shows the relationship between the effect of 
La3+ on K+

out currents and the intracellular free concen-

trations of La3+. In Figure 3(b), the data were taken 
based on the average values in 5 separate cells at each 
concentration. 

3.4  Effect of Eu3+ on K+
out currents 

We used five different concentrations of Eu3+ (10 μmol·L−1, 
50 μmol·L−1, 1mmol·L−1, 5 mmol·L−1 and 10 mmol·L−1) 
to investigate the effect of Eu3+ on K+

out currents. The 
result shows that extracellular Eu3+ at 10 μmol·L−1 and 
50 μmol·L−1 activated K+

out currents, while extracellular 
Eu3+ at concentration of more than 1 mmol·L−1 inhibited 
K+

out currents (Figure 4(a)). Figure 4(b) shows the rela-
tionship between the effect of Eu3+ on K+

out currents and 
the concentration of Eu3+. In Figure 4(b), the data were 
taken based on the average values in 4 separate cells at 
each concentration. 

4  Discussion and conclusion 

We have studied the effects of La3+ on inward potassium  

 

Figure 3  (a) Effect of different free concentrations of intracellular La3+ on K+
out current activated at +80 mV; (b) relation of ratio of K+

out current regulated 
by La3+ to control current vs. La3+ concentrations. Dash lines in (a) show zero current levels. 
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Figure 4  (a) Effect of different concentrations of extracellular Eu3+ on K+
out current activated at +80 mV; (b) relation of ratio of K+

out current regulated by 
Eu3+ to control current vs. Eu3+ concentrations. Dash lines in (a) show zero current levels. 

channels (K+
in) in Vicia guard cells previously[6], the re-  

sults showed that La3+ on both sides of the plasma 
membrane inhibited K+

in currents. In the present research, 
extracellular La3+ inhibited K+

out currents and the 
half-inhibition concentration (IC50) is 81 μmol·L−1. In 
stomatal movements, K+

out channels were activated dur-
ing stomatal closure and K+

in channels were activated 
during stomatal opening. Extracellular La3+ inhibited 
both K+

in channels and K+
out channels, which had adverse 

effects on stomatal movements regulation. More re-
search should be done to address La3+’s effect on 
stomatal regulation. 

The effects of intracellular La3+ and extracellular Eu3+ 
on K+

out channels show the similar hormesis effects (ac-

tivation at low concentration and inhibition at high con-
centration)[13]. There may exist La3+ and Eu3+ binding 
site(s) on the plasma membrane, which activate K+

out 
channels with low concentration lanthanides and inhibit 
K+

out channels with high concentration lanthanides. To 
further address the mechanism of the binding site(s) of 
lanthanides with ion channel’s proteins, molecular biol-
ogy and biochemistry techniques are needed in deep 
research.  

In summary, we studied the effects of La3+ and Eu3+ 
on K+

out channels by patch clamping method. The results 
indicate that La3+ and Eu3+ may have function to regu-
late plants water status, which may be one of the 
mechanisms of biological effects of rare earth. 
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