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Abstract. Voltage clamp was used to measure the voltage 
dependence of cell-to-cell coupling via plasmodesmata 
between higher-plant cells (root hairs of Arabidopsis 
thaliana (L.) Heynh.). In addition, ionophoresis was 
used to introduce a variety of ions [Ca 2+, inositol-tris- 
phosphate, Li +, K +, Mg 2+, ethylene glycol-bis([3- 
aminoethyl ether)-N,N,N' ,N' -tetraacetic acid (EGTA), 
1,2-bis(2-aminophenoxy)ethane-N,N,N' ,N' -tetraacetic 
acid (BAPTA), H +, and OH ] to examine whether they 
regulate cell-to-cell coupling. Electrical coupling showed 
high variability in this single cell type at the same devel- 
opmental stage; the coupling ratio ranged from near 0% 
to about 90% with a mean value of 32%. It was voltage 
independent for intracellular voltage gradients (trans- 
plasmodesmatal) of - 163 to 212 inV. While Ca 2+ closes 
the plasmodesmatal connections (at concentrations 
higher than those causing cessation of cytoplasmic 
streaming), inositol-trisphosphate and lithium are with- 
out effect. Apparently, inositol-trisphosphate may not 
cause increased cytosolic Ca 2+ in root hairs. Alkaliniza- 
tion by OH ionophoresis caused a modest decline in 
cell-to-cell coupling, as did acidification by H + iono- 
phoresis (to an extent causing the cell to become flacid). 
Increases in cytosolic K +, Mg 2+, and the calcium chela- 
tor BAPTA by ionophoresis had no effect on cell-to-cell 
coupling. The regulation (and lack thereof) reported here 
for plant plasmodesmata is quite similar to that of gap 
junctions. 
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Introduction 

Plasmodesmatal connections are the basis for a symplas- 
mic pathway between plant cells (Robards and Lucas 

Abbreviations: BAPTA= 1,2-bis(2-aminophenoxy)ethane-N,N,N', 
N'-tetraacetic acid 

1990). They are the functional equivalent of gap junctions 
in animal cells as a means for intracellular communica- 
tion. The discovery of a gap-protein homologue in Ara- 
bidopsis (Meiners et al. 1991) suggests that the functional 
equivalence may be closer than previously suspected. To 
address this, there is a clear need for detailed characteri- 
zation of the regulation of plasmodesmatal connections 
(Reid and Overall 1992) for comparisons with gap junc- 
tions (Beyer 1993). 

Ordinarily, plasmodesmata exclude molecules of 
molecular weight greater than about 800 (Tucker 1982; 
Goodwin 1983; Terry and Robards 1987), as measured 
by conjugated dye movement between cells. There are 
reports that cell-to-cell coupling is regulated: a) by pres- 
sure gradients (Cot6 et al. 1987; Ding and Tazawa 1989; 
Reid and Overall 1992) in Chara; b) by plasmolysis 
(Drake et al. 1978; Erwin and Goodwin 1984); c) by phy- 
tochrome (Racusen 1976); d) by calcium (Baron-Epel et 
al. 1988; Tucker 1990) (although Reid and Overall [1992] 
found calcium had no effect on coupling); and e) by inos- 
itol-trisphosphate (Tucker 1988). In animal cells, in- 
creased Ca 2+, intracellular voltage gradients, and pH are 
known to regulate cell-to-cell coupling (Spray 1990). 
These factors are examined in this study using Arabidop- 
sis root hairs. 

The methodology of electrical coupling (Turin 1984) in 
its simplest form of direct current injection has been pre- 
viously used in Chara (Cot6 et al. 1987; Ding and Tazawa 
1989; Reid and Overall 1992), Elodea (Spanswick 1972), 
oat coleoptile cells (Racusen 1976; Drake et al. 1978), 
Trianea bogotensis roots (Vorob'ev et al. 1982), and Azol- 
la roots (Overall and Gunning 1982). In this study, 
voltage clamping makes it possible to measure the 
voltage dependence of cell-to-cell coupling reported in 
some gap junctions (Spray 1990; Beyer 1993). Ionophore- 
sis was used to introduce a variety of ions: Ca 2+ , inositol- 
trisphosphate, Li +, K +, Mg 2+, EGTA, BAPTA, H + and 
OH into one of the two cells used for measurements of 
cell-to-cell coupling to determine their effect on coupling. 
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Materials and methods 

Seeds of Arabidopsis thaliana (L.) Heynh. (Columbia wild type) were 
sown on 0.9% gellan gum in artificial pond water (APW) 5 [0.1 mM 
KCI, CaCI> and MgCI2; 1.0 mM 2-(N-morpholino)ethanesulfonic 
acid (Vest; and 0.2 mM Na2SO4; pH adjusted to 5.0 with NaOH] as 
previously reported (Lew 1991). After one to two weeks, APW 7 [0.1 
mM KC1, CaCI2, and MgC12; 1.0 mM 3-(N-morpholino)propane- 
sulfonic acid (Mops); and 0.5 mM NaC1; pH adjusted to 7.0 with 
NaOH] was added to the culture dishes. Within a few hours, pairs 
of epidermal cells end-to-end on a longitudinal cell row with root- 
hair extensions were chosen and impaled when the root-hair exten- 
sions of the younger of the two cells had reached a length of 40-80 
pm. Typically, cells with actively growing root hairs were used. 

The micropipette used to impale the older of the two root hairs 
was double-barreled (Lew 1991) for voltage-clamp measurements�9 
Voltage-clamping protocols have been described previously (Lew 
1991). Briefly, an operational amplifier configured for voltage- 
clamping was used in conjunction with a data-acquisition board 
(Scientific Solutions, Cleveland, Ohio, USA) via compiled C pro- 
grams that controlled the voltage clamp and monitored the 
clamped voltage and clamping current, and, in these double cell 
impalements, the voltage of the second cell. The voltage-clamping 
protocol was a bipolar staircase of clamped voltages of 50 ms dura- 
tion. The younger of the two adjacent hairs was impaled with a 
single-barreled micropipette containing a variety of ions which were 
ionophoresed into the cell with currents no higher than + 10 nA. 

Three methods were used to measure the extent of electrical 
coupling between the adjacent, end-to-end cells on the longitudinal 
cell row. 

Method one. A 1-nA current was passed through one barrel of the 
double-barreled micropipette. The other barrel measured the 
voltage deflection in the older root hair, while the voltage deflection 
in the younger root hair was measured with the single-barreled 
micropipette. The ratio of the two voltage deflections ( x 100) yields 
the coupling ratio as a percentage. 

Method two. Voltage-clamp measurements in the older root hair 
result in voltage changes in the younger root hair due to current 
leakage through the plasmodesmata. The voltages in both cells, and 
the current injection were measured via a data-acquisition system 
and used to examine the voltage dependence (that is, the effect of the 
electrical gradient between the cells) of cell-to-cell coupling. 

Method three�9 Ionophoretic currents (electrically injecting ions) in 
the single-barreled micropipene caused a voltage deflection in the 
older, adjacent root hair. Changes in the extent of that deflection as 
ionophoresis continued yields a measurement of the percentage 
change in coupling between the two cells. This was used to assess 
the regulation of coupling by the ionophoresed ion. 

Results and discussion 

Measurements  o f  cell-to-cell coupling. A n  e x a m p l e  of  a 
t yp i ca l  e x p e r i m e n t  is s h o w n  in Fig.  1 for  i o n o p h o r e s i s  of  
M g  2+ f r o m  a m i c r o p i p e t t e  c o n t a i n i n g  50 m M  MgC12 a n d  
100 m M  KC1. U s i n g  the  ion ic  c o n d u c t a n c e s  at  inf ini te  
d i l u t i o n  (Cas t e l l an  1971, p. 724) ( M g  2+, 53.0 (S/cm) 
(equ iv /cm3) ;  K + 73.5; C1 76.4) a n d  c o n c e n t r a t i o n s ,  the  
e x p e c t e d  c o n t r i b u t i o n  o f  M g  2+ to  the  to t a l  c u r r e n t  is 
10 .5%.  F o r  a 5 0 0 - n a n o c o u l o m b  (nC) i n j ec t i on  in to  the  
cell  ( a b o u t  14 pl vo lume) ,  this  resul t s  in an  e s t i m a t e d  
c o n c e n t r a t i o n  o f  40 m M  in the  cell. Th i s  e s t i m a t e  is an  
u p p e r  l imi t  s ince s e q u e s t r a t i o n  a n d  l e a k a g e  in to  a d j a c e n t  
cells  will  a lso  occur .  
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Fig. IA-C.  Electrical cell-to-cell coupling experiments between Ara- 
bidopsis root hairs and the effect of Mg 2+ ionophoresis. The exper- 
iment shown is an example of the three methods used to measure 
electrical coupling between Arabidopsis root hairs as outlined in the 
Materials and methods section. The membrane potential for the 
older, impaled cell is shown in A. About 15 s after impalement, the 
younger cell was impaled. This caused a transient depolarization in 
the older cell marked by an asterisk. A 1-nA current pulse was 
injected into the first, older cell at various times and is marked by 
the calculated coupling ratio (as a percentage; voltage deflection in 
cell two divided by the deflection in cell one multiplied by 100) 
(Method one). Current-voltage measurements in the first, older cell 
are marked by vertical bars; four are shown in B as marked (a,b,c, 
and d). The clamping current versus the voltage in the second, 
younger cell is shown in C for the same current-voltage measure- 
ments (Method two). The horizontal bars just above the membrane- 
potential trace in A mark the periods during which a + 5-nA cur- 
rent was injected into the second, younger cell, resulting in a depo- 
larized voltage deflections in the first, older cell as shown. The 
current was turned off occasionally to monitor changes in the extent 
of the voltage deflection (Method three). Note that Mg 2+ 
ionophoresis caused a decline in conductance for the current- 
voltage relations (compare a,b, and c in B) even though the coupling 
ratio did not change. After about 350 s, the coupling ratio did 
decline, but recovered to a higher level upon re-impalement of the 
first, older cell (as marked). This indicates that coupling ratios mea- 
sured after prolonged impalements may be inaccurate due to plug- 
ging of the double-barreled micropipette 

Firs t ,  the  o lde r  r o o t  ha i r  was  i m p a l e d  wi th  the  d o u b l e -  
b a r r e l e d  m i c r o p i p e t t e .  A b o u t  15 s later ,  the  y o u n g e r  r o o t  
ha i r  was  i m p a l e d  wi th  the  s ing l e -ba r r e l ed  m i c r o p i p e t t e ,  
c aus ing  a t r ans i en t  d e p o l a r i z a t i o n  of  a b o u t  20 m V  in the  
o lde r  cell  (Fig. 1At. C u r r e n t - v o l t a g e  m e a s u r e m e n t s  w e r e  



R.R. Lew: Electrical coupling of Arabidopsis root hairs 69 

A Time (s) 
0 I 0 0  2 0 0  
I I I I ) . 

~ -I00 

- 2 0 0  a b 
o 

C 

Voltage (mY) . ~ c o  1-5 

Current (hA) 

B 
/ 

ol 
0 ce# one 

2 
ceH two 

l(s) 

D 

Voltage (mV] 

-300 , - 2 o o ~ , - -  , 

~ -I0 

Current (nA) 

Fig. 2A-D. Clamping current experiments 
between Arabidopsis root hairs. Long-term 
modulation of the voltage difference between 
adjacent root hairs required direct current 
pulses rather than voltage clamping due to 
clipping of the clamping currents. A As de- 
scribed in Fig. 1. Current pulses were passed 
through one barrel of the double-barreled 
micropipette and the voltage deflections in 
the first and second cell monitored as shown 
in B before (1) and after (2) treatment with 
5-10 mM vanadate. Capacitative coupling 
spikes at the onset of the current pulses are 
not shown. Clamping current versus voltage 
deflection in the second, younger cell is 
shown in C, and current-voltage relations 
for the first, older, cell are shown in D for 
the times marked (a,b,c, and d). Vanadate (5- 
10 mM) was added a few seconds after the 
current-voltage measurement b in A and 
caused a marked depolarization. Note that 
there is no significant change in voltage de- 
flections due to current-pulsing in B, indicat- 
ing that voltage dependence does not occur 
after periods of time as long as 0.5 s, also in- 
dicated by the linearity of the current versus 
voltage deflections in the second, younger 
cell in C for the 50-ms voltage-clamping 
treatment. Furthermore, the plasma-mem- 
brane H+-pump inhibitor, vanadate, does 
not affect cell-to-cell coupling 

performed, then a 1-nA current was injected into the old- 
er cell. This caused a 17-mV depolarization in the older 
cell and a 5-mV depolarization in the younger cell, result- 
ing in a calculated coupling of 29%. A subsequent 5-nA 
ionophoresis into the younger root hair caused a 37-mV 
depolarization in the older cell. The ionophoretic current 
was occasionally turned off to allow measurements  of the 
voltage deflection in the older cell at various times. After 
about  70 s of ionophoresis, current-voltage relations and 
electrical coupling were re-measured. The whole process 
was repeated three times. After the third ionophoretic 
treatment,  the coupling ratio had declined to 8%. This 
decline was due to plugging of the double-barreled mi- 
cropipette which was not completely cleared (coupling 
returned to 13%) after removal  and re-impalement with 
the double-barreled micropipette. Thus, long-term mea- 
surements of electrical coupling (as percentage coupling) 
may  be problematic. However, the voltage deflection 
caused by ionophoresis remained constant, and this was 
used to assess the effect of ionophoresis on the extent of 
coupling. 

Current-voltage relations for the older cell are shown 
in Fig. lB. Ionophoresis  into the younger cell caused a 
decrease in the conductance of the current-voltage rela- 
tion of the older adjacent cell without affecting the extent 
of electrical coupling. This implies that Mg 2+ was able to 
diffuse through the p lasmodesmata  into the adjacent cell, 
affecting its current-voltage relations. The decreased con- 
ductance observed with Mg 2+ ionophoresis was not ob- 
served with any of the other ions used in this study. 

Trans-plasmodesmatal voltage gradients. A comparison of 
the current injected into the older cell and the voltages in 
both the older and younger cells allows us to determine 
whether the voltage gradient between the two cells regu- 
lates the extent of coupling (Fig. 1B, C). The linearity of 
the current-voltage relation for the younger cell (Fig. 1C) 
indicates that  electrical coupling is unaffected by voltage 
gradients of - 140 mV to 210 mV (treating the younger 
cell as reference ground) between the two cells. For exper- 
imental runs with K + or Mg 2+ ionophoresis,  using ex- 
periments where voltage deflections were large (such as in 
Fig. 1C), the range of voltage differences between the ad- 
jacent cells was - 163 mV to 212 mV, with mean (-t- SD) 
values of - 9 1  -F 56 to 125 + 45 mV (n = 7). In all cases, 
the current-voltage relations were linear, indicating no 
voltage dependence of electrical coupling. 

For gap junctions, transjunctional voltage depen- 
dence of gap-junction conductance varies with species 
and tissue type, and is common  in embryonic tissue 
(Spray 1990). When it does occur, it is readily seen in the 
voltage range of - 100 to 100 mV. For Arabidopsis root 
hairs, it is not apparent  with a voltage clamp of 50 ms 
duration over a wider voltage range. Unfortunately, 
voltage-dependent clamping currents increase to clipping 
levels if a longer voltage-clamp duration is used. There- 
fore, to assess the effect of a longer-duration voltage dif- 
ference between the two cells, constant current pulses 
through one barrel of the double-barreled micropipette 
were used while voltage was monitored in both cells. An 
example experiment is shown in Fig. 2. During 0.5-s cur- 
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Results and discussion section 
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rent injections into the older cell, there was no change in 
the voltage deflection in the younger  cell, indicating there 
was no t ime-dependent  c o m p o n e n t  of  voltage depen- 
dence. A similar result has been reported for Chara (Reid 
and Overall 1992) for even longer current  injections, and 
in Trianea bogotensis (Vorob'ev et al. 1982), but  for much  
lower voltage deflections (-24 to 40 mV). In the experi- 
ment  shown in Fig. 2, the effect of  vanada te  (an inhibitor  
of  the p l a sma-membrane  H + pump)  on coupl ing was ex- 
amined. Inhibi t ion of  the pump,  resulting in a large depo- 
larization of  the m e m b r a n e  potent ial  (111 4- 31 mV, n = 5), 
did not  affect the electrical coupl ing ratio (before: 34%;  
after: 36%). 

Coupling ratios. The dis tr ibut ion of electrical-coupling 
ratios, using only the initial measurements  to avoid the 
problem of plugging of  the double-barreled micropipet te  
as the experiment  progressed, is shown in Fig. 3. The 
mean  ( •  was 32% + 2 1  (n=39) ;  the median was 
29%. There was a b road  range of values f rom near zero 
to 95%. Broad  intra-species values (from 9 to 79%) have 
been repor ted  (Robards  and Lucas 1990). In this study, 
electrical coupl ing shows high popula t ion  variance in a 
single cell type at a fairly specific developmental  stage at 
a seedling age of  one to two weeks. It is unlikely that  this 
wide range is due to insertion into the vacuole (cf. 
Vorob 'ev  et al. 1982); the microelectrode tip is c o m m o n l y  
located in the cytoplasm,  based upon  the initial distribu- 
t ion of dyes injected into the roo t  hair. Wound ing  effects 
on cell-to-cell coupl ing m a y  also be discounted since cy- 
toplasmic s t reaming can be observed after the impale- 
ment  and the cells cont inue  to grow (Lew 1991). 

Calcium regulates cell-to-cell coupling. An example of  
Ca 2+ ionophores is  is shown in Fig. 4. The ionophore t ic  
micropipet te  conta ined 50 m M  CaCI 2 and 100 m M  KC1. 
The ionic conduc tance  of  Ca 2+ is 59.5 (S/cm) (equiv/cm3), 
so the expected cont r ibut ion  of Ca 2+ to total current  is 
abou t  13.2%. This gives an upper  limit of increasing 
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Fig. 4A-C. Effect of calcium lonophoresis on the extent of coupling. 
As in Figs. 1A and 2A, A shows the impalement of the first, older 
cell. The horizontal bars above the trace in A mark the period 
during which a +5-nA current was injected into the second, 
younger cell, causing a depolarization in the first, older cell due to 
cell-to-cell coupling. The ionophoretic current was turned off at 
intervals of about 10 s. Current-voltage measurements in the first, 
older cell were made at the vertical bars and are shown in B as 
marked (a,b,c, and d), while clamping currents versus voltage deflec- 
tions in the second, younger cell are shown in C. Coupling ratios 
were not performed in the experiment. Note the decline in voltage 
deflections during Ca2 § ionophoresis which returned to near initial 
levels when the ionophoretic current was turned off and then on 
again. This is probably due to plugging of the single-barreled mi- 
cropipette tip due to high Ca 2+ at the tip during ionophoresis, 
which disappears as Ca 2+ diffuses away from the tip when the 
ionophoretic current is turned off. This was often, though not al- 
ways, observed. The decline in electrical coupling observed in A as 
smaller and smaller voltage deflections is confirmed by measure- 
ments of the clamping current versus voltage deflection which shift 
to a vertical slope as shown in C. In experiments in which the 
coupling ratio was measured, the coupling ratio also approached 
zero 

Ca 2+ concentra t ion to about  40 m M  with a 500-nC in- 
jection, bearing in mind that  sequestrat ion must  also be 
occurr ing (the estimated cytosolic Ca 2+ increase is 10- 
70 gM, see below). When  cytoplasmic streaming could be 
observed, it s topped within seconds of the onset of  
ionophoresis.  Considerably  longer periods of ionophore-  
sis were required to block almost  completely the plas- 
modesmata l  pores. The current-vol tage relations for the 
older cell were unaffected, but  the membrane  potential  of  
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Fig. 6. Effect of Li+, inositol-trisphosphate, K + and OH-  on the 
extent of cell-to-cell coupling. The extent of ionophoresis is present- 
ed as nanocoulombs of charge injected into the cell. Li + (O--O) 
and inositol-trisphosphate (~--/X: 1 mg/ml in 20 mM KCI; V- -  
V: 20 mg/ml in dH20 ) had no significant effect. Cytoplasmic 
streaming was observed to continue during inositol-trisphosphate 
ionopboresis. Potassium ([Z E3) and OH (~ ~) are shown in 
the lower panel. Horizontal and vertical bars (when not hidden by 
the symbols represent standard errors. Sample sizes are marked by 
each symbol 

the younger cell was depolarized, and the slope of the 
current-voltage relation for the younger cell shifted to a 
vertical position as electrical coupling declined. It is like- 
ly that  little Ca 2+ moved through the plasmodesmatal  
connections into the older cell, since its membrane  poten- 
tial was unaffected by Ca 2+ ionophoresis. 

For Ca 2+ ionophoresis (and Mg 2+, and two Ca 2+ 
chelators, EGTA,  BAPTA), the extent of ionophoresis as 
nanocoulombs of charge passed into the cell was com- 
pared to the changes in the extent of electrical coupling 
(as a percentage of the initial) and is shown in Fig. 5. 
Magnesium was used as a control divalent cation. It does 
not affect the extent of coupling. As little as 400 nC of 
Ca 2+ ionophoresis cause a decline in coupling below 
50% of the initial value. But this is high compared  to the 
amount  of ionophoresis required to inhibit cytoplasmic 
streaming (about 70 nC). It is known that cytoplasmic 
streaming is inhibited at 1-10 laM Ca 2+ (Williamson 
1992). Assuming Ca 2+ increases are a linear function of 
the extent of ionophoresis, this means that coupling is 
inhibited 50% at 10-70 gM cytosolic Ca 2+. This is ana- 
logous to the situation with gap junctions, where C a  2+ is 
known to close the junctions, but at levels that are too 
high to be considered physiologically relevent unless 
severe wounding has occurred (Spray 1990). 

To assess whether a decrease in cytosolic Ca 2+ con- 
centrations affects coupling, the Ca 2+ chelators E G T A  
(100 mM, pH 7 with KOH)  and BAPTA (100 mM, te- 
t rapotassium salt) were used. While E G T A  did cause a 
decline to almost 50% of initial coupling with about  a 
1400-nC injection, BAPTA was without effect. Even with 
about  2100 nC of BAPTA injection, coupling was still 
about  90% of the initial coupling (n = 5; data  not shown). 
It appears  that E G T A  has additonal deleterious effects 
compared to BAPTA. The conductivity of these two 
chelators is not known, but if one assumes that about  5% 
of the current will be carried by the chelator, then the 
internal concentration will be in the range calculated for 
Mg 2+ and Ca 2+ (about 40 raM). Apparently,  decreases in 
cytosolic Ca 2+ do not affect electrical coupling. 

lnositol-trisphosphate. Given the dependence of electrical 
coupling on Ca 2+, the effect ofmyo-inositol  1,4,5-trispho- 
sphate was also examined. Inositol- tr isphosphate is 
known to cause an increase in cytoplasmic Ca 2+ by in- 
ducing its release from internal stores (Berridge 1984). 
Either 1 mg/ml in 20 m M  KC1, or 20 mg/ml in dH20  was 
used. The effect on coupling was minimal (Fig. 6). Tucker 
(1988) reported that inositol-trisphosphate did inhibit 
coupling in Setcreasea staminal hairs. No effect was ob- 
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served in Arabidopsis root hairs even with higher concen- 
trations than Tucker (1988) used (20 mg/ml compared to 
10 mg/ml) as well as ionophoresis (Tucker [1988] used 
simple diffusion from the micropipette tip). Lithium 
(100 m M  LiC1; a 500-nC injection would result in cytoso- 
lic [Li +] increasing to an upper  limit of 75 mM), an in- 
hibitor of the inositol-trisphosphate pathway (it inhibits 
myo inosi tol- l -phosphatase causing a decline in phos- 
phoinositides; Berridge 1984) was also without effect. 
Furthermore,  even after extended ionophoresis, cytoplas- 
mic streaming could be observed, unlike reported ob- 
servations in Setcreasea and Acetabularia (Allen and 
O 'Connor  1990). It is possible that, al though there is evi- 
dence for the inositol-trisphosphate pathway in higher 
plants (cf. Cot6 and Crain 1993), it is absent in Arabidop- 
sis root hairs using ionophoretic techniques and moni- 
toring cytoplasmic streaming and cell-to-cell coupling. 
Alternatively, inositol-trisphosphate may induce an in- 
crease in Ca 2+ insufficient to inhibit cytoplasmic stream- 
ing. 

Potassium and cell pH. The effect of K + (as a monovalent  
cation control), H + and O H  were also examined. While 
K + had no effect upon the extent of coupling, O H  
ionophoresis caused a slight decline to about  75% of 
initial coupling with about  500 nC of injection (Fig. 6). 
Injections of up to 121 nC of H + were without effect 
(coupling was 100% of initial). In two experiments with 
H + ionophoresis, coupling did decline, but the cells were 
flaccid, suggesting that an effect of acidification-induced 
cellular damage on coupling was being observed. The 
amount  released into the cell can be calculated based 
upon ionic conductivities (Castellan 1971) (H +, 349.8 (S/ 
cm) (equiv/cm3); C1,76.35;  OH , 197.8; Na  +, 50.11) and 
concentrations: the expected contribution of OH would 
result in an increase in [OH ] of about  300 mM for a 
500-nC injection, and, an increase in [H +] of about  
61 m M  for a 100-nC injection. These are upper limits 
which would be decreased by sequestration, efflux, and 
cytoplasmic pH buffering. It appears  that cell-to-cell cou- 
pling is inhibited by either alkalinization or acidification; 
the extent of the actual change in cytosolic pH is not 
known, but probably  high given that H + ionophoresis 
sufficient to affect coupling also damaged the cell. 

Summary 

Voltage clamping and ionophoresis have made it possible 
to characterize regulatory aspects of cell-to-cell coupling 
via p lasmodesmata  in higher-plant ceils, between Ara- 
bidopsis root  hairs. The electrical coupling is voltage in- 
dependent and inhibited by high, non-physiological, 
Ca 2+ concentrations. Inhibition by high H + concentra- 
tions appears  to be due to obvious cellular damage;  O H  
injection also decreased cell-to-cell coupling. The mono-  
valent, K +, and the divalent, Mg 2+ (which appears to 
pass through the plasmodesmata)  were without signifi- 
cant effects, as was the Ca 2+ chelator BAPTA. Interest- 
ingly, the inositol-trisphosphate pathway may not func- 
tion in this cell type. 

In general, it appears that higher-plant plasmodes- 
mata  do exhibit similar regulatory properties to those of 
gap junctions. In particular, transjunctional voltage inde- 
pendence is often seen for gap junctions (Spray 1990), as 
is inhibition of coupling by elevated Ca 2 + concentrations 
and acidification. With single-cell voltage clamps, current 
noise (about 40 pA) is too high to resolve single channels, 
but hopefully voltage clamping of both cells may uncover 
the molecular channel events of plasmodesmata,  
analogous to those observed with gap junctions (Spray 
1990). 
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