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Summary. The influx and efflux of sodium from 4-hr washed, 
low salt corn roots (Zea mays L.) has been studied for charac- 
terization of passive and active components. Initial Na + 
content of the roots is very low, 2.25_+ 0.4 gmol/g fresh weight. 
Na + influx in the presence of 0.2 mM Ca 2+ and 0.002 to 20 mM 
K + is passive (a " l eak" )  based upon Goldman-type models, 
being determined by Na + and cell potential (~u). Na + was not  
transported by the K + carrier and influx was unaffected by 
50 gM dicyclohexylcarbodiimide (DCCD). Permeability of the 
cells to Na + was of the same order as PK- 

Efflux o f N a  + was by an efficient and rapid active transport  
system (a " p u m p " ) ,  thus accounting for the failure of these 
roots to accumulate high levels of Na +. In short-term loading 
and efflux experiments, internal Na + turnover had a half-time 
of about  5 rain. Sodium efflux was unaffected by DCCD. Net 
H + flux was zero in the presence of DCCD regardless of sodium 
efflux, indicating absence of N a + / H  + antiport. Efflux of Na + 
was equally rapid into medium containing no Na + and only 
0.002 mM K +. K + influx accounted for less than 4% of Na + 
efflux, prompting the hypothesis that  the Na + (or cation?) 
efftux pump is the second electrogenic system previously 
defined based upon electrophysiological measurements. 

Key Words: Sodium " Zea mays " electrogenic pumps �9 
active t ranspor t ,  roots �9 DCCD �9 pump-leak 

Introduction 

Many higher plant cells, especially those in glyco- 
phytes, are relatively rich in K § and poor in Na § 
despite growth in soil of  the reverse ion status. 
This condition is apparently possible due to active 
K + influx and active Na § efflux, though the pro- 
cesses are not linked obligatorily through one 
ATPase as they are in animal cells [11, 17]. 

In previous reports [2-6] we have considered 
active and passive K § fluxes into corn roots, inter- 
preting our data using passive models as the begin- 
ning step. The results showed that, in aerated low 
salt tissue, neither cell potential 1, ~u, vs .  K ~ nor 
influx vs .  K ~ were as expected for the passive case. 
However, inhibiting energy-linked transport with 

1 Abbreviations. g,, ~uD: total and diffusion cell potentials; 
~bNa: Na + influx; Na ~ K~ cation concentrations outside the 
cell; P j: permeability coefficient for ion j ;  DCCD:  dicyclohexyl- 
carbodiimide. 

uncouplers or anoxia gave results over a wide 
range of  K ~ which did conform with such a model. 
The energy-linked component of  ~, proved separa- 
ble into two phases with a range of transition over 
the region where ~u-~ E~. Using Epstein's terminol- 
ogy [8] system I involved active K § transport 
against a thermodynamic gradient [5] possibly v i a  

a K+-carrying H § extruding ATPase. Increased 
active K § influx as K ~ increased correlated well 
with a decline in a DCCD sensitive, hyperpolariz- 
ing component of  gt [4-6]. System II K + influx 
largely represented passive movement down the 
electrical gradient. K § levels in this range appeared 
to inhibit the carrier activity of  system I [3]. In 
this range ~u included a component resulting from 
activity of a second electrogenic system which did 
not have active K § carrying characteristics, which 
was insensitive to DCCD and other putative inhib- 
itors of  the plasmalemma ATPase, but which was 
still sensitive to anoxia and uncouplers. 

In the first part of  this report a similar ap- 
proach is used to extend our understanding of Na § 
influx mechanisms in low salt corn root segments. 
The results show that Na § influx is passive even 
at low K ~ and when Na + is present in large excess, 
i.e., Na § is not available to the K § carrier. The 
second part is a study of  Na § efflux and the hy- 
pothesis that this might be directly related to sys- 
tem II electrogenic activity. Efflux was rapid and 
efficient: the halftime of  exchange was approxi- 
mately 5 rain and 90% of the Na § label acquired 
in a 10 rain loading period was exchangeable with- 
in 60 min. Efflux was insensitive to DCCD and 
to removal of  K + and Na § from the medium; 
thus, it was not a cation exchange process. 

Materials and Methods 
Methods for raising corn seedlings [Zea mays L., (A619 • 
Oh43) • A632, Crow's Hybrid Corn Co., Milford, ILl, cutting 
and washing root segments, and determination of cell potentials 
and influxes were as previously described with minor modifica- 
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Fig. 1. The effect of changing Na ~ and K ~ 
on celt potential in low salt corn roots. 
Numerators denote K ~ in (raM) and 
denominators, Na ~ Depolarization is 
upward. (A-B): Short term transients upon 
changing Na ~ (C): Longer term effects 
showing re-establishment of initial potential 
following each change in Na ~ (D): 
Comparison showing stable changes with 
changing K ~ (s The extreme case: 
potential is re-established in 6 rain despite a 
large excess of Na + 

tions given below [2, 3, 9]. Briefly, these were the 0.5 to 2.5 cm 
segments of primary roots of 3-day old corn. They were washed, 
after excision, for 4hr  at 30~ in 0.2ram CaSO4+0.1 mM 
K2SO 4 plus 0.2 mM MES buffer, solution pH adjusted to 6.0 
with tris. Calcium and buffer were present in all other solutions 
as well; Na + and K + were adjusted to desired levels with sulfate 
salts. Tetramethylammonium was used as a chloride salt to 
adjust ionic strength without addition of mineral cations. 

Washing and all subsequent operations for flux studies were 
done with 10 to 15 roots (0.2 to 0.25 g fresh weight) in small 
plastic boxes with slitted upper and lower surfaces (Tissue Tek 
III Unicassette, American Scientific Products). In these boxes, 
roots floated freely with unrestricted solution circulation. When 
boxes were placed horizontally in shallow, well-aerated solu- 
tion, K + uptake rates were comparable to those determined 
previously with free-floating roots [3]. For short-term Na + 
influx experiments aimed at determining relative Na + perme- 
ability and the influence of Na + on K + influx, washed roots 
were rinsed well in unlabeled solution at appropriate Na + and 
K + levels for 10 min, then transferred to labeled uptake solu- 
tion for 10 min. This pretreatment assured equilibration of cell 
walls and allowed establishment of steady cell potentials. 
Uptake solutions were labeled with both 22Na and 42K. Fol- 
lowing uptake, roots were transferred to a large volume of 
ice cold 10 mM CaC12 for 5-7 rain to exchange cell wall label. 
Preliminary experiments showed this treatment did not com- 
pletely inhibit Na + efflux; thus, timing was selected to maxi- 
mize removal of wall label (> 97%) and minimize loss of inter- 
nal label (<5%). Roots were then blotted, weighed, and 
counted by liquid scintillation using Amersham ACS scintillant. 
Double labeled samples were recounted after 7-10 days follow- 
ing 42K decay. 

For calculation of r/N,, total ionic concentrations were cor- 
rected to activity based upon Table 2.1 in Ptonsey [18]. 

For long-term influx experiments, roots were transferred 
at time zero to labeled solution with no pre-rinse in unlabeled 
solution. The first 10 min of those experiments, therefore, were 
away from steady state with respect to gt and cell wall condi- 
tions. For net uptake studies, and initial ion content determina- 
tions, cellular Na + and K + were determined by flame photo- 
metry (IL643) following CaCI 2 exchange (as above), drying and 
ashing at 450-500 ~ Ash was resuspended in 1 M Mg Acetate. 

For efflux studies, washed tissue was equilibrated at the 
appropriate levels of Na + and K + for 55 rain prior to transfer 
to labeled solution for 10 rain. Efflux was measured as 22Na 
remaining in roots following exchange in unlabeled solutions. 

These solutions were changed three times in the first i0 rain 
and following 30 min. They never accumulated appreciable 
counts ( < 75 cpm/ml). At intervals, root samples were removed, 
exchanged in cold CaC12 as above, and analyzed. Because this 
cold wall exchange period was common to all samples, there 
is no cell wall component in the efflux curves. 

R e s u l t s  

F i g u r e  1 i l l u s t r a t e s  the  r e s p o n s e  o f  ~u c h a n g e s  in 
N a  ~ a n d  K ~ in  w a s h e d  c o r n  r o o t  s egmen t s .  I n c r e a s -  
ing  N a  ~ a t  c o n s t a n t  K ~ r e s u l t e d  in  t r a n s i e n t  d e p o -  
l a r i z a t i o n .  E v e n  w h e n  N a  ~ > > K ~ (F ig .  1 E),  ~u re-  
c o v e r e d  to  the  o r i g i n a l  level  in  5 to  10 rain.  De -  
c r e a s i n g  N a  ~ p r o d u c e d  the  c o n v e r s e  r e s p o n s e  
(F ig .  1 A - C ) .  T h e  effect  o f  N a  ~ is in  m a r k e d  con -  
t r a s t  to  the  s t ab l e  c h a n g e s  in  gt w h i c h  a c c o m p a n y  
c h a n g e s  in K ~ (F ig .  1 D) .  

I t  is ve ry  l ike ly  t h a t  these  t r a n s i e n t  effects  r e su l t  
in  p a r t  f r o m  the  r e p l a c e m e n t  o f  K + o n  cell  wa l l  
e x c h a n g e  s i tes  w i t h  N a  +, w i t h  a r e s u l t i n g  t r a n s i e n t  
i n c r e a s e  in K ~ in  the  v i c in i t y  o f  the  cell  m e m b r a n e s .  
H o w e v e r ,  the  r e l a t ive  i m p o r t a n c e  o f  th is  ef fec t  in  
the  ove ra l l  r e s p o n s e  is n o t  eas i ly  d e t e r m i n e d .  I n  
o r d e r  to  p r e v e n t  such  c h a n g e s  a n  a l t e r n a t i v e  c a t i o n  
is r e q u i r e d ,  the  p r o t o c o l  b e i n g  f i rs t  to  e s t a b l i s h  
a s t ab le  p o t e n t i a l  in  t he  p r e s e n c e  o f  the  a l t e r n a t i v e  
c a t i o n ,  a n d  t hen  to  r e p l a c e  i t  w i t h  N a  + a t  the  s a m e  
i o n i c  s t r eng th .  A s  m i g h t  be  e x p e c t e d ,  s u c h  e f fo r t s  
were  h a m p e r e d  b y  u n a v a i l a b i l i t y  o f  a t o t a l l y  i n n o c -  
u o u s  ca t ion .  T h e  resu l t s  u s i n g  C a  2+, M g  2+ a n d  
t e t r a m e t h y l a m m o n i u m  ( T M A  +) were  e q u i v o c a l ,  
c o n s i s t e n t  w i t h  the  h y p o t h e s i s  t h a t  we d o  n o t  fu l ly  
u n d e r s t a n d  the  c o m p l e x i t i e s  o f  r o o t  cell  m e m b r a n e  
p o t e n t i a l s ,  a n d  u n i n f o r m a t i v e  e n o u g h  to p r e c l u d e  
f u r t h e r  c o n s i d e r a t i o n  here .  C l a r i f i c a t i o n  o f  t he  wa l l  
i n v o l v e m e n t  in  the  t r a n s i e n t s  m u s t  t h e r e f o r e  a w a i t  
p e r f e c t i o n  o f  t e c h n i q u e s  to  m e a s u r e  s h o r t - t e r m  
c h a n g e s  in  ~, in  p r o t o p l a s t s .  Th is ,  h o w e v e r ,  does  
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Fig, 2. Na + influx vs .  external Na + a c t i v i t y  for four levels of 
K +. The log-log plot is used to emphasize agreement with the 
Goldman model. Corresponding steady-state potentials are giv- 
en in Table 1. Solid lines are fluxes predicted using Eq. (1). 
Each point  is mean _+ SD of four replicates. K ~ = 0.002 mM (o), 
0.02 mM (a), 0.2 mM (u), 20 mM @) 

nothing to negate a very useful consequence of  
the return to the original potential: by allowing 
~u to stabilize before addition of  label for flux mea- 
surements, the effects of  changing Na ~ at constant 
~u, and of  changing ~, (by varying K ~ at constant 
Na ~ could be studied. 

Figure 2 shows Na + influx as a function of  ex- 
ternal Na § activity at four levels of  K ~ and thus 
at four values of  ~u. Use of  activity rather than 
concentration is appropriate here to consider the 
linear relationship expected using models based 
upon Goldman theory [3]. When plotted on a 
semi-logarithmic basis the pattern is similar to that 
shown by Rains and Epstein [19] in barley roots 
with Ca 2+ and K § present in the medium. Even 
in the case of very low K ~ there is no indication 
of  dual phase Na ~ uptake. 

It has been suggested earlier that in barley [19] 
and corn [1] roots, discrimination between Na + 
and K + influx occurs due to the difference in the 
affinity of  the active K § carrier for the two ions, 
K,, being approximately 0.02 for K § and 0.3 for 
Na § (determined in the absence of  K +). Exception 
to this has been taken, however. Jeschke [14] noted 
that this simple difference would not account for 
the magnitude of  selectivity which occurs. In the 
present study, should the affinity model hold, the 
excess of  Na + over K § should have been sufficient 
for carrier mediated Na + influx to occur and to 
indicate dual-isotherm Na § influx kinetics (i.e., 
Fig. 2, K ~  0.002 raM). Alternately, it should have 
been possible to demonstrate excess Na + influx 
(over a passive value) when carrier mediated trans- 
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Fig. 3. J/Na and ~/K vs .  ~u. r/N a was determined from fluxes shown 
in Fig. 2 r/K from ref. [3]. Abscissa is labeled to show steady- 
state ~ at each level of  K +. N a ~  (o); 0.2 mm (z~); 
2 mM (el), 20 mM@). Closed symbols 20 mM T M A  + in addi- 
tion to Na +. As Na + and K + activity depend on total concen- 
trations, and as these curves are not used in modeling, q's are 
plotted with respect to concentration for clarity 

port was maximal. That is, when K~  0.2 mM and 
carrier mediated transport was nearly maximal, ad- 
dition of  20 mM Na ~ should have resulted in signifi- 
cant (2.5 to 3 gmol/g fresh weight.hr) carrier me- 
diated Na + influx. The linearity in Fig. 2 at K ~  
0.2 mM implies this flux was absent. The interac- 
tion of Na § and the active K + influx system are 
considered further below. 

Knowing the values of  Na § influxes, ~ and 
Na ~ the relative apparent permeability coefficient 
of  Na § r/s, [3] can be calculated using Eq. (1): 

 Na(1 
= - ( 1 )  

Na ~ ~u 

where ~Na is the rate of  Na + influx (gmol/g fresh 
weight.hr), and ~-=exp (F ~u/RT) (Ref. 2). r/N . is 
proportional to F/PNJRT but incorporates the un- 
known surface area to root weight factor. These 
values of  t/s a are shown in Fig. 3. Note that in 
this figure, concentrations rather than activities are 
shown for clarity of  presentation. Activity was, 
however, used in Eq (1). t/N . and r/K [3] are both 
dependent either on g/, ionic strength, or mem- 
brane surface change. This effect is probably differ- 
ent from the transients shown in Fig. 1. r/N a thus 
appears to be approximately one-half of  t M. 

The hypothesis that Na + enters roots passively 
was also supported by measurements of  Na § 
influx under anoxia (Table 1). r/N . estimated by this 
method was somewhat higher, possibly reflecting 
the elimination of  active Na + efflux (see below). 
Thus we conclude only that PN, and PK are of 
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Table 1. Relative sodium permeability, t/N a, as determined by influx under anoxia ". 

~, K ~ 
(mV) (mM) 

d2tqa at Na ~ (gmol/g fresh wt-hr) 

0.02 0.2 2.0 

r/Na 

- 9 9  0.002 0.014 _+0.002 0.170+0.075 -- 0.0077 
--97 0.2 0.013 _+0.002 0.144-+0,017 -- 0.0069 
- 5 0  20 0.0047-+0.0004 0.048_+0.003 0.469-+0.031 0.0058 

Concentrat ion to activity corrections were incorporated into t/N a calculations, g values were 
reported previously [4]. n = 4. 

Table 2. 42K+ influx measured simultaneously with ~2Na influx of Fig. 2, (gmol/g fresh wt-hr) 10 min uptake after 10 min equili- 
brium" 

K ~ Na  ~ (raM) % .~ 
(raM) ~bK 

0 0.02 0.2 2 P(F) 20 

0.002 0.195_+0.026 0.216_+0.05/ 0./54_+0.013 0.196_+0,041 0.088 0.089_+0.009 54 
0.02 1.43 +0.28 1.82 _+0.21 1.34 _+0.41 1.50 +0,43 0.21 0.96 _+0.13 33 
0.2 6.64 -+0.57 5.95 +1.27 5.11 -+1.03 4.95 -+0,95 0.054 3.94 _+0.49 41 

Means of 5 replicates, +SD P(F) is significance level in one-way analysis of variance of all conditions except N a ~  mM. 
Last column is reduction of K + influx at Na  ~ = 20 mM from Na+-free level. 

Table 3. Net Na + uptake obtained by flame photometry of 
ashed samples ~ 

Time (hr) 

0 1 2 

Na content 2.25 + 0.40 3.08 _+ 0.22 3.98 +_ 0.52 
Uptake/hr  - 0.82 0.90 

Loading solution was 0.2 mM K +, 20raM, 0.2raM Ca a+, 
0.2 mM MES-Tris, pH 6.0. Na + content is gmol/g fresh wt 
n = 4 .  

the same order, a result similar to that of Pierce 
and Higinbotham who estimated the ratio PNa/P~ 
to be 0.7 and1.3 in two experiments with oat cole- 
optiles [16]. 

Finally, we considered the interaction of sodi- 
um and the active K § transport system by consid- 
ering the effect of external Na + on K + influx. 
These experiments were performed simultaneously 
with the Na + influx experiments shown in Fig. 2. 
Table 2 shows the effect of Na + at three levels 
of K ~ In this range, K + influx is almost entirely 
active [3]. At external concentrations of Na § up 
to 2 mM, there was no effect on K + influx (P(F) > 
0.05 in one way analysis of variance). This streng- 
thens the conclusion of Jeschke [14] that discrimi- 
nation against Na + is not just a matter of K,, dif- 
ferences. At Na ~ = 20 mM, however, K + influx was 

reduced 30-55% from the rate in sodium-free solu- 
tion. Figure 2 clearly shows that the lost K + influx 
is not replaced by active Na + influx. TMA + at 
20 mM also reduced K + influx, by 34% at 0.02 mM 
K ~ and by 47% at 0.2 mM K ~ These reductions 
are of the same magnitude as the reduction (by 
39% from Vmax) of active influx by K + at the same 
level [3], suggesting a nonspecific effect ofmonova-  
lent cations on a carrier control or binding site. 
Thus we have shown that Na + influx is passive 
over four orders of magnitude, controlled by the 
electrical driving forces, and independent of K + 
influx, and sodium exclusion, a characteristic of 
corn, cannot be attributed to absence of uptake. 
Other possible mechanisms are "outgrowing"  the 
Na + influx, i.e., addition of new water faster than 
addition of Na +, and active Na + efflux. We there- 
fore investigated the latter in this nongrowing tis- 
sue. 

Net influx and efflux were studied at 0.2 mM 
K ~ and 20 mM Na ~ This required no treatment 
to remove K + from walls as would be required 
at lower levels, and Na + influx was rapid enough 
to substantially alter internal Na + content in a 
short period in the absence of efflux. Also initial 
tissue Na + levels (Table 3) were low, so the net 
increase driving force was very large. 

Table 3 shows that net influx over 2 hr was 
considerably lower than suggested by short-term 
tracer fluxes. This was confirmed by trager influx 
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over a 2-hr period (Fig. 4a). Over this period, ex- 
cepting the first 10 rain after addition of  Na +, K § 
influx was linear, and the long and short-term 
tracer influx rates were equal (data not shown). 
In the case with Na § the flattening of  the curve 
represents an increasing efflux rate rather than a 
decreasing influx rate as shown by the shortterm 
influx rates in Fig. 4a. Turnover of  total cellular 
Na § was rapid: the slope of  the line in Fig. 4a 
for the second hour is very close to the net influx 
rate calculated in Table 3, and after 2 hr, 73% of 
the internal Na § was labeled. This implies a much 
faster turnover than calculated by Davis and Jaw- 
orski [7], or that a large portion of  the total Na § 
is cytoplasmic in low salt roots. 

Figure 4 b shows the effects of  DCCD on short 
and long-term tracer uptake. DCCD reduces K + 
influx to a passive level under these conditions 
while only slightly reducing ATP levels [6]. There 
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Table 4. 2ZNa+ efflux and 42K+ influx following 10 min labeling in 0.2 mM K +, 20 mM Na + medium a 

Efflux eZNa content % loss 42K uptake 42K uptake Differ- 
time (gmol/g fresh wt) (control) (plus Na) ence 
(rain) ~tmol/g fresh wt) (gmol/g fresh wt) % 

0 0.85-+ 0.07 . . . .  
10 0.38-+ 0.03 55 0.020 +_ 0.002 0.039_+ 0.006 4.0 
20 0.21 +0.02 75 0.039 -+0.004 0.046_+0.007 1.1 
60 0.15 • 0.02 83 0.075 ___ 0.001 0.090 +_ 0.002 2.1 

a DCCD (50 gM) was present at all stages of Na + loading. Control  K + influx was measured in 
absence of Na § treatment. Difference is percent of effluxed Na § accounted for by excess K + 
uptake over control values. 

was no effect on either Na § flux, implying no effect 
on the efflux system. 

Short-term efflux was considered more directly 
by following loss of label after brief (10 min) 
loading with 22Na. These experiments were done 
with the efflux models of  Jeschke [14] and Ratner 
and Jacoby [21] in mind. Consequently, the effect 
of DCCD,  K ~ and Na ~ and the net H + fluxes 
were considered. The results are shown in Fig. 5. 
Noting (see Materials and Methods) that this 
efflux curve has no wall component, the loss of 
cellular Na § is rapid: t~/2 is approximately 5 min. 
Efflux is not eliminated by DCCD and does not 
represent a Na  + for Na + or Na § for K + exchange. 
Using DCCD to eliminate active K § influx, K § 
uptake during the efflux period accounted for less 
than 4% of the Na § removed (Table 4). Efflux 
was as rapid into 0.002 mM K ~ solution as into 
0.2 mM K § plus 20 mM Na +, indicating no K +- 
stimulated component of  the efflux. Na + efflux 
was also not in exchange for H + as indicated in 
Fig. 6. DCCD eliminated net H § efflux in the pres- 
ence or absence of  Na +. Addition of Na + after 
DCCD did not produce net H § influx indicative 
of such an exchange (Fig. 6A) nor did removal 
of  Na + (Fig. 6 B). 

Discussion 

In this report we have considered both Na § influx 
and efflux in 4-hr washed, low salt corn roots. 
Influx was considered from the viewpoint of the 
dual isotherm kinetic theory, and of Goldman 
theory for passive membrane fluxes. The results 
show that the active K § influx system is unavail- 
able for Na § influx, even at a 10,000-fold excess 
of Na  +. Interaction of Na + with K + influx 
appears to be a nonspecific cation effect. Modeled 
on the basis of Goldman theory, Na + influx 
appears strictly passive (a " leak")  over four orders 
of  magnitude at rates determined by Na ~ and ~,. 

The sodium permeability of corn root  cell mem- 
branes was of the same order as potassium perme- 
ability. Long term (2 hr) net influx of  Na § was 
much lower than indicated by short term (10 min) 
tracer studies, and an efficient Na § efflux mecha- 
nism ( "pump")  was shown. Following 10 rain of  
22Na uptake, label was lost by efflux with a half 
time of about  5 min. Unlike active K § influx and 
H + efflux, Na § efflux was not eliminated by 
DCCD and did not represent exchange of Na § 
for Na + K +, or H +. 

The mechanism of Na § influx has previously 
[1, 14, 19] been analyzed either using the dual iso- 
therm perspective or the Teorell-Ussing flux ratio 
method [15, 16]. Dual isotherm analysis indicated 
that Na § influx in barley roots in the presence 
of both Ca 2§ and K § was by system II alone [17]. 
This is fully consistent with the present results as 
we have previously shown that system II K § influx 
is in fact passive movement down an electrical gra- 
dient. That Na + influx may be passive has been 
suggested based upon the Teorell-Ussing criterion, 
primarily because the flux is thermodynamically 
downhill [14, 16]. This criterion is much more 
likely to point to the need for an active system, 
but  cannot conclude a passive one. For this the 
present approach is a stronger one. Occasional 
reports of  active Na § influx based on the Teorell- 
Ussing criterion [15, 22] can probably be explained 
on the basis of  abnormally low cell potentials, the 
roots having been excised and split just before the 
measurements of  ~. 

Active efflux of Na + has been studied in corn 
[7, 13] and extensively in barley [14, 21]. Both 
Jeschke [1.4] and Ratner and Jacoby [21] studied 
Na § efflux in barley roots and found distinct stim- 
ulation of efflux by K § added to the medium. No 
K § stimulation was found in corn [13]. Davis and 
Jaworski [7] used the compartmental analysis tech- 
nique in corn roots loaded in the presence of K § 
and Ca 2§ Flux rate analysis showed Na § efflux 
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Fig. 7. Schel~atic model of electrogenic K + influx and Na + 
efflux systems at the plasmalemma of corn root cells under 
low and high K ~ conditions. The model has been modified from 
reference [3] to show passive Na + entry (a uniport) and active, 
electrogenic Na + efflux 

is the electrogenic system II), and that it does not 
represent neutral exchange for Na +, K + or H + 
It is probable that the system is not specific for 
Na § as the electrogenic system II operates in the 
absence of  added Na § [6]. One experiment sug- 
gests that K § is also a substrate: when roots were 
loaded for 10 rain in 20 mM K ~ plus 20 mM Na ~ 
and then effluxed, 32% of the 42K+ as well as 
90% of the 22Na + was lost in 50 min. Such loss 
of K + did not occur when roots were loaded at 
0.2 mM K ~ Studies by Higinbotham et al. [12] indi- 
cate that active Ca 2+ efflux also occurs and an 
ATP-dependent C a  2+ pump associated with the 
plasmalemma has been isolated [10]. Though no 
data are available suggesting involvement of  the 
same pump for Ca 2+ and Na § it may for the 
moment be considered a possibility, as well. There- 
fore we again modify our previously published 
model of  the plasma membrane transport systems, 
as shown in Fig. 7, incorporating an active Na § 
or cation efflux as the second electrogenic system. 

to be active. In those experiments Davis and Ja- 
worski were concerned with long-term fluxes in 
preloaded tissue and with the effects of  ouabain 
on those fluxes. They reported a cytoplasmic i l l  2 
somewhat slower than that indicated by the pulse- 
chase approach used here (nearly 20 min vs.  5 min 
in this case). Unfortunately, neither efflux nor 
ouabain effects are directly comparable to the pres- 
ent study as the fluxes and effects were determined 
on freshly excised tissue. It is known that excision 
inhibits several active fluxes [9] and ~u in corn roots 
and the effects on active Na § efflux are yet to 
be determined. 

In conclusion, we will postulate that the active 
Na + efflux system is electrogenic and possibly is 
the electrogenic system II reported previously [4, 
6]. We start by arguing that Na § must stimulate 
some electrogenic system. More important than 
the fact that ~, repolarizes upon addition of Na ~ 
(Fig. 1) is that ~, does not become or remain depo- 
larized. ~ represents a balance between electro- 
genic components and passive components (VD), 
and ~uD exists in the normally respiring cell, i.e., 
the passive ion conductances of  the membrane do 
not become zero when the electrogenic system(s) 
is operating [6]. We have now shown that PNa is 
not negligible with respect to P~. It follows that 
~u D is reduced by high Na ~ and the maintenance 
of  ~t at the Na+-free level (e.g., Fig. 1 E) thus must 
represent stimulation of  some electrogenic system. 

Secondly, we have shown that active Na § 
efflux occurs, that it is insensitive to DCCD (as 
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