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Short Communication

Membrane Electrical Potentials in the Cortex and Stele
of Corn Roots'
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This paper reports the results of experiments which are of
interest concerning the relationship of root cortex and stelar
transmembrane electrical potentials to ion transport into the
xylem vessels. Specifically, the electrical potential difference
between cells in the cortex and stele of corn root segments and
the external solution is reported. It has been suggested (6, 10)
that if cells of the cortex or stele participate in ionic delivery
to the vessels-as with the symplast theory (1, 5), for which
there is considerable supporting evidence (1l)-then knowl-
edge of the PD2 between cortical and stelar parencyhma cells
and the xylem vessels would be important. Previous studies of
this nature have considered only the PD between the xylem
exudate and the external solution (2-4, 14, 15). The results
reported here are also of interest regarding the theory that
inner root cells leak ions into the vessels (11, 12). Leaky inner
root cells should be at a lower (less negative) potential than
outer cortical cells, and the PD of the inner cells should
change dramatically in response to changes of external ion
concentration; PD measurements are, therefore, reported at
two concentrations of external K+.

MATERIALS AND METHODS

Seeds of Zea mays L., var. Golden Bantam, were germinated
for 2 days in vermiculite moistened with nutrient solution of
the following composition: 1.0 mM KCI, 1.0 mm NaCl, 1.0
mM Ca(NO3)2, 0.25 mM MgSO4, and NaH2PO, and Na,HPO4
in sufficient quantities to make the total Na+ concentration
2.0 mm and buffer the solution at pH 5.5 to 5.7. In experi-
ments with 0.1 mM K+ the nutrient solution contained 1.9 mm
NaCl, making the sum of K+ and Na+ 3.0 mm and Cl- 2.0 mm
as in the 1.0 mM K+ nutrient solution. After 2 to 3 days in
vermiculite, the seedlings were placed in Plexiglas supports
and suspended over a large volume of aerated nutrient solu-
tion for 2 more days. All aspects of the experiments described
were performed at 22 + 1 C.

Cell electrical potentials were determined by inserting a
glass microcapillary electrode (tip diameter 0.5 to 1.0 ,u and
resistance 10-15 megohms) into the cell and measuring the
potential between it and a similar electrode in the external
solution; microcapillaries were inserted with a micromanipu-
lator. To permit microscopic observation of this operation,
tissue was held in a Plexiglas perfusion chamber of the type
described by Etherton (7), which allowed change in the com-

position of the constantly flowing solution without disturbing

1 This investigation was supported by a grant from the Research
Council of Rutgers University.

2 Abbreviation: PD: potential difference.

the preparation. By cutting root segments in half lengthwise
and placing the resulting inner flat surface against the cover
glass on the upper face of the perfusion chamber, micro-
capillaries could be inserted into the ends of exposed cells at
various positions between the stele and the epidermis. For
measurement of stelar parenchyma cell PD values, it was
necessary to separate steles from the cortex to expose cells for
microcapillary insertion. Steles were excised as described by
Lanies and Budd (12). After excision stelar segments were
pretreated in nutrient solution for 3 hr; microcapillary in-
sertions were made either into the ends or, in a few experi-
ments, the sides of exposed parenchyma cells. The micro-
capillaries were pulled and filled with 3 M KCI essentially as
described by Etherton (7, 8). The electrolyte in the micro-
capillaries was connected to the measuring circuit with Ag-
AgCl wire electrodes. The measuring circuit consisted of a
high input impedance amplifier and a voltage calibrator con-
nected to an oscilloscope.

RESULTS AND DISCUSSION

Vacuolar electrical potentials given in millivolts for epi-
dermal cells and for parenchymatous cells located at different
positions in the cortex or stele are shown in Table I for ex-
ternal K+ at 0.1 and 1.0 mm (other salts as described above).
For these determinations freshly excised root segments (or
steles) were pretreated for 3 hr in 0.1 mM K+ nutrient solution.
Segments were then mounted in the perfusion chamber, and
PD values were measured in 0.1 mm K+ nutrient solution.
Following this, with the microcapillary in a single cell, the
tissue was perfused with 1.0 mm K' nutrient solution. Readings
were recorded after the change in concentration when the
PD had stabilized, usually a matter of several minutes. Table
I shows that the PD becomes less negative when external K+
is increased from 0.1 to 1.0 mm and that the extent of de-
polarization in each case is considerably less than the 58 mv
change predicted for an ideal potassium cell by the Nernst
equation. Similar results with changes in external K+ have
been reported in other studies with higher plants (7. 9) and
with algae (17) and fungi (16). The small K+-dependent de-
polarization of the PD reported here may be a consequence
of the presence of Ca2` in the bathing medium (16, 17). In
several experiments after PD measurements were made in
1.0 mM K+, the perfusing solution was changed to the original
0.1 mM K+. The PD in every case returned essentially to the
original value in 0.1 mm K+, with a hyperpolarization of about
5 mv in some cells. It may also be seen from Table I that
epidermal cell PD values in both 0.1 and 1.0 mm K+ solution
are about 10 mv less negative than PD values of cells in the
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Table I. Vaciuolar Electrical Potelitial of Corni Root Cells as a
Flillctionz of Externial K+ Conicentrationz

Values given are the means + standard deviation for epidermal
cells (column 2), cortical cells approximately midway between
the epidermis and the stele (column 3), cortical cells close to the
stele (column 4), and stelar cells close but not adjacent to the
xylem vessels (column 5). The numbers in parentheses are the
number of cell potentials measured for a given cell location.

Lx-2 Electrical Potential
ter-
nalnal Epidermal Middle Inner Stelar cellscells r cortical cells cortical cells

"O,f !nt7v

0.1 -121 4 3(20) r 122 4d 4(8) -119 i 5(16) -118 4 10(12)
1.0 -98 4 5(20) -1094li 4(8) -106 aia 3(14) -104 i 6(9)

cortex and stele. In most experiments PD values of stelar
parenchyma cells were only several mv lower than those of
cortex cells.
The similarity of the vacuolar PD values for epidermal

cells and those in the cortex and stele (Table I) suggests that
stelar or inner cortical cells are not especially leaky for ions.
That the inner root cells are not leaky is further substantiated
by the data on changing K+ in the bathing medium from 0.1
to 1.0 mM; cell membranes with high K+ permeability would
be expected to depolarize to a considerable extent with an in-
crease in external K+, which was clearly not the case in these
experiments. If the inner cortical or stelar parenchymatous
cells should have leaky plasmalemmas, as believed by Laties
and co-workers (cf. 11), then the vacuolar PD values for the
inner root cells shown in Table I may represent tonoplast
PD values. Attempts to separate the plasmalemma and tono-
plast PD values in this study were unsuccessful. However,
even if the plasmalemma of inner root cells is leaky, the PD
values recorded are high enough to indicate that the tonoplast
is not leaky and that ions are accumulated in the vacuole.
Thus, the results presented here are in accordance with those
of Liiuchli et al. (13) and Yu and Kramer (18, 19), who showed
that stelar parenchymatous cells are capable of accumulating
ions.
The data in this paper suggest that the gradients of electrical

potential between the vessels and inner root cells are of suffi-
cient magnitude to significantly affect ion movement into the
vessels. For example, from the previously reported xylem
exudate PD of -30 to -50 mv for corn roots bathed in 1
mM K+ solution (6), it may be seen that the algebraic differ-

ence of PD between the stelar parenchymatous cells and the
xylem exudate is 54 to 74 mv (parenchyma negative). Whereas
it proved impossible to measure PD values of cells directly ad-
jacent to the vessels, it seems unlikely that these cells would
have PD values significantly different from those of other cells
in the stele. A paper to follow will characterize the electro-
chemical gradients and ion fluxes between root parenchyma
and the xylem vessels.

LITERATURE CITED

1. Aissz. W. A. 1956. Significance of the symplasm theory for transport in the
root. Protoplasma 46: 5-62.

2. BOWLING, D. J. F. 1966. The transport of ions across sunflower roots. Planta
69: 377-382.

3. BOWcLI-oG, D. J. F., A. E. S. MIACKLON, AND R. Ml. SPANSWICK. 1966. Active
and passive transport of the major ions across the root of Ricinus com-
mrn?sis. J. Exp. Bot. 17: 410-416.

4. BOwT,TING. D. J. F. AND R. MI. SPANSWICK. 1964. Active transport of ions

across the root of Ricinus comnmunis. J. Exp. Bot. 15: 422-427.
5. CRAFTS, A. S. AND T. C. BROYER. 1938. Migration of salts and water into the

xylem of the roots of higher plants. Amer. J. Bot. 25: 529-535.
6. DAVIs, R. F. AND N. HIGINBOTHANI. 1969. Effects of external cations and

respiratory inhibitors on electrical potential of the xylem exudate of excised
corn roots. Plant Physiol. 44: 1383-1392.

7. ETHERTON. B. 1963. Relationship of cell transmembrane electropotential to
potassium and sodium accumulation ratios in oat and pea seedlings. Plant
Physiol. 38: 581-585.

8. ETHERTON, B. AND N. HIGINBOTHAMI. 1960. Transmembrane potential meas-

ur-ements of cells of higher plants as related to salt uptake. Science 131:
409-410.

9. HIGINBOTHAM, N., B. ETHERTON, AND R. J. FOSTER. 1966. Effect of external
K, NH4, Na, Ca, Mg, and H ions on the cell transmembrane electro-
potential of Avena coleoptile. Plant Physiol. 39: 196-203.

10. JENNINGS, D. H. 1967. Electrical potential measurements, ion pumps and
r'oot exudation-a comment and a model explaining cation selectivity by the
root. New Phytol. 66: 357-369.

11. LATIES, G. G. 1969. Dual mechlanisms of salt uptake in relation to com-

partmentation and long-distance transport. Annu. Rev. Plant Physiol. 20:
89-116.

12. LATIES, G. G. AND K. BUDD. 1964. The development of differential permea-

bility in isolated steles of corn roots. Proc. Nat. Acad. Sci. U.S.A. 52: 462-
469.

13. LXUCHLI, A., A. R. SPURR, AN-D E. EPSTEIN. 1971. Lateral transport of ions
into the xylem of corn roots. I. Evaluation of a stelar pump. Plant Physiol.
48: 118-124.

14. SHONE, M. G. T. 1968. Electrochemical relations in the transfer of ions to the
xylem sap of maize roots. J. Exp. Bot. 19: 468-485.

15. SHONE, M. G. T. 1969. Origins of the electrical potential difference between
the xylem sap of maize roots and the external solution. J. Exp. Bot. 20:
698-716.

16. SLAYMIAN, C. L. 1965. Electrical properties of Neurospora crassa. Effects of
external cations on the intracellular potential. J. Gen. Physiol. 49: 69-92.

17. SPAN-swicK, R. M.. J. STOLAREK, AND E. J. WILLIAMS. 1967. The membrane
potential of Nitella translucens. J. Exp. Bot. 18: 1-16.

18. Yu, G. H. AND P. J. KRAMER. 1967. Radial salt transport in corn roots. Plant
Physiol. 42: 985-990.

19. Yu, G. H. AND P. J. KRAMEPR. 1969. Radial transport of ions in roots. Plant
Plhysiol. 44: 1095-1100.

452 DAVIS


