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Summary. The area-specific conductance of the membrane in the 
acid and basic zones (denoted by GA and GB, respectively) of 
Chara cells was measured in flowing solutions, containing 5 mM 
zwitterionic buffer, as a function of the external pH (denoted by 
pH~ During illumination GA was -- 1 S/m 2 for pH ~ in the range 5 
to 8.5, and increased markedly to 3 to 6 S/m 2 at higher pH ~ GB, 
however, was always larger than GA during illumination with a 
typical magnitude of 5 to 15 S/m 2 for pH ~ 6 to 12. Thus under 
many experimental conditions it is possible that there is no single 
correct value for the membrane area-specific conductance. A 
flow of current in the external medium between the acid and 
basic regions was found to be associated with pH 'banding,' and 
also with Gs exceeding GA. This current could be present in 
flowing solutions without added HCO3 over a wide range of pH ~ 
and at high (25 mM) buffer concentration. Combining measure- 
ments of GA and Gs with measurements of the currents in the 
acid and basic zones (denoted by Ja and Js, respectively), it was 
estimated that the resting (i.e. in the absence of net current flow) 
potential difference (PD) across the membranes within the indi- 
vidual zones (denoted by UA and Us) was -265 -+ 20 and - 183 -+ 
5 mV, respectively, during illumination. Upon the removal of 
illumination at pH ~ = 7.5, Ga, Gs and 38 were found to decrease 
rapidly during the initial few hundred seconds. During this period 
(Us - V,,) remained relatively constant. A transient hyperpolar- 
ization of V,, often occurred, the magnitude of which was correl- 
ated with the magnitude of J~ prior to the removal of illumina- 
tion. After some 0.5 to 1 ksec of darkness, G4 and GB had both 
decreased considerably and now GA ~ Gs and Ua - U~ - V,~. 
Eventually, after 2 to 8 ksec of darkness, the membrane conduc- 
tance was effectively homogeneous with a much smaller magni- 
tude (typically <0.2 S/m 2) and V,, was depolarized by typically 5 
to 15 inV. 
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Introduction 

It is known that cells of Chara and Nitella can de- 
velop spatially distinct acid and basic regions in the 

* Present  address:  Biophysics Laboratory, School of Phys- 
ics, University of New South Wales, Sydney, N.S,W. 2033, Aus- 
tralia. 

external medium adjacent to the cell upon exposure 
to light (e.g. Spear, Barr & Barr, 1969; Lucas & 
Smith, 1973), and that large electric currents can 
flow between these regions (Walker & Smith, 1977). 
Recent experiments with Chara have shown that 
under some conditions, the membrane conductance 
in the basic zones can be much larger than in the 
acid zones 1. This spatial inhomogeneity in mem- 
brane conductance has previously only been re- 
ported for cells bathed in stagnant, unbuffered solu- 
tions o fpH - 5 . 5  (Smith & Walker, 1983), and also 
for cells suspended in air (Chilcott et al., 1983; 
Ogata, 1983; Ogata, Chilcott & Coster, 1983). The 
following are some reasons why it is of interest to 
study the membrane conductance within these indi- 
vidual zones over a wider range of conditions. 

(a) Once the area-specific conductances of the 
acid and basic zones (denoted by Ga and GB, re- 
spectively) differ, there is then obviously no correct 
single value for the membrane conductance. It is 
important to know when this situation might occur 
so that suitable measurement techniques can be em- 
ployed. 

(b) If the steady transverse currents through the 
membrane within each zone can be measured, it is 
then possible to calculate the contribution to the 
measured membrane PD 2 produced by these cur- 
rents. The resting PD (i.e. for zero net current flow) 
within each individual zone can then be calculated. 

In this paper acid or basic zones will refer to the regions of 
the cell membrane which, upon illumination and under appropri- 
ate experimental conditions, were found to produce, respec- 
tively, acid or basic regions in the external medium, 

2Abbreviat ions:  PD, potential difference; MES, 2[N- 
morpholino] ethanesulfonic acid; PIPES, piperazine-N,N'-bis(2- 
ethane)sulfonic acid; HEPES, N-2-hydroxyethylpiperazine-N '-2- 
ethanesulfonic acid; TAPS, tris(hydroxymethyl)-methylamino- 
propanesulfonic acid; CHES, 2 [N-cyclohexylamino] ethane- 
sulfonic acid; CAPS, cyclohexylaminopropanesulfonic acid. 
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(c) From measurements of the time dependence 
of the conductance and current within each zone 
during light/dark transitions it is possible to deter- 
mine whether the resultant decrease in the current 
flowing between the zones is a consequence of 
changes in either the membrane conductance and/or 
changes in the resting PD of the individual zones. 

In previous publications (Smith, 1983a; Smith 
& Walker, 1983) it was demonstrated how to evalu- 
ate the area-specific conductance of an individual 
membrane zone within a spatially inhomogeneous 
cylindrical cell. Using this approach we have esti- 
mated the separate area-specific conductances of 
the basic and acid zones in Chara while cells were 
bathed in a flowing, buffered, artificial pond water 
with pH in the range 5 to 12. We have also concomi- 
tantly measured the steady current flowing into the 
basic regions and hence estimated the membrane 
resting PD within individual zones. The time depen- 
dence of these parameters during changes of illumi- 
nation was also studied. 

Materials and Methods 

Long (30 to 40 mm) internodal  cells of  Chara australis R.Br with 
diameters  0.6 to 0.9 mm were used.  Cells with visible calcifica- 
tion were chosen  to facilitate the desired positioning of the acid 
and basic zones within the perspex cell holder. This was divided 
into two or three electrically isolated sections by silicon grease 
or pet roleum jelly packed tightly around the cell surface when 
blotted dry (see Smith & Walker,  1983). Unbuffered artificial 
pond water  (APW: 0.1 mM KC1, 1.0 mM NaC1, 1.0 mM CaCI2, pH 
- 5.5) was then added to each section. Locat ion of  the acid and 
basic regions was verified at this stage for each cell by the addi- 
tion of  a small amoun t  of  pH indicator (phenol red) during illumi- 
nation. Measu remen t s  were performed at room temperature (22 
-+ 2~ with i l lumination ( - 1 0 0  b~Em -2 sec r) provided by a mi- 
croscope light. The length of  the cell within the measur ing  cham- 
ber was always sufficient to ensure  that acid and basic zones 
were both always present  within this chamber  for each cell. Dur- 
ing mos t  measu remen t s  a buffered solution (APWB = APW + 5 
mM buffer) flowed through the measur ing  section at - 0 . 2  ml/sec. 
The zwitterionic buffers used  were MES (pH 5 to 6.5); PIPES 
(pH 6.7 to 7); HEPES (pH 7.5 to 8); TAPS (pH 8.5); CHES (pH 9 
to 9.5) and CAPS (pH 10 to 11.7). After  addition of  the desired 
buffer the pH was adjusted by the addition of NaOH.  The APWB 
in the other  sections was mainta ined at pH ~ = 7.5 throughout  
exper iments  involving the variation of  pH and/or light intensity. 

Resul ts  are presented  as mean  + standard error (number  of 
samples).  

AC signal was generated by a computer  (Cromemco Z2-D) and 
passed between a Ag/AgCI electrode located in an outer  section 
and another  such electrode located immediately adjacent to the 
edge of  the measur ing  chamber  (at x = 0) where the zone under  
investigation was located. The total AC current  l r  so injected at x 
= 0 was derived from the resultant  AC PD developed across a 
known impedance  connected  in series. The measured  conduc- 
tance G* was then given by the real part of  Y* = Ir/V(O), where 
V(0) denotes  the resultant  AC membrane  PD at x = 0 which was 
measured  by two alternative techniques .  The first determined the 
AC PD developed between two Ag/AgCI electrodes; one located 
in the measur ing  chamber  adjacent  to the cell surface at x = 0 
and the other  located in a separate  intermediate section (see 
Smith & Walker,  1983). This technique could obviously not mea- 
sure V m, the resting membrane  PD. In the second technique V(0) 
and V m were measured  directly by a micropipette inserted into 
the vacuole at x = 0. The  overall accuracy of  the measu remen t  of  
G* was typically 1 to 2%. 

C A L C U L A T I O N  

OF THE M E M B R A N E  A R E A - S P E C I F I C  C O N D U C T A N C E  

The local membrane  area-specific conductance  G at the point of  
current  injection was calculated in the following fashion. In a 
previous report  (Smith & Walker,  1983) we measured  for each 
cell not  only G*, but  also X, the local characterist ic length for the 
decay of  t ransverse  membrane  PD. Thus  an effective area of 
membrane  through which the injected current  flowed could be 
est imated and G consequent ly  calculated from G*. The relation- 
ship (as de termined from measuremen t s  of  the AC membrane  PD 
at two points on the cell), be tween the measured  ~ and the mea- 
sured membrane  impedance  t imes unit length (z) derived from 
G* was found to be in good agreement  with the theoretical rela- 
t ionship for a one-dimensional  cable, i.e. 

a = (z/(ro + ri)) la (1) 

where the parameters  ro and ri denote the longitudinal res is tances  
per unit length of the external  solution and the vacuole,  respec- 
tively. This agreement  is evident  in Figs. 7 -9  of Smith and 
Walker  (1983) and reveals  a degree of correlation such that it was 
not felt to be necessa ry  to independent ly  measure  ~. in the experi- 
ments  reported herein. This simplified the exper iments  and re- 
moved the possibility of  any membrane  damage produced by two 
micropipet tes  inserted in close proximity.  

For  measu remen t s  of  G in the acid zones  the membrane  
was usually treated as homogeneous  and conventional  cable the- 
ory applied. This is a reasonable approximat ion if the basic zones 
are distant  by approximate ly  the cable length in the acid regions 
(see Smith,  1983a). Thus  the area-specific conductance  GA of  the 
acid zones was calculated from G* via the equation 

GIa/2 tanh(GAL2rrd(ro + rl)) r/2 = G*(ro + ri)lJ2/(vrd)l/2 (2) 

M E A S U R E M E N T  OF M E M B R A N E  C O N D U C T A N C E  

The membrane  conductance  was measured  at 1 Hz. This fre- 
quency  is sufficiently low to ensure  that the conductance  calcu- 
lated from the measu red  complex AC admit tance Y* reflects the 
DC membrane  conductance ,  yet is sufficiently high to minimize 
any effects due to concentra t ion changes in the unstirred layers 
(see Coster  & Smith,  1977; Smith & Coster ,  1980). A sinusoidal 

where d and L,  respectively,  denote  the diameter  and length of 
the cell section under  study. The value of  (r o + ri) was deter- 
mined as described previously (Smith & Walker,  1983). 

If current  was injected into a basic zone of  width in excess  
of  its cable length, the membrane  could be considered homoge- 
neous  with little error. However ,  in o ther  si tuations an iterative 
procedure employing the theory of an inhomogeneous  cable was 
necessa ry  to correctly evaluate  G8 (Smith 1983a). This model  is 
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relatively insensitive to the properties of the acid zones and so 
average values of GA(pH ~ from a series of experiments on other 
cells were used. The width of each basic zone was estimated 
from the boundary revealed by phenol red. For highly conduc- 
tive basic zones the possible error in Ge associated with the 
correction for cable properties might be as high as -20%. 

EXPERIMENTAL PROTOCOL 

FOR DEPENDENCE OF G UPON pH ~ 

The experimental procedure involved leaving the cell for at least 
one hour at pH ~ 7.5 (pH ~ denotes the bulk pH of the bathing 
solution) after mounting in the experimental chamber and con- 
firming that each cell did exhibit pH banding in APW while illu- 
minated. When the bathing solution was taken to a new pH ~ 
value the conductance was continuously monitored until it be- 
came steady (usually after a few minutes). The bathing solution 
was then usually taken back to pH ~ 7.5 and this pH maintained 
until the conductance was similar to that measured prior to the 
pH change. Thus the cell was exposed to pH ~ values other than 
7.5 for the minimum time possible, with the objective of minimiz- 
ing the magnitude of any changes in the cytoplasmic pH (see 
Bisson & Walker, 1981, 1982a). Towards this end pH ~ changes 
were also made in alternate directions, wherever convenient. 

MEASUREMENT OF LOCAL D C  CURRENT 

The transverse DC current flowing through the membrane was 
derived from the transverse electric field adjacent to the cell 
surface. This was measured by the following apparatus, which is 
a simple adaption of the 'vibrating probe' (e.g. Jaffe & Nuccitelli, 
1974). The computer generated a sinusoidal current at 8 Hz 
which was amplified and connected to a loudspeaker. Attached 
to the center of the loudspeaker cone was a long Teflon| 
silver wire (300 p~m diameter) constrained within a narrow length 
of glass tubing (internal diameter - 1  mm). This reduced flexing 
of the silver wire and ensured that its tip, which was bent at a 
right angle and coated with AgC1, oscillated transversely and 
adjacent to the cell surface with an amplitude similar to that of 
the loudspeaker voice coil. The tip was positioned slightly above 
the horizontal plane through the middle of the cell and located on 
the side of the cell opposite to the vacuolar micropipette. The PD 
so generated between this tip oscillating in the steady electric 
field close to the cell surface and a stationary reference electrode 
was fed into an amplifier with a gain that was strongly peaked in 
the frequency range 1 to 10 Hz. The output of this amplifier, 
VpROBE, was connected to one channel of an analogue-to-digital 
converter (ADC) and the voltage present across the speaker 
voice-coil, VSPKR , was connected to another channel. The gener- 
ation of the sinusoidal current, the concomitant sampling of 
VpROBE and VSPKR and the analysis of the data were performed by 
the same software as was used to measure the membrane admit- 
tance. Thus the ratio Ap (= VpROBE/VsPKR), which should be pro- 
portional to the magnitude of the transverse current, was calcu- 
lated. The direction of the current flow was indicated by the 
relative phase of VpROB E with respect to VSPKR. AS with the admit- 
tance measurements, the relative magnitude of any noise or non- 
linearity present could be estimated from the correlation index 
for each fit to a general sinusoidal function. The tip of the silver 
wire was located 250 mm from the loudspeaker voice-coil, obvi- 
ating the possibility of significant cross-coupling between VpROB E 

and VSPKR. 

To provide an absolute calibration for the current density at 
the cell surface, the following procedure was adopted. The ap- 
proach used involved maintaining the apparatus in the same con- 
figuration as would be employed for a 'banding' cell, but substi- 
tuting a cell with homogeneous electrical properties to produce a 
known current density through the cell surface. As explained 
below this should substantially reduce the contribution of several 
sources of error. Thus a young internodal cell without visible 
calcification was mounted in the experimental chamber and left 
in the dark for - 8  ksec. Previous measurements (Smith & 
Walker, 1983) have shown that the membrane conductance un- 
der such conditions will be essentially spatially uniform and suffi- 
ciently low in magnitude to ensure a uniform current density at 
the cell surface within the measuring chamber, i.e. X will be large 
in comparison with the length L of the cell in the measuring 
chamber (L was typically 8 mm during the calibration proce- 
dure). A DC current of known magnitude was then passed 
through the cell section in the measuring chamber and the sur- 
face current density J calculated using the measured surface area 
of this cell section. During both calibration and experimental 
measurements the probe tip was kept approximately the same 
distance from the cell surface (300 to 500/xm) and in the same 
relative position. This should have minimized any errors due to a 
distortion of the current flow produced by the presence of the tip 
itself, and also reduced any errors due to components of the 
motion of the probe tip that were not perfectly perpendicular to 
the cell surface. It should have also corrected to a reasonable 
extent for the decrease in current density with increasing radial 
distance from the cell (see Walker & Smith, 1977; Lucas & Nuc- 
citelli, 1980). The measured relationship between Ae and J was 
found to be linear and the constant of proportionality derived 
from the slope. This constant was found to be similar at each end 
of the cell section, confirming that the current density through 
the cell surface during calibration was relatively uniform. Tests 
were also made to ensure that the ratio Ae was essentially inde- 
pendent of the magnitude of VSPKR over the range used, and that 
the proportionality constant decreased linearly with the conduc- 
tivity of the bathing solution. 

Because the probe tip is Ag/AgCI, it will be sensitive to the 
local Cl-gradient. However, VpROB E was found to be relatively 
small if (a) no DC current was passed during calibration and (b) 
after several hours of darkness for a previously banding cell. 
Thus steady gradients of extracellular C1- appeared not to be 
significant, which is consistent with the known magnitudes of 
C1 currents (e.g. Beilby & Walker, 1981). 

The precision of relative measurements of the DC current 
was typically better than 2%. However, errors in estimating the 
absolute magnitude of the DC current density flowing across the 
membrane could easily be as large as 20%. An inward current 
flow will be expressed as a positive value of J. 

EXPERIMENTAL PROTOCOL 

FOR QUAsi-SIMULTANEOUS MEASUREMENTS 

OF J ,  G,  AND V m 

In these experiments a micropipette was inserted into the vacu- 
ole at x = 0. The current probe was manipulated so that its tip 
was typically 300 to 500/xm distant from the cell surface at a 
longitudinal position estimated to be at the center of the region 
under study. Previous measurements using a current probe of 
higher resolution have shown that the current density is rela- 
tively uniform within each basic region (Lucas & Nuccitelli, 
1980) and so the behavior of this current should adequately re- 
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Fig. 1. Dependence upon pH ~ of the area-specific conductance 
Ga of an acid zone measured via an inserted micropipette. Data 
points denoted by (0) were obtained in bright illumination and 
those denoted by (A) after 5 ksec of darkness. All measurements 
were on a single cell bathed in flowing APWB (5 mM buffer) 

flect that for the entire zone. The amplitude of vibration of the 
probe tip was occasionally adjusted during experiments to as 
small a value as possible consistent with a reasonable signal-to- 
noise ratio for VpROBE- The amplitude was, however, always 
<100 ~m. 

For each set of quasi-simultaneous measurements of J, G 
and Vm, the following sequence of operations was produced un- 
der computer control. Firstly Vm was sampled via one channel of 
the ADC. The output of a digital-to-analogue converter was then 
temporarily connected by a relay to the current electrodes and 4 
cycles of a 1 Hz sinusoidal current injected into the cell. V(0) and 
Ir were measured by the computer during the last cycle and G 
calculated. The probe tip was then oscillated at 8 Hz for 4 cycles. 
During the last cycle VpROB E and VSpKR were sampled by the 
computer, which then calculated Ap and hence J. This overall 
procedure lasted 15 sec, and thus G, J and Vm were each mea- 
sured every 15 sec. The 5-sec delay which occurred between the 
injection of AC current to measure G and the sampling of the 
steady current should have ensured that there was no interfer- 
ence between these measurements. In between measurements of 
J, the probe tip was stationary to minimize stirring of the exter- 
nal medium adjacent to the cell surface. 

During these measurements, It, Vm, Vp~OBE, and VSpKR 
were displayed on an oscilloscope and Vm was also monitored by 
a chart recorder. The bathing solution was stagnant during ex- 
periments involving the measurement of J, but was replaced reg- 
ularly. 

POSSIBLE ERRORS IN DETERMINING G 

It should be noted that in the measurements reported herein the 
membrane conductance refers to that of the plasmalemma and 
tonoplast in series. In an unbuffered solution of pH ~ - 5.5 the 
tonoplast conductance of whorl cells is typically 3 to 5 times that 
of the plasmalemma (e.g. Smith, 1983b). Thus the plasmalemma 
conductance could be significantly higher than that reported 
herein for the 'membrane,' but as yet we are ignorant of how the 
tonoplast conductance depends upon pH ~ 
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Fig. 2. Dependence upon pH ~ of the area-specific conductance 
G8 of an illuminated basic zone measured via an inserted micro- 
pipette. The cell was bathed in flowing APWB (5 mM buffer) 

The theory used to determine G8 from G* assumed that 
abrupt transitions between GA and GB occurred at the boundaries 
indicated by phenol red. However, experiments performed with 
cells suspended in air (Chilcott et al., 1983; Ogata, 1983; Ogata et 
al., 1983) indicate that under these conditions the measured tran- 
sitions in conductance can occur over distances of several mm 
(to some extent this will be a consequence of the cell cable prop- 
erties). A theoretical treatment of the properties of cells with 
nonabrupt transitions in conductance, presented as an Appen- 
dix, indicates that any errors in our values for G~ produced by 
either the assumption of an abrupt boundary or the incorrect 
location of that boundary wilt be relatively small (see Fig. 8). 

A possibility that should also be considered is that the pres- 
ence of the 'vibrating probe' might induce enough local stirring 
to affect the membrane electrical properties, particularly as such 
an effect has been reported previously (Lucas & Nuccitelli, 
1980). To minimize such stirring a very low frequency (8 Hz) of 
vibration was chosen and the tip was only vibrating when a mea- 
surement of J was to be made. Thus the tip was actually vibrating 
for only 3% of the time. Measurements of G were found to be 
unaffected by both vibration of the tip and its removal from the 
bathing solution. These results suggest that any disturbing effect 
of the probe on the electrical properties of the membrane should 
be slight. 

Results 

VARIATION OF CONDUCTANCE WITH pH ~ 

The measured dependences upon pH ~ of the area- 
specific conductances GA and GB of the acid and 
basic zones in two representat ive cells bathed in 
flowing APWB (5 mM buffer) are shown in Figs. t 
and 2, respectively. Similar results were obtained 
with and without an inserted micropipette,  which 
suggests that the insertion of  a micropipette was not 
significantly damaging the membrane.  For  illumi- 
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Fig. 3. Measured  dependence  upon pH ~ of  the area-specific con- 
ductance  G of il luiminated acid zones  (O - 8 cells) and basic 
zones  (O 6 cells). Data is presented as mean  -+ s tandard error. 
Cells were bathed in flowing AP W B  (5 mM buffer). Note that G is 
plotted on a logarithmic scale 

nated acid zones G: was always found to increase 
considerably with increasing pH ~ when a threshold 
pH ~ value in the range 10 to 12 was reached, in a 
similar fashion to that reported previously on un- 
specified regions of the cell (Bisson & Walker, 1980, 
1981, 1982a). The transition to this high conduc- 
tance state was reversible, and could be produced 
severally on the same cell 3. For illuminated basic 
zones the area-specific conductance G~ was found 
to be relatively independent of pH ~ in the range 6 to 
12. In this range GB was found to be always much 
higher than GA measured at pH ~ < 9, but G8 was 
found on the average to be similar in magnitude to 
that of GA measured at pH ~ 11 to 12. Figure 3 shows 
the average pH ~ dependence of GA and G8 deter- 
mined from experiments on 14 cells in flowing 
APWB. An example of the pH ~ dependence of GB in 
stagnant APWB is shown in Fig. 4. 

V A R I A T I O N  OF Vm W I T H  pH ~ 

In the six experiments in the series of measure- 
ments in flowing APWB where micropipettes were 

3 Somet imes  it was found that  prolonged exposure  to high 
pH ~ could produce  a t emporary  inhibition of  these high values of  
GA. However ,  if the cell was re turned  to pH ~ 7.5 and left for a 
period, the ability o f  GA to increase at high pH ~ returned.  This 
inhibition is possibly a consequence  of a protection mechan i sm 
which in tervenes  to prevent  changes  in cytoplasmic pH which 
might otherwise produce pe rmanen t  damage.  

-150 �9 

-175. 

E 

>E -200- 

-225- 

E 

O 

30, 

lO, 

�9 �9 m �9 

/ .  
A 
o 4  

E 
O.1 

pH o 

Fig. 4. The dependence  upon pH ~ of  the electrical parameters  of  
an i l luminated basic zone bathed in s tagnant  APWB (5 mM 
buffer). All measu remen t s  are from a single cell. GB denotes  the 
area-specific conduc tance  and J~ denotes  the inward current  
densi ty  in this basic zone.  Vm denotes  the membrane  resting PD. 
The cont inuous  lines are drawn through the data  points for clar- 
ity. The magni tudes  of  GB and JB were found to be reproducible 
when  the cell was re turned to pH ~ = 7.5 f rom both high or low 
pH ~ After  2 ksec  of  darkness  G~ was 0.19 S/m 2 at pH ~ = 7.5 and 
0.26 S/m 2 at pH ~ = 11.5 

inserted into the vacuole, V,,, was found to be maxi- 
mally hyperpolarized (to - -  190 mV) at pH ~ 7 to 8, 
and then to depolarize with increasing pH ~ to 
- - 1 6 0  mV until hyperpolarization began again at 
pH ~ 9 to 10. This overall dependence of Vm upon 
pH ~ is similar to that reported previously by Bisson 
and Walker (1981, 1982a). Similarly it was found 
that the exact nature of the dependence varied with 
the history of the cell. The dependence of Vm upon 
pH ~ in stagnant (see Fig. 4) and flowing APWB were 
found to be similarly shaped, but with Vm typically 
depolarized by - 1 0  mV in flowing solutions, proba- 
bly as a consequence of traces of NH~ ions (see 
Walker, Beilby & Smith, 1979). 
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V A R I A T I O N  OF JB W I T H  pH ~ 

An example of the pH ~ dependences of Vm, GB and 
J8 (the current density through the basic zone), 
measured quasi-simultaneously in stagnant APWB, 
is shown in Fig. 4. It is apparent that J~ has a large 
magnitude which is relatively independent of the 
value of pH ~ until the extreme values of pH ~ < 6 or 
pH ~ > I0 are reached. 

R E L A T I O N S H I P  B E T W E E N  GB A N D  JB AT pH ~ = 7 . 5  

To investigate further whether high values of Ge 
(i.e. >GA) are associated with the presence of large 
current flows between the acid and basic regions, 
and hence presumably also linked with pH banding, 
the following measurements were made. Cells were 
bathed in APWB at pH ~ = 7.5, but unlike in the 
experiments described above, they were not neces- 
sarily allowed to attain their long-term, maximal de- 
gree of 'banding.' This was achieved by making 
measurements either relatively soon after electrode 
insertion or after a period of darkness. From ll  
cells so studied it was found that G~ was in the 
range 0.6 to 9.5 S/m 2 and JB was in the range 0 to 
0.18 A/m 2. High values of G8 were found to be well 
correlated with high values of Js. From 19 measure- 
ments on these 11 cells it was found that J8 > 0.04 
A/m 2 if and only if G8 > 3 S/m 2. The straight line of 
best fit to this data was described by the relationship 
J~ = -0.014 + 0.019 G8 with a correlation coeffi- 
cient of 0.84. The integral probability of this data 
deriving from an uncorrelated parent population is 
<0.001%. 

In most of the reported experiments, Ja, the 
average current density through the acid zone, was 
not explicitly measured. It could be estimated how- 
ever, via the equation Ja = --JBAB/AA, which will 
hold in the steady state where A a and A8 refer, re- 
spectively, to the surface areas of the acid and basic 
zones. Thus Ja was estimated to be in the range 0 to 
-0.15 A/m 2. These values for Ja and Je are larger 
than those determined in this laboratory from the 
measured extracellular variation of PD using the 
Laplace equation (Walker & Smith, 1977; Cathers, 
1979), but are slightly less than those determined 
elsewhere using a probe vibrating at a higher fre- 
quency (Lucas & Nuccitelli, 1980; Lucas, 1982). 
Some of the latter difference presumably is a conse- 
quence of the different compositions of bathing so- 
lution (our APW contained no added HCO~-) and 
the greater manipulation of the cell required for our 
experiments. These results confirm other observa- 
tions (Walker & Smith, 1977; Lucas, 1982) that 
large extracellular currents can still flow in a bath- 
ing solution containing 5 mM zwitterionic buffer 
(see also below). 
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Fig. 5. The time dependence of the area-specific conductance GA 
of an acid zone bathed in flowing APWB at pH ~ = 7.5 during 
changes  in illumination. Data points denoted by (O) were mea- 
sured after i l lumination was removed at time = 0. Data points 
denoted by (A) were measured  on the same cell after a series of  
measu remen t s  on the pH ~ dependence  in the dark had been per- 
formed which lasted - 5  ksec. These  latter points have been 
shown displaced to the left, i.e. i l lumination is also shown as 
being restored at time = 0 

E F F E C T  OF V A R Y I N G  B U F F E R  S T R E N G T H  

To examine how buffering might affect the inhomo- 
geneity of membrane conductance and the associ- 
ated current flow between the acid and basic zones, 
the magnitude of G8 and JB was examined in stag- 
nant solutions of unbuffered APW (subscriptu), 
APW + 5 mM HEPES (subscripb), APW + 25 mM 
HEPES (subscript25), and APW with a 'buffer cock- 
tail' composed of 1 mM each of MES, HEPES, 
TAPS, CHES and CAPS (subscripto). The pH of 
the last three solutions was adjusted to pH 7.5 with 
NaOH. From measurements on five cells it was 
found that the ratios GflGu, G2flGu and Go/Gu 
were 0.50 -+ 0.06, 0.47 _+ 0.07 and 0.43 + 0.07, 
respectively. Measurements also indicated that 
large magnitudes of J8 could remain during these 
increases in buffering capacity, and values in excess 
of 0.05 A/m 2 were still observed in 25 mM buffer, the 
'buffer cocktail' or unbuffered APW. It was also 
observed that Vm hyperpolarized by 42 _+ 7 mV 
when a buffered solution at pH ~ = 7.5 replaced the 
unbuffered APW (pH ~ - 5.5). 

D E P E N D E N C E  OF C O N D U C T A N C E  

UPON I L L U M I N A T I O N  

The area-specific conductance of both acid and ba- 
sic zones was found to decrease considerably upon 
the removal of illumination at all values of pH ~ stud- 
ied. To examine this in more detail a series of quasi- 
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Fig. 6. The behavior of the 
electrical parameters measured 
in a basic zone as a function of 
time for a light/dark and a dark/ 
light transition. The area-specific 
conductance G~ is indicated by 
(�9 in the light and (0) in the 
dark. The current-density flow- 
ing into the basic zone JB is 
indicated by (A) in the light and 
(A) in the dark. The continuous 
line indicates the behavior of the 
membrane resting PD V,, which 
was taken from the chart re- 
corder. The cell was bathed in 
stagnant APWB at pH ~ = 7.5. 
Illumination was removed at 
time = 0 and restored at time = 
0.65 ksec 

simultaneous measurements of JR, GR and Vm were 
made in APWB at pH ~ = 7.5 during light/dark tran- 
sitions. The major part of the conductance change 
usually occurred in the first 300 to 500 sec after the 
removal of illumination. After this period a tempo- 
rary 'plateau' was often observed (e.g. see Fig. 6 of 
Smith & Walker, 1983). Representative behavior 
for an acid zone is shown in Fig. 5. It was generally 
found that G reached a steady value in the dark 
(typically <0.2 S/m 2 for both acid and basic zones) 
only after 2 to 8 ksec had elapsed. Upon the restora- 
tion of illumination, G was always found to increase 
and usually returned to a final value similar to that 
measured previously during illumination. However, 
a temporary overshoot in G often occurred. 

After long periods in the dark the large increase 
in GA at high pH ~ no longer occurred (e.g. see Fig. 
1) although a small increase in GR at high pH ~ was 
sometimes evident. GR was, however, always less 
than 0.5 S/m 2. 

DEPENDENCE OF EXTRACELLULAR CURRENT 

UPON ILLUMINATION 

From experiments on six cells it was found that the 
initial time dependence of JB and GB were similar 
(e.g. Fig. 6), although for some cells JR decreased 
proportionally more slowly than GR. The time taken 
for the magnitude of JR to decrease below the reso- 
lution of the current probe (-1 mA/m 2) was 450 to 
600 sec (mean value = 500 -+ 30(6) sec). This decay 
time is similar to that measured elsewhere (Walker 
& Smith, 1977; Lucas & Nuccitelli, 1980). Plots of 
GR against JR were made to further investigate their 
correlation during the initial few hundred seconds 

of light/dark/light transitions. An example is shown 
in Fig. 7. Their inter-relationship was found to be 
reasonably linear, with slopes ranging from 20 to 35 
mV (mean = 26 -+ 2(11) mV). 

DEPENDENCE OF gm UPON ILLUMINATION 

The behavior of Vm after the removal of illumination 
was found to be complicated. In some cells a small, 
rapid depolarization of - 5  mV which lasted 50 to 
100 sec occurred immediately after the removal of 
illumination. At longer times it was found that Vm 
could either depolarize by up to 15 mV, remain un- 
changed, or exhibit a temporary hyperpolarization 
of up to 30 inV. This hyperpolarization appears to 
be similar to that reported previously by Volkov 
(1973). When present, the hyperpolarization 
reached a maximum value some 250 to 300 sec after 
the removal of illumination (mean = 350 + 60(10) 
sec), and at the time of this maximum JR had 
dropped to 10 to 40% of its value in the light (mean 
= 30 + 6(10)%). After 2 to 5 ksec had elapsed in 
darkness, Vm was found to be depolarized by 5 to 15 
mV from its value in the light. When the magnitude 
of the transient change in Vm in the initial few hun- 
dred seconds (denoted by AVm and measured with 
respect to the value of Vm after long periods of dark- 
ness), was studied as a function of the value of JR 
measured immediately prior to the removal of illu- 
mination, a reasonably linear correlation was evi- 
dent. Thus only small transients were apparent for 
cells that were not 'banding' (i.e. JR = 0) and the 
largest hyperpolarizations occurred for cells with 
large external currents. The line of best fit to the 
data was given by 
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Fig. 7. The measured relationship 
between Js, the inward current den- 
sity in a basic zone, and GB, its area- 
specific conductance, during three 
complete light/dark/light cycles. Data 
points are all from the same cell 
bathed in stagnant APWB at pH ~ = 
7.5 and were measured in the order 
(O), (O), (Y), (V), (In), ([]). The open 
and solid symbols refer to measure- 
ments in the light and dark, respec- 
tively. The slope of the relationship 
(as judged by eye) was 22 mV 

A V m  • (0.7 -+ 3.2) • 10 3 _ (0.19 -+ 0.04)Jt~ 

with a correlation coefficient of 0.75. The integral 
probability that the data came from an uncorrelated 
parent population was 2.5 x l0 4. 

When illumination was restored, a large tran- 
sient depolarization in Vm was sometimes observed 
(see Fig. 6). This was then followed by a slow hy- 
perpolarization of 5 to 15 mV. 

Discuss ion  

DEPENDENCE OF GA AND GB UPON pH ~ 

An obvious and important feature of the results pre- 
sented is that G~ was found to be significantly larger 
than GA over a wide range of pH ~ (typically 5.5 to 
lO--see Fig. 3) for illuminated cells in a flowing, 
buffered (5 mM) solution. The electrical properties 
of the Chara membrane are thus shown to be spa- 
tially quite inhomogeneous under these conditions 
(as predicted by Bisson & Walker, 1980). This can 
significantly alter the interpretation of conductance 
measurements made via point current injection (see 
Smith, 1983a) because, in a wide range of com- 
monly used experimental situations, there is not 
necessarily a single correct value for the membrane 
area-specific conductance. With increasingly high 

pH ~ (10 to 12) the membrane appeared to become 
increasingly homogeneous until at pH ~ 11.7 the 
measured difference between GA and GB ap- 
proached the experimental error. 

The increase in GA with increasing pH ~ de- 
scribed herein is similar to that reported previously 
for the overall conductance determined by point 
current injection into an unspecified region (Bisson 
& Walker, 1980, 1981, 1982a), although the possibil- 
ity of different conductances in the acid and basic 
zones was not allowed for in the latter experiments. 
This neglect is presumably responsible for some of 
the differences at pH ~ < 1 I. The values obtained for 
pH ~ 11 to 11.7 are similar, presumably because the 
electrical properties of the membrane at this very 
high pH ~ become effectively spatially uniform. 

WHAT IS THE pH AT THE MEMBRANE SURFACE. 9 

Our measurements show that the shapes of the de- 
pendences of GA and G8 upon pH ~ are quite differ- 
ent. This appears to rule out the possibility that the 
difference in magnitude between G~ and GA arises 
solely because the ratio of membrane area to cell 
surface area is higher in the basic zones, as might 
occur, for example, if the charasome density was 
different. One possible explanation of the different 
dependences is that the intrinsic behavior of the 



J.R. Smith and N.A. Walker: pH and Light on Acid and Basic Zones 201 

membrane in the acid and basic regions is simply 
quite different in its dependence upon the local pH 
at the membrane surface (denoted by pHA and pHs, 
respectively). However, the observed capability of 
the basic regions to replace acid regions (Lucas & 
Dainty, 1977) under various conditions seems to in- 
validate this explanation. A simpler explanation is 
that the intrinsic behavior of the membrane is simi- 
lar in the acid and basic zones, and that G A and GB 
differ simply because pHA and pile differ. 4 In terms 
of this model, when pH ~ = 7.5 the high value of GB 
would then be explained by the assumption that 
pH8 has a high value (i.e. a value similar to the 
value of PHA at which the value of GA would be 
similar to Gs). If the relationship between pH ~ and 
pHA can be estimated, pHB could then be derived 
(or vice versa). 

Experiments with pH electrodes located imme- 
diately adjacent to the cell surface in stagnant media 
indicate a pH of 5.5 to 7 and a pH of 10 to 10.5 in the 
acid and basic zones, respectively (e.g. Lucas & 
Smith, 1973; Lucas, Ferrier & Dainty, 1977; 
Cathers, 1979; Lucas & Nuccitelli, 1980) for a bath- 
ing solution of pH ~ - 7 to 8. It is, however, virtually 
impossible to directly measure the pH which pre- 
sumably influences the local value of G, i.e. the pH 
at the membrane surface inside the cell wall. Our 
conductance measurements show that GB does not 
strongly depend upon pH ~ over the range 6 to 12 
and this suggests that during illumination pHB might 
remain at a value as high as 10. Such a high pH 
might be maintained partly as a consequence of the 
dissociation of the CaCO3 crystals in and on the cell 
wall. 5 Figure 3 shows that GA, however, does vary 
considerably with pH ~ and this suggests that pHA 
might also vary considerably with pH ~ Again this 
will prove difficult to determine directly, but it does 
not appear unreasonable to suggest that pHA might 
be acid with respect to pH ~ by perhaps up to one pH 
unit. Under some conditions it might even be possi- 
ble to use the measured values of G as 'indicators' 
of the local pH at the membrane surface which is, at 
present, inaccessible to pH microelectrodes. 

D E P E N D E N C E  OF ' B A N D I N G '  UPON pH ~ 

In terms of the proposed model, the measured de- 
crease in G8 for pH ~ < 6 would indicate a decrease 

4 It is also possible that the pH of the cytoplasm will affect 
the conductance. However,  in the absence of definite informa- 
tion this possibility wiI1 be neglected at present. 

s Subsequent measurements  with a recessed tip pH micro- 
electrode have found that the pH at the cell surface in the basic 
regions in close proximity to crystals of CaCO3 is - 1 0  for pH ~ > 
6. 
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Fig. 8. Theoretical relationships (calculated as described in the 
Appendix) between the measured conductance G* (at l Hz) and 
the area-specific conductance G8 of a basic zone into which cur- 
rent was injected at x = 0. The curve (a) shows the relationship 

for an abrupt transition between G a and G~ at x = 2 mm. The 
relationship for a graded transition in G in between x~ = 1 mm 
and xz = 3 mm was found to be indistinguishable from (a) on the 
scale shown. Curve (b) was calculated for a graded transition 
between x[ = 1 mm and x: = 5 mm. Other parameters had the 
following values: GA = 1 S/m z, L = 10 ram, d = 0.7 ram, N = 
1000, CA = Ce = 10 mF/m 2, ~o = 2ir rads/sec, rr = 2.5 Mf~/m 

in pH~ associated with an inhibition of pH banding. 
This is supported by the observed decrease in JB at 
pH ~ < 6 (see Fig. 4). It is interesting to note that 
measurements of pH8 (Lucas, 1979) and measure- 
ments of the external PD between the acid and basic 
regions, made in this laboratory, also suggest that 
pH banding ceases around pH ~ 5 to 5.5 (see also 
Mercier et al., 1980). Our data also show that GA 
and G8 become similar, and hence in terms of this 
model pHB might approach pHA and consequently 
pH banding might decreases, at pH ~ around 10.5 
(see Fig. 3). This is again consistent with our mea- 
surements of JB (see Fig. 4) and agrees with the 
value suggested by measurements of the external 
PD. There thus appears to be a reasonable correla- 
tion between the presence of high values of GB (i.e. 
>GA), the flow of current between the acid and ba- 
sic zones, and the presence of pH banding. This 
view is further supported by the observed correla- 
tion between the magnitudes of GB and JB at pH ~ = 
7.5 (see Results). 

E F F I C A C Y  OF B U F F E R I N G  

Our results show that an increase of zwitterionic 
buffer concentration from 5 to 25 mM at pH ~ = 7.5 
only slightly reduced the magnitudes of GB and J~, 
which suggests that pile,  and also pH banding, are 
only slightly reduced. The inability of high concen- 
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trations of buffer to totally inhibit pH banding might 
be due in part to restricted diffusion of the buffer to 
the membrane surface through the external unstir- 
red layer and cell wall. The presence of CaCO3 
crystals will also decrease the efficacy of buffers. 

It should also be noted that any observed de- 
crease in banding with increasing buffer concentra- 
tion need not be necessarily a consequence of the 
enhanced buffering capacity itself, because in many 
situations the ionic strength and conductivity of the 
bathing solution are also concomitantly increased. 
It is not impossible that the increased ionic strength 
will itself alter the membrane electrical properties. 
Also if the conductivity of the bathing solution is 
increased, this can reduce the local characteristic or 
cable length for current flow through the membrane. 
Thus the acid and basic zones might no longer be in 
their optimum locations and consequently 'banding' 
could be reduced. 

DEPENDENCE OF Vm UPON THE CURRENT 

BETWEEN ACID AND BASIC REGIONS 

As mentioned previously by Walker and Smith 
(1977), the passage of a current between the acid 
and basic zones necessitates some re-assessment of 
the interpretation of Vm in terms of ionic fluxes. 
Towards this end we now present a brief, simplified 
treatment which assumes that the electrical proper- 
ties of the membrane alter abruptly at the junction 
of the acid and basic regions, and that the trans- 
verse current and membrane PD are both effec- 
tively homogeneous within each region. The equiv- 
alent circuit assumed for each individual zone is a 
common one whereby each ionic transport process 
is represented by a conductive element and an EMF 
connected in series (e.g. Spanswick, 1974; Smith & 
Beilby, 1983). In the absence of detailed informa- 
tion otherwise, each conductance element has been 
assumed linear over the small voltage range in- 
volved (the measured/-V curves suggest that this 
approximation is not too unreasonable--see Bisson 
& Walker, 1981). 

When the net current density Ja through the 
acid zone is zero, its equilibrium PD will be related 
solely to those of the individual equivalent EMF's 
present in the acid zone, the contribution of each 
being proportional to the equivalent series conduc- 
tance of that process. This resting PD for JA = 0 is 
defined as UA. Similar definitions apply to Jn and 
UB. When cells are bathed in a conductive ionic 
solution the potential appears to differ only slightly 
(typically <5 mV) over the cell surface (e.g. Walker 
& Smith, 1977; Cathers, 1979). Unless there are un- 
expectedly large variations in the cytoplasmic po- 

tential, this implies that the actual membrane PD in 
the acid and basic zones (defined as VA and V~, 
respectively) is similar, and hence the difference 
Vae = VA -- VB is small in comparison with VA and 
V,. 

When a current J flows through each zone an 
additional PD will be produced equal to J/G (from 
Ohm's Law). Hence 

V =  U -  J/G. (3) 

Assuming VA8 ~ 0 the following approximate 
relationship might be expected to hold 

Y ~  = UA -- J A / G ~  = U 8  - & / G 8  

: (AAGAUA -~ ABGeUB)/(AAGA + ABGB). (4) 

Thus in a banding cell, the flow of current from 
the acid to the basic zones will, respectively, de- 
polarize and hyperpolarize these zones from the PD 
that would be evident for an isolated zone in the 
absence of an external current. Vm will then be in- 
termediate to UA and U~. The macroscopic separa- 
tion of UA and UB in banding charophytes allows 
measurement of GA, GB, Vm, JA and JB, and then UA 
and U~ can be calculated via Eq. (4). 

From our quasi-simultaneous measurements of 
JB and GB on six cells when J~ > 30 mA/m 2 it was 
possible to calculate that the difference between Vm 
and UB (=J~/GB) was -17 _+ 2(t4) mV. Vm was 
--200 --+ 5(14) mV and U8 was -183 -+ 5(14) inV. 
Interestingly this value of UB is similar to that ob- 
served for Vm at pH ~ = 10.5 (see Fig. 4), when the 
behavior of the whole cell presumably resembles 
that of a basic zone. 

With the present apparatus it was not possible 
to measure GA and Ja simultaneously and accu- 
rately for the cells studied with the vibrating probe. 
This was because cells with large basic regions were 
chosen to give strong extracellular currents, and in 
such cells the conductance of the basic zones made 
a sufficiently large contribution to the conductance 
measured in the acid zones to make accurate esti- 
mation of GA difficult. If GA for these cells was simi- 
lar to that measured for other cells ( -  1.1 S/m 2, see 
Fig. 3) then Vm - UA was 70 + 15(14) mV and Ua 
was calculated to be -265 -+ 20(14) inV. It must be 
stressed that this value for UA is derived from aver- 
aged parameters for the acid zones measured on 
different cells. As measurements indicate that the 
surface pH, Ja and GA can vary within each acid 
region (e.g. Lucas & Nuccitelli, 1980; Chilcott et 
al., 1983; Ogata, 1983; Ogata et al., 1983), it is quite 
possible that Ua in some positions could be signifi- 
cantly hyperpolarized beyond the average value 
quoted here. 
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It is encouraging that measurements upon 
Chara cells suspended in air, when both Ja and Je 
are quite small ( - 5  to 7 mA/m 2) and hence V,, mea- 
sured in the acid and basic zones should be approxi- 
mately equal to Ua and Us, respectively, reveal a 
maximum difference in V~ (i.e. UA -- Us) of approx. 
- (50 to 70) mV (Ogata, 1983; Ogata et al., 1983). 
This is slightly less than the value of (UA -- UB) = 
-87  --+ 15 mV reported herein for cells bathed in 
APWB, but is sufficiently close to suggest that our 
approach is reasonably valid. However, it will be 
necessary to wait until J and G can be measured 
simultaneously and accurately on the same cell 
bathed in APW as a function of longitudinal dis- 
tance, before the detailed behavior of UA and U~ 
under various conditions can be determined. 

The average value of UA quoted above is not 
inconsistent with the membrane properties of the 
acid zones being dominated by an electrogenic pro- 
ton pump (e.g. Spanswick, 1972, 1974), and the av- 
erage value of UA is close to what is thought to be 
the most hyperpolarized value of Vm possible for a 
2H+/ATPase (see Walker & Smith, 1975; Reid & 
Walker, 1983). However, some individual measured 
values for UA considerably exceeded this limit and 
it would also be necessary to check that the electri- 
cal properties of the acid zones are indeed domi- 
nated by the pump before firm conclusions can be 
drawn about the pump stoichiometry. Towards this 
end a more accurate method of measuring UA is 
under development. The values of UB are consistent 
with the presence of a passive proton (or hydroxyl) 
uniport in the basic zones (see Bisson & Walker, 
1980, 1981, 1982a,b). 

REMOVAL OF ILLUMINATION 

A decrease in the overall conductance of charo- 
phytes placed in the dark has often been reported 
previously (e.g. Hope, 1965; Nishizaki, 1968; 
Spanswick, 1972; Volkov, 1973; Walker & Smith, 
1977). Our experiments show that, upon the re- 
moval of illumination, GA (see Fig. 5) and G~ (see 
Fig. 6) both initially decrease at approximately the 
same rate as JB (and presumably also Ja). This sug- 
gests that the driving force on the current flow, i.e. 
UA -- UB, is not changing rapidly during the initial 
500 sec. Plots of G~ against JB, measured after the 
removal of illumination, showed that the ratio Js/ 
G~, and hence (UB - V,,), is essentially constant for 
the initial few hundred seconds (see Fig. 7). The 
variation in U~ during this period is therefore simi- 
lar to the variation of Vm. Thus UB does not vary by 
a large amount and this suggests that pHB might 
remain reasonably high during the initial period of 

darkness. This is in agreement with the measured 
behavior of the pH at the cell surface in the basic 
zones (e.g. Lucas et al., 1977; Ferrier & Lucas, 
1979). 6 The CaCO3 crystals on the cells used by us 
would also help to maintain this pH at a high value. 
The measured variations in GA and Ge indicate that 
their values are not dependent solely upon the pH at 
the membrane surface, but also upon some other 
'signal' which varies with the level of illumination. 

At long times after the removal of illumination, 
Ja and JB become very small. Then ( U  A - UB) must 
be small and consequently UB ~ UA ~ Vm. We have 
no further information on their behavior at this time 
because Ja and J8 are then beyond the present limit 
of resolution of our current measurements. At this 
stage the conductance of the cell is fairly homoge- 
neous. There then occurs a slow decrease in GA and 
G~ over several ksec until a limiting value, which is 
typically <0.2 S/m 2, is reached. 

As described in the Results, the behavior of Vm 
is complicated during light/dark transitions. This is 
presumably a consequence of Vm being determined 
by at least four parameters (GA, G~, UA, U~--see 
Eq. 4) which can vary individually with changes in 
illumination. The slow and small depolarization ob- 
served for cells that were not 'banding' (i.e. Je - 0) 
is presumably a consequence of the operation of 
various long-term control mechanisms (e.g. Hart- 
sen, 1978). For 'banding' cells the behavior of Vm 
will depend upon the relative rates at which UA, UB, 
GA and G~ vary. The transient change in Vm, which 
was always observed for banding cells with a magni- 
tude correlated with that of Js, could be a conse- 
quence of GA decreasing less rapidly than G8 and/or 
UA or U~ being transiently hyperpolarized. Again, 
better measurements of UA will be required to dis- 
tinguish between these possibilities. Our results do, 
however, help to explain the variable nature of the 
results of different e, xperimenters investigating the 
behavior of Vm during light/dark transitions. This is 
because the degree of 'banding' appears to be a pos- 
sible important 'hidden parameter.' Indeed for a 
strongly banding cell it might be possible for GB to 
decrease much more rapidly than GA and then it 
would be possible for Vm to transiently approach 
UA. This could be what is happening during the very 
large transient hyperpolarizations observed by Lu- 
cas (1982). The complicated behavior of Vm during 
dark/light transitions is presumably also explicable 
in terms of the above approach. 

6 Subsequent measurements with a recessed tip pH micro- 
electrode found that the pH at the cell surface in the basic re- 
gions typically took 3 to 4 ksec to reach its new value after the 
removal of illumination. 
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Appendix 

E FFE CT S OF G R A D E D  TRANSITIONS 

IN C O N D U C T A N C E  B E T W E E N  A C I D  

AND BASIC ZONES 

The electrical properties of  a radially symmetric,  cylindrical cell 
of length L and diameter  d are now considered. AC current at an 
angular frequency r is injected at x = 0 where the resultant AC 
change in the membrane PD is measured. The membrane admit- 
tance Yis assumed to vary longitudinally along the cell (i.e. with 
varying x) in the following fashion: 

Y(x) = YA for x2 < x < L 

Y(x) = YB f o r 0  < x  < x l  

Y(x) - YA + t Y ,  YA)(X2 x)/tx: - - x O  

for .rl < x < x~. 

(AI) 

(AZ) 

(A3) 

This corresponds to the injection of  current into a basic 
region extending from 0 to xt with area-specific capacitance and 
conductance given by CB and GB, respectively. Thus Ye - GB + 
joJCe w h e r e j  = ( - 1 )  I/2. An acid region with area-specific capaci- 
tance CA and conductance GA extends from x~ to L and here YA = 
GA + jOJCA. The region intermediate to the acid and basic zones 
is assumed to possess  parameters that are linearly graded be- 
tween these two extremes.  

If the membrane between x = 0 and x = L is assumed to be 
composed of  N annular elements,  each of width 2ix = L/N ,  then 
the admittance Y~ of  the ith element located at position x is given 
by 

Yi = ~dZ~x Y(x). (A4) 

The longitudinal resistances per unit length of  the external and 
internal media are denoted by ro and rt, respectively. The total 
longitudinal resistance rT for each annular element is thus 

rT = (r,, + ri) 2xx. (A5) 

A recurrence relationship for 17,., the measured admittance at the 
ith annular element due to the elements with greater or equal i, is 
then 

Y* = Yi + 1/(rT + l/Y*+0 (A6) 

where Y,~ = YN. Equation (A6) can then be solved iteratively to 
yield Y*, the admittance of  the cell as measured at x = 0. 

Some examples of  the theoretical effects of  graded transi- 
tions in conductance are shown in Fig. 8. Generally it was found 
that the presence of graded rather than abrupt transitions would 
make little difference to the interpretation of the experimental 
data. 


