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Abstract. Epithelial cells from the anterior and equato-
rial surfaces of the frog lens were isolated and used the
same day for studies of the Na/K ATPase. RNase pro-
tection assays showed that all cells expressa1- anda2-
isoforms of the Na/K pump but not thea3-isoform, how-
ever thea2-isoform dominates in anterior cells whereas
thea1-isoform dominates in equatorial cells. The whole
cell patch-clamp technique was used to record functional
properties of the Na/K pump current (IP), defined as the
current specifically inhibited by dihydro-ouabain (DHO).
DHO-IP blockade data indicate thea1-isoform has a dis-
sociation constant of 100mM DHO whereas for thea2-
isoform it is 0.75mM DHO. Both a1- and a2-isoforms
are half maximally activated at an intracellular Na+-
concentration of 9 mM. The a1-isoform is half maxi-
mally activated at an extracellular K+-concentration of
3.9 mM whereas for thea2-isoform, half maximal acti-
vation occurs at 0.4 mM. Lastly, transport by thea1-
isoform is inhibited by a drop in extracellular pH, which
does not affect transport by thea2-isoform. Under nor-
mal physiological conditions,IP in equatorial cells is
approximately 0.23mA/mF, and in anterior cells it is
about 0.14mA/mF. These current densities refer to the
area of cell membrane assuming a capacitance of around
1 mF/cm2. Because cell size and geometry are different
at the equatorialvs.anterior surface of the intact lens, we
estimate Na/K pump current density per area of lens
surface to be around 10mA/cm2 at the equatorvs. 0.5
mA/cm2 at the anterior pole.
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Introduction

The lens and cornea work in series to focus light on the
retina. Because they are directly in the optical path to the
retina, neither tissue has blood vessels, which would
scatter light. The lack of blood supply poses some spe-
cial problems for homeostasis in the lens. A recent re-
view (Mathias, Rae & Baldo, 1997) summarizes much of
what is known about the properties and localization of
transport proteins in the lens, and how these relate to
homeostasis. The conclusions expressed in that review
are summarized below.

The lens has no blood borne delivery of O2 and
glucose or removal of CO2 and wastes, and in most ani-
mals the lens is too large for diffusion to effectively
support the needs of the interior fiber cells. To compen-
sate, interior fiber cells have a very low rate of metabo-
lism that is entirely anaerobic. Nevertheless, the meta-
bolic rate is not zero and it still requires the delivery of
glucose and removal of waists. Moreover, interior fiber
cells need to maintain low Ca2+-, low Na+-, high K+-
concentration and normal pH, yet they cannot afford to
expend metabolic energy regulating these ions. To mini-
mize the leak of ions, fiber cells have very high resis-
tance membranes. An extensive network of gap junc-
tions connects interior fibers to surface cells, where
metabolic energy can be used to transport Na+, Ca2+ and
H+ out of the lens cells and K+ into lens cells. Despite
the high resistance of fiber cell membrane, there will be
a small leak of Na+, from its high concentration in the
extracellular space between fibers, down its electro-
chemical gradient into each fiber cell. There are far
more interior fiber cells than surface cells that provide
the active transport, so even though the leak of Na+ into
each fiber cell is small, in total it becomes significant.
Mathias (1985) (reviewed in Mathias and Rae, 1985)
proposed a standing, circulating Na+-current flowed be-
tween the interior fiber cells and surface cells, and hy-Correspondence to:R. Mathias
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pothesized that this flux of solute creates a circulation of
fluid that is an internal circulatory system for the avas-
cular lens.

The model envisioned by Mathias (1985) had Na+

flowing uniformly into the lens along the extracellular
spaces, crossing a fiber cell membrane, then flowing
from cell to cell via gap junctions to the surface, where
the Na/K pumps were assumed to be uniformly distrib-
uted. Robinson and Patterson (1983) published the first
of a series of papers in which they showed the lens did
indeed have an internal circulating current, however it
was not uniform. Instead, it enters the lens at both poles
and exits at the equator (seeFig. 1). Baldo and Mathias
(1992) looked for spatial variations in the passive elec-
trical properties of the lens that might be connected with
this circulating current. They found gap junctional cou-
pling in the outer shell of differentiating fiber cells (DF
in Fig. 1) was primarily concentrated at the equator.
Mathias et al. (1997) modified the model of circulating
Na+ to have the cell-to-cell current be directed to the
equatorial surface by the low resistance equatorial gap
junctions. The model still assumed the water permeabil-
ity of lens cell membranes was sufficiently high for fluid
to follow the circulation of Na+, but now the internal
circulatory system was more efficiently designed to cre-
ate a well stirred intracellular compartment.

There were two weaknesses in the model calcula-
tions of Mathias et al. (1997). First, the value of mem-
brane water permeability was not known, so it was as-
sumed to be sufficiently high that fluid followed solute
transport essentially isotonically. Varadaraj et al. (1999)
measured fiber and epithelial cell membrane water per-
meabilities and found each was indeed sufficiently high
that this assumption was valid. Second, the pole to equa-
tor distribution of Na/K pump current in surface cells
was not known, so it was assumed to be uniform. The
intracellular current flow through gap junctions to the
equatorial surface was calculated based on the electro-
chemical gradient for Na+ to enter fiber cells, the mea-
sured Na+-conductance of fiber cell membrane, and the
measured distribution of gap junctional conductance.
The predicted current flow into an equatorial surface cell
via gap junctions was about the same as the current mea-
sured by Robinson and Patterson (1983) just outside of
equatorial cells. The model assumed that whatever gap
junctional current flowed into a surface equatorial cell
would exit across that cell’s membrane. The mechanism
was assumed to be depolarization of the transmembrane

voltage in equatorial cells. The purpose of the present
study was to measure the transport of Na/K by anterior
epithelial cells and equatorial epithelial/differentiating
cells (red cells in Fig. 1). In particular, we were inter-
ested in the properties and distribution of the Na/K
pumps.

Materials and Methods

CELL ISOLATION

Frogs (Rana pipiens) were sacrificed by pithing; their eyes were then
removed, placed in Ca2+ free Ringer solution and the lens carefully
dissected free. The cell isolation procedure followed that described in
Cooper, Rae & Gates (1989). The capsule was mechanically peeled
from the posterior of the lens, partially cut to form four flaps and
pinned in sylgard. A circle, centered on the anterior pole with a radius
of approximately half the distance from pole to equator was cut out.
This circle of anterior epithelial cells was separated from the remaining
equatorial cells. The anterior and equatorial pieces of capsule with
their adhering cells were placed in Ringer solution containing 0.05%
trypsin (Sigma type III) and 30mM Ca2+. After 20 min, the pieces of
capsule with adhering cells were returned to Ca2+-free Ringer, where
they were torn into smaller pieces using forceps. These pieces were
gently triturated, causing many cells to break free and be available for
whole cell patch-clamp studies. The equatorial cells could be further
classified as either epithelial (cuboidal) or differentiating (elongated).

SOLUTIONS

Ca2+-free Ringer solution contained (in mM): NaCl 102.5, NaOH 2,
KCl 2.5, MgCl2 1.5, Hepes 5, Glucose 5, pH4 7.35. The perfusion
solution contained (in mM): NaCl 102.5, NaOH 2, KCl 8, MgCl2 1.5,
HEPES 5, Glucose 5, BaCl2 0.5, CdCl2 0.2, pH4 7.35. The pipette
solution contained (in mM): K-Aspartic Acid 50, Na-Aspartic Acid 40,
KOH 2, MgCl2 3, HEPES 5, glucose 5, Na2ATP 5, pH4 7.1. These
solutions were designed to minimize currents carried by ion channels
and thus maximize signal to noise when measuring Na/K pump current
(IP). Ba2+ and Cd2+ were used to reduce K+- and Ca2+-conductances.
High external K+ and internal Na+ concentrations were used to increase
IP and thus improve the signal-to-noise ratio. In experiments which
used varied [Na+] i, Na+-Aspartic Acid was exchanged for K+-Aspartic
Acid. In experiments that varied [K+]o, NaCl was substituted for KCl.
To reduce the pH of the external solution, HCl was added.

CLONING Na/K PUMP a-SUBUNIT PROBES

Degenerate oligonucleotide primers for thea-subunit of the Na/K
pump (Gao et al., 1999) were used to screenRana pipiensbrain by PCR
for the 3a-isoforms.

Upstream K N C L V K N
Primer 58-aa(a/g) aa(c/t) tg(c/t) (c/t)t(a/c/g/t) gt(c/g) aa(a/g) aa(c/t)-38

Downstream 58-(c/t)tt (a/g)tt (g/t)gt (a/c/g/t)(c/g)(a/t) (a/g)tt (a/g)aa (g/c)gg-38

Primer K N T S N F P
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Bam H1 and EcoR1 cloning sites were added to the 58 and 38 ends of
the primers respectively. Brain poly A+ RNA was reverse transcribed
using Super Script II reverse transcriptase (Gibco BRL). The above
two primers and brain cDNA were used for PCR. A product of about
400 bp was cloned in pBluescript SK+ (Stratagene) and sequenced
(sequenase vertion 2, USB). The subunits were identified by compar-
ing them to published sequences using NIH Gene Bank BLAST search.

RNASE PROTECTION ASSAYS

Poly A+ RNA was isolated using paramagnetic poly dt beads (Dynal).
All other steps were performed according to the protocol supplied with
the kit. For brain poly A+ RNA extraction, approximately 50 mg of
tissue was used. About 50 lenses were required to obtain less than 1
mg tissue for anterior epithelial cell and equatorial epithelial/
differentiating cell poly A+ RNA extractions.

Preparation of antisense RNA probes and the RNase protection

assays were performed as described in Kreig and Melton (1987) and
Wymore et al. (1997). A frog cyclophilin probe was PCR cloned using
available sequence data to design primers. The cyclophilin was in-
cluded in the hybridization reaction to confirm that the sample was not
lost and also to provide a standard band in each gel to which the bands
for different Na/K pumpa-isoforms could be compared. Yeast tRNA
(5 mg) was used as a negative control for probe self-protection bands.
The RNA was divided equally for each sample (less than 0.1mg poly
A+ RNA per sample). To determine the amounts ofa1-, a2-, and
a3-isoform mRNA, the gels were exposed overnight and the intensity
of specific bands measured using a Phosphor Imager (Storm 860, Mo-
lecular Dynamics).

WHOLE CELL PATCH CLAMP

The isolated cells were placed in a chamber in which the perfusion
solution could be exchanged with a time constant of 13 sec. A glass

Fig. 1. The cellular structure of the lens with the lines of circulating current flow superimposed. Three cell types can be functionally distinguished.
About 50% of the volume of a small frog lens is composed of the central mature fibers (MF shown in green), which have no organelles or active
membrane transport, but are connected to the surface by gap junctions. A significant part of the leak of Na+ into lens cells is thought to occur across
these membranes. Next is an outer shell of differentiating fibers (DF shown in blue) that are in the process of losing organelles and may have limited
active membrane transport at their basal ends, which are in contact with the posterior capsule. Although this layer extends only about 20% of the
distance into the lens, it contains nearly 50% of the total membrane area and thus represents another significant path for the leak of Na+ into lens
cells. The outer single layer of surface cells (S shown in red) is the anterior epithelium, whose cells at the equator begin to elongate and are referred
to in the text as differentiating cells. This layer represents less than 2% of the total membrane area yet it is responsible for nearly all of the active
transport of Na+ out of lens cells via the Na/K ATPase. The cells shown in red were acutely isolated and used for whole cell patch clamp studies
of the lens Na/K pumps.
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patch pipette (initial resistance of about 5MV) was gently pressed
against the cell and suction applied until the pipette sealed to the
membrane (seal resistance of 10–20GV). Further suction caused the
patch of membrane beneath the tip to rupture (seeFig. 2A) and within
about 1 min the pipette solution had exchanged with the cell’s contents
and the holding current stabilized. To measure membrane capacitance,
Cm (F), and conductance,Gm (S), and pipette resistance,RP (V), the
Axopatch 1B amplifier (Axon Instruments, Foster City, CA) was
switched to current clamp mode and a square pulse of current was
injected into the cell (seeFig 2B). The time course of the response
Vm(t)/Im is given by

Vm~t!

Im
= Rp +

1

Gm
~1 − e−tGm/Cm! (1)

Data such as those shown in Fig. 2B were curve fit with Eq. 1 to
determineCm and Gm. To measure Na/K pump current (IP), a stock
solution containing 85 mM dihydro-ouabain (DHO), a specific inhibitor
of the Na/K pump, was added to the perfusion solution to achieve the
desired concentration of DHO. While the cell was voltage clamped at
0 mV, the change in membrane current (DIP) in Fig. 2C due to super-
fusion of DHO was recorded and assumed to represent blockade of
some fraction ofIP. A saturating concentration of DHO therefore pro-
vides a measure of total Na/K ATPase activity.

All of the data reported here were obtained through population
studies of many different cells. This was necessary because the whole
cell patch clamp of lens cells could not be routinely maintained for a
sufficiently long period to recordIP in the same cell in more than one
environment. Thus, for example, to determine the effect onIP of
changing [K+]o from 1 to 8 mM, we recorded from about 10 different

cells at each [K+]o. To control for cell-to-cell variability in size, the
capacitance of each cell was measured as an estimate of membrane
area, then the pump current was normalized by the input capacitance.
There is also, however, cell-to-cell variability in the density of Na/K
pump protein and in the fraction of each isoform expressed, and these
factors are not controlled in a population study. In contrast, for the
larger, more robust mammalian heart cells, we measured isoform-
specificIP at two values of [K+]o in the same cell, then normalized the
value ofIP at each test [K+]o to the value recorded in 8 mM [K+]o (Gao
et al., 1995). This procedure controls for variability in isoform expres-
sion, pump density and cell size, hence the data are intrinsically more
accurate. Because of this limitation in the study of lens cells, the stud-
ies reported here are not as extensive as those in Gao et al. (1995) and
we specifically looked for effects similar to those measured in the
mammalian heart cells.

THEORETICAL MODEL OF IP

Based on the data which follow, each lens epithelial/differentiating cell
expresses thea1- anda2-isoform of the Na/K pump, hence total pump
current, IP, is the sum of the current generated by thea1- and a2-
isoforms:

IP 4 IP1 + IP2. (2)

In the presence of DHO, each isoform is inhibited with different dis-
sociation constants, soIP-blockade by DHO is described by:

Ip = IP1

KD1

@DHO# + KD1
+ Ip2

KD2

@DHO# + KD2
(3)

Fig. 2. The whole cell patch-clamp method of measuring total cell capacitance and Na/K pump current. (A) The whole cell patch configuration.
(B) The current-clamp configuration allows injection of a pulse of membrane current (Im) while recording the time course of the change in membrane
voltage (Vm). Vm(t) is curve fit with Eq. 1 to obtain total cell capacitance (Cm). (C) The voltage-clamp configuration of the whole cell patch clamp
allows Vm to be held constant while recording the time course of the change inIm following a brief superfusion of the cell with Ringer solution
containing dihydro-oubain (DHO). The steady-state shift in inward current is directly proportional to the fraction (DIP) of outward Na/K pump
current (IP) blocked by the concentration of DHO superfused.
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Although the relative contributions ofIP1 and IP2 vary dramatically
from anterior pole to equator, the dependencies ofIP1 andIP2 on [Na+] i,
[K+]o and pHo are assumed to be intrinsic properties of each isoform.
Based on work described in Gao et al. (1995) in mammalian heart cells,
the effects of the ionic environment on either isoform can be described
by:

Ip1 = Imax1S @Na+# i

@Na+# i + KNa1
D3 S @K+#o

@K+#o + KK1
D2 S KH

KH + @H+#o
D

(4)
Ip2 = Imax2S @Na+# i

@Na+# i + KNa2
D3 S @K+#o

@K+#o + KK2
D2

Equation 4 models the effects of Na+ and K+ as being independent,
whereas for a cyclic enzyme like the Na/K ATPase, one would expect
them to be interdependent. Nevertheless, Gao et al. (1995) found that,
in physiological conditions, the effects were approximately indepen-
dent and adequately modeled by Eq. 4. Moreover, in this model (Eq.
4), [Na+] i binds to 3 independent, identical sites. Similarly, [K+]o binds
to 2 independent, identical sites. These idealized models adequately fit
the experimental data, but should not be considered accurate reflections
of molecular events. Lastly, our data suggest H+ binds to an external
site on thea1-isoform and causes inhibition of transport. Thea2-
isoform appears to lack this H+-binding site. Equations 2–4 were used
to analyze our data.

In the Results,Imax1 and Imax2 are assumed to be proportional to
the amounts ofa1- anda2-protein, respectively, with the ATPase ac-
tivity per protein being approximately equal. Thus the fraction ofa1-
isoform protein present in a cell would be given byImax1/(Imax1 + Imax2).
However, becauseIP1 andIP2 have different dependencies on the ionic
environment, particularly on [K+]o and [H+]o, the fraction of IP1 is
given byIP1/(IP1 + IP2), which is not the same as the fraction of protein.
Indeed, the fraction of current will vary depending on the environment.
Thus, to analyze our data, we assume the amount of protein is propor-
tional to the amount of mRNA and baseImax1 and Imax2 on the RNase
protection results, then the fractions ofIP1 andIP2 are estimated using
Eqs. 2 and 4 with experimentally determined dissociation constants.

Results

There have been reports that in different regions, mam-
malian lens epithelial cells express differenta-isoforms
of the Na/K pump (Garner & Horwitz, 1994; Garner,
1994; Mosley, Dean & Delamere, 1996; Tao, Hollenberg
& Graves, 1999; Garner & Kong, 1999). Moreover, our
data on DHO-blockade ofIP in frog lens epithelial cells
suggested the anterior and equatorial cells express dif-
ferenta-isoforms, since the affinity of anterior cells for
DHO was much higher than that of equatorial cells (see
the next section). We therefore performed RNase pro-
tection assays to determine whicha-isoforms were ex-
pressed in these two domains.

RNASE PROTECTION ASSAYS

Figure 3A shows the alignment of amino acid sequences
for the fragments of the differenta-isoforms cloned from
frog brain. The blanks indicate identical amino acids
whereas the differences are listed. Thea1-, a2-, anda3-

isoforms were identified based on comparison of these
fragments with published sequences (Fig. 3B). Figure
3C shows the results of the RNase protection assays.
The first lane (probes) in each gel shows undigested
antisense cRNA probes. The second lane (tRNA) is
empty, indicating there is no self protection of the probe.
The last lane (brain) shows success of the RNase protec-
tion assay in brain, where we know all 3 isoforms of the
Na/K pumps and cyclophilin (cyc) are present. The gel
on the right hand side indicates there is noa3-isoform
present in epithelial cells from the anterior or equator of
frog lenses. The cyc-band in this photograph is not vis-
ible but could be faintly seen in the original film whereas
thea3-band could not be detected. The bands for thea1-
anda2-isoforms were much stronger than that for cyc, so
relatively little, if any, a3-isoform mRNA is present.
The left hand and central gels indicate both thea1- and
a2-isoforms are present in anterior and equatorial cells,
however the fraction ofa1 is quite different in these two
domains. We used the ratio of the intensity, as deter-
mined with a phosphor imager, of thea1-band to cyc-
band anda2-band to cyc-band in each domain to estimate
the fraction of mRNA for the isoform. This normaliza-
tion corrects for differences in the amount of material as
well as exposure time in each domain. The cyc band in
several of the lanes is visually weak but easily detected
above background when measured with the phosphor
imager. We should emphasize that to do this experi-
ment, 50 lenses were dissected and their epithelial cells
separated into anterior and equatorial pools to obtain a
minimally detectable amount of material (less than 0.1
mg poly A+ RNA per sample compared to a more typical
sample of 5mg). Nevertheless, the results identified the
high DHO-affinity pumps as thea2-isoform and the frac-
tion of each isoform determined in Table 1 is consistent
with the electrophysiological contributions of each iso-
form to total pump current. Based on these data and the
DHO-blockade data, thea2-isoform dominates in ante-
rior epithelial cells but thea1-isoform dominates in equa-
torial cells.

WHOLE CELL PATCH CLAMP

As described in Materials and Methods, surface cells that
adhered to the lens capsule were separated into anterior
and equatorial groups. These are the cells colored red in
Fig. 1. If one visualizes the lens as a sphere with anterior
pole (top of Fig. 1) atu 4 0°, the equator atu 4 90° and
the posterior pole atu 4 180°, the anterior cells were
from u 4 0 to 45°, whereas equatorial surface cells were
from 45 to about 100°, where the cells ceased to adhere
to the capsule. When isolated, both the wide short ante-
rior epithelial cells and the narrower longer equatorial
epithelial cells become spheres with diameters of about
30 mm (seeFig. 1 of Cooper et al., 1989). Some of the
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isolated equatorial cells were more ellipsoidal in shape,
with a major axis 2 to 3 times longer than the minor axis,
indicating they had begun to differentiate into the elon-
gated fiber cells. These are probably the long cells

(shown in red in Fig. 1) that form additional layers of
cells just at the equator. Because of this difference in
shape (state of differentiation), we further classified
equatorial cells as either epithelial or differentiating.

Fig. 3. The cloned fragments ofa1-, a2- anda3-isoforms of the Na/K pump and RNase protection assays for these isoforms. (A) The alignment
of the amino acid sequences of thea1-, a2- anda3-isoform fragments cloned from frog brain. (B) An inter species comparison of the amino acid
sequences for each fragment cloned from frog brain. (C) RNase protection assays for the presence ofa1-, a2-, anda3-isoforms present in frog lens
epithelial cells isolated from either the anterior or equatorial region of the lens.
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These three classes of isolated cells were used for whole
cell patch clamp studies. As described in Materials and
Methods and shown in Fig. 2, Na/K pump current (IP)
was defined as the inward shift in current following ap-
plication of the specific inhibitor of Na/K ATPase activ-
ity, dihydro-ouabain (DHO).

In studies of Na/K pump current in the larger more
robust ventricular myocytes from guinea pig heart (Gao
et al., 1995, 1997), the external Ca2+-concentration ap-
peared to not affectIP in all conditions tested. As a
control to determine if the Na/K pumps in frog lens
epithelial cells are also insensitive to external Ca2+, IP

was recorded from 20 equatorial cells in 2 mM [Ca2+]o

(0.76 ± 0.18 pA/pF) and compared to that recorded from
10 equatorial cells in 0 mM [Ca2+]o (0.69 ± 0.13 pA/pF).
To the accuracy of our data (mean ±SD), the lens Na/K
pumps also appear to be insensitive to [Ca2+]o. Since the
isolated epithelial cells are small and fragile and do not
survive long in the presence of Ca2+, all other pump
experiments were carried out in Ca2+-free Ringer.

DHO-BLOCKADE OF IP IN ANTERIOR AND

EQUATORIAL CELLS

The first evidence for multiple isoforms of Na/K pumps
in the lens came before the existence of different iso-
forms was known: Paterson et al. (1974) reported that the
resting voltage of rabbit lenses had a biphasic response to
varying concentrations of ouabain. The DHO-blockade
studies shown in Fig. 4 suggest that more than one iso-
form is also present in the frog lens epithelium, and that
different isoforms dominate in anteriorvs. equatorial
cells, just as suggested by the RNase protection assays.
Without regard to the decomposition of the curves into
contributions from thea1-isoform (DIP1) or a2-isoform
(DIP2), the overall blockade curves were half-saturated at
a DHO concentration of about 10−6

M anteriorvs.10−4
M

equatorial. In most species, thea1-isoform has about a
100-fold lower affinity for DHO than thea2- or a3-
isoform (Sweadner, 1989) thus the curves immediately
suggested thea1-isoform is dominant at the equator
whereas thea2- or a3-isoform dominates at the anterior
pole. The RNase protection assays of the previous sec-
tion confirmed this suggestion and identified the high
DHO-affinity isoform asa2.

Total pump current (IP) in either anterior or equato-
rial cells is the sum of currents contributed by thea1-
isoform (IP1) and thea2-isoform (IP2): IP 4 IP1 + IP2.
At the constant [Na+] i, [K+]o and pHo, Eqs. 3 and 4
simplify to Eq. 5, which was used to fit data from either
domain.

DIp = ImaxF f1@DHO#

@DHO# + KD1
+

f2@DHO#

@DHO# + KD2
G (5)

The dashed lines show the contributions ofDIP1, the first
term of the sum, andDIP2, the second term. In the an-
terior cells we estimateIP2 contributes the major fraction
of 91% of activity. In contrast, in equatorial cells we
estimateIP2 contributes about 20% of total activity with
IP1 contributing the major fraction of 80% of activity.
This decomposition is shown by the dashed lines in Fig.
4. For either anterior or equatorial cells, the dissociation
constants wereKD2 4 0.75 mM and KD1 4 100 mM

DHO. These fractional contributions and dissociation
constants provide reasonable fits to the data in Fig. 4,
however the standard deviations are sufficiently large
that some variation in the fractions and dissociation con-
stants would have provided equally good fits. We there-
fore chose the fractions ofIP1 andIP2 based not only on
the data in Fig. 4 but also on the RNase protection assays,
data on [K+]o-activation (seeFig. 7), the effect of exter-
nal pH on IP1, and some reasonable assumptions. This
process is described below.

At a [K+]o of 8 mM, which was used for Fig. 4,IP1

is at 2/3 of saturation whereasIP2 is saturated. Based on
data in Fig. 8 as well as results in Gao et al. (1995), at a
pHo of 7.35, which was used for Fig. 4, ATPase activity

Table 1. Results of RNase assays for thea1- anda2-isoforms of the
Na/K pumps in frog lens epithelium

Anterior Equator

a1:cyc 13.7 33.4
% mRNA 23% 92%

a2:cyc 44.7 2.8
% mRNA 77% 8%

Fig. 4. DHO blockade ofIP. (A) DHO blockade ofIP in anterior
epithelial cells. Data are mean ±SD from 5–9 cells for each point. The
solid line is the best fit of Eq. 5 to the data, assuming 87% of the
maximally inhibited current is generated bya2-isoform. The dashed
lines show the contributions of thea1- anda2-isoforms to the overall
blockade curve. (B) DHO blockade ofIP in equatorial cells. Data are
mean ±SD from 5–6 cells for each point. The theory curve are the same
as described above, except in equatorial cells only 20% of the maxi-
mally inhibited current is due to thea2-isoform. In eitherA or B, the
dissociation constants are 100mM for IP1 and 0.75mM for IP2.
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of the a1-isoform is at 1/2 its maximum whereas the
a2-isoform is unaffected by pHo in this range. Overall,
this suggestsIP1 is about 1/3 of its maximal value
whereasIP2 is essentially maximized. We made two as-
sumptions: first, we assumed the maximum transport rate
of the a1- and a2-isoforms is about the same on a per
protein basis, and second, we assumed the mRNA in
Table 1 is approximately proportional to the fractional
amount of protein for each isoform. Thus thea1:cyc
ratio is divided by 3 and the contribution of each isoform
to total current is recalculated to yield 9%IP1 in anterior
cells vs. 80% IP1 in equatorial cells. This is essentially
the same method as used in Gao et al. (1999) to estimate
the fraction ofa1-protein vs. a1-activity in guinea pig
myocytes. In both instances, the conclusions fit the data
from RNase assays and whole cell patch-clamp studies.

Na/K ATPASE ACTIVITY AND K+-CONDUCTANCE IN

ANTERIOR VS. EQUATORIAL CELLS

As described in the section Whole Cell Patch Clamp, and
as can be seen in Fig 5A, the equatorial differentiating
cells were significantly larger than equatorial epithelial
cells, however when transport properties per unit area of
membrane (estimated by membrane capacitance,Cm)
were determined, the equatorial epithelial and differen-
tiating cells were statistically indistinguishable (IP/Cm

was 0.65 ± 0.17 pA/pF differentiatingvs. 0.74 ± 0.17
pA/pF epithelial).

Figure 5B gives the Na/K pump current density in
pA/pF, which is approximatelymA/cm2 of cell mem-
brane. The average Na/K pump current density in equa-
torial cells is 0.71 pA/pF, which is about twice the value
of 0.37 pA/pF for anterior cells. The differentiating
equatorial cells are those nearest tou 4 90°. These cells
have an averageCm of 52 pF, which is nearly twice as
large as the 29 pF per anterior cell. Thus, the total pump
current in equatorial differentiating cells is about 3.4
times greater than that of anterior epithelial cells. More-
over, in the intact lens, the geometry of the equatorial
cells, which are long and narrow, in contrast to that of
anterior cells, which are short and wide, implies the
Na/K pump current density per unit area of lens surface
will be about 20 times greater at the equator (seeDis-
cussion).

Figure 5C showsGm/Cm in equatorial and anterior
cells. These experiments were done in the absence of
extracellular Ba2+, whereas in the presence of Ba2+ the
conductance was 48 ± 17 pS/pF in either anterior or
equatorial cells. Thus the Ba2+ sensitive conductance
was 24 pS/pF for the anterior epithelial cells and 36
pS/pF for equatorial cells. These cells have a higher total
conductance and more depolarized resting voltage than
estimated in the intact frog lens (reviewed in Mathias et
al., 1997). The average (anterior, posterior and equato-
rial) surface cell conductance is about 0.21 mS/cm2, and
the average surface capacitance about 5mF/cm2, hence
the ratio estimated from intact lenses is 42 pS/pF. The

Fig. 5. A comparison of membrane capacitance, Na/K pump current and membrane conductance in anteriorvs.equatorial lens cells. Bars indicate
SD. (A) Total cell membrane capacitance (Cm) for anterior epithelial cells, equatorial epithelial cells and equatorial differentiating cells. These are
the same cells in which Na/K pump current was measured. (B) Na/K pump current (IP) normalized byCm to control for variations in cell size.
Although the equatorial differentiating cells generated a relatively large total current, when normalized byCm, IP was indistinguishable from that
recorded in equatorial epithelial cells, hence all equatorial cell values ofIP are lumped together in panelB. (C) Membrane conductance (Gm)
normalized byCm to control for variation in cell size. These data were recorded in normal Ringer solution containing 2 mM [Ca2+]o and no Ba2+

or Cd2+ that would block membrane ion channels.
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isolation procedure may, therefore, have caused an in-
crease in nonselective leak conductance. This limitation,
and the large cell to cell variability make it difficult to
know if there is any real difference in the anteriorvs.
equatorial cell membrane conductance.

THE DEPENDENCE OFLENS IP ON [Na+] i AND [K+]o

Energy dependent transport of Na+ out of cells and K+

into cells has been known to exist since the early 1950s.
Post (1989) reviews the pioneering work linking the
transport of these two ions together through the Na/K
ATPase. The dependence of the Na/K pump on [Na+] i

and [K+]o has been demonstrated in vesicles by measur-
ing ATPase activity (Swann & Albers, 1975; Blostein,
1979; Drapeau & Blostein, 1980; Karlish & Pick, 1981;
Karlish & Stein, 1985; Polvani & Blostein, 1989) and in
intact cells by whole cell patch clamp measurement ofIP

(Nakao & Gadsby, 1989; Gao et al., 1995). All of these
studies suggest physiologically relevant variations in
[Na+] i or [K+]o will alter IP. The dependence of the
Na/K pump on [K+] i is not so well known, but Gao et al.
(1995) found no detectable change inIP when [K+] i was
reduced from 140 to 70 mM, suggesting this dependence
occurs well above normal physiological [K+] i. Gadsby
et al. (1993) showed that changes in [Na+]o affect the
voltage dependence ofIP, however a ±10 mM change in
[Na+]o causes only a76–7% change inIP. Thus, physi-
ological variations in lens Na/K pump activity are most
likely to be due to variations in [Na+] i or [K+]o, and we
have focused on these effects.

The Dependence of IP on [Na+] i

The experiments in Fig. 6 were done by selecting a Na+-
concentration in the pipette, [Na+]p, performing a whole
cell patch-clamp study using 1 mM DHO to measureIP

and a current step to measureCm, then repeating this
procedure with a new pipette and new cell. Since,IP2

dominates in anterior cells andIP1 in equatorial, this
procedure should have detected any major difference in
the [Na+] i-dependence ofIP1 andIP2. There was no dif-
ference in results from anteriorvs.equatorial cells, how-
ever, so Eqs. 2 and 4 simplify Eq. 6, which was used to
fit both data sets.

Ip = ImaxS @Na+#i

@Na+#i + KNa
D3

KNa = ~=3
2 − 1!K0.5

(6)

The best fit values are, for anterior cellsImax4 0.58
pA/pF andK0.5 4 9 mM, and for equatorial cellsImax4
0.89 pA/pF andK0.5 4 9 mM. These values for half
maximal activation by [Na+] i are essentially the same as
those for mammalian heart cells (Gadsby, Rakowski &
DeWeer, 1993; Gao et al., 1995).

The data in Fig. 6 are graphed as a function of
[Na+] i, assuming [Na+] i ≈ [Na+]p. Mathias et al. (1990)
and Gao et al. (1995) were concerned with differences
between [Na+] i and [Na+]p. Mathias et al. (1990) derived
the relationship:

jNa =
DNar

Rp
~@Na+#p − @Na+#i! (7)

Fig. 6. The dependence ofIP on [Na+] i. The data
are mean ±SD with each point representing 5 to 8
cells. The larger number of cells defined the
critical points around theK0.5. The theory curves
were generated by Eq. 6 with aK0.5 4 9 mM for
either anterior or equatorial data.
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wherejNa (moles/s) is net Na+-efflux from the cell,DNa

(cm2/sec) is the diffusion constant for Na+, Rp (V) is the
pipette resistance andr (V-cm) is the resistivity of pi-
pette solution. Gao et al. (1995) used this relationship to
correct the [Na+] i-dependence ofIP for differences be-
tween [Na+] i and [Na+]p. This correction shifted their
value ofK0.5 from 14 mM [Na+]p to 9 mM [Na+] i, a shift
of 5 mM. However, cardiac myocytes are much bigger
than lens epithelial cells and consequently the value of
jNa is much larger in the myocytes. Using the same pro-
cedure described in Gao et al. (1995), theK0.5 for the
curves in Fig. 6 would be shifted by less than 1 mM.
We did not make this correction.

The Dependence of IP on [K+]o

The activation of total pump current,IP 4 IP1 + IP2, in
anterior cells (Fig. 7A) was half-saturated at [K+]o of 0.6
mM, whereas that for equatorial cells (Fig. 7B) was half-
saturated at a [K+]o of 3 mM, suggestingIP1 andIP2 had
very different sensitivities to [K+]o. At the constant
[Na+] i, [K+]o and pHo, Eqs. 2 and 4 simplify to Eq. 8,
which was used to fit data from both anterior and equa-
torial cells.

Ip =

ImaxFF1S @K+#o

@K+#o + KK1
D2

+ F2S @K+#o

@K+#o + KK2
D2G

(8)

KK = ~=2 − 1!K0.5

The fractionsF1 of IP1 andF2 of IP2 were estimated as
described for the DHO-binding curves in Fig. 4. How-
ever, for DHO-binding, [K+]o was 8 mM soIP1 was at 2/3
saturation whereas in Fig. 7,F1 andF2 refer to the frac-
tions at saturation, when [K+]o → `. We therefore di-
vided thea1:cyc ratio by 2 to account for pHo effects,
then calculated the fraction ofIP1 at [K+]o → ` would be
13% in anterior cells and 86% in equatorial cells. The

best fit values ofK0.5 were 3.9 mM [K+]o for IP1 and 0.4
mM [K+]o for IP2, almost identical to the values for the
mammalian versions ofIP1 and IP2 (Gao et al., 1995).

INHIBITION OF IP1 BY EXTERNAL pH

There have been a number of reports that pH modifies
Na/K ATPase activity (Skou & Esmann, 1980, 1992;
Skou, 1982, 1984). In mammalian cardiac myocytes,
physiological variations in external pH affects transport
by the a1-isoform but not thea2-isoform of the Na/K
pump (Gao et al., 1995). In those cells, an increase in
pHo increasedIP1 and a decrease inhibitedIP1. This de-
pendence on pHo suggested transport was inhibited by
the binding of H+ to an external site with a pK of about
7.7. The isolated lens epithelial cells were difficult to
seal and ran down rapidly at other than normal pHo of
7.35. Nevertheless, we were able to demonstrate in Fig.
8 that the amphibian isoforms are similar to their mam-
malian counterparts with regard to pHo effects.

Figure 8A shows a drop in pHo from 7.35 to 6.8 has
no significant effect on anterior cells, where thea2-
isoform generated 91% ofIP. Assuming the drop in pHo
affects onlyIP1, it should reduce anteriorIP by 3 to 4%.
Since theSD is on the order of ±25%, such small effects
cannot be detected by the methods used here. In con-
trast, in the equatorial cells, where thea1-isoform gen-
erated 80% ofIP, Fig. 8B shows a drop in pHo from 7.35
to 6.8 caused a significant inhibition ofIP. The reduction
in IP suggests about a 40% inhibition ofIP1. If this re-
sponse is similar to that found in mammalian cells, with
regard to inhibition being due to H+ binding to an exter-
nal site on thea1-isoform, then the frog lensa1-isoform
site has a pK of about 7.3. If so, then at normal pHo, the
a1-isoform is running at about 50% of the rate of trans-
port that could be achieved in the absence of H+-binding.
We clearly lack the data at alkaline pHo to support this
hypothesis, however it is consistent with other results in
this paper. For example, RNase protection assays sug-

Fig. 7. The dependence ofIP on [K+]o. The data
are mean ±SD, with each point representing 7–11
cells for the anterior data (A), and 5–15 cells for
the equator (B). The solid lines represent the best
fits of Eq. 8, with the dashed lines representing
the contributions ofIP1 and IP2 to IP 4 IP1 + IP2.
In the anterior cells, 87% of the maximum ([K+]o

→ `) current is fromIP2, whereas in equatorial
cells, 86% of the maximum current is fromIP1. In
either anterior or equatorial cells, theK0.5 for IP1

was 3.9 mM [K+]o and for IP2 was 0.4 mM [K+]o.
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gest the anteriora1-isoform is 23% of total protein but
our patch clamp results indicate it is just 13% ofIP (at
saturating [K+]o). Similarly, our data suggest the equa-
torial a1-isoform is 92% of total pump protein but 86%
of IP. Both of these discrepancies are consistent withIP1

running at about 50% of its maximum rate, butIP2 run-
ning at maximum rate.

Discussion

The results presented here are the first direct measure-
ments of Na/K pump current in the lens, and as such they
have provided significant new information. In frog lens,
the a1-isoform of the Na/K pump is the dominant pres-
ence in equatorial cells whereas thea2-isoform is dom-
inant at the anterior pole. Both isoforms are half maxi-
mally activated at an [Na+] i of 9 mM, a value very close
to normal physiological [Na+]i. Hence both isoforms are
poised to respond maximally to any change in [Na+] i.
A normal physiological [K+]o of around 4 mM is satu-
rating for thea2-isoform, which is half maximally acti-
vated at 0.4 mM [K+]o, whereas it is half-saturating for
the a1-isoform. Thus, thea1-isoform is poised to re-
spond maximally to changes in [K+]o, but thea2-isoform
works independently of normal physiological variations
in [K+]o. Furthermore, a drop in external pH inhibits
ATPase activity by thea1-isoform, but has no effect on
the a2-isoform. Lastly, the Na/K pump current density
in equatorial cells is about twice that in anterior cells, and
the larger current density persists as the equatorial cells
begin to differentiate.

IMPLICATIONS FOR THE INTACT LENS

As was described in the Introduction, the hypothesis that
the circulating current shown in Fig. 1 is carried by Na+

is consistent with several properties of the lens. How-
ever, this hypothesis lacked a specific mechanism for

transporting Na+ out of the equatorial cells. The geom-
etry of lens epithelial and differentiating cells (Kuszak,
Bertram & Rae, 1986) in connection with the results
described here suggest the Na/K pump current per area
of lens surface is concentrated at the equator.

Although Fig. 1 is not drawn to scale, it illustrates
the relatively wide and short anterior cells in contrast to
the narrow and long equatorial cells. Clearly, a polar cell
occupies a much greater area of lens surface than an
equatorial cell. This difference in geometry has a very
large effect on the Na/K pump current density per area of
lens surface. If a typical anterior cell is a cuboid, 32mM

wide by 6mM high, it will have a membrane area of 28
× 10−6 cm2, so a membrane capacitance of 1mF/cm2

would yield the 28 pF input capacitance reported in
Fig. 5. These dimensions are typical of the anterior
epithelial cells shown in Kuszak et al. (1986, Fig. 1a).
Moreover, such a cell will occupy about 10 × 10−6 cm2

of lens surface area. As one looks closer to the equator,
the epithelial cells are narrower but longer, with typical
dimensions of about 20mm in width and 30mm in height
(Kuszak et al., 1986, Fig. 1d). A cuboidal cell of these
dimensions will have a total membrane area of about 32
× 10−6 cm2, and an input capacitance of about 32 pF,
similar to the value in Fig. 5. This cell, however, occu-
pies just 4 × 10−6 cm2 of lens surface area. Lastly, at the
equator, the differentiating cells get very long and actu-
ally lay beneath other equatorial epithelial cells (seethe
long equatorial cells colored in red in Fig. 1). These, we
believe, are the equatorial cells we refer to as “differen-
tiating”. There are actually many more such cells than
shown in Fig. 1, and the reader should look at Kuszak et
al. (1986; Fig. 2a) for a better perspective. Such a cell of
width 12 mm and length 100mm will have a membrane
area of 51 × 10−6 cm2 and an input capacitance of 51 pF
(similar to Fig. 5), but it occupies only 1.44 × 10−6 cm2

of lens surface area. One way to think about this effect
of geometry is that several cell layers contribute to the
equatorial pump current in an intact lens (seeFig. 1).

Fig. 8. The effect of external pH onIP. (A) In
the anterior cells, where thea1-isoform generates
just 9% of IP under the conditions of the
experiments, a drop in pHo from 7.35 to 6.8 has
no detectable effect. (B) In equatorial cells, where
the a1-isoform generates an estimated 80% ofIP,
a drop in pHo from 7.35 to 6.8 causes a 32%
inhibition of IP. PanelsA andB together suggest
the change in pHo from 7.35 to 6.8 does not
affect IP2 but inhibits IP1 by about 40%.
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A more quantitative estimate can be obtained by taking
the average pump current per cell in normal physiologi-
cal conditions, then divide by the area of lens surface
occupied by that cell to obtain an estimate of the pump
current density per area of lens surface.

The values ofIP reported in Fig. 5B were obtained in
50 mM [Na+] i. At normal physiological conditions, the
value of [Na+] i is around 9 mM, which will reduce ante-
rior IP to about 50% of the value in Fig. 5B. Given the
average capacitance from Fig. 5A is 28 pF, the normal
physiological pump current per cell is 5 pA. To estimate
the pump current density per area of lens surface, we
divide the 5 pA by 10 × 10−6 cm2, which gives a typical
pump current density at the anterior pole of about 0.5
mA/cm2. Note that neither our data nor this calculation
implies anything about the apicalvs. basolateral local-
ization of pump protein. The calculation simply associ-
ates the measured total cellular pump current with the
appropriate area of lens surface. Taking into account the
effect of high [K+]o and [Na+] i on the equatorial pump
current data in Fig. 5B, in physiological conditions the
pump current should be about 30% of the value in Fig.
5B. The pump current per differentiating cell is therefore
around 11.5 pA, which, when divided by 1.44 × 10−6

cm2, gives a pump current density per area of equatorial
surface of 10mA/cm2, a value 20 times larger than that
at the anterior pole.

The above estimated values can be compared to
measurements from intact lenses. Given the stoichiom-
etry of the Na/K pump is 3Na+/2K+ (Post, 1989), for a
pump current density of 10mA/cm2, the Na+-current
actively transported out of the equatorial cells will be 30
mA/cm2. This value is very close to the average peak
outward equatorial current of 26mA/cm2 measured with
the vibrating probe in frog lens (Parmelee, 1986). How-
ever, there is also an influx of K+ generated by the Na/K
pumps, but this influx is in large part balanced by the
passive electrodiffusion of K+ out of the equatorial cells,
which have a significant K+-conductance. For simplic-
ity, assume the active uptake and passive efflux of K+

balance exactly, so all of the measured equatorial out-
ward current is carried by Na+. If ouabain is applied
externally to a lens, it will block all Na/K pump current,
however the equatorial current will be reduced by just
1/3 or 33%. With active transport of both Na+ and K+

blocked, outward current becomes entirely electrodiffu-
sion of K+. Thus, Na+ will accumulate and K+ will de-
plete and with time the circulating current will approach
zero. In frog lens, application of ouabain causes an ini-
tial decrease in the circulating current of approximately
30% (Parmelee, 1986), very similar to the 33% predicted
by the above idealized calculation, then it slowly de-
clines toward zero.

In the vibrating probe experiments described above,
different surfaces of the lens were not isolated, hence

ouabain accesses all surfaces. Moreover, ouabain affects
the entire current loop (seeFig. 1), reducing inward cur-
rent at the poles the same as outward current at the equa-
tor. Those studies, therefore, did not provide informa-
tion on the localization of Na/K pumps. In an abstract,
Zamudio, Candia & Alvasey (1998), described the effect
of ouabain on the isolated anterior, posterior and equa-
torial surfaces of the rabbit lens. They reported that oua-
bain only had a measurable effect when applied equato-
rially, where it blocked a current of about 10mA/cm2.
Again, this value is consistent with our rough calcula-
tions of the pump current density at the frog lens equator.
The lack of measurable changes in current when ouabain
was applied to the anterior polar region is also consistent
with our estimated pump current density of 0.5mA/cm2,
which is in the noise level of whole lens currents.

In summary, the data reported here fit well with
intact lens data, which were obtained by very different
methods. The above calculations are obviously idealized
and the assumed values of cell size are crude estimates
from a few pictures of freeze fractured lenses. Never-
theless, all of the existing data are consistent with the
hypothesis that the circulating current is carried primar-
ily by Na+, and the outward current at the equator is
generated by the active extrusion of Na+ via Na/K
pumps, which are concentrated at the lens equator.

ROLES OF DIFFERENTISOFORMS

An interesting and open question is the physiological
purpose of the isoform switch in going from anterior to
equatorial cells. The data reported here show the two
isoforms expressed in frog lens respond differently to the
external ionic environment. At the equator, the small
intercellular spaces between surface cells extend deeper
into the lens than at the anterior pole (seeFig. 1), so there
is a possibility of more extracellular accumulation/
depletion of ions such as K+ or H+. However, without
knowing more about the specific localization of Na/K
pump protein in the membranes of equatorial cells, it is
not possible to estimate how the ionic environment might
affect the Na/K pumps, or how the Na/K pumps might
regulate extracellular K+-concentration. In man, acidosis
is usually accompanied by an increase in extracellular
K+-concentration, so these two changes should have off-
setting effects on transport by thea1-isoform of the Na/K
pumps. Since the same effects were found for the mam-
malian version of thea1-isoform, this could be a general
protective mechanism to maintain Na+ homeostasis dur-
ing acidosis. We also reported in mammalian cells that
thea1- anda2-isoforms of the Na/K pump are coupled to
norepinephrine levels through different receptors and
different signal transduction cascades (reviewed in
Mathias et al., 2000). Thus, another intriguing possibil-
ity is that the isoform switch in the lens is for the purpose
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of regulation of the circulating current. For example, to
upregulate the current, it would be ideal to increasea1-
mediated outward equatorial pump current without in-
creasing thea2-mediated outward anterior pump current,
which is opposite in direction to the circulation. Hence,
our next goal is to determine how hormones and neuro-
transmitters might differentially affect the isoforms of
the lens Na/K pumps.

This work was supported by National Institutes of Health grants
EY06391 and HL54031. We thank Dr. Ira Cohen for a careful and
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