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Abstract. Epithelial cells from the anterior and equato- Introduction
rial surfaces of the frog lens were isolated and used the
same day for studies of the Na/K ATPase. RNase proThe lens and cornea work in series to focus light on the
tection assays showed that all cells expregsanda,-  retina. Because they are directly in the optical path to the
isoforms of the Na/K pump but not the-isoform, how-  retina, neither tissue has blood vessels, which would
ever thea,-isoform dominates in anterior cells whereas scatter light. The lack of blood supply poses some spe-
the a;-isoform dominates in equatorial cells. The whole cial problems for homeostasis in the lens. A recent re-
cell patch-clamp technigue was used to record functionabiew (Mathias, Rae & Baldo, 1997) summarizes much of
properties of the Na/K pump currerit), defined as the what is known about the properties and localization of
current specifically inhibited by dihydro-ouabain (DHO). transport proteins in the lens, and how these relate to
DHO-I blockade data indicate the-isoform has a dis- homeostasis. The conclusions expressed in that review
sociation constant of 10Qm DHO whereas for the,,-  are summarized below.
isoform it is 0.75um DHO. Both ;- and a,-isoforms The lens has no blood borne delivery of, @nd
are half maximally activated at an intracellular Na glucose or removal of CQand wastes, and in most ani-
concentration of 9 m. The ay-isoform is half maxi- mals the lens is too large for diffusion to effectively
mally activated at an extracellular*kconcentration of  support the needs of the interior fiber cells. To compen-
3.9 mv whereas for thex,-isoform, half maximal acti- sate, interior fiber cells have a very low rate of metabo-
vation occurs at 0.4 mn Lastly, transport by thex,- lism that is entirely anaerobic. Nevertheless, the meta-
isoform is inhibited by a drop in extracellular pH, which bolic rate is not zero and it still requires the delivery of
does not affect transport by the-isoform. Under nor-  glucose and removal of waists. Moreover, interior fiber
mal physiological conditionsl, in equatorial cells is cells need to maintain low G&, low Na'-, high K'-
approximately 0.23.A/pF, and in anterior cells it is concentration and normal pH, yet they cannot afford to
about 0.14pA/pF. These current densities refer to the expend metabolic energy regulating these ions. To mini-
area of cell membrane assuming a capacitance of aroundlize the leak of ions, fiber cells have very high resis-
1 wF/cn?. Because cell size and geometry are differenttance membranes. An extensive network of gap junc-
at the equatorials.anterior surface of the intact lens, we tions connects interior fibers to surface cells, where
estimate Na/K pump current density per area of lensnetabolic energy can be used to transport,Nze?* and
surface to be around 1@A/cm? at the equatows. 0.5  H* out of the lens cells and Kinto lens cells. Despite
pA/cm? at the anterior pole. the high resistance of fiber cell membrane, there will be
a small leak of N3, from its high concentration in the
extracellular space between fibers, down its electro-

Key words: Na/K ATPase — Lens —a-Isoforms —  chemical gradient into each fiber cell. There are far
Whole cell patch clamp — Nadependence — K more interior fiber cells than surface cells that provide
dependence — pH the active transport, so even though the leak of Mt

each fiber cell is small, in total it becomes significant.

Mathias (1985) (reviewed in Mathias and Rae, 1985)
- proposed a standing, circulating Neurrent flowed be-
Correspondence toR. Mathias tween the interior fiber cells and surface cells, and hy-
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pothesized that this flux of solute creates a circulation ofvoltage in equatorial cells. The purpose of the present

fluid that is an internal circulatory system for the avas-study was to measure the transport of Na/K by anterior

cular lens. epithelial cells and equatorial epithelial/differentiating
The model envisioned by Mathias (1985) had"Na cells (red cells in Fig. 1). In particular, we were inter-

flowing uniformly into the lens along the extracellular ested in the properties and distribution of the Na/K

spaces, crossing a fiber cell membrane, then flowingpumps.

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 firsMaterials and Methods

of a series of papers in which they showed the lens did

indeed haye an internal c_irculating current, however itcc | |soLaTion

was not uniform. Instead, it enters the lens at both poles

and exits at the equatosdeFig. 1). Baldo and Mathias Frogs Rana pipienswere sacrificed by pithing; their eyes were then

(1992) looked for spatial variations in the passive elecremoved, placed in G4 free Ringer solution and the lens carefully

trical properties of the lens that might be connected withdissected free. The cell isolation procedure followed that described in

this circulating current. They found gap junctional cou- Cooper, Rae &_Gates (1989). The _capsule was mechanically peeled

pling in the outer shell of differentiating fiber cells (DF o 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

In F'Q- 1) was primarily (?anentrated at the, equajtor'of approximately half the distance from pole to equator was cut out.

Mathias et al. (1997) modified the model of circulating This circle of anterior epithelial cells was separated from the remaining

Na" to have the cell-to-cell current be directed to theequatorial cells. The anterior and equatorial pieces of capsule with

equatorial surface by the low resistance equatorial gapheir adhering cells were placed in Ringer solution containing 0.05%

junctions. The model still assumed the water permeabiltrypsin (Sigma type I1) and 3@m C&*. After 20 min, the pieces of

ity of lens cell membranes was sufficiently high for fluid capsule with adhering cells were returned tc"iee Ringer, where

to follow the circulation of N& but now the internal they were torn into smaller pieces using forceps. These pieces were

. | fici v desi d gently triturated, causing many cells to break free and be available for
circulatory system was more efficiently designed to Cre-whole cell patch-clamp studies. The equatorial cells could be further

ate a well stirred intracellular compartment. classified as either epithelial (cuboidal) or differentiating (elongated).
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-SOLUTIONS

sumed to be sufficiently high that fluid followed solute . _ _ _ .

transport essentially isotonically. Varadaraj et al. (1999)Caz -free Ringer solution contained (inwj: NaCl 102.5, NaOH 2,

. . . KCI 2.5, MgCl, 1.5, Hepes 5, Glucose 5, pH 7.35. The perfusion
measured fiber and epithelial cell membrane water perg . ion contained (in m): NaCl 102.5, NaOH 2, KCI 8, MgGIL.5,
meabilities and found each was indeed sufficiently highyepes s, Glucose 5, Bag0.5, CdC} 0.2, pH = 7.35. The pipette
that this assumption was valid. Second, the pole to equasolution contained (in m): K-Aspartic Acid 50, Na-Aspartic Acid 40,
tor distribution of Na/K pump current in surface cells KOH 2, MgCl, 3, HEPES 5, glucose 5, NATP 5, pH = 7.1. These
was not known, so it was assumed to be uniform. Thesolutions were designed to minimize currents carried by ion channels
intracellular current flow through gap junctions to the and thl;;maximi(z}? signal to noise when measurir:gtg+ Na/K pump current
equatorial surface was calculated based on the electrd}); B% and Cd™ were used to reduce’ and Ca*-conductances.

. . . igh external K and internal Naconcentrations were used to increase
chemical grad'em for Mato.enter fiber cells, the mea- I, and thus improve the signal-to-noise ratio. In experiments which
sured Na-conductance of fiber cell membrane, and theysed varied [Ng;, Na*-Aspartic Acid was exchanged for'KAspartic
measured distribution of gap junctional conductanceAcid. In experiments that varied [#,, NaCl was substituted for KCI.
The predicted current flow into an equatorial surface cellTo reduce the pH of the external solution, HCl was added.
via gap junctions was about the same as the current mea-
sured b_y Robinson and Patterson (1983) just outside O&LONING Na/K PUMP a-SUBUNIT PROBES
equatorial cells. The model assumed that whatever gap
JunCt|Ona_| current flowed into a surface equatorial C_ell Degenerate oligonucleotide primers for thesubunit of the Na/K
would exit across that cell’s membrane. The mechanismump (Gao et al., 1999) were used to scrBena pipiendrain by PCR
was assumed to be depolarization of the transmembrarter the 3a-isoforms.

Upstream K N C L \% K N
Primer B-aa(a/g) aa(c/t) tg(c/t) (c/tt(a/clglt) gt(c/g) aa(a/qg) aa(clt)-3
Downstream 5(c/ttt (a/g)tt (g/t)gt (a/clglt)(clg)(alt) (a/g)tt (a/g)aa (g9/c)dg-3
Primer K N T S N F P
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Fig. 1. The cellular structure of the lens with the lines of circulating current flow superimposed. Three cell types can be functionally distinguishec
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 acti
membrane transport, but are connected to the surface by gap junctions. A significant part of the Ieaktf Kas 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 limi
active membrane transport at their basal ends, which are in contact with the posterior capsule. Although this layer extends only about 20% of
distance into the lens, it contains nearly 50% of the total membrane area and thus represents another significant path for thé lagk lehbdla

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 refel
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 acti
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 studie
of the lens Na/K pumps.

Bam H1 and EcoR1 cloning sites were added to tharsl 3 ends of assays were performed as described in Kreig and Melton (1987) and
the primers respectively. Brain poly”/RNA was reverse transcribed Wymore et al. (1997). A frog cyclophilin probe was PCR cloned using
using Super Script Il reverse transcriptase (Gibco BRL). The aboveavailable sequence data to design primers. The cyclophilin was in-
two primers and brain cDNA were used for PCR. A product of about cluded in the hybridization reaction to confirm that the sample was not
400 bp was cloned in pBluescript SKStratagene) and sequenced lost and also to provide a standard band in each gel to which the bands
(sequenase vertion 2, USB). The subunits were identified by comparfor different Na/K pumpa-isoforms could be compared. Yeast tRNA
ing them to published sequences using NIH Gene Bank BLAST search(5 p.g) was used as a negative control for probe self-protection bands.
The RNA was divided equally for each sample (less thanu@ Joly
A* RNA per sample). To determine the amountscgf, a,-, and
RNASE PROTECTION ASSAYS agisoform mRNA, the gels were exposed overnight and the intensity
of specific bands measured using a Phosphor Imager (Storm 860, Mo-
Poly A" RNA was isolated using paramagnetic poly dt beads (Dynal).lecular Dynamics).
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 WHOLE CELL PATCH CLAMP
mg tissue for anterior epithelial cell and equatorial epithelial/
differentiating cell poly A RNA extractions. The isolated cells were placed in a chamber in which the perfusion
Preparation of antisense RNA probes and the RNase protectiosolution could be exchanged with a time constant of 13 sec. A glass
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Fig. 2. The whole cell patch-clamp method of measuring total cell capacitance and Na/K pump cuydite (whole cell patch configuration.
(B) The current-clamp configuration allows injection of a pulse of membrane cutrgnwiile recording the time course of the change in membrane
voltage ¥,,). V(1) is curve fit with Eq. 1 to obtain total cell capacitand®,j. (C) The voltage-clamp configuration of the whole cell patch clamp
allows V,, to be held constant while recording the time course of the changg fiollowing 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 fradtiprof outward Na/K pump
current () blocked by the concentration of DHO superfused.

patch pipette (initial resistance of aboutvi)) was gently pressed cells at each [K],. To control for cell-to-cell variability in size, the
against the cell and suction applied until the pipette sealed to theapacitance of each cell was measured as an estimate of membrane
membrane (seal resistance of 10-€A0). Further suction caused the area, then the pump current was normalized by the input capacitance.
patch of membrane beneath the tip to ruptweefig. 2A) and within There is also, however, cell-to-cell variability in the density of Na/K
about 1 min the pipette solution had exchanged with the cell’s contentpump protein and in the fraction of each isoform expressed, and these
and the holding current stabilized. To measure membrane capacitancéctors are not controlled in a population study. In contrast, for the
C, (F), and conductancés,,, (S), and pipette resistanc® ((2), the larger, more robust mammalian heart cells, we measured isoform-
Axopatch 1B amplifier (Axon Instruments, Foster City, CA) was specificlp at two values of [K], in the same cell, then normalized the
switched to current clamp mode and a square pulse of current wasalue ofl, at each test [K], to the value recorded in 8/m[K*], (Gao
injected into the cellgeeFig 2B). The time course of the response et al., 1995). This procedure controls for variability in isoform expres-

V()/1,, is given by 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-
V(t) 1 GG ies reported here are not as extensive as those in Gao et al. (1995) and
_=Rp+_(l_e ny m) (1) g . .
Im G we specifically looked for effects similar to those measured in the

mammalian heart cells.

Data such as those shown in Fig3 2vere curve fit with Eq. 1 to
determineC,,, and G, To measure Na/K pump currerl), a stock
solution containing 85 m dihydro-ouabain (DHO), a specific inhibitor

of the Na/K pump, was added to the perfusion solution to achieve thgsaseq on the data which follow, each lens epithelial/differentiating cell
desired concentration of DHO. While the cell was voltage clamped atexpresses the,- anda,-isoform of the Na/K pump, hence total pump

0 mV, the change in membrane currenty) in Fig. 2C due to super- ¢, rrent |, is the sum of the current generated by the and oy,
fusion of DHO was recorded and assumed to represent blockade qf,¢orms:

some fraction of .. A saturating concentration of DHO therefore pro-
vides a measure of total Na/K ATPase activity. Ip = lpg + Ipp. 2

All of the data reported here were obtained through population
studies of many different cells. This was necessary because the whole the presence of DHO, each isoform is inhibited with different dis-
cell patch clamp of lens cells could not be routinely maintained for asociation constants, d@-blockade by DHO is described by:
sufficiently long period to recortk in the same cell in more than one
environment. Thus, for example, to determine the effectlorof L= Koy +1 Kbz
changing [K], from 1 to 8 m, we recorded from about 10 different P~ P [DHO]+Kp, P?[DHO]+Kp,

THEORETICAL MODEL OF I

®
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Although the relative contributions df, and I, vary dramatically  ijsoforms were identified based on comparison of these
from anterior pole to equator, the d_ep‘end_enC|e!$,péa_nle,2 on [Ng*]i, fragments with published sequences (Fi@).3Figure
[K*], and pH, are assumed to be intrinsic properties of each |sof0rm.3C shows the results of the RNase protection assays.

Based on work described in Gao et al. (1995) in mammalian heartcells,l_h first | b . h | sh di ted
the effects of the ionic environment on either isoform can be described e lirst lane (pro es) In €ach gel shows undigeste

by: antisense cRNA probes. The second lane (tRNA) is
empty, indicating there is no self protection of the probe.

[Na']; S IKT, )P Ky The last lane (brain) shows success of the RNase protec-
pL= maﬂ([Na+]i + Km) ([K+]o+ KK1> <KH +[H+]o> tion assay in brain, where we know all 3 isoforms of the

Na/K pumps and cyclophilin (cyc) are present. The gel
_ ( [Na'l; >3< (K], )2 4  on the right hand side indicates there is @gisoform
P2TIMRN NG + K/ \[K'To + Kico present in epithelial cells from the anterior or equator of
frog lenses. The cyc-band in this photograph is not vis-
Eﬂ“aﬁonf“ m°de'|_s the Eﬁecﬁ( OfthNa,\r:g,fA?rspbemg i”depe?dde”tv ible but could be faintly seen in the original film whereas
whnereas 1or a Cyclic enzyme like the ase, one woula expec
them to be inter)(;epende)r/]t. Nevertheless, Gao et al. (1995) foundptha hea3_band could not be detected. The bands fOI’otbe
in physiological conditions, the effects were approximately indepen-ando_‘Z''SOf(_)rmS Were much stronger than that for Cyc, so
dent and adequately modeled by Eq. 4. Moreover, in this model (EqTelatively little, if any, 0‘3'|50f0'jm _mRNA IS present.
4), [Na']; binds to 3 independent, identical sites. Similarly*Jkbinds ~ The left hand and central gels indicate both ¢he and
to 2 independent, identical sites. These idealized models adequately f&z-isoforms are present in anterior and equatorial cells,
the experimental data, but should not be considered accurate reflectiongowever the fraction of, is quite different in these two
of molecular events. Lastly, our data suggestitinds to an external - 4omains. We used the ratio of the intensity, as deter-
site on thea,-isoform and causes inhibition of transport. The- - . .
isoform appears to lack this'kbinding site. Equations 2—4 were used bm;gzdax\gih gaﬂzt?[srz:r;/(():rk;i:rijgﬁlr,egifgh(fgr?;?r?t(goeg/lg:late
to analyze our data. 2" -

Inythe Results|,,., andl,,., are assumed to be proportional to the fraction of mRNA for the isoform. This normaliza-
the amounts ofv,- anda,-protein, respectively, with the ATPase ac- tion corrects for differences in the amount of material as
tivity per protein being approximately equal. Thus the fractiompf  well as exposure time in each domain. The cyc band in
isoform protein presentin a cell would be givenly/(Imax * Imae)-  several of the lanes is visually weak but easily detected
Hovyever, becausk?al andl, have different dependenc!es on the_lonlc above background when measured with the phosphor
e_nvwonment, partlcularly_ on [K, and [H7],, the fractlo_n oflp, is _ imager We should emphasize that to do this experi—
given byl /(lp; + 15,), which is not the same as the fraction of protein. : ] . . )

Indeed, the fraction of current will vary depending on the environment. M€Nt, 50 lenses were dissected and their epithelial cells
Thus, to analyze our data, we assume the amount of protein is propoSeparated into anterior and equatorial pools to obtain a
tional to the amount of MRNA and basg,,, andl ., on the RNase  minimally detectable amount of material (less than 0.1
protection results, then the fractionslgf andl,, are estimated using g poly A" RNA per sample compared to a more typical
Egs. 2 and 4 with experimentally determined dissociation constants. sample of 5.g). Nevertheless, the results identified the
high DHO-affinity pumps as the,-isoform and the frac-
tion of each isoform determined in Table 1 is consistent
with the electrophysiological contributions of each iso-
There have been reports that in different regions, mam%;%tglé?:tl?;ggrggt;u:[]?t.isz?(fr?r(]j gg;}?ﬁ;gg?;aaﬁg the
Ecatl;]aen ,l\?:/SK e&t:qzll?(laca?::(saregpr:gfwtijtlzerleggz?fg;n:ﬁer, rior epithelial cells but the;-isoform dominates in equa-
1994; Mosley, Dean & Delamere, 1996; Tao, Hollenbergtorial cells.

& Graves, 1999; Garner & Kong, 1999). Moreover, our

data on DHO-blockade df; in frog lens epithelial cells  \y,.0, £ CeLL PaTcH CLavP

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 cefieg
the next section). We therefore performed RNase pro
tection assays to determine whichisoforms were ex-
pressed in these two domains.

Results

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) ab = 0°, the equator & = 90° and
the posterior pole ab = 180°, the anterior cells were
RNASE PROTECTION ASSAYS from 6 = 0 to 45°, whereas equatorial surface cells were
from 45 to about 100°, where the cells ceased to adhere
Figure 3A shows the alignment of amino acid sequencego the capsule. When isolated, both the wide short ante-
for the fragments of the different-isoforms cloned from  rior epithelial cells and the narrower longer equatorial
frog brain. The blanks indicate identical amino acidsepithelial cells become spheres with diameters of about
whereas the differences are listed. The, a,-, andas- 30 um (seeFig. 1 of Cooper et al., 1989). Some of the
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A

Rana p. ol SSPTWTALAR VAGLCNRAVF QAGQENTPIL KRDVAGDASE SALLKCIELC CGSVRDMREK NTKVAEIPFN CTNKY
Rana p. a2 R....... SK I...coeven RKV....T.IS ...Tuureer vunvnnn T..S ..... K..D. .P........ R....
Rana p. [0 V...R I.S....... K..ND.I.VL ..iviiinne tinvnnnns S ....KA..E. YK........ R....
B

Rana p. ol SSPTWTALAR VAGLCNRAVF QAGQENTPIL KRDVAGDASE SALLKCIELC CGSVRDMREK NTKVAEIPFN CTNKY
Human ol T.A.,.L..S. I......... TS L ...KE...RY A.IV..... S .....
Rat al T.A..F..S. IT......... N...L S Vi. ...ME....Y ..IV..... S .....
Chick ol A..L..S. Toeeiuenenn NV oo LA i e ...KE...RY P..V..... S ...,
Pig al T.A..L..S. I.....ov.. L ...KE...RY ,.IV..... S ...
Dog ol ..ALL..S. I....ei... .N...L - ...KE..DRY A.IV..... S .....
Horse ol T.A..LS.S. I....cvcv.. .N. I Y ...KE..DRY P.IV..... S .....
Sheep al T.A..L..S. I.....0... .N.D.L - V.. ...KE...RY A.IV..... S .....
Bufo m. ol e T i iieenae sennenonas e eV it e tie e ) Queeeennn S ...
Rana p. 2 RSPTWTALSK IAGLCNRAVF KVGQENTPIS KRDTAGDASE SALLKCTELS CGSVRKMRDK NPKVAETPFN RTNKY
Human 2 i e eeeee. R tiieesenns ALLLUISVL e e Tove tiiinnnnn R ... S.

Rat A2 i 2 T s Tive evinnnnn R v S....
Chick a2 ... A...R .......... P IS i IQ.. ....K..... [ S....

Rana p. o3 SSPTWVALAR IASLCNRAVF KAGNDNIPVL KRDVAGDASE SALLKCIELS CGSVKAMREK YKKVAEIPFN RTNKY
Human o3 ..H.o.... SH ..G...vuv ..L...RN......... S....

Rat a3 ..H. ... SH ..G....... L R NooLoooL S
Chick a3 AL SH ..G....... V...R N......... S
Pig o3 T.A..... S. ..G....... E R . T.IV..... )
C a,- isoform a4- isoform
A LN
(2] (SIEE(e)
@ oS F
O X $ g £ S
O = & & & 2§
T LG @ < &
0Ly > - £ Oy > e
<« “«a
cve > -« 1 3
yc> =T e+
-
<+ CyC
. &9 . =

B
. @ Wecyc
\ - <+cyc

Fig. 3. The cloned fragments ai,-, a,- and az-isoforms of the Na/K pump and RNase protection assays for these isofd¥riEh¢ alignment
of the amino acid sequences of the, a,- andag-isoform fragments cloned from frog brairB)(An inter species comparison of the amino acid
sequences for each fragment cloned from frog bra&j RNase protection assays for the presence, efa,-, andas-isoforms present in frog lens
epithelial cells isolated from either the anterior or equatorial region of the lens.

isolated equatorial cells were more ellipsoidal in shape(shown in red in Fig. 1) that form additional layers of
with a major axis 2 to 3 times longer than the minor axis,cells just at the equator. Because of this difference in
indicating they had begun to differentiate into the elon-shape (state of differentiation), we further classified
gated fiber cells. These are probably the long cellsequatorial cells as either epithelial or differentiating.
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Table 1. Results of RNase assays for thg- and a,-isoforms of the A Anterior B Equator
Na/K pumps in frog lens epithelium 05 10 4
Anterior Equator 0.4 - Al
ayicyc 13.7 33.4 ‘g 03 e &
% mRNA 23% 92% e e
_a 02 s
asicyC 44.7 2.8 = “
% mRNA 7% 8% 0.1 N
Alpq
00 S —
-8 -7 6 5 -4 -3 -2 -
Log [DHO (M)] Log [DHO (M)]

These three classes of isolated cells were used for whole
cell patch clamp studies. As described in Materials andig 4. pHo blockade oflp. (8) DHO blockade ofl, in anterior
Methods and shown in Fig. 2, Na/K pump curretf) ( epithelial cells. Data are meansb from 5-9 cells for each point. The
was defined as the inward shift in current following ap- solid line is the best fit of Eq. 5 to the data, assuming 87% of the
plication of the specific inhibitor of Na/K ATPase activ- maximally inhibited current is generated by-isoform. The dashed
ity, dihydro-ouabain (DHO). lines show the contributions of the,- and a,-isoforms to the overall

In studies of Na/K pump current in the larger more blockade curve.E) DHO blockade o_ﬂp in equatorial cells. Data are
mean +sp from 5-6 cells for each point. The theory curve are the same

robust ventricular myocytes from guinea pig h_eart (Gaoas described above, except in equatorial cells only 20% of the maxi-
et al., 1995, 1997), the external €aconcentration ap- mally inhibited current is due to the,-isoform. In eitherA or B, the
peared to not affect, in all conditions tested. As a dissociation constants are 1Q® for 1o, and 0.75um for Ip,.

control to determine if the Na/K pumps in frog lens

epithelial cells are also insensitive to externaPCa,

was recorded from 20 equatorial cells in MrfCa?"], Total pump currentlg) in either anterior or equato-
(0.76 £ 0.18 pA/pF) and compared to that recorded fronrial cells is the sum of currents contributed by the

10 equatorial cells in 0 m[Ca®*], (0.69 + 0.13 pA/pF). isoform (p;) and thea,-isoform (p): Ip = Ip; + Ipo.

To the accuracy of our data (mearst), the lens Na/K At the constant [N;, [K*], and pH, Egs. 3 and 4
pumps also appear to be insensitive to{Qa Since the  simplify to Eq. 5, which was used to fit data from either
isolated epithelial cells are small and fragile and do notdomain.

survive long in the presence of €aall other pump
experiments were carried out in €&dree Ringer.

f,[DHO] f,[DHO] ] ©

A= '“aX[[DHO] Koy | [DHO] * Koy
DHO-BLOCKADE OF I IN ANTERIOR AND
EQuATORIAL CELLS The dashed lines show the contributions\b,, the first
term of the sum, andlp,, the second term. In the an-
The first evidence for multiple isoforms of Na/K pumps terior cells we estimatk,, contributes the major fraction
in the lens came before the existence of different iso-0f 91% of activity. In contrast, in equatorial cells we
forms was known: Paterson et al. (1974) reported that thestimatel ., contributes about 20% of total activity with
resting voltage of rabbit lenses had a biphasic response i@, contributing the major fraction of 80% of activity.
varying concentrations of ouabain. The DHO-blockadeThis decomposition is shown by the dashed lines in Fig.
studies shown in Fig. 4 suggest that more than one iso4. For either anterior or equatorial cells, the dissociation
form is also present in the frog lens epithelium, and thatconstants wer&Ky, = 0.75 pm and Kp; = 100 pm
different isoforms dominate in anteriors. equatorial DHO. These fractional contributions and dissociation
cells, just as suggested by the RNase protection assaysonstants provide reasonable fits to the data in Fig. 4,
Without regard to the decomposition of the curves intohowever the standard deviations are sufficiently large
contributions from thex;-isoform (Alp,) or a,-isoform  that some variation in the fractions and dissociation con-
(Alp,), the overall blockade curves were half-saturated astants would have provided equally good fits. We there-
a DHO concentration of about 10m anteriorvs.10™* m fore chose the fractions of, andlp, based not only on
equatorial. In most species, tlhg-isoform has about a the data in Fig. 4 but also on the RNase protection assays,
100-fold lower affinity for DHO than thex,- or as- data on [K].-activation éeeFig. 7), the effect of exter-
isoform (Sweadner, 1989) thus the curves immediatelynal pH onlp;, and some reasonable assumptions. This
suggested thex;-isoform is dominant at the equator process is described below.
whereas thex,- or az-isoform dominates at the anterior At a [K*], of 8 mm, which was used for Fig. 4,
pole. The RNase protection assays of the previous seds at 2/3 of saturation whereds, is saturated. Based on
tion confirmed this suggestion and identified the highdata in Fig. 8 as well as results in Gao et al. (1995), at a
DHO-affinity isoform asc. pH, of 7.35, which was used for Fig. 4, ATPase activity
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Fig. 5. A comparison of membrane capacitance, Na/K pump current and membrane conductance invanégfimtorial lens cells. Bars indicate

sD. (A) Total cell membrane capacitandg,f) for anterior epithelial cells, equatorial epithelial cells and equatorial differentiating cells. These are
the same cells in which Na/K pump current was measu8dN@/K pump currentlg) normalized byC,, to control for variations in cell size.
Although the equatorial differentiating cells generated a relatively large total current, when normali@gdIbywas indistinguishable from that
recorded in equatorial epithelial cells, hence all equatorial cell valuds afe lumped together in panBl. (C) Membrane conductancés(,)
normalized byC,, to control for variation in cell size. These data were recorded in normal Ringer solution containimg@afi], and no B&*

or Cc** that would block membrane ion channels.

of the ay-isoform is at 1/2 its maximum whereas the Figure B gives the Na/K pump current density in
a,-isoform is unaffected by pHin this range. Overall, pA/pF, which is approximatelynA/cm? of cell mem-
this suggestd, is about 1/3 of its maximal value brane. The average Na/K pump current density in equa-
whereadp, is essentially maximized. We made two as- torial cells is 0.71 pA/pF, which is about twice the value
sumptions: first, we assumed the maximum transport ratef 0.37 pA/pF for anterior cells. The differentiating
of the ;- and a,-isoforms is about the same on a per equatorial cells are those neareséte: 90°. These cells
protein basis, and second, we assumed the mRNA imave an averag€,, of 52 pF, which is nearly twice as
Table 1 is approximately proportional to the fractional |arge as the 29 pF per anterior cell. Thus, the total pump
amount of protein for each isoform. Thus thg:icyc  current in equatorial differentiating cells is about 3.4
ratio is divided by 3 and the contribution of each isoform times greater than that of anterior epithelial cells. More-
to total current is recalculated to yield 94 in anterior  oyer, in the intact lens, the geometry of the equatorial
cells vs.80% Ip, in equatorial cells. This is essentially cells, which are long and narrow, in contrast to that of
the same method as used in Gao et al. (1999) to estimalgterior cells, which are short and wide, implies the
the fraction ofa,-proteinvs. a,-activity in guinea pig  Na/K pump current density per unit area of lens surface
myocytes. In both instances, the conclusions fit the datgi|| pe about 20 times greater at the equatsegDis-
from RNase assays and whole cell patch-clamp StUdie%ussion).
Figure 8 showsG,/C,, in equatorial and anterior

Na/K ATPase AcTiviTY AND K*-CONDUCTANCE IN cells. These experiments were done in the absence of
ANTERIOR VS EQUATORIAL CELLS extracellular B&", whereas in the presence of Bahe

conductance was 48 + 17 pS/pF in either anterior or
As described in the section Whole Cell Patch Clamp, andquatorial cells. Thus the Bh sensitive conductance
as can be seen in FigASthe equatorial differentiating was 24 pS/pF for the anterior epithelial cells and 36
cells were significantly larger than equatorial epithelial pS/pF for equatorial cells. These cells have a higher total
cells, however when transport properties per unit area otonductance and more depolarized resting voltage than
membrane (estimated by membrane capacita@zg, estimated in the intact frog lens (reviewed in Mathias et
were determined, the equatorial epithelial and differen-al., 1997). The average (anterior, posterior and equato-
tiating cells were statistically indistinguishable-/C,,  rial) surface cell conductance is about 0.21 m$cand
was 0.65 + 0.17 pA/pF differentiatings. 0.74 + 0.17 the average surface capacitance about¥#cn¥, hence
pA/pF epithelial). the ratio estimated from intact lenses is 42 pS/pF. The
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isolation procedure may, therefore, have caused an inFhe Dependence of lon [Na'];
crease in nonselective leak conductance. This limitation,
and the large cell to cell variability make it difficult to The experiments in Fig. 6 were done by selecting &-Na
know if there is any real difference in the anterieg.  concentration in the pipette, [N]z?,, performing a whole
equatorial cell membrane conductance. cell patch-clamp study using 1INmDHO to measuré,
and a current step to measu@g, then repeating this
procedure with a new pipette and new cell. Singg,
THE DEPENDENCE OFLENS I ON [Na']; AND [K™], dominates in anterior cells anig, in equatorial, this
procedure should have detected any major difference in

Energy dependent transport of Naut of cells and K the [Nd;-dependence df,; andle,. There was no di-
into cells has been known to exist since the early 1950Sference in results from anterigs. equatorial cells, how-

Post (1989) reviews the pioneering work linking the EVeT» S0 Eds. 2 and 4 simplify Eq. 6, which was used to

transport of these two ions together through the Na/Kﬁt both data sets.

ATPase. The dependence of the Na/K pump on‘[Na

+ 3
and [K'], has been demonstrated in vesicles by measury _ | _[NaTh K. = (\3/5 - 1)K
ing ATPase activity (Swann & Albers, 1975; Blostein, * ™\ [Na'], + Kya Na 0s
1979; Drapeau & Blostein, 1980; Karlish & Pick, 1981; (6)
Karlish & Stein, 1985; Polvani & Blostein, 1989) and in
intact cells by whole cell patch clamp measuremerit.of The best fit values are, for anterior celllg,, = 0.58

(Nakao & Gadsby, 1989; Gao et al., 1995). All of thesepA/pF andK, 5 = 9 mv, and for equatorial cellg,,,, =
studies suggest physiologically relevant variations in0.89 pA/pF andK,s = 9 mm. These values for half
[Na']; or [K*], will alter I.. The dependence of the maximal activation by [N, are essentially the same as
Na/K pump on [K7]; is not so well known, but Gao et al. those for mammalian heart cells (Gadsby, Rakowski &
(1995) found no detectable change gwhen [K']; was ~ DeWeer, 1993; Gao et al., 1995).

reduced from 140 to 70 m suggesting this dependence The data in Fig. 6 are graphed as a function of
occurs well above normal physiological {K Gadsby [Na'];, assuming [N&; = [Na'],. Mathias et al. (1990)

et al. (1993) showed that changes in [[Naaffect the and Gao et al. (1995) were concerned with differences
voltage dependence &, however a £10 m change in  between [N&]; and [Nd],. Mathias et al. (1990) derived
[Na'], causes only & 6-7% change ih,. Thus, physi- the relationship:

ological variations in lens Na/K pump activity are most

likely to be due to variations in [N or [K*],, and we :DN_aP

have focused on these effects. Ina R, (INa'], = [Na']) )
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wherejy, (moles/s) is net Naefflux from the cell,D,,  best fit values oK, s were 3.9 m [K™],, for I, and 0.4
(crP/sec) is the diffusion constant for N,aRp (Q)isthe  mm [K*], for I, almost identical to the values for the
pipette resistance and (2-cm) is the resistivity of pi- mammalian versions df;; andlp, (Gao et al., 1995).
pette solution. Gao et al. (1995) used this relationship to

correct the [N3],-dependence of, for differences be-

tween [Nd]; and [N&],. This correction shifted their [NHIBITION OF lp; BY EXTERNAL pH

value ofK, s from 14 mm [Na'], to 9 mv [Na'];, a shift

of 5 mm. However, cardiac myocytes are much biggerThere have been a number of reports that pH modifies
than lens epithelial cells and consequently the value ofNa/K ATPase activity (Skou & Esmann, 1980, 1992;
jnais much larger in the myocytes. Using the same pro-Skou, 1982, 1984). In mammalian cardiac myocytes,
cedure described in Gao et al. (1995), &g for the  physiological variations in external pH affects transport
curves in Fig. 6 would be shifted by less than Mm by the a;-isoform but not thew,-isoform of the Na/K

We did not make this correction. pump (Gao et al., 1995). In those cells, an increase in
pH, increased,, and a decrease inhibitéd;,. This de-
The Dependence of bon [K*], pendence on pHsuggested transport was inhibited by

the binding of H to an external site with a pK of about
The activation of total pump currerit, = Ip, + Ip,, in  7.7. The isolated lens epithelial cells were difficult to
anterior cells (Fig. &) was half-saturated at [§, of 0.6  seal and ran down rapidly at other than normal, i
mm, whereas that for equatorial cells (Fig8)Avas half-  7.35. Nevertheless, we were able to demonstrate in Fig.
saturated at a [, of 3 mm, suggestindp, andlp, had 8 that the amphibian isoforms are similar to their mam-
very different sensitivities to [K],. At the constant malian counterparts with regard to pleffects.

[Na'];, [K*], and pH, Egs. 2 and 4 simplify to Eq. 8, Figure 8 shows a drop in pkifrom 7.35 to 6.8 has
which was used to fit data from both anterior and equao significant effect on anterior cells, where the-
torial cells. isoform generated 91% &f. Assuming the drop in pH

affects onlylp,, it should reduce anteridg by 3 to 4%.
lp= Since thesp is on the order of £25%, such small effects
(Ko 2 (Ko 2 cannot be detected by the methods used here. In con-
max| F1 [K+]—+K th [K+]—+K trast, in the equatorial cells, where thg-isoform gen-
o K1 o " K2 ®) erated 80% ofp, Fig. 88 shows a drop in pglfrom 7.35
to 6.8 caused a significant inhibition bf. The reduction
Kg = (\/5 - 1)K0_5 in |p suggests about a 40% inhibition bf;. If this re-
sponse is similar to that found in mammalian cells, with
The fractionsF, of 15, andF, of |, were estimated as regard to inhibition being due to Hbinding to an exter-
described for the DHO-binding curves in Fig. 4. How- nal site on thex;-isoform, then the frog leng,-isoform
ever, for DHO-binding, [K],was 8 nm sol,, was at 2/3  site has a pK of about 7.3. If so, then at normalptie
saturation whereas in Fig. ¥, andF, refer to the frac- «4-isoform is running at about 50% of the rate of trans-
tions at saturation, when [§, - «. We therefore di- port that could be achieved in the absence dtithding.
vided thea,:cyc ratio by 2 to account for pHeffects, = We clearly lack the data at alkaline pkb support this
then calculated the fraction &f,; at [K*], — « would be  hypothesis, however it is consistent with other results in
13% in anterior cells and 86% in equatorial cells. Thethis paper. For example, RNase protection assays sug-
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hrd 2 04 no detectable effectB] In equatorial cells, where
~ 02 - the a;-isoform generates an estimated 80% of
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0.2 4 inhibition of |.. PanelsA andB together suggest
the change in pkifrom 7.35 to 6.8 does not
0.0 0.0 affect |, but inhibits|, by about 40%.
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gest the anteriow -isoform is 23% of total protein but transporting N& out of the equatorial cells. The geom-
our patch clamp results indicate it is just 13%lpf(at  etry of lens epithelial and differentiating cells (Kuszak,
saturating [K],). Similarly, our data suggest the equa- Bertram & Rae, 1986) in connection with the results
torial a;-isoform is 92% of total pump protein but 86% described here suggest the Na/K pump current per area
of I,. Both of these discrepancies are consistent With  of lens surface is concentrated at the equator.

running at about 50% of its maximum rate, Bpj run- Although Fig. 1 is not drawn to scale, it illustrates
ning at maximum rate. 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
The results presented here are the first direct measures < surface. If a typical anterior cell is a cuboid, 32

ments of Na/K pump current in the lens, and as such the)évide by 6 high, it will have a membrane area of 28

have provided significant new information. In frog lens, 10 cn, so a membrane capacitance ofuE/cn?
the o, -isoform of the Na/K pump is the dominant pres- . yield the 28 pF input capacitance reported in

ence in equatorial cells whereas thgisoform is dom- . . . : :

) : : . Fig. 5. These dimensions are typical of the anterior

inant at the anterior pole. Both isoforms are half maxi- , S lial cells shown in Kuszak et al (1986, Fig) 1

mally activated at an [N3; of 9 mm, a value very close Mporeover such a cell will oceu aboht 10 x,'f(];%?.

to normal physiological [N§,. Hence both isoforms are £l ,f A | pi | o th i

poised to respond maximally to any change in TNa ol lens surtace area. As one looks closer 1o the equatar,
the epithelial cells are narrower but longer, with typical

A normal physiological [K], of around 4 nw is satu- . ) Lo . .

rating for thea,-isoform, which is half maximally acti- dimensions of about Zﬁm in width anq 3Gum in height

vated at 0.4 m [K'],, whereas it is half-saturating for (Kuszak etal., 1986, Fig.d). A cuboidal cell of these
dimensions will have a total membrane area of about 32

the a,-isoform. Thus, thex,-isoform is poised to re- 6 o i )
spond maximally to changes in fK,, but thea,-isoform X 10 cnT’, and an input capacitance of about 32 pF,
similar to the value in Fig. 5. This cell, however, occu-

works independently of normal physiological variations > "¢ A
in [K*],. Furthermore, a drop in external pH inhibits PI€S Jus 4 x 10 e’ of lens surface area. Lastly, at the
ATPase activity by thex,-isoform, but has no effect on equator, the differentiating cells get very long and actu-

the a-isoform. Lastly, the Na/K pump current density ally lay beneath other equatorial epithelial ceBegthe

in equatorial cells is about twice that in anterior cells, and'©Nd equatorial cells colored in red in Fig. 1). These, we

the larger current density persists as the equatorial Ce”g_el?ev?, are the equatorial cells we refer to as “differen-
begin to differentiate. tiating”. There are actually many more such cells than

shown in Fig. 1, and the reader should look at Kuszak et
al. (1986; Fig. ) for a better perspective. Such a cell of
IMPLICATIONS FOR THE INTACT LENS width 12 pm and length 10Qum will have a membrane
area of 51 x 10° cn? and an input capacitance of 51 pF
As was described in the Introduction, the hypothesis tha(similar to Fig. 5), but it occupies only 1.44 x T0cn?
the circulating current shown in Fig. 1 is carried by'Na of lens surface area. One way to think about this effect
is consistent with several properties of the lens. How-of geometry is that several cell layers contribute to the
ever, this hypothesis lacked a specific mechanism foequatorial pump current in an intact lerseé€Fig. 1).

Discussion
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A more quantitative estimate can be obtained by takingpuabain accesses all surfaces. Moreover, ouabain affects
the average pump current per cell in normal physiologi-the entire current loopsgeFig. 1), reducing inward cur-
cal conditions, then divide by the area of lens surfacerent at the poles the same as outward current at the equa-
occupied by that cell to obtain an estimate of the pumpor. Those studies, therefore, did not provide informa-
current density per area of lens surface. tion on the localization of Na/K pumps. In an abstract,
The values of, reported in Fig. B were obtained in  Zamudio, Candia & Alvasey (1998), described the effect
50 mv [Na'],. At normal physiological conditions, the of ouabain on the isolated anterior, posterior and equa-
value of [Nd], is around 9 mu, which will reduce ante- torial surfaces of the rabbit lens. They reported that oua-
rior 1, to about 50% of the value in FigB5 Given the  bain only had a measurable effect when applied equato-
average capacitance from FigA % 28 pF, the normal rially, where it blocked a current of about 100/cm?,
physiological pump current per cell is 5 pA. To estimateAgain, this value is consistent with our rough calcula-
the pump current density per area of lens surface, wéions of the pump current density at the frog lens equator.
divide the 5 pA by 10 x 1T cn?, which gives a typical The lack of measurable changes in current when ouabain
pump current density at the anterior pole of about 0.5Vas applied to the anterior polar region is also consistent

. f 2
pA/cm?. Note that neither our data nor this calculation With our estimated pump current density of QuB/cm?,

implies anything about the apicak. basolateral local- Which is in the noise level of whole lens currents.
ization of pump protein. The calculation simply associ-, !N summary, the data reported here fit well with
ates the measured total cellular pump current with thdntact lens data, which were obtained by very different

appropriate area of lens surface. Taking into account thénethOdS' The above calculations are obviously ideqlized
effect of high [K'], and [N&], on the equatorial pump and the assumed values of cell size are crude estimates
o 1

current data in Fig. B, in physiological conditions the from a few pictures of freeze fractured lenses. Never-

pump curentsha b about 303 o th vaue i Figi 955, o 1 4o fae we conste wih e
5B. The pump current per differentiating cell is therefore . yp 9 P

around 11.5 pA, which, when divided by 1.44 x~$0 ily by Na*, and the othard current at thg equator is
cn?, gives a pump current density per area of equatoriapeneratedh.bz the act|vete>:tr(;15|?tr1h OT Nuia Na;/K
surface of 10uA/cm?, a value 20 times larger than that pumps, which are concentrated at the fens equator.
at the anterior pole.

The above estimated values can be compared t®oies oF DIFFERENT | SOFORMS
measurements from intact lenses. Given the stoichiom-
etry of the Na/K pump is 3N&2K" gPOSt* 1989), for @ an interesting and open question is the physiological
pump current density of 1QuA/cm®, the N&-current 1, h6se of the isoform switch in going from anterior to
actively transported out of the equatorial cells will be 30equatorial cells. The data reported here show the two
wA/cm?. This value is very close to the average peakisoforms expressed in frog lens respond differently to the
outward equatorial current of 26A/cm? measured with  external ionic environment. At the equator, the small
the vibrating probe in frog lens (Parmelee, 1986). How-jntercellular spaces between surface cells extend deeper
ever, there is also an influx of Kgenerated by the Na/K  into the lens than at the anterior poge€Fig. 1), so there
pumps, but this influx is in large part balanced by thejs a possibility of more extracellular accumulation/
passive electrodiffusion of Kout of the equatorial cells, depletion of ions such as*Kor H*. However, without
which have a significant kconductance. For simplic- knowing more about the specific localization of Na/K
ity, assume the active uptake and passive efflux 6f K pump protein in the membranes of equatorial cells, it is
balance exactly, so all of the measured equatorial outnot possible to estimate how the ionic environment might
ward current is carried by Na If ouabain is applied affect the Na/K pumps, or how the Na/K pumps might
externally to a lens, it will block all Na/K pump current, regulate extracellular kconcentration. In man, acidosis
however the equatorial current will be reduced by justis usually accompanied by an increase in extracellular
1/3 or 33%. With active transport of both Nand K  K*-concentration, so these two changes should have off-
blocked, outward current becomes entirely electrodiffu-setting effects on transport by thg-isoform of the Na/K
sion of K. Thus, N& will accumulate and K will de- pumps. Since the same effects were found for the mam-
plete and with time the circulating current will approach malian version of thex;-isoform, this could be a general
zero. In frog lens, application of ouabain causes an iniprotective mechanism to maintain Naomeostasis dur-
tial decrease in the circulating current of approximatelying acidosis. We also reported in mammalian cells that
30% (Parmelee, 1986), very similar to the 33% predictedhe ;- anda,-isoforms of the Na/K pump are coupled to
by the above idealized calculation, then it slowly de-norepinephrine levels through different receptors and
clines toward zero. different signal transduction cascades (reviewed in

In the vibrating probe experiments described aboveMathias et al., 2000). Thus, another intriguing possibil-
different surfaces of the lens were not isolated, hencdty 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 Mathias, R.T. 1985. Steady-state voltages in the frog IBigphys. J.
upregulate the current, it would be ideal to increage 4:421-430
mediated outward equatorial pump current without in_Mathias, R.T., Cohen, |.S., Oliva, C. 1990. Limitations of the whole

. . . cell patch clamp technique in the control of intracellular concen-
creasing thex,-mediated outward anterior pump current, patch clamp fechnique | : .

hich i ite in di . he ci Iati H trations.Biophys. J58:759-770
which 1s 0pp0_5|te In IreCt_Ion to the circulation. Hence, Mathias, R.T., Rae, J.L., Baldo, G.J. 1997. Physiological properties of
our next goal is to dgtermmle how hormone_s and Neuro-  the normal lensPhysiol. Rev77:21-50
transmitters might differentially affect the isoforms of mathias, R.T., Cohen, I.S., Gao, J., Wang, Y. 2000. Isoform specific
the lens Na/K pumps. regulation of the Na/K pump in heaMIPS (in press).
Moseley, A.E., Dean, W.L., Delamere, N.A. 1996. Isoforms of
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