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ABSTRACT The whole-cell patch-clamp technique  was used to voltage c lamp 
acutely isolated myocytes at - 6 0  mV and  study effects of  ionic env i ronment  on  
N a / K  p u m p  activity. In  quiescent  guinea  pig  myocytes, normal  in t racel lu lar  Na + 
is ~ 6  mM, which gives a total p u m p  cur ren t  of  0.25 - 0.09 p A / p F ,  and  an inward 
backg round  sodium cur ren t  of  0.75 - 0.26 p A / p F .  The  average capaci tance of  a 
cell is 189 - 61 pF. O u r  main  conclusion is the total N a / K  p u m p  cur ren t  com- 
prises currents  f rom two dif ferent  types of  pumps,  whose funct ional  responses to 
the extracel lular  env i ronment  are different.  Pump  cur ren t  was reversibly b locked  
with two affinities by extracel lular  d ihydro-ouabain  (DHO).  We d e t e r m i n e d  disso- 
ciat ion constants  of  72 IxM for low affinity (type-l) pumps  and  0.75 IxM for high af- 
finity (type-h) pumps.  These  dissociation constants d id  no t  detectably change  
with two int racel lular  Na + concentra t ions ,  one  saturat ing and  one  nea r  half-satu- 
rating, and  with two extracel lular  K + concent ra t ions  o f  4.6 and  1.0 mM. Ion ef- 
fects on type-h pumps  were therefore  measured  using 5 I~M D H O  and  on total 
p u m p  cur ren t  using 1 mM DHO. Extracel lular  K + half-maximally activated the 
type-h pumps  at 0.4 mM and  the type-1 at 3.7 mM. Extracel lular  H + b locked  the 
type-1 pumps  with half-maximal b lockade  at a p H  of  7.71 whereas the type-h 
pumps  were insensitive to extracel lular  pH. Both types of  pumps  r e sponded  simi- 
larly to changes in intracel lular-Na +, with 9.6 mM causing half-maximal activation. 
Nei ther  changes  in in t racel lular  p H  between 6.0 and  7.2, no r  concent ra t ions  of  
in t racel lu lar  K + of  140 mM or  below, had  any effect on  e i ther  type of  pump.  The  
lack of  any effect o f  in t racel lu lar  K + suggests the dissociation constants  are in the 
mola r  range so this step in the p u m p  cycle is not  rate l imit ing u n d e r  normal  phys- 
iological condi t ions.  Changes in intracel lular-Na + d id  no t  affect the half-maximal 
activation by extracel lular  K +, and  vice versa. We found  DHO-blockade  of  N a / K  
p u m p  cur ren t  in canine  ventr icular  myocytes also occur red  with two affinities, 
which are very similar to those from guinea  pig  myocytes or  rat  ventr icular  myo- 
cytes. In  contrast, isolated canine Purkinje myocytes have predominan t ly  the type-h 
pumps,  insofar as DHO-blockade  and  extracel lular  K + activation are much  closer 
to our  type-h results than type-1. These observations suggest for mammal i an  ven- 
t r icular  myocytes: (a) the presence  of  two types of  N a / K  pumps  may be a genera l  
proper ty .  (b) Normal  physiological  variations in extracel lular  p H  and  K + are im- 
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portant determinants of Na/K pump current. (c) Normal physiological variations 
in the intracellular environment affect Na/K pump current primarily via the Na + 
concentration. Lasfly, Na/K pump current appears to be specifically tailored for a 
tissue by expression of a mix of functionally different types of pumps. 

I N T R O D U C T I O N  

The N a / K  pump is an ubiquitous enzyme that establishes cellular t ransmembrane 
Na + and K + gradients. These gradients are essential for cell volume regulation, are 
widely used to generate electrical activity, and the Na + gradient drives a host of sec- 
ondary active transport  processes. During each cycle, one ATP is cleaved, two K +'s 
are transported into the cell and three Na +'s are transported out of  the cell. Thus, 
the pump cycle results in net  outward movement  of  positive charge and is electro- 
genic, contributing a current  that hyperpolarizes the membrane  (Rang and 
Ritchie, 1968; Gadsby and Cranefield, 1979). 

In some tissues, like heart, the current  generated by the pump has important  di- 
rect effects on electrical activity (Gadsby and Cranefield, 1982). For example, in 
the guinea pig ventricular cells used for this study, we estimate the net outward cur- 
rent  during the plateau phase of the action potential to be 0.08-0.09 pLA/~zF 
whereas N a / K  pumps generate on the order  of  0.5 p.A/p~F at these plateau voltages 
(Gadsby and Nakao, 1989). Thus, even a small transient change in pump current  
dramatically alters action potential duration. Previous work has shown Na +, K +, 
and voltage (Gadsby and Nakao, 1989; Nakao and Gadsby, 1989), as well as auto- 
nomic input  (Gao, Mathias, Cohen, and Baldo, 1992) will indeed transiently alter 
the pump current  in these cells. Moreover, the action potential differs in different 
regions of  the heart. Hence,  one suspects the pump current  may be tailored to gen- 
erate a specific regional action potential, just like the ion channels are tailored. 
One mechanism of  doing so is to express different ratios of the N a / K  pump types 
in different tissues. 

In vivo, the pump comprises an c~ and [3 subunit though in vitro studies have 
shown the c~ subunit alone binds Na + and K +, splits ATP and has its ATPase activity 
blocked by the cardiac glycosides (Sweadner, 1985). Sweadner (1989) and Geering 
(1990) review recent  data demonstrat ing the N a / K  pump is a multigene family of 
proteins. To date, three isoforms of the c~ subunit and two of  the [3 have been iden- 
tified. The distribution of  [3 isoforms has not  been widely studied; however, the c~ 
isoforms are expressed in a tissue-specific manner,  and in heart, the cd and c~2 (or 
sometimes 0L3) isoforms have been found in ventricular muscle (Berrebi-Bertrand, 
Maixent, Guede, Gerbi, Charlemagne, and Lelievre, 1991; Sweadner, Herrera,  Am- 
ato, Moellmann, Gibbons, and Repke, 1994) whereas the c~2 and o~3 predominate  
in Purkinje fibers (Zahler, Brines, Kashgarian, Benz, and Gilmore-Herbert,  1992; 
Zahler, Gilmore-Herbert ,  Baldwin, Franco, and Benz, 1993). These observations 
also suggest specific functions for the pumps in each tissue. However, various Na + 
and K + environments have shown little difference in the a l ,  a2, and c~3 isoform 
ATPase activity in vitro (Sweadner, 1985; Brodsky and Guidotti, 1990; Guillaume, 
Grisar, Delgado-Escueta, Laschet, and Bureau-Hereen,  1990; Jewell and Lingrel, 
1991), though the glycoside sensitivity of  cd is ~100-fold lower than that of c~2 or 
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a3  (Sweadner,  1985; Gupta ,  Chopra ,  and  Stetsko, 1986; Orlowski and  Lingrel ,  
1988). Nevertheless,  the funct ional  proper t ies  o f  these isoforms in an intact  cell are 
no t  well known.  Mogul ,  Rasmussen,  Singer, and  T e n  Eick (1989) first showed 
DHO-b lockade  o f  p u m p  cu r r en t  in gu inea  pig ventr icular  myocytes occurs  with two 
dif ferent  affinities. We verified their  result, which suggested two types o f  N a / K  
p u m p s  coexist  in these cells, possibly c o r r e s p o n d i n g  to two e~ isoforms. We re- 
pea ted  the DHO-b lockade  study in canine  ventr icular  myocytes and  again f o u n d  
two affinities. Berlin, Fielding, and  Ishizuka (1992) p e r f o r m e d  sinilar studies in rat 
ventr icular  myoctes  with similar results. Given the observat ions above, we began  ex- 
per iments  to test for  funct ional  differences be tween these two types o f  p u m p  in 
gu inea  pig. T he  pu rpose  o f  this pape r  is to describe the effects o f  various ionic envi- 
r o n m e n t s  on  t ranspor t  by each p u m p  type. 

G L O S S A R Y  
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Subscripts 

Symbols 

C 
D 
I[DHO] 
E1,2 

E 
fh,1 

Fh, l 

F 

i 

I 

J 

adenosine tri-phosphate 
dihydro-ouabain 
high affinity type pumps 
hydrogen 
intracellular 
inward background sodium flux 
input resistance or capacitance of the cell 
potassium 
low affinity type pumps 
maximum Na/K pump current 
sodium 
sodium/potassium pumps 
extracellular 
pipette 
transverse tubular system 
total pumps, both high and low affinity 

(F) 
(cmVs) 
(M) 

(v) 

(A/~F) 
(A) 
(mole/s) 

capacitance 
diffusion coefficient =1.5 • 10 -5 cm2/s for sodium 
concentration of dihydro-ouabain 
the two major configurations of the Na/K pumps, 1 im- 
plies intracellular cations interact with the pump, and 2 
implies extracellular cations interact 
equilibrium potential 
fractions of type-h or type-1 pump current under specific 
conditions 
fraction of type-h or type-1 pump molecules 
(coul/mole) Faraday constant =105 coul/mole 
current density if membrane capacitance is 1 IxF/cm 2 
current 
flux 
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K (M) dissociation constant  
[K] (M) potassium concentrat ion 
1 (cm) characteristic length 
P probability of b inding 
Q probability of not  b inding 
R (1~) resistance 
RT/F  (V) constant  ~26  mV 
S (cm 2) surface area 
V (cm 3) volume 
t~ (V) voltage 
p (f~-cm) resistivity of pipette solution ~60  ~-cm 

(s) time constant  
to (cm/s)  permeability 

tortuosity factor for the t-system 

M E T H O D S  

Cardiac ventricular myocytes were isolated from adult  male Hartley guinea pigs, as described in 
Gao, Mathias, Cohen, and  Baldo (1992) and initially worked out  by Isenberg and  Klockner (1982) 
or from mongrel  dogs as described in Cohen, Datyner, Gintant,  Mulrine, and  Pennefa ther  (1987) 
and  Yu, Chang, and  Cohen  (1993). The isolated cells were studied using the whole-cell patch- 
clamp technique (Marry and  Neher,  1983). Patch pipettes of initial resistance 1-2 Mf~ were pulled 
from KC,-I 2 glass (Garner  Glass Co., Claremont,  CA) using a two-step procedure  on a Kopf micro- 
electrode puller (model 750, David Kopf Instruments,  Tujunga, CA). The studies were conducted 
using an Axopatch 1A amplifier (Axon Instruments,  Burlingame, CA). Seal resistances were 10-20 
GO. After achieving a seal and ruptur ing the underlying cell membrane ,  we waited at least 5 min 
for the pipette and  cell solutions to come to steady state. The pipette resistance, Rp, was estimated 
from the initial (t = 0). jump in voltage after a step in current  with values ranging from 3 to 6 MfL 
We then voltage clamped the cells to - 6 0  mV and measured N a / K  pump  current  as the decrease 
in outward current  produced by extracellular application of the cardiac glycoside dihydro-oua- 
bain (DHO), a specific reversible inhibi tor  of N a / K  pump activity in these cells (Gao et al., 1992). 
We use 1 mM DHO to block roughly 96% of the total pump current  and  5 ~M DHO to block cur- 
rent  that  is typically 89% from the high affinity type pumps. These percentages vary somewhat de- 
pend ing  on  the condit ions of the experiment ,  but  to the resolution of our  data, we equate ion ef- 
fects on  Ix with the 1 mM DHO blockade and  ion effects on/ t ,  with the 5 ~M DHO blockade. The 
properties of the low DHO affinity cur ren t  are then proport ional  to the difference, Ii = tr  --lb. In  
most experiments  we use a current  clamp step to de termine  the cell's input  capacitance and resis- 
tance and  the pipette 's  tip resistance. The input  capacitance is used as a measure of cell mem- 
brane  area to normalize the currents  (e.g.,/a" = IT/C~o, ix = ih + i~). 

S o l u t i o n s  

Our  s tandard pipette solution conta ined (in millimolar): 5 Na2-ATP, 40 NaC1, and KC1 2 for the 
[Na]p = 50 mM studies or NaCI 0 and  KC1 42 for the [Na]p = 10 mM studies; K-Aspartic acid 40; 
KHePO4 10; MgSO4 1; HEPES 5; EGTA 11; CaCI2 1; glucose 10. In generat ing the [Na]i-activation 
curve, we substituted Na + for K +. The external solution conta ined (in millimolar) : 137.7 NaCI; 2.3 
NaOH; 1 MgC12; 10 glucose; 5 HEPES; 4.6 KCI; 1.8 CaCI2; 0.5 BaC12; 0.2 CdC12. When [K]o was al- 
tered, we substituted Na § for K +. DHO was simply added to the above external  solution. Solution 
pH was adjusted by titration with HCI or NaOH to obtain pH,, = 7.4 and  pHi = 7.2 in normal  con- 
ditions, or as indicated in pH studies. 
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Experimental Limitations 

Changes in membrane  currents  dur ing  these experiments  are ra ther  slow so the small input  ca- 
pacitance of the cell poses no  problem to our  voltage clamp. However, the tip resistance of the pi- 
pette Rp in series with the cell's input  resistance R~n makes a resistor divider network for the mea- 
surement  of pump  current.  It can be shown that  the measured cur ren t  is reduced by P~,/(Rp + 
/~.). The  highest  resistance pipette after going to the whole-cell patch mode  was 6 MI~, so a worst- 
case error  in normal  Tyrode solution (/~n = 19 MI-I) is 24%. To avoid such large errors or the need  
for correction, we added Ba 2+ to the Tyrode in all of the experiments  repor ted here. This blocked 
the background K + conductance  and  increased /~n to ~200  M~,  making the worst-case error  

~ 3 % ,  which we neglect. 
We sometimes measured small changes in cur ren t  in the presence of  significant background 

noise. To do this, a relatively rapid bath exchange (13-s t ime constant)  with a constant  tempera- 
ture (36~ is essential to distinguish the characteristic time course of DHO blockade from ran- 
dom drift. Nevertheless, baseline drift limits our  resolution to ~ 1 0  pA. Whenever  possible, 
changes in pump function are measured relative to a control  in the same cell, thus removing cell 
to cell variability. In experiments  which successfully measure control-test-recontrol currents,  total 
pump  cur ren t  shows no  indication of run  down (a ratio of recontrol-to-control of 1.0 -+ 0.03, 
mean  -+ SD for n = 13 with times ranging from 20--40 m). 

The major limitation of the whole-cell patch-clamp technique in these exper iments  is control  of 
intracellular sodium, [Na]i. As described in Mathias, Cohen,  and  Oliva (1990) the small tip of the 
patch pipette is a significant barr ier  to diffusion, hence,  when a net  t r ansmembrane  Na + flux is 
generated,  a concentra t ion  difference develops between pipette sodium, [Na]p, and  cell. Tha t  is, 
if we per turb  the total pump  cur ren t  IT (A), given an inward background Na+-current/ib (A), the 
net  t r ansmembrane  Na + flux out  of  the cell is (31T -- / ib) /F(mol/s) .  At steady state the Na + flux 
from the pipette into the cell must  equal the t r ansmembrane  flux. Mathias et al. (1990) show the 
Na + flux between pipette and  cell has the following dependence  on  [Na]i and  [Na]p: 

P D N a ( [ N a ] p -  [Na]i)  = (31 T - l i b ) / F  
Rp 

(1) 

where p ( O - c m )  is the resistivity of the pipette solution, Rp (f~) is the resistance of the pipette tip, 
and the ratio p/Rv(cm) describes the effect of an arbitrary tip geometry on  the diffusion of Na § 
Dsa (cm2/s) is the diffusion coefficient for Na § Using the whole-cell patch-clamp technique,  we 
can experimentally measure Rp, IT,and/ib, leaving [Na]i as the only variable not  measured, but  Eq. 
1 can be solved to obtain [Na]~ in steady state experimental  conditions. This technique is used to 
obtain our  best estimate of the dependence  of pump  currents  on  [Na]i. 

For studies in which extracellular ions are changed,  our  test measurement  of pump  cur ren t  was 
made as soon as possible after the change in bath composition, thus minimizing the time for 
changes in [Na]i. Nevertheless, some changes still occur. If the exper iment  begins in the steady 
state condi t ion given by Eq. 1 with [Na]i(0) corresponding to IT(0), the change in [Na]i can be de- 
te rmined from the change in pump  current.  Viz, define 

A[Nali(t) = [ N a ] i ( t )  - [ N a ] i ( 0 )  

A/T(t) = IT(t) -- IT(0) 
(2) 

then 

dA [Na]i  (t) 
Vi dt 

3A1 T (t) oD-D--~aA [Na] i (t) - - ,  (3) 
Rp F 
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A [Na]i(t ) = oexp{(t-s)/ ,rp}Alv(s)ds (4) 

where Vii (cm 3) is the cell volume and 

V~ Rp 
"rp = . (5 )  

pDNa 

We can experimentally measure Vi, Rp and Air(t) so the integral in Eq. 4 can be evaluated to ob- 
tain A [Na]i(t). Our experimentally measured IT vs [Na]i curve determines how our test conditions 
would have affected pump current had there been no change in [Na]i. That is, we separate the di- 
rect effect of the test condition from its indirect consequence due to a change in [Na]i. 

One other potential source of artifact is changes in extracellular K + in the t-system lumen. 
However, as analyzed in the Appendix, the structural and electrical properties of the myocytes 
suggest these changes are negligible. 

R E S U L T S  

T he  passive electrical proper t ies  o f  isolated ventr icular  myocytes f rom gu inea  pig 
hearts  are descr ibed in the Appendix .  We measure  N a / K  p u m p  func t ion  by whole- 
cell pa tch  c lamping  at ~i = - 6 0  mV and  r eco rd ing  the change  in cu r r en t  p r o d u c e d  
by the cardiac glycoside d ihydro-ouaba in  (DHO) .  Gao et al. (1992) have shown 
D H O  has no  effect on  m e m b r a n e  c o n d u c t a n c e  in these cells. However,  as de- 
scribed above, uncon t ro l l ed  changes  in [Na]i can cause significant artifacts in the 
m e a s u r e m e n t  o f  N a / K  p u m p  funct ion.  In  the following results, we first present  
data  used to estimate the inward b a c k g r o u n d  Na + current ,  which is subsequent ly  
used to estimate artifactual changes  in [Na]i after al terat ion o f  the N a / K  p u m p  cur- 
rent.  We then  assess the effects o f  [Na]i, [K]i, [K]o, pHo, and  pHi on  t ranspor t  by 
each type pump.  

Inward Background Na + Current 

We estimate/~b in two ways. T he  u p p e r  panel  in Fig. 1 illustrates a direct  electrical 
measuremen t .  In  this exper iment ,  the extracellular  solut ion is no rma l  Tyrode  and  
the intracellular  solut ion is adjusted so that  EK = Ec.1 = - 9 0  mV and  [Na]i = 6 mM. 
We block IT with 1 mM D H O  then  step ~i to - 9 0  mV, where  K + and  C1 are in equi- 
librium. U n d e r  these condit ions,  the only significant r ema in ing  cu r ren t  is /~b. 
However,  this p r o c e d u r e  gives the value of/ib a t  ~i = - 9 0  mV whereas ou r  experi- 
ments  are c o n d u c t e d  at 0~ -- - 6 0  mV. To  cor rec t  for  the voltage change ,  we as- 
sume/ ib  is descr ibed by the cons tan t  field equa t ion  with a vo l t age- independen t  per- 
meabil i ty coefficient,  tONa (Eisner and  Smith, 1981). The  cu r ren t  density is then  

F~i/RT 
F2~i [Na] ie  - [Na]0  (A/cm2) . 

lib : ('ONa RT e Ft~i/RV - -  1 
(6) 



GAO ET AL. Functionally Different Na/K Pumps 1001 

St -80 mV 
A 

~-go mV 
0 .............................................................. 

- 0 . 1  

- 0 . 2  I . . . .  
0 40 80 t 2 0  160 

Time (sec) 

I13 O.B. 

b_ 

.o 

0 . 4 "  

0.2. 

o 

-0.2 
o 

.................. i .................. t ........................ 

[Na] p (raM) 

57 

FIGURE 1. Measurement of the in- 
ward background sodium current, /ib 
(A) In the upper panel, we set the con- 
centrations of K + and C1- so the Nernst 
potentials F~ = Ecl= -90 mV, apply a 
saturating dose of DHO to block the to- 
tal pump current IT, then voltage clamp 
t h e  i n t r a c e l l u l a r  v o l t a g e  ~l i = - 9 0  m V  

and record the inward background cur- 
rent. Since potasssium and chloride are 
at equilibrium and Na/K pumping is 
blocked, the majority of /ib should be 
carried by sodium. The value of/ib thus 
measured is adjusted to describe our ex- 
periments at ~i = -60 mV (see Eq. 6) 
and normalized to the input capaci- 
tance as a measure of membrane area 
(see Eq. 7). The graph in the bottom 
panel illustrates how we estimate the 
normal resting value of [Na]i = 6 mM at 
~i  = -60 mV in the dissociated cells. 
The change in holding current is mea- 
sured from the time just after breaking 
the membrane between the pipette and 
cell until diffusion of [Na]p into the cell 
reaches steady state (~5 m). If [Na]p is 

greater than normal [Na]i, the Na/K pumps are stimulated and the change in holding current is 
outward, whereas if [Na]p is less than normal [Na]i the pumps are inhibited and the change in hold- 
ing current is inward. We use this result to determine /ib by setting [Na]i = 6 mM with normal Ty- 
rode outside and applying a saturating concentration of DHO to block total Na/K pump activity. 
Since [Na]i is at its normal steady state value, 3 IT = /ib, assuming 3 Na + are extruded per cycle. The 
value thus obtained is given in Eq. 8. 

Us ing  Eq. 6, the value of/ ib in Fig. 1 shou ld  be r e duc e d  by 28% to correct  for the 
voltage shift of  30 mV. F rom five cells we d e t e r m i n e d  that, at t~i --- - 6 0  mV, 

iib = 0.75 --+ 0.21 I~A/tzF (7) 

a n d  (ONa = 2 • 10 -8 c m / s ,  a s suming  a m e m b r a n e  capaci tance  of  1 i~F/cm 2. 

T h e  second  m e t h o d  of d e t e r m i n i n g / i b  used the m e a s u r e d  p u m p  cur ren t .  At nor-  
mal  steady state condit ions, / l ib = 3IT for a 3 Na+:2 K + stoichiometry.  However,  IT is 
sensitive to [Na]i so we n e e d  to know n o r m a l  [Na]i in u n p a t c h e d  qu iescen t  isolated 
cells. We es t imated n o r m a l  [Na]i f rom the results shown in the lower pane l  of  Fig. 
1. After  r u p t u r i n g  the pa tch  of  m e m b r a n e  in the pipet te  tip, the h o l d i n g  c u r r e n t  
dr i f ted with a t ime cons t an t  p red ic ted  for diffusion of  the p ipe t te  so lu t ion  in to  the 
cells; the d i rec t ion  of  the drift  d e p e n d e d  on  the pipet te  sod ium c o n c e n t r a t i o n  
[Na]p. O u r  i n t e rp re t a t i on  is that  when  [Na]p is h ighe r  than  n o r m a l  in t race l lu la r  so- 
d ium,  the p u m p  is s t imula ted  a nd  the ho l d i ng  c u r r e n t  becomes  m o r e  outward.  
Vice versa when  [Na]p is below n o r m a l  [Na]i. The  n o r m a l  value of [Na]i is the value 
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of  [Na]p at which no drift occurs, or  6 mM as seen in the lower panel  of  Fig. 1. 
With [Na]p = 6 mM, the current  blocked by 1 mM D H O  is 0.24 + 0.08 la~A/IxF 
f rom eight cells. Because 1 mM D H O  blocks 96% of  the total p u m p  current  in 
these conditions, the normal  p u m p  current  is 0.25 + 0.09 p.A/p~F and the Na+-cur - 
rent  is three times this value: 

lib = 0.75 + 0.26 IxA/IxF. (8) 

These two methods  did not  have to be in such good agreement ,  since there could 
be a significant but  electrically silent Na + influx (e.g., N a + / H  + exchange,  et cetera) 
or 6b could include significant current  carried by ions o ther  than Na +. The  electri- 
cal me thod  of Eq. 7 would not  include neutral  exchange fluxes but  would include 
non-Na + fluxes. We therefore  conclude the majority of  the background current  is 
carried by Na + and the majority of  Na + influx is not  electrically silent, at least un- 
der  these conditions. 

Na/K Pump Currents 

The data that follow suggest the presence of two types of  pumps.  This interpreta- 
tion leads to some surprising predictions on the propert ies  of  the overall current,  
/T. Assume the total p u m p  current  is the sum of  the type-h and type-1 p u m p  cur- 
rents. 

i T -~  i h + i I. (9) 

Our  data suggest pHo affects/~ but  not /h  and [K]o-activation of  ~ is very different 
f rom that of/h- Eq. 9 predicts the DHO-blockade curve f o r / r  depends  on pHo and 
[K]o, the [K]o-activation curve f o r / r  depends  on pHo and the [H]o-blockade curve 
for/T depends  on [K]o. To discuss our  results in the context  of  two pumps,  it is use- 
ful to write down the model.  We therefore  preview here  our  conclusions. 

If  p u m p  current  is normalized by its m a x i m u m  value, the probabili ty of  activating 
the current  by [K]o appears  to be independen t  of  [Na]i, and vice versa. This means 
ion activation data for ei ther  type p u m p  are described by i = /max PNaPK, where PNa 
and PK are Michaelis-Menten type functions that go f rom 0 to 1 as concentrat ion 
goes f rom 0 to oo. An analytic expression for PNa or PK is not  well de te rmined  by the 
data, as a variety of  models  provide an adequate  fit. 

Before combining the ideas of  independence  and two pumps,  we can somewhat  
simplify the resulting expression by including our  observation PNa is essentially the 
same for both  types of  pumps.  Conversely, Px is very different for the two pumps  so 
PKh and P~ are subscripted to indicate which is being considered. The  result is 

i T : imaxhPNaPKh + imaxlPNaPKi. (10) 

Lastly, our  data show /max1 is reduced by an increase in [H]o whereas /m~,h is not. 
The  reduct ion of/m~xl by [H]o, over the range of  concentrat ions we could study, is 
adequately described by one p u m p  blocked for one H + bound.  The  value of/m~,l is 
thus dependen t  on (~a, which is the fraction of  type-1 pumps  without an H + bound.  

KH 
QH = [H]0 + KH (11) 
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For convenience,  we assume the two types of  pumps have the same maximum 
turnover rate, hence  maximum current  depends on the fraction of  a particular 
type pump. Let Fh be the fraction of  type-h pumps in these cells, then combining 
our  various observations with this assumption yields 

iT = imaxPNa[FhPKh + (1 -- Fh)Pm~] 

ih = ima,,PN,FhPKh (12) 

il = ima~PN~(1 -- Fh)PvaQH. 

In the following results, we do not  use Eq. 12 to fit the data, rather, it is a conclu- 
sion which is consistent with all of  the data. 

DHO Blockade of Pump Current 

Fig. 2 and Table I illustrate the blockade of  ventricular N a / K  pump current  by the 
cardiac glycoside DHO. Fig. 2 A shows a typical protocol  for obtaining the data. We 
compare  the current  blocked by a test concentrat ion of  DHO (in this case 0.01 
mM) with the current  blocked by 1 mM, which is the control  concentrat ion applied 
to each myocyte; the order  of  application was random. As a result of  the protocol,  
data in Table I are normalized such that blockade by 1 mM DHO is unity with no 
s tandard deviation and o ther  concentra t ions  cause relative fractional blockade 
+_ standard deviations. Mean values and standard deviations for pump current  
blocked by 1 mM DHO are listed in Table II for various concentrat ions of  pipette 
sodium. The  curves in Fig. 2 (B-D) are mean values from Table I scaled by the the- 
oretically projected maximum total current  blocked at infinite [DHO]; the current  
blocked by 1 mM DHO is ~96% of  the projected maximum. 

The  data in Fig. 2 were fit with the two-site model: 

ih [DHO] il [DHO] 
= - + = . ( 1 3 )  

PDT i T [DHO] + KDh 1 v [DHO] + KD�91 

There  appears to be no significant difference in DHO blockade at [Na]p = 10 vs 
50 mM so these data were grouped together  in Fig. 2 B and fit with Eq. 13. The  best 
fit parameters are given in Eq. 14. The weighted high- and low-affinity binding 
curves from Eq. 13 are graphed as dashed lines in Fig. 2 B whereas the weighted 
sunl (PDT) is the solid line. These data illustrate effects of DHO from 200 nM to 1 mM, 
a range incompatible with a single binding site. Moreover the shape of the block- 
ade curve suggests the presence of  two different binding sites, whose dissociation 
constants are well separated, regardless of  [Na]i. The  vertical dashed line in Fig. 2 B 
marks the 5-1xM DHO point  and suggests ~89% of the current  blocked by 5 ixM 
DHO comes from type-h pumps. Moreover, the ratio of/h/ /T is well approximated 
by the entry under  5 txM DHO in Table I. The  average fraction of  0.37 as measured 
in the same cell compares well with the Table II average fraction of  0.33 which was 
measured in different populations of  cells and at various values of  [Na]p. Tables I 
and II and Fig. 2 each suggest [Na]~ has no significant effect on DHO binding in 
these cells. 

There  are many studies showing an interaction between [K]o and glycoside bind- 
ing/blockade (reviewed in Eisner and Smith, 1991). Apell and Stunner  (1992) re- 
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FIGURE 2. DHO blockade of ventricular Na /K  pumps. (A) A typical protocol for measuring DHO 
blockade as the fraction of total N a / K  pump current  blocked by a given concentration. In the same 
cell, the current  blocked by [DHO] = 1 mM (control) and by a test [DHO] is recorded. The ratio of 
test to control gives the relative blockade, which may or may not  give relative binding depending  on 
[Na]i. (B) A comparison of DHO blockade at different values of [Na]iwith [K]o = 4.6 raM. To the 
resolution of our  data, [Na]i appears to have no effect on DHO binding. The individual binding 
curves for low- and high-affinity pumps are shown as dashed curves. The vertical dashed line indi- 
cates 5 p,M [DHO], which we use to measure /t,. (C) The effect of [K]o on DHO blockade with 50 
mM [Na]p. The two curves have the same dissociation constants, but  the fraction ih/ir = 0.37 in 4.6 
mM [K]o whereas ~1//a- = 0.48 in 1.0 mM [K]o. Standard deviations are shown to indicate the signifi- 
cance of differences in / J / r  for the two curves. Moreover, we tested whether  the DHO concentra- 
tions of 10 5, 5 • 10 -6, and 10 -6 M were statistically different at the two values of [K]o and deter- 
mined the probability of the differences being due to random variability is <0.01. Because the data 
are ratios, to perform the statistical analysis the arcsine transformation of the square root of each 
data point  was first employed to stabilize the variance (Sachs, 1982, p269). The analysis was then per- 
formed using the GLM procedure from the SAS statistical software package. (D) A comparison of 
DHO-binding in cardiac ventricular ceils from guinea pigs and dogs. These data suggest the pres- 
ence of high and low affinity DHO binding is a property of mammalian ventricular cells rather  than 
a species specific property of guinea pig. 

p o r t e d  D H O  b i n d s  to  t h o s e  s t a t e s  in  w h i c h  [Na]o  i n t e r a c t s  w i t h  t h e  p u m p s .  T h i s  im-  

p l i e s  i n c r e a s i n g  [K]o r e d u c e s  D H O  b i n d i n g  t h r o u g h  a type  o f  k i n e t i c  c o m p e t i t i o n  

by  s h i f t i n g  t h e  o c c u p a n c y  away f r o m  t h e  N a + - r e l e a s e  s t a t e s  to  t h e  K + - b i n d i n g  s ta tes .  

W e  l o o k e d  f o r  t h e s e  e f fec t s  o f  [K]o o n  D H O  b l o c k a d e .  Fig. 2 C c o m p a r e s  D H O  
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T A B L E  I 

DHO Blockade 

1 0 0 5  

Conditions [DHO] 

[Na]p [K]o 2 x 10 s 10 -3 5 x 10 -4 10 4 5 • 10 -~ 10 -5 5 • 10 -6 10 6 2 • 10 7 

mM mM 
Dog raw 10 4.6 

Corr. 10 4.6 

G.P. raw 10 4.6 1.02 -+ .11 

Corr. l0  4.6 1.02 _+ . l l  

G.P. 50 4.6 

G.P. 50 1.0 0.99 --_ .04 

M 

1.0 0 . 6 8 + . 0 8  0 .63-+.05  0 .33-+ .04  0 .36-+.08  0 .31-+,03  

1.0 0.71 -+ .08 0.67 -+ .05 0.39 _+ .05 0,40 _ .09 0.35 + .03 

1.0 0.91 --- .14 0.68 --_ .08 0,55 + .09 0.42 -+ .16 0,32 -+ .08 0.20 -+ .03 

1.0 0.92--- .14 0 .72-+.08  0.61_+,10 0 .47-+.18  0 .36-+.09  0 .23-+.04  

1.0 0.94 Z .06 0,83 _+.06 0.65 -+ .05 0.44 _+ ,07 0.38 --_ .11 0.22 -+ .04 0.09 -+ .01 

1.0 0.95 + .04 0.72 -+ .05 0.65 -+ .03 0.51 _+ .07 0,48 + .08 0.30 -+ .07 

Entries are mean -+ SD for four to seven experiments. In each experiment, the current blocked by 10 -~ M [DHO] is recorded 

and compared with blockade at a test [DHO] to obtain the relative fractional blockade. When the test [DHO] is applied, [Na]i 

begins to increase and stimulate the pumps that are not blocked. For [Na]v = 50 raM, the effect is negligible but for [Na]p = 10 

mM a correction was made to estimate the true binding curve. The correction was as follows. We estimated from Eq. 1, [Na]i = 

6.1 mM when [Na]p = 10 mM using average parameters from these cells. The  total pump current under  these conditions will be 

denoted/ r (0) .  A concentration of 1 mM DHO approximately blocks IV(0). For a test concentration of DHO, we measure the cur- 

rent  at t s following application. The  current  not blocked by the test DHO is (1-PDx)/r(t), thus the current blocked is / r (0)  - 

(1--PDT) iv(t). Our  first estimate OfPDT (PI)T) is determined by dividing the blocked current by iv(0) to obtain/5 = 1 - (1--PDT) 

ir(t)/iT(O). We assume the only difference in iv(t) and /T(0) is due to the change in [Na]~ during the period t, which ranged be- 

tween 12 and 35 s, thus iT(O)/ir(t) = t~.~(O)/PN~(t), where Px~(0) refers to/~.~ evaluated at [Na]~(0) = 6.1 mM and Pus(t) is eval- 

uated at [Na]~(t), which ranged between 6.6 and 7.2 raM. We solve for the corrected value ofPnT = 1--(1--POT) p'~a(O~)/P'~.(t). 
The raw and corrected values appear in Table I, This procedure is not strictly rigorous since 1 mM DHO blocks ~96% of iv 

rather than 100%, however, the error  can be shown to be <0.5%. 

blockade at 1 and 4.6 mM [K]o, with [Na]p = 50 mM. If the only effect o f  [K]o is to 
compete  with DHO,  then as [K]o is decreased, the data should simply shift left to 
lower values o f  [DHO] whereas the shape o f  the curve remains the same. Alterna- 
tively, if there were no  [K]o-[DHO] compet i t ion  but the two types of  pumps have 
different K § activation curves, then the fraction /h//X would change without a shift 

T A B L E  I I  

Intracellular Sodium Dependence of the Total and High-Affinity Na/K Pump Currents 

[Na]p  /x /'r lh ih /~//T 

mM pa 

3 32 + 10 

6 42  + 18 

8 68  -+ 22 

10 74 -+ 23 

15 

20 108  --_ 29  

30 126  -+ 17 

40  136  "4- 31 

5O 

60  163 -+ 34 

80 182 - 40  

100  134  + 9 

txA/NF pA ItA/txF 
0.21 + 0 . 0 6  

0 .24  + 0 .08  

0 .33  -+ 0 .09  

0 .37  - 0 .09  20 - 3 0 .12  _+ 0 . 0 2  

28 -+ 3 0 .15  -+ 0 .03  

0 . 5 7  -+ 0 .15  31 -+ 5 0 . 2 0  - 0 .03  

0.71 -+ 0 .13  45 + 9 0 .25  --- 0 .05  

0 .76  -+ 0 . 0 7  

40 -+ 9 0 .26  -+ 0 ,06  

0 .32  

0 ,35  

0 .35  

0 .83  -+ 0 .15  

0 . 9 0  -+ 0 .20  51 + 11 0 . 2 7  -+ 0 . 0 6  0 .30  

0 .87  + 0.11 51 + 7 0 .29  + 0 . 0 4  0 .33  

0 . 9 7  0 .32  0 .33  -+ 0 .02  

D a t a  a r e  m e a n  ~ SD with  b e t w e e n  5 a n d  10 cel ls  fo r  e a c h  s o d i u m  c o n c e n t r a t i o n .  
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in the midpoin t  of  ei ther c o m p o n e n t  of  the D H O  blockade curve. The  two data 
sets in Fig. 2 C do not  appear  to be simply shifted versions of  one another .  More- 
over, a curve fit based on this premise (i.e., a fit in which/h//T is kept at 0.37 but  gDh 

a n d  gDl are varied) obviously miss-fits the 1 mM [K]o data (fit not  shown). For the 
fit shown, we fixed gDh and KDI at the values de te rmined  f rom 4.6 mM [K]o data, 
then varied/h//T to generate  the theory curve f rom Eq. 13. This yielded/h//x = 0.48 
as summarized in Eq. 14. A third possibility is both  [K]o-[DHO] compet i t ion and 
differences in the [K]o-activation curves are present.  To test this, we varied /h//r, 
gDh and Kol. This reduced  the sum-squared er ror  for the fit to the 1 mM [K]o data, 
but  the theory curve was visually no bet ter  a fit than that shown. Moreover, the best 
fit value of  Kol was shifted to a higher  [DHO],  which is opposite to competi t ion,  
whereas the best fit KDh remains near  0.75 I~M and the fraction ih / i r  at 0.48. We 
concluded the fraction /h//T must  increase as [K]o is decreased but  variance in the 
data and insensitivity of  the theory to the values of  KDh and KDI preclude firm con- 
clusions on competi t ion.  Based on these various fits of  the data, we estimate the KDS 
are only known to within about  a factor of  two. By present ing fits with the same Kos 
for the 4.6 and 1 mM [K]o data, one can judge  whether  or not  the 1 mM D H O  data 
are competitively shifted to the left of  the curve. Irrespective of  the absence or pres- 
ence of competi t ion,  an impor tan t  conclusion f rom these data is 1 mM D H O  
blocks/T whereas 5 p,M D H O  blocks ih, regardless of  [K]o in the range we are study- 
ing. Moreover,  we later show [K]o activation of /h  occurs at much  lower values of  
[K]o than does activation of il. Thus, d ropp ing  [K]o f rom 4.6 to 1 mM will reduce il, 
and therefore /T, but  not  significantly affect ih. Under  these conditions, the fraction 
of/T contr ibuted by /h should increase, as we have concluded f rom the analysis of  
Fig. 2 C. 

The  parameters  used to generate  the theory curves in Fig. 2, B and  C, are 

KDh = 0.75 p~M, KD~ = 72 ~zM 

i h / iT  = 0.37 at [K]o = 4.6 mM 
(14) 

i h / iT  = 0.48 at [K]o = 1.0 mM 

i l /  iT = 1 -- i h /  iT. 

The major  effect of  [K]o on the shape of  the binding curve arises because /h/~ is 
significantly changed.  The  D H O  blockade data suggest /h//T is independen t  of  
[Na]ibut  is altered by [K]o in accordance with Eq. 15, where P ~  and PFa are later 
de te rmined  f rom [K]o-activation data and with pHo = 7.4, O~ is constant. 

i h FhPKh 
i T -- FhPKh + (1 -- Fh) QhPK1 (15) 

Although our  interpretat ion assumes no compet i t ion between [K]o and [DHO],  
half-maximal reduct ion of/T does indeed shift to lower values of  [DHO] when [K]o 
is reduced.  For the theory curves in Fig. 2 C, half-maximal blockade occurs at 
[DHO] = 21 p.M when [K]o = 4.6 mM and at [DHO] = 6 p.M when [K]o = 1 mM. 
The  interaction of  glycosides, [K]o and N a / K  pumps  is obviously complicated in 
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ventricle and  some part  of  the previously repor ted  compet i t ion  (reviewed in Eisner 
and  Smith, 1991) is probably due to the presence of  two pumps.  

Fig. 2 D shows the existence of  two DHO-binding  sites is not  a species-specific 
proper ty  of  guinea pig ventricle but  is also present  in dog ventricle. Presumably, 
the canine ventricular cells also have two functionally different pumps  but  our  sub- 
sequent  functional  studies are limited to guinea pig. In Fig. 2 D, we have overplot- 
ted the data f rom dog and guinea pig, with [Na]p = 10 mM for both  data sets. The  
theory curve for the canine data was genera ted  using the values of  KDh and KDj f rom 
guinea pig, with /h//T = 0.40. These results suggest the existence of  two types of  
pumps  is a general  proper ty  of  cardiac ventricular myocytes. In contrast, Cohen  et 
al. (1987) found  the half-saturating concentra t ion of  D H O  for canine Purkinje 
cells was 3.7 ~M, which is nearer  to KDh than KDL suggesting a p redominance  of  
type-h pumps  in this cell type. 

As can be seen f rom the current  records in Fig. 2 A the onset of  DHO-blockade  is 
much  more  rapid than removal. For a single binding site and  instantaneous addi- 
tion or removal of  [DHO],  the time constant  for blockade is (ct[DHO]+[3) -1 
whereas recovery occurs with the t ime constant  [3 -1 , where 

[DHO] + P ~ D H O - P .  

Our  bath exchanges with a t ime constant  of  13 s hence,  except  for the lowest val- 
ues of  [DHO],  the time for onset  of  blockade is limited by the bath  exchange.  
However, the slower removal  of  blockade should reflect the propert ies  of  the 
pumps  and therefore  provide some useful information.  Nevertheless, the finite 
t ime for the bath exchange significantly affects the t ime for removal  of  D H O  from 
its b inding sites. Assuming the bath  exchange is exponent ia l  with t ime constant  "rb, 
the equat ion describing removal of  D H O  from either  type of  binding site is 

d (DHO - P) -t/%) -t/% 
dt  = - ( 6  + ct [DHO] e DHO - P + ot[DHO] e (16) 

This equat ion was solved numerically using parameters  appropr ia te  for the situa- 
tions described below. We have measured  'T b ~ 13 s, [DHO] is the initial concentra-  
tion of  ei ther  1 ~M or 1 raM, and c~ = f3 /Ko where the KDS are known, hence the 
only unknown pa ramete r  in Eq. 16 is [3 so we compu ted  a series of  curves for differ- 
ent  values of  [~ until the model  predicted the times for 63% recovery f rom blockade 
listed below. 

The  t ime course for removal of  D H O  blockade is not  expected  to be exponential ,  
however the t ime for  63% recovery, T63, is a useful measure  of  the effect of  [3. The  
value of  [3h for  type-h pumps  was estimated using Eq. 16 with the initial [DHO] = 1 
~M and our  measured  value of 

T.63 = 32 + 7 s (n = 5) [DHO] = 1 ~M. (17) 

The  value of  [31 for type-I pumps  was estimated by using 1 mM D H O  to block total 
p u m p  current ,  then changing the bath to a concentra t ion of  5 p~M DHO, so the 
type-h pumps  remained  blocked and the change in current  reflected recovery of  
the type-1 pumps  only. From these exper iments  
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7]63 = 88 - 12 s (n = 5) [DHO]  = 1 mM. (18) 

Using Eq. 16 with % = 13 s, we de te rmine  

[3h = 0.083 s -1 

[31 = 0.017 s -1. (19) 

Given the s tandard  deviations in our  measu red  values o f  T63 and  variability in the 
rate o f  bath  exchange ,  the values o f  [3 in Eq. 19 have considerable  uncertainity.  To  
estimate their  sensitivity, we assumed a range  o f  16 to 10 s for  % and  bracke ted  the 
values of[3 at 0.059 --< [3h --< 0.143 and  0.014 < 131 --< 0.020. 

T he  values o f  cr are d e t e r m i n e d  f rom KDh = [3h/eth and  KDI = [31/eq and  differ by 
three  orders  o f  magni tude .  

ah = 1.1 • 10 5 M-Is  -1 

eq = 2.4 X 102 M-is  -1. (20) 

In  summary,  m a m m a l i a n  ventr icular  myocytes appea r  to have two types o f  N a / K  
pumps,  with glycoside affinities differ ing by approximate ly  two orders  o f  magni-  
tude,  due  in large par t  to di f ferent  on-rates. D H O  blockade  of  e i ther  type p u m p  
was no t  significantly affected by [Na]i or  [K]o. An  increase in [Na]i, increased both  
ih and  i~ by abou t  the same a m o u n t  wi thout  al ter ing their  respective KDs. A decrease  
in [K]o primari ly caused iv to decrease  thus increasing the fract ion of/h//T,  bu t  the 
effect on  the Kr)s was no t  sufficiently large to reliably detect.  

[Nali and [Kli Effects 

Fig. 3 illustrates the d e p e n d e n c e  o f  p u m p  cur ren t  on  [Na]i with [K]o = 4.6 mM. 
The  raw data  in the u p p e r  two records  in Fig. 3 A are total p u m p  cur ren t  measured  
at two dif ferent  [Na]p. T he  dashed  lines represen t  ou r  estimate o f  the change  in 
current ,  d e t e r m i n e d  f rom 15 to 30 s o f  data  just  before  the onset  o f  D H O  blockade  
and  15 to 30 s o f  data  du r ing  m a x i m u m  blockade.  The  lowest [Na] p used to mea-  
sure IT was 3 mM, which gave an average cu r r en t  o f  32 pA. For  jus t  the type-h 
pumps,  the lowest [Na]p was 10 mM, which gave smaller currents  as shown in the 
bo t t om panel  o f  Fig. 3 A. For  these small currents ,  baseline drift in t roduces  signifi- 
cant  uncertainty,  however,  the characterist ic  t ime course  o f  D H O  blockade  helps to 
identify the p u m p  associated change  in current .  Results were d iscarded if obvious 
shifts in baseline occu r r ed  du r ing  the course o f  the exper iment .  Otherwise,  we as- 
sume small r a n d o m  shifts will average ou t  with five or  m o r e  i n d e p e n d e n t  measure-  
ments .  Table II gives m e a n  cu r ren t  and  s tandard  deviations for  /T and  i, at each 
value o f  [Na]p. These  data were ob ta ined  t h r o u g h  a popu la t ion  study with each 
po in t  r epresen t ing  the average f rom 5 to 10 different  cells. 

Fig. 3 B illustrates PNa as a func t ion  o f  [Na]p (lower curve) or  our  estimate o f  [Na] i 
(upper curve). The  value o f  [Na]i was calculated as descr ibed in Methods  f rom Eq. 1 
(also see the f igure legend) .  The  correc t ions  shift the PNa VS [Na] cmwe to the left 
and  increase the steepness at the midpoin t .  The  half-saturating value o f  [Na] 
shifted f rom 14 to 9.6 mM. For  typical correct ions,  we estimate that  [Na]p = 10 mM 
yields [Na]i = 6.9 mM whereas [Na]p = 50 mM yields [Na]i = 36 mM. However,  the 
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e f f e c t  o n  t h e  v a l u e  o f  c u r r e n t  is n o t  p r o p o r t i o n a l  to  t h e s e  c h a n g e s .  A s s u m i n g  t h e  

u p p e r  c u r v e  i n  Fig. 3 B is o u r  b e s t  e s t i m a t e  o f  PNa( [Na] i ) ,  t h e  v a l u e s  a r e  PNa(10) = 

0.51 VS PNa(6-9) ---- 0 .40,  a s i g n i f i c a n t  e f fec t ,  w h e r e a s  PNa(50) = 0 .86  vs PNa(36) = 

0 .82,  a fa i r ly  m i n i m a l  e f fec t ,  w h i c h  m o t i v a t e  o u r  c h o i c e  o f  [Na ]p  = 50  m M  i n  m a n y  
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FIGURE 3. The  dependence  of the two types of N a / K  pumps on [Na]i. The data are recorded at 
t~i = - 60 mV and [K] o = 4.6 mM. From these studies we conclude the [Na] i dependence  of the two 
types of pumps is the same and  nei ther  type of pump  is affected by [K]i -- 140 raM. (A) The protocol 
for measuring the [Na] idependence of the two pumps. A population of 5 to 10 cells was studied at 
each value of [Na]p. Total pump current  was measured by blockade with 1 mM DHO with [Na]p 
varying from 3 to 100 mM. The high-affinity type pump current  was measured by blockade with 5 
I~M DHO with [Na]p varying from 10 to 100 raM. (B) The original data in Table II and data cor- 
rected for shifts between [Na] p and  [Na]i; each point  is the result of dividing the measured current  
by the projected value of current  at infinite [Na]p. The value of [Na]i was estimated as described in 
Methods a round Eq. 1. The values of Rp, IT or Ih were the averages recorded for the group of cells 
with a particular [Na]i. For all experiments, average Rp = 4 MI~ with deviations of - 1  MI~ for spe- 
cific [Na]i./ib was estimated for each [Na]p by assuming ~b = 0.75 ~LA/I.~F at [Na]i = 6 mM, multiply- 
ing by the average capacitance of the group of cells, then using Eq. 6 to adjust for the actual value of 
[Na] i. The data are graphed as a function of [Na] p (/ower curve, triangles) or [Na]i ( upper curve, circles). 
Half-max values are indicated by the dashed lines. (C) A comparison of the [Na] i dependence  of to- 
tal pump current,  /T, and  high-affinity type pump current,  /h, showing no difference in activation. 
The dashed line indicates half  saturation at [Na]i = 9.6 mM for ei ther type of pump. The heavy bar  
indicates a point  where total pump current  was measured at two different values of 140 and 70 mM 
[K]i without any significant difference, suggesting the dissociation constants for [K]i are much  larger 
than 140 mM (normal [K]i) so this step is not  rate limiting to the cycle. 
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of  our  experiments.  In addition to these steady state changes in [Na] i, we estimated 
the effects of  transient changes in [Na]i dur ing the application of  5 IxM DHO.  This 
was thought  to be necessary because dur ing blockade of Ih the accumulat ion of  in- 
tracellular Na § st imulates/ t  and causes an underes t imate  of  Ih. This effect turned 
out  to be <5%,  so we did not  make the correction. 

The  data in Fig. 3 were usually recorded by replacing [K]p with [Na]p, so the val- 
ues varied f rom [K]p = 147 mM at [Na]p = 3 mM to [K]p = 50 mM at [Na]p = 100 
mM. Nakao and Gadsby (1989) pe r fo rmed  similar studies using very low resistance 
pipettes with [K]p = 0 mM and I~i = 0 mY. Nevertheless, their curve is remarkably 
similar to the curve in Fig. 3 C, suggesting nei ther  t~i nor  [K]i significantly affect the 
interaction of  [Na]i with the pumps.  We verified [K]i had no effect by measur ing 
the point  with the bar  in Fig. 3 C at two values of  [Kip. With [Na]p = 10 mM, we 
substituted choline for potassium and de te rmined  

iT = 0.36 -+ 0.11 txA/IxF (n = 7) at [K]p = 140 mM 

iT = 0.37 -- 0.12 IxA/IxF (n = 9) at [Kip = 70 mM. (21) 

This large reduct ion in [K]i had no effect, which implies the dissociation con- 
stants are significantly larger than [K]i = 140 mM. Thus, removal of  intracellular 
K + is not  rate limiting under  normal  physiological conditions. 

Table II shows/~ is consistently 0.33/r ,  regardless of  [Na]i, which implies both  ij 
and /h  have the same dependence  on [Na]i. As described below, we fit a model  to 
these data and obtained projections o f / r  = 0.97 ixA/txF and /h = 0.32 txA/t~F at 
[Na]i ---) oo. These projections were used to normalize the data and generate  the PN~ 
VS [Na]i curve shown in Fig. 3, B and C, where we lumped  together  the total and 
high D H O  affinity data. Note the projected value of iT is not  the same as/max in Eq. 
12 because nei ther  the [K]o dependence  nor  the pHo effect is saturated in these 
conditions. 

There  is considerable evidence (reviewed in Glynn, 1988) for a 3 Na§ K + stoi- 
chiometry. Thus, activation of current  reflects b inding of  3 Na+s and most  likely de- 
pends on three effective dissociation constants. However, to the accuracy of  the 
data, a simpler model  for three independent ,  identical binding sites is adequate.  
Viz, 

[Na] i )3 
PN~ = ( [ N ~ I  ; KNa) (22) 

The  half-saturating value of [Na]i is given by KNal/2 where (21/3 - 1)KNal /2  = KNa. 
The data give 

Kyal/2 = 9.6 mM (23) 

which implies Kya = 2.5 raM. An equation of the Hill-type, [Na]in/([Na]i n + KNnal/2), 
with the same value of  KNal/2 = 9.6 mM and n = 1.24 will generate  a theory curve 
indistinguishable f rom that  shown in Fig. 3 C. Thus, one should not  equate a Hill 
coefficient with the n u m b e r  of  ligands binding to a site (Wyman and Gill, 1990, sec- 
tion 2.5) and for the situation here, a Hill coefficient of  1.24 only implies a lack of 
cooperative binding. For comparison,  Nakao and Gadsby (1989) fit their [Na]i acti- 
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vation data using the Hill equat ion and de te rmined  KNal/2 = 10 mM and n = 1.4. 
We could choose a model  with three independen t  dissociation constants or  vary 
KNal/2 and n in the Hill equat ion to slightly improve the fit, but  the main points are 
as follows: (a) the activation of  current  is a saturable Michaelis-Menten type func- 
tion of  [Na] i- (b) The  data dictate a KNaa/2 of  9-10 mM regardless of  the model .  (c) 
The  data (either here  or  in Nakao and Gadsby, 1989) suggest independen t  sites for 
the three Na+s ra ther  than cooperative binding. And (d), the choice of  a particular 
model  requires more  informat ion than is available f rom these data. 

In summary,  the [Na]i dependence  of  the two types of  pumps  is the same, each 
having PYa = 1 /2  at [Na]i = 9.6 mM. Thus, each type p u m p  is maximally sensitive 
to changes in [Na]i at concentrat ions in the normal  physiological range. Con- 
versely, nei ther  type p u m p  is affected by changes in [K]i between 0 mM and normal  
concentrat ions of  ~140  mM. This implies the dissociation constants for intracellu- 
l a r K  +, f rom the intracellular face of  ei ther  type pump,  are not  rate limiting. 
Hence  [K] i does not  set or  adjust the normal  rate of  transport,  whereas [Na]i does. 

[ K] o Effects 

Fig. 4 A illustrates the protocol  for measur ing the [K]o dependence  of  IT or Ih. In all 
exper iments  we measured  p u m p  current  in 8 mM [K]o and in a second test [K]o; 
the order  of  the concentrat ions was random.  The  value of  p u m p  current  deter- 
mined  in the test [K]o was divided by the value recorded  in 8 mM, thus, removing 
cell to cell variability in m e m b r a n e  area or  p u m p  density. The average currents in 
8 mM [K]o were 

IT = 141 + 71 pA (n = 21) [Na]p = 50 mM 

Ih = 42 --+ 13 pA (n = 21) [Na]p = 50 mM (24) 

IT = 93 --+- 79 pA (n = 15) [Na]p = 10 mM. 

When [K]o was changed,  the holding cur rent  shifted, partly due to the change in 
K + conductance  and  K + equil ibrium potential  and partly due to the change in 
p u m p  current.  Because we measure  the p u m p  c o m p o n e n t  by D H O  blockade, 
changes in passive K + current  do not  affect our  results. 

Our  m e t hod  of using each cell as its own control  (shown in Fig. 4 A and de- 
scribed in the last paragraph)  greatly reduces the ratio of  the s tandard deviation to 
mean  cur rent  as can be seen by compar ing  the bars in Fig. 4, B and C, with the stan- 
dard deviations in Eq. 24. However, data on relative activation are equal to unity at 
[K]o = 8 raM, which is not  saturating. A theory curve was therefore  generated,  as 
described below, to project  the [K]o activation to [K]o---~, which suggested activa- 
tion at 8 mM [K]o is ~ 7 9 %  of  saturation. The  normalized data are the probabili ty 
of  [K] o activation of  Ix, t e rmed  PKX. Fig. 4 B compares  [K] o activation of  total p u m p  
current  (IT) measured  at [Na]p = 10 mM with that measured  at [Na]p = 50 mM. At 
each value of  [K]o, IT is much  larger with [Na]p = 50 mM than with [Na]p = 10 mM 
(see Eq. 24), but  the normal ized data show the activation curves are not  different. 
One  interesting conclusion f rom these data is [K]o activation of  IT is i ndependen t  
of  [Nail, thus [K]o activation of  both  Ih (Pv, h) and/1 (P~) must  also be independen t  
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F m v l ~  4. The  dependenc ie s  of  high- and  low-affinity type p u m p s  on  extracellular potassium. 
The  data were r ecorded  at ~i = - 60 mV and  [Na] p = 50 or  10 mM. The  value o f  [Na]i had no  signif- 
icant effect on  the [K] o d e p e n d e n c e ,  however, the probability of  modula t ing  the high-affinity type 
pumps  saturates at a m u c h  lower [K]o than  for total p u m p  current .  (A) The  protocol  for measur ing 
the  [K]o d e p e n d e n c e  o f  total p u m p  cur ren t  (1.0 mM DHO) or  high-affinity type p u m p  cur r ren t  (5 
~M DHO).  We used 8 mM [K]o as our  control  condi t ion  in each cell and  de t e rmined  the cur ren t  in 

a test [K]o relative to that  in 8 mM. In general ,  the o rde r  of  control  and  test [K]o was r a n d o m  and  
the data shown were chosen  for convenience  o f  presentat ion.  W h e n  [K]o is changed ,  there  is a 
change  in baseline cur ren t  partly due  to the effect on  K + conductance .  D H O  blockable current ,  
however,  reflects only the effect o f  [K]o on  p u m p  current .  Nevertheless,  in the per iod  be tween the 
change  in [K]o and the second  application o f  DHO,  the shift in p u m p  cur ren t  will have changed  
[Na]i. For the  data shown, [Na]p = 50 mM so changes  in [Na]i have negligible effect owing to satu- 
rat ion o f  the Na § activation curve. For the results where  [Na]p = 10 mM, we est imated the change  in 

[Nail and  appl ied  a small correct ion as descr ibed below. (B) Compar i son  o f  the  [K]o d e p e n d e n c e  of 
total p u m p  cur ren t  at different  values o f  [Na]i. For the data r ecorded  with [Na]p = 10 raM, we esti- 
ma ted  [Na] i using Eq. 4, assuming IT(t) followed the t ime course o f  the bath  change  (% = 13 s). For  
[K]o = 2, 1, and  0.5 mM, we est imated [Na]i = 0.6, 1.2, and  1.7 mM, respectively. The  ratio Of PNa 
at[K]o = 8 mM t o  PNa at the test [K]o was 0.89, 0.81, and  0.75, respectively. The  data shown are cor- 
rected m e a n  values with the  bars indicat ing s tandard  deviations for the [Na]p = 10 mM data. Stan- 
dard  deviations for the [Na]p = 50 mM data are shown in C. (C) A compar ison of  [K]o activation of 
total and  high-affinity type p u m p  currents.  These  data were r ecorded  at [Na]p = 50 mM so correc- 

tions for changes  in [Na]i were no t  cons idered  necessary. We conc lude  the type-h p u m p  cur ren t  is 
activated by m u c h  lower values of  [K]o than  the  total p u m p  current .  Assuming the total cur ren t  is 
the sum o f  type-h and  type-1 currents,  the type-1 p u m p  cur ren t  must  be activated by even h igher  con- 
centrat ions  o f  [K]o than  is the total p u m p  current .  (D) The  calculated activation of  the  two types of 
pumps  with [K]o and  how the two curves, PKh and  PEa, combine  to genera te  PKT. 



GAO ET AL. Functionally Different Na/K Pumps 1013 

of  [Na]i. This observation is equivalent to writing the probabili ty of  [K]o activation 
and [Na]i activation for ei ther  Ih or/1 as a p roduc t  (PNa Pw,0 as we have done.  

Fig. 4 C compares  [K] o activation of  IT with that o f  Ih. Obviously, P ~  saturates at a 
much  lower [K]o than does Pr~T. Our  hypothesis is two types of  pumps  are expressed 
in these cells, hence  PXT is a composi te  function reflecting the weighted average of 
Pv~ and Pt~, 

PKT = j~  PKh + (1 -- j~) Pm 
F. 

fh = Fh + (1 -- Fh) Qh" (25) 

Based on the data in Fig. 4, B and C, 

1 
PKT -- 2 at [K] 0 = 2.6mM 

l 
Pxh = ~ at [K]0 = 0.4mM (26) 

Ih becomes  very small for values of  [K]o less than 0.5 mM so we did not  a t tempt  to 
measure  [Kit activation of  lh at these low [K]o. As a consequence,  the half-saturat- 
ing [K]o is not  very precisely de termined,  but  it is clearly <1 mM. 

The  difference in [K]o activation at 5 IxM vs 1 mM [DHO] is qualitatively what 
one would expect  for  [K]o-[DHO] competi t ion,  however this interpretat ion is in- 
consistent with our  [DHO] blockade data. For example,  the D H O  blockade data 
could only be in terpre ted  as showing significant [K] o-[DHO] compet i t ion  if one as- 
sumed a single populat ion of  pumps,  however, this is inconsistent with bimodal  
blockade that varies over four  orders of  magni tude of  [DHO].  If  we rule out  a sin- 
gle populat ion,  then the D H O  blockade data show compet i t ion must  be small 
whereas the increase in /h//r as [Kit is decreased implies the difference in [K]o acti- 
vation shown in Figs. 4, B and C. Given the assumption of  two pumps  described by 
Eq. 25, P~a will be half-saturated at a value of  [K]o greater  than 2.6 mM. To deter- 
mine  the half-saturating [K] o for  Pgj, the data in Eq. 24 are used to de te rmine  j~, 
then using the already de te rmined  curve for  Pw we curve fit to PKT to extract PI~. 
The  fract ion j~ is the ratio ih/iT at saturat ing [K]o. From Eq. 24, at [K]o = 8 mM, 
Ih = 42 pA, which is saturated based on our  Pv~ activation data, whereas at [K]o = 8 
mM, IT = 141 pA which is 79% of  saturation, thus at saturation IT = 78 pA. This 
yields 

fh = 0.24. (27) 

With j~ = 0.24, we curve fit to de te rmine  

1 
PK1 -- 2 at [K] 0 = 3.7 m M .  (28) 

The  theory curve for PKT was genera ted  f rom Eq. 25 with P ~  and Pua each being 
a second order  (dependen t  on [K] 2) binding curve. However, a simple first o rder  
binding curve (Hill coefficient, n = 1.0) with half-saturation at [K]o = 2.6 mM gen- 
erates an indistinguishable theory curve for PKT. Nakao and  Gadsby (1989) mea- 
sured [K]o activation of  total p u m p  current  in these cells at t~i = 0 mV and also con- 
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cluded the dependence  was well fit by a first order  binding curve, but  their  value of 
half-saturating [K]o was 1.5 mM rather  than 2.6 mM as we have de te rmined  at 0i = 
- 6 0  mV. They also measured  the current-voltage relationship of  total p u m p  cur- 
rent  at several [K]o and their  data suggest a shift in PKT to higher  values of  [K]o at 
hyperpolarized values of 0i- The  data in Fig. 4 conf i rm the shift, suggesting [K]o ac- 
tivation has mild voltage dependence .  Cohen  et al. (1987) measured  [K]o activa- 
tion of total p u m p  current  at 0i = - 6 0  mV in canine Purkinje cells and found half  
saturation at 0.8 mM [K]o, which is more  like the type-h pumps  than type-1. These 
data, like the D H O  blockade data, suggest the type-h predominates  in Purkinje fi- 
bers whereas both type-h and  type-1 are impor tan t  in ventricular myocytes. 

The  choice of  a model  for Pv, h and Pva was not  critical; an equat ion for two inde- 
penden t  binding sites, a Hill-type equat ion or the analysis below provided equally 
good fits and essentially the same conclusions. We assume activation of ei ther  type 
p u m p  requires the binding of  two extracellular K+s, hence the activation curve for 
ei ther type p u m p  will have the form 

2 
[K] 0 

PK = z . (29) 
[K] o + KK2 [K] o + KKzKKI 

Our  analysis of  the Albers-Post cycle (work in progress) suggests KK1 might  be less 
than K~. Based on this and to simplify the analysis here  we assume 

~KK2 = KKI = KK1/2 (30) 

where the values of  KK1/~ for PKh and Pv~ are repor ted  in Eqs. 26 and 28. 
Fig. 4 D shows the interaction of  [K]o with the two different types of  pumps  and 

how we assume the two curves combine  to generate  the [K]o dependence  of  total 
p u m p  current.  In Fig. 4 D, note that  when [K] o is below ~ 2  mM, the majority of  the 
current  is f rom the high D H O  affinity pumps  whereas at higher  [K]o the majority is 
f rom the low-DHO affinity pumps.  This implies the apparen t  affinity for D H O  
shifts f rom high affinity to low affinity as [K]o varies f rom <2  mM to its saturating 
value. In ventricle, some significant c o m p o n e n t  of  the apparen t  compet i t ion be- 
tween [K]o and glycoside inhibition may reside in this difference in K § sensitivity of  
the two types of  pumps.  

In summary,  [K]o activation and D H O  blockade are associated with interactions 
at the extracellular faces of  the two pumps  whereas [Na]i acts at the intracellular 
faces, suggesting the major  difference in these pumps  resides in their extracellular 
domains.  Normal  physiological variations in [K]o would be unlikely to go suffi- 
ciently low to have a large effect on t ransport  by the type-h pumps,  however half-sat- 
urat ion of  the type-I pumps  occurs near  the value of  normal  physiological [K]o. Be- 
cause these cells express a combinat ion of  these two types of  pumps,  /h is able to 
maintain a significant level of  N a / K  transport  at the lowest physiologically relevant 
values of  [K] o while il responds vigorously to changes in [K] o over all physiologi- 
cally relevant concentrations.  
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pHo Effects 

Fig.  5 A i l l u s t r a t e s  o u r  p r o t o c o l  a n d  t h e  b a s i c  f i n d i n g  f o r  a c u t e  e f f ec t s  o f  p H o  o n  Ih 

a n d  IT. F o r  t h e  r e c o r d  i n  Fig. 5 A, [ N a ] p  = 5 0  m M  a n d  [K]o = 4 .6  m M .  W e  m e a s u r e  

e i t h e r  4, o r  IT a t  p H o  = 7 .4  i n  e a c h  cel l ,  t h e n  i n  t h e  s a m e  cel l ,  c h a n g e  p H o  to  a t e s t  

v a l u e  ( h e r e  p H o  = 6 .8 ) ,  a n d  r e m e a s u r e  Ih o r  IT. I n  m o s t  e x p e r i m e n t s  we w e r e  a b l e  

to  m e a s u r e  o n l y  Ih o r  IT i n  a s i n g l e  cell ,  b u t  Fig.  5 A i l l u s t r a t e s  o n e  o f  a f ew i n s t a n c e s  
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FIGURE 5. The dependencies 
of type-h and type-1 pumps on  ex- 
tracellular pH. The data were re- 
corded at t~i = - 6 0  mV, [K]o = 
4.6 mM and [Na]p = 10 or 50 
mM, however, the value of [Na]p 
had no significant effect on the 
conclusions (see controls in 
text). The single record in A or 
the average responses in B show 
total pump current  is signifi- 
cantly inhibited by [H]o whereas 
the type-h pump current  is not, 
suggesting yet another  functional 
difference insofar as the inhibi- 
tion of ix appears to result from 
an inhibit ion of il and  not  ih. (A) 
An original time record illustrat- 
ing that lh (5 p,M DHO) is not  
noticeably affected by changing 
pHo whereas Ix (1 mM DHO) is, 
hence the proposal that pHo af- 
fects/ l  but  not  I, (IT = lh + I0. 
For this experiment,  [Na]p = 50 
mM. (B) Average responses with 
standard deviations of total pump 
current  and  type-h current  as 

functions of pHo. For each curve, the pump  current  was measured in the same cell at a test pHo and  
a control pHo = 7.4. The value of pump current  at the test pHowas divided by the value at pHo = 7.4 
to obtain the relative effect. For these curves, the total pump current  was measured at [Na]p = 10 
mM whereas the type-h current  was measured at [Na]p = 50 mM. The two curves were scaled such 
that /h  is 0 .37 / r  at pHo = 7.4 (see text for justification). The  scaled value of/T as [H]o ~ 0 is pro- 
jected to go to a value 2.34 times greater  than its value at pH0 = 7.4 whereas it is constrained as 
[H]o --) ,,o to go to 0.37 its value at pH0 = 7.4. This implies il will increase three-fold as pHo goes 
from 7.4 to infinity and  il will decrease to zero as pHo goes very acid. When pHo is changed, il 
changes and  thus [Na]i changes. For data recorded with [Na]p = 10 mM the effect of a change in 
[Na]i can be significant, hence  we made corrections. At [Na]p = 10 mM, for these cells we estimated 
from Eq. 1 that  the average [ N a ] i  • 8.5 mM. The maximum changes in [ N a ] i  w e r e  < ---2 mM as esti- 
mated from Eq. 4. The ratio Of PNa evaluated at pHo = 7.4 to its value at the test pHo of 6.25, 6.8, 7.1, 
7.7, and 8.0 was 0.90, 0.88, 0.94, 1.07, and 1.18 respectively. The raw data were multiplied by these 
ratios to obtain the corrected total pump curve in B. 
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in which we m e a s u r e d  both.  The  value o f  Ih is small and  subject to some  uncer-  
tainty, bu t  even in this single r ecord  there  appears  to be little effect o f  pHo on  Ih 
whereas there  is clearly a large effect on  IT, suggest ing /l is inhibi ted  by r educ ing  
pHo. Fig. 5 B illustrates average values (and s tandard  deviation) for  normal ized  Ih at 
various pHo u n d e r  the same condi t ions  ([Na]p = 50 mM and  [K]o = 4.6 mM).  The  
averages bear  ou t  the initial impress ion that  pHo does no t  significantly affect Ih, at 
least no t  in this t ime period.  These  data  address  only acute  effects o f p H o  and  o the r  
long  te rm effects may occur .  

T he  d e p e n d e n c e  o f  IT on  pHo shown in Fig. 5 B was r e c o r d e d  at nea r  no rma l  
physiologic condi t ions  o f  [Na]p = 10 mM and  [K]o = 4.6 mM. As descr ibed in the 
legend,  a small co r rec t ion  was m a d e  for  changes  in [Na]i i nduced  by the change  in 
pHo. I f  we treat IT as a func t ion  o f  [H]o so IT(0) is Ih + /1 at [H]o = 0, where  no  cur- 
r en t  is b locked  by H +, and  IT(oO) is Ih + /2 at [H]o ---~oo. The  fo rm o f  the equa t ion  
used to fit the data is 

/T([H]0) = It(oo) + [6 (0 )  -- IT(~176 (31) 

where  QH is def ined  in Eq. 11 and  represents  the f ract ion o f  type-1 p u m p  cur ren t  
no t  b locked  by extracel lular  H +. Physically, this mode l  implies one  H + binds to 
each type-1 p u m p  and  reduces  its rate o f  turnover .  I f  H + reduces  type-1 tu rnover  to 
zero as [H]o ---) o% then  IT(oo) = Ih. The  data  on  IT([H]o) in Fig. 5 B provide jus t  a 
s egmen t  o f  the b ind ing  curve since values o f  pHo less than 6.25 or  grea ter  than  8.00 
caused irreversible cell damage.  Thus,  the m o d e l  in Eq. 31 is a first app rox ima t ion  
and  the project ions  to zero  o r  infinite [H]o are no t  exper imenta l ly  justified. Never- 
theless, an estimate o f  IT(0) is o f  interest  since it allows us to estimate the m a x i m u m  
cur ren t  gene ra t ed  by type-1 pumps.  At very acid pHo, the data  in Fig. 5 B are no t  in- 
consis tent  with IT(H) = Ih, SO we make  this assumption.  With [K]o = 4.6 mM and  
pHo = 7.4, we have est imated previously that  Ih/iT is be tween 0.3 and  0.4. The  fit to 
the data in Fig. 5 B is statistically slightly be t te r  at the h igh end  o f  this range,  and  
since the f ract ion 0.37 was ob ta ined  f r o m  the D H O  data, we set 

This assumpt ion  yields 

It(oo) = / h  = 0.37 Iv (pHo = 7.4). (32) 

1 
QH = ~ at pH 0 = 7.4, (33) 

KH = 19 nM. 

Thus,  we estimate that  QH - 0.32 at pHo = 7.4 so/ l  is normal ly  at 32% of  its maxi- 
m u m  va lue /  This implies IT is at 43% o f  its m a x i m u m  or, as [H]o ~ 0, IT can in- 
crease by a factor  o f  2.34 over its value at pHo = 7.4. 

Breitweiser, Al tamirano,  and  Russel (1987) r epor t ed  N a / K  p u m p  cu r r en t  in 
squid axon  was m o d u l a t e d  by intracel lular  pHi. In  the whole-cell pa tch  configura-  
tion, we buffer  pHi so it is unlikely to change  when  pHo changes ,  nevertheless,  the 

1. I f  we use the  Ta b l e  II  e s t ima te  tha t  Ih = 0.33 Ix at  pHo = 7.4, the  bes t  f i t / ~  = 23 nM a n d  Q~ = 0.37 at  

pHo = 7.4. 
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effect of  pHi on IT is of  interest so we performed the following experiments. Pi- 
pettes containing intracellular solutions with 6 mM [Na]p and pHi buffered to 6.0 
or 7.2 were used. After the patch was made and the underlying membrane  rup- 
tured, we waited at least 5 m for the pipette and intracellular solutions to equili- 
brate. The capacitance of  each cell was measured, then 1 mM DHO was used to de- 
termine IT. We normalized and averaged the results from the two populations of 
cells to obtain (mean _+ SD). 

iT = 0.23 -+ 0.03 IxA/IxF (N = 8) pHi = 6.0 

iT = 0.24 _+ 0.06 la~A/IxF (N = 8) pHi = 7.2. (34) 

Moreover, as the pH = 6.0 pipette solution diffused into the cell, there were signif- 
icant effects on membrane  currents other  than the pump. The time constant for in- 
tracellular equilibration (~100 s) was about the same as we determined when pi- 
pette K + diffused into these cells, suggesting this is the time constant for the con- 
tents of  the pipette to come to a diffusional steady state with the cell (Mathias et al., 
1990). Given this slow time constant, it was possible to measure IT at near normal 
pHi during the initial 50 s after the rupture of  the patch membrane,  then in the 
same cell, measure IT at pH i = 6.0 after ~ 5  m. We do not  precisely know the nor- 
mal value of  pHi though we expect it to be much higher than 6.0. The ratio in four- 
cells was 

I T (normal PHi) 

I a- (pH i = 6.0) 
= 1.00 -+ 0.03. (35) 

Thus, pHi appears not  to affect either type of  N a / K  pump in these cells. We next 
performed a series of  control experiments to rule out indirect effects of  pHo, possi- 
bly through causing changes in [Na]i or the K + concentrat ion in the t-system lu- 
men. These experiments also address the possibility that pHo alters/1 by changing 
its [Na]i or [K]o activation curve. 

One concern was changing pHo might alter [Na]i, possibly through N a / H  ex- 
change, and thus indirectly change IT. However, the data in Fig. 5 A were recorded 
at [Na]p = 50 mM whereas the total pump data in Fig. 5 B were recorded with 
[Na]p = 10 mM, yet both show significant inhibition of  IT at acid pHo. We per- 
formed a series of  experiments and found that 

IT (6.8) 
IT(7.4 ) -- 0.64 --+ .10(n = 11) at [Na]p = 50 mM (36) 

whereas in Fig. 5 B 

I T (6.8) 
- 0.53 + .14(n = 8) at [Na]p = 10 mM. (37) I T (7.4) 

Given Eqs. 36 and 37 represent different populations of  cells from different 
batches of  animals and the data were recorded at different times, the ratios are 
probably not  significantly different. Clearly, regardless of  [Na]i, a reduction in pHo 
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significantly inhibits the p u m p  current,  suggesting the pHo effect is not  secondary 
to a change in [Na]i. In addition, we looked at the inward background Na + current  
at pHo = 6.8 and 7.4 using the me thod  shown in Fig. 1 A. The  results f rom eight 
cells were 

lib(6.8) _ 205 --+ 93 pA 

lib(7.4) 206 --+ 97 pA" 
(38) 

These results suggest the pHo effects are not  via changes in [Na]i, and  moreover ,  
since inhibition occurs when [Na]i is saturating, the mechanism of inhibition is not  
by changing the affinity for [Nail. 

As described in the Appendix,  changes in t-system K + concentra t ion are ex- 
pected to be small, nevertheless, we measured  the effect of  pHo with high [K]o and 
de te rmined  

I r (6 .8)  54 - 15 p A ( N =  16) 
- = 0.58 at [K] o = 8 m M .  (39) 

I r (7 .4)  93 _ 79 p A ( N =  15) 

Though  these were different groups of  cells, the inhibition at acid pHo still oc- 
curs when [K]o = 8 mM, thus the effect o f p H o  is unlikely to be due to changes in t- 
system K + concentrat ion.  

One  mechanism for pHo to affect / l  could be through changing the affinity for 
[K]o. However, one has to be careful in testing for a shift in affinity since even our  
model  (Eq. 12) predicts changes in PKT when pHo is changed (0~ depends  on pHo, 
see Eqs. 25 and 12). If  the reduct ion in / l  as pHo is changed f rom 7.4 to 6.8 were 
due to a shift in K + affinity, the value of  half-saturating [K]o would have to shift 
f rom 3.7 to 11.3 mM. Such a shift would imply the midpoin t  of  PKT would shift by 
5.11 mM to higher  [K]o. In contrast, i fpHo is only affecting j~, the midpoin t  of  PKT 
would shift by 1.17 mM to lower [K]o. We measured  an abbreviated version of Pr~x at 
pHo = 6.8 and compared  it to the raw data for PKT given in Fig. 4. Curve fits to the 
two data sets suggested the midpoin t  of  PKT shifts by 0.54 mM to lower [K]o as pHo 
is changed f rom 7.4 to 6.8. This is reasonably consistent with our  model  and com- 
pletely inconsistent with a shift in [K]o-activation. 

Since we measure  Ix as the current  blocked by 1 mM [DHO],  ano ther  possible 
mechanism for the effect of  pHo is to alter D H O  binding. If  so, then based on the 
data in Fig. 5 B, reducing pHo f rom 7.4 to 6.8 will reduce D H O  blockade of  IT f rom 
96 to 51%. We tested this by measur ing the ratio of  currents blocked by 1 and 2 
mM D H O  at pHo = 6.8. In five cells, 

I T ( [DHO] = 1 mM ) 

I. r ( [DHO] = 2 m M )  
= 0.99 -+ .03 at pH o = 6.8. (40) 

Thus, 1 mM D H O  is still essentially saturating at pHo = 6.8 and the pHo effect is 
not  through altered D H O  binding. 

In summary,  the type-1 pumps  are inhibited by acid pHo whereas the type-h are 
not. Nei ther  type of  p u m p  is affected by a change in pHi. This represents  ano ther  
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functional  difference in the two types of  pumps  and again, the difference appears  
to be in the extracellular domain  of  the enzymes. 

Summary of Results 

The  data presented  here,  taken in total, suggest the two-pump model  previewed in 
Eq. 12. With [Na]i = 6 mM, [K]o = 4.6 mM and at t~i = - 6 0  mV, /T -- 0.25 la~A/p+F 
and Ih is between 30 and 40% of  iT. Based on these values and  assuming the same 
m a x i m u m  turnover  rate for  each type of  p u m p  we can estimate /max and Fh, thus 
comple t ing  a quantitative description of  Eq. 12, which is summarized here. The  
larger value of/max corresponds to the smaller fraction F 

i T = imaxPNa [FhPKh + (1 -- Fh) PkIQH ] 

ima x ~ 2.88 to 2.56 ~ A / ~ F  

F h --'- 0.08 to 0.12 

1 
PNa = ~ at [ N a ] i = 9 . 6  mM 

1 
PKh -- 2 at [K] o = 0.4 mM 

1 
PKI = ~ at [K] o = 3.7 mM 

1 
Qn = ~ at pH o = 7.7. 

(41) 

The  predict ions of  Eq. 41 with Fh = 0.10 are g raphed  in Fig. 4 D and are reason- 
ably consistent with direct measurements  of  the fraction of  type-h p u m p  current  
Viz 

(42) 

[K]o = 1.0 4.6 8.09 mM 
ih/iT 0.69 0.34 0.29 Theory  (see Fig. 4D) 
ih/iT 0.48 0.37 DHO-blockade 
ih/iT 0.33 [Na] i-activation 
ih/iT 0.29 [K] o-activation. 

The  largest discrepancy is at I mM [K]o, where the current  is smallest and  most  dif- 
ficult to accurately measure.  Moreover,  the analysis contains some uncertainty. 
Clearly, there is qualitative ag reemen t  that increasing [K]o decreases the fraction of  
/T contr ibuted by the h igh-DHO affinity pumps.  

D I S C U S S I O N  

The  main conclusion f rom this work is functionally different types of  N a / K  pumps  
exist and  can be coexpressed in the same cell. Thus, each tissue has the ability to 
express a unique mix of  p u m p  types and consequently possess a unique total p u m p  
current  which is in some way optimized for  tissue function. As we noted  in the In- 
troduction,  N a / K  p u m p  current  is an impor tan t  de te rminan t  of  the cardiac action 
potential,  which varies significantly f rom region to region of  the heart.  N a / K  
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pumps  may therefore  need  to be specialized, jus t  like ion channels, in order  to gen- 
erate the different action potentials. Our  results demonst ra te  specialization is possi- 
ble, and moreover,  D H O  blockade and [K]o activation of  current  in canine Pur- 
kinje cells is similar to that of  the high affinity type p u m p  (Cohen et al., 1987) 
whereas in ventricle both  types are important ,  so specialization seems likely. 

In these ventricular myocytes, the [Na] i activation curve for  both  types of  pumps  
is set to respond to changes in Na + influx. However, given the cell volume and mag- 
nitude of p u m p  current  repor ted  here, changes in [Na]i are slow relative to the du- 
ration of  the action potential. We estimate t ime constants of  minutes, which agrees 
with exper imenta l  observations by Cohen  et al. (1987) who repor ted  changes in 
[Na]i in canine Purkinje cells occurred  with a t ime constant of  1.5 m. In such a 
t ime frame, many action potentials are genera ted  in a normal  heart  so there is es- 
sentially no beat  to beat  modula t ion of  [Na]~. Rather, as action potential  f requency 
changes, causing a change in the average inward sodium flux, [Na]i will slowly 
change and thus alter N a / K  p u m p  current.  Though  the response time is slow, the 
gain of  the feedback system is fairly high and we calculate f rom the slope a round 
normal  [Na]i that the N a / K  pumps  limit the change in [Na]i per  change in a cell's 
Na + influx to ~0.08 mM/pA.  In o ther  words, if/ib increased by an average of  1 pA 
per  cell, [Na]i would have to increase by 0.08 mM to cause an increase of  1 pA per  
cell in Na + effiux by the pumps.  

The  [K]o activation curve for type-1 pumps  (and thus total p u m p  current)  sug- 
gests a role in regulation of [K]o, which is known to change with heart  rate (Attwell, 
Cohen,  and Eisner, 1981). In ventricle, the extracellular volume is smaller than in- 
tracellular, a factor which speeds up  the effect of  p u m p  current  on [K] o, but  the ac- 
tivation curve is less steep than that for [Na]i, a factor that slows down the response. 
The  net  result is again N a / K  p u m p  regulation of  [K]o will be slow relative to action 
potential  durat ion and  no beat  to beat  regulation occurs. We calculate the change 
in [K] o per  change in K + effiux per  cell is ~0 .08 mM/pA,  based on the response of  
the total N a / K  pumps  to small variations in [K] o- In this case, if the background  K + 
current  per  cell increased by an average of 1 pA, [K]o would have to increase by 
0.08 mM for K + influx through the N a / K  pumps  to compensate.  

The  effect of  pHo on type-1 p u m p  current  is more  of  an enigma. The  H + block- 
ade at normal  pHo = 7.4 is near  the steepest part  of  the curve, so N a / K  p u m p  cur- 
rent  is set to respond to changes in pHo. However, if the extracellular spaces acid- 
ify, p u m p  current  is inhibited, [Na]i increases causing N a + / H  + exchange to be in- 
hibited, thus allowing the intracellular space to also acidify. This seems backwards. 
There  are apparent ly  more  complex interactions with t ransport  systems which have 
not  been  considered here. Type-1 pumps  are dominan t  in ventricular muscle but  
nearly absent  f rom Purkinje cells, thus the H + effects may have a role in the con- 
traction cycle, a role that is not  yet understood.  Moreover, our  model  implies extra- 
cellular H + binds to type-1 pumps  and blocks their activity, but  we have not  tested 
for a shift in voltage dependence  or in their affinity for extracellular Na +, so this in- 
terpretat ion may be premature .  Clearly, the role and mechanism of  pHo effects on 
/~ are interesting and require more  exper iments  to elucidate. 

The  molecular  basis of  the two types of  pumps  in guinea pig ventricle is not  
known. The  dissociation constants for D H O  blockade of the type-h and type-1 
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pump currents correspond with DHO binding to the a2 (or 0t3) and a l  isoforms 
respectively. In most mammalian ventricular cells, a l  and a2 isoforms have been 
identified (by specific antibodies: Sweadner, Herrera, Amato, Moellmann, Gib- 
bons, and Repke [1994] or Maixent, Charlemagne, Chapelle, and Lelievre [1987] 
by mRNA content: Gick, Hatala, Chon and Ismail-Beigi [1993]). Berrebi-Betrand, 
Maixent, Guede, Gerbi, Charlemagne, and Lelievre [1991] suggested a l  and oL2 
are present in guinea pig ventricle based on separating two 0t-subunits by molecular 
weight and glycoside affinity. However, Sweadner et al. (1994) using a specific anti- 
body that detected 0~2 in guinea pig brain, was unable to detect 0~2 in guinea pig 
ventricle. Moreover, whereas [3HI ouabain binding in canine or rat ventricle has 
two affinities (Maixent et al., 1987, Akera, Ng, Hadley, Katano, and Brody, 1986; 
Grupp, Grupp, and Schwartz, 1981); Hagane, Akera, Stemmer, Yao, and Yoroyama 
(1988) and Herzig and Mohr (1984) found only a single binding site in guinea pig 
ventricle. Glycoside blockade of Na/K pump current from isolated ventricular cells 
has now been measured in dog, guinea pig (Mogul et al., 1989) and rat (Berlin et 
al., 1992) with very consistent results. Thus, the presence of two functionally differ- 
ent Na/K pumps may be a general property of the mammalian ventricles. The dif- 
ference in glycoside blockade of the type-h and typed pump current suggests the a2 
and a l  isoforms are the molecular basis and this is strengthened by the observation 
of primarily type-h current in canine Purkinje cells (Cohen et al., 1987), which 
have predominantly the 0~3 isoform (Zahler et al., 1992, 1993). However, the fail- 
ure of a specific 0~2 antibody to bind in guinea pig ventricle (Sweadner et al., 1994) 
and the single ouabain binding site (Hagane et al., 1988; Herzig and Mohr, 1984) 
suggest we should not jump to conclusions. The evidence for otl and cx2 is correla- 
tive and therefore not compelling. It is possible the [3-subunit isoform or a post- 
translational modification of the a-subunit causes the separation into two func- 
tional classes of pumps. On the other hand, the antibody used by Sweadner et al. 
(1994) might have failed to recognize the ventricular a2 or perhaps there is simply 
too little of the 0~2 in ventricle to be detected over nonspecific binding of either the 
antibody or [3H]-ouabain. Assuming the two types of pumps have the same max 
turnover rate, we estimated that as little as 8% of the total pump proteins might be 
the type-h whereas, at physiological conditions, as much as 40% of the current 
might be generated by the type-h pumps. Hence, functional importance does not 
necessarily correlate with quantity of protein. More studies on the molecular basis 
of the two functionally different pumps are needed to decide this issue. 

Critical Comparison of Results 

Before addressing results of others, one should consider the limitations of in vivo 
studies. The Na/K pumps depend on multiple variables, those identified in these 
cells (Gadsby and Nakao [1989] Nakao and Gadsby [1989] and Gao et al. [1991]) 
are [Na]i, [K]o, t~i, [Na]o, pHo, [Ca]i, and phosphorylation. To study the effect of 
any one of these, the rest should be maintained constant, a feat not possible at this 
time. The whole-cell patch-clamp of isolated single cells is probably the best tech- 
nique for controlling these multiple variables, but as analyzed in Mathias et al. (1990) 
and demonstrated in this paper, changes in [Na]i remain a persistent problem. 
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Daut and Rudel (1981) first measured  D H O  blockade of  p u m p  current  in guinea 
pig ventricle using microelectrodes and pieces of  syncyfial tissue. They repor ted  a 
single site with half -maximum blockade at [DHO] = 46 txM when [K]o = 3 mM. 
Many variables are poorly control led in studies of  intact syncytial tissue, hence  we 
are not  sure which, if any, could smooth  a composi te  binding curve and make it ap- 
pear  like a single site. On the o ther  hand,  one could argue that our  enzymatic dis- 
sociation of the cells modif ied some fraction of  the p u m p  molecules and artifactu- 
ally created two classes of  pumps.  We tend to believe in the two sites since: (a) in ca- 
nine Purkinje tissue, cells isolated using the same technique have only the high- 
affinity site; and (b) the Ko measured  by Daut  and Rudel (1981) is in the middle of  
our  binding curve, so if our  isolation procedure  artifactually shifts the KDS, some 
pumps  would have to shift to higher  affinity while others to lower, an effect that 
seems unlikely. 

Mogul et al. (1989) first repor ted  N a / K  p u m p  current  blockade occurred  with 
two D H O  affinities in guinea pig myocytes. The i r  blockade curve is similar to ours 
and their best fit values of  K D  1 = 65 IxM a n d / h / / r  = 0.40 compare  well with KDt = 72 
p+M and /h//T = 0.37 repor ted  here. However, our  value of  KDh = 0.75 IzM differs 
significantly f rom the 0.05 IxM repor ted  by them. They pe r fo rmed  a populat ion 
study whereas we looked at relative blockade in the same cell, so our  data have in- 
trinsically less variance, which is a particular p rob lem at the low concentrat ions of  
D H O  where the current  blocked is small. Moreover,  they argued that changes in 
[Na]i were not  significant but  we are not  so certain. Indeed,  if we did not  correct  
for changes in [Na]i our  D H O  binding curve would have had a more  p ronounced  
dip in the middle and  the KDS would appear  to be far ther  apart. A more  precise 
value of Koh will likely require new technology for isolating, cloning, and express- 
ing each p u m p  in a simpler system. 

Stimers et al. (1990, 1991) using the same whole-cell patch-clamp technique, re- 
por t  [Na]i significantly affects glycoside binding in embryonic  chick hear t  cells 
whereas our  results show no such effect. Thus, a critical compar ison seems impor-  
tant. In this instance, control  of  [Na]i is of  particular impor tance  since lack of  con- 
trol would lead to the conclusion expressed in their paper ,  even if glycoside bind- 
ing is i ndependen t  of  [Na]i. For example,  if we consider the worst-case situation 
where the pipette has no influence on [Na]i, then as a nonsaturat ing concentra t ion 
of ouabain binds and blocks part  of  the p u m p  current,  [Na]i would increase at 
some rate de te rmined  by the density of  pumps  in the m e m b r a n e  and the cell sur- 
face to volume ratio. If  this rate is sufficiently rapid in comparison to the binding 
kinetics of  ouabain,  the unblocked current  may increase at nearly the same rate as 
blockade and the total current  thus remains at a constant  value de te rmined  by the 
inward background sodium current.  One  would therefore  detect  essentially no 
blockade of  current  when the initial [Na]i is well below saturation, hence the ap- 
parent  Kl/2 would seem to be infinite. Owing to the small volume of  the chick cells, 
changes in [Na]i can occur  very rapidly compared  to the time course of  the oua- 
bain blockade, so such changes are feasible if the pipette does not  control  [Na]i. 
Using Eq. 1 to calculate changes in [Na]+, then for a single cell with 3 pA of p u m p  
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current  being blocked, and pipette resistances f rom 10 to 20 Mfl (as repor ted  in 
Stimers et al., 1991), [Na]i would have increased by 1 or 2 mM. This change in 
[Na]i is too litde to produce  their observation but  sufficient to cause the apparent  
K1/2 to approximately double. They report,  however, their currents are f rom clus- 
ters of  one  to three cells. Given that patch clamp of  one  cell imperfectly controls 
[Na]i, control  of  [Na]i in a second or third cell, with additional access resistance 
from one or two gap junctions,  will be much worse. Thus, we believe their results 
are inconclusive. We repor t  no significant effect of  [Na]i on DHO binding but  our  
results also have limitations, owing to the composite binding curve for our  cells. 
Even a simple binding curve with variance in the data for percent  bound  yields con- 
siderable uncertainty in the best fit K1/2. For a composite binding curve with more  
fit parameters the uncertainity is obviously increased, so we cannot  rule out  some 
effect of  [Na]i on Kol a n d / o r  KDh. However, we do not  believe changes in [Na]i 
have systematically biased our  results since: (a) we avoid using cell pairs, which are 
visually obvious because of  the regular geometry of  our  cells; (b) in our  system the 
blockade of  pump current  by DHO is rapid compared  to the time for changes in 
[Na]~, hence control  by the pipette is not  so critical and the changes are kept small 
by the short exposure to DHO; and (c) we estimate the change in [Na]i f rom the 
observed time course of  the blockade and make a correction to remove the major- 
ity of  the artifact. 

There  is a large literature describing competi t ion between [K]o and glycoside 
binding (reviewed in Eisner and Smith, 1991). These and o ther  data have led to 
the hypothesis that glycosides bind to the phosphorylated E2 configuration, with 
preference for the subset of  states that interact with [Na]o. In this model,  increas- 
ing [K]o pulls the cycle out  of  the [Na]o-binding states, thus increasing the KD for 
the glycoside by a type of  kinedc competit ion. The data in Figs. 2 and 4 illustrate 
another  type of  interaction between [K]o and glycoside affinity: as [K]o is increased, 
the fraction of  total pump current  contr ibuted by the low-glycoside affinity pumps 
increases, causing the half-saturating concentrat ion of  glycoside for total pump cur- 
rent  to shift to the higher  concentrat ions necessary to block the low-affinity pumps. 
Given about  a 100-fold difference in glycoside affinity between type-h and typed 
pumps, one  would observe nearly a 100-fold shift in the [DHO] at which PDT = 1/2  
as [K]o goes from very low to saturating values. The competi t ion between [K]o and 
ouabain repor ted  previously in ventricular tissue (e.g., Daut, 1983) could be en- 
tirely due to this shift phenomenon .  In studies of  o ther  cells (Sachs, 1974; Stimers 
et al., 1991) we do not  know whether  two types of  pumps were present, but  it seems 
unlikely all of  the reports of  competi t ion could be accounted for by two pumps. 
More likely, kinetic competi t ion exists but  quantitive data may include some of  the 
shift effect. Another  complication arises because, as [K]o increases, pump current  
increases and [Na]i drops. This results in a nonsaturating concentrat ion of  glyco- 
side blocking a smaller fraction of  total current  when [K]o is elevated. To under-  
stand this problem, consider an extreme example. Assume [K]o = 1 mM, and [Na]i 
= 25 mM, which is essentially saturating. A half-maximal dose of  glycoside will 
block half the pumps and cause [Na]i to increase further,  but  this will not  affect the 
unblocked pumps whose dependence  on [Na]i is saturated. We then increase [K]o 
to 6 mM, which fur ther  stimulates the pumps and causes [Na]i to drop to ~1 0  mM 
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where [Na]i activation is a round  one half. Assume the same concentrat ion of  gly- 
coside still blocks half  the pumps,  allowing [Na]i to increase to near  saturating 
hence  unblocked pumps  nearly double  their  turnover rate. It therefore  appears  the 
same concentrat ion of  glycoside blocks very little current.  This artifactual competi-  
tion depends  on initial conditions, size of  cell, rate of  change of [Na]~ and  rate of  
action of  glycoside, so it is difficult to estimate the extent  of  problems in experi- 
ments  by others. However, the tendency will always be for higher  [K]o to require a 
higher  glycoside concentrat ion to block the same fraction of p u m p  activity, so one 
must  arrange conditions to minimize the artifact. Glycoside blockade of  in vitro 
ATPase activity is affected by [Na] and [K] (Inagaki, Lindenmayer,  and Schwartz, 
1974) but  in these conditions the concentrat ions are not  affected by turnover rate. 
Thus, these studies provide the best evidence for kinetic competi t ion,  however, it is 
difficult to extrapolate these results to the intact cells since kinetic compet i t ion de- 
pends critically on the state of  the pumps.  We a t tempted  to detect  kinetic competi-  
tion by measur ing [DHO] blockade curves at different [K]o (see Fig. 2 C). How- 
ever, as previously noted,  the presence of  a composi te  binding curve makes it diffi- 
cult to detect  reasonably small shifts in the KDS, especially when the fraction of 
current  contr ibuted by the type-h pumps  is obviously changing with [K]o. Adequate 
fits to the data were obtained without allowing any changes in the values of  KDh and 
KBv We therefore  suggest kinetic compet i t ion might  be less than previously 
thought,  but  our  data are not  inconsistent with changes in the KDS up to a factor of  
2. Again, we have taken care to avoid systematic artifacts due to changes in [Na]i. 

[Na]i Activation 

The [Na]i-activation curve measured  at Oi = - 6 0  mV and several [K]i (Fig. 3) is 
very similar to that repor ted  by Nakao and Gadsby (1989) for these same cells, but  
measured at Oi = 0 mV and [K]i = 0 mM. Our  [Na]i activation curve was corrected 
f rom an original hal f -maximum activation at 14 mM to our  best estimate of  9.6 mM, 
a correct ion of  4.4 mM. Nakao and Gadsby (1989) repor t  their pipette tips are 5 
txM in diameter,  which is significantly larger than the d iameter  of  the pipette tips 
used in our  studies. Nevertheless, small differences between [Na]i and [Na]p are in- 
escapable. To the accuracy of the data in these two studies, however, we conclude 
the results agree and estimate half -maximum activation occurs at [Na]i between 9 
and 10 mM, and is i ndependen t  of  m e m b r a n e  voltage, [K]i, and [K]o. 

[K]o Activation 

Our  [K]o activation curve for total p u m p  current  is very similar to that measured  by 
Nakao and Gadsby (1989) though the compar ison is complicated by differences in 
protocol.  In Fig. 4 Bwe graph total p u m p  current  vs [K]o at qJ~ = - 6 0  mV and find 
half-saturation at 2.6 mM. Nakao and Gadsby (1989) measure  total p u m p  current  
vs [K]o at ~b = 0 mV and find half-saturation at 1.5 mM, then measure  the ~bi depen-  
dence at several [K]o. From their  total p u m p  current  vs ~ data, it appears  activation 
by [K]o requires higher  concentrat ions as the cell is hyperpolarized; at - 6 0  mV, 
half -maximum activation appears  to be very nearly at [K]o = 2.6 mM. Thus, we be- 
lieve our  data agree with the results of  Nakao and Gadsby (1989) though our  two- 
p u m p  interpretat ion is different. 
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pH Effects 

There  have been many studies demonstrat ing ATPase activity of  isolated N a / K  
pumps has a maximum around normal physiological pH (discussed in Breitweiser 
et al., 1987). In addition, lowering pHo, with pHi not  moni tored  or controlled, has 
been repor ted  to inhibit N a / K  pump activity in skeletal muscle (Keynes, 1965) and 
red blood cells (Beauge and Adragna, 1974), but  the site of  action was not  certain. 
Lowering intracellular pH caused inhibition of  the N a / K  pumps in squid axon 
(Breitweiser et al., 1987) and barnacle muscle (Russel et al., 1983). We have found 
intracellular pH has no effect (in the range of  6.0-7.2) on N a / K  pumps from 
guinea pig ventricular myocytes whereas lowering external pH (in the range 8.00- 
6.25) specifically inhibits the type-1 pumps. We do not  know the reasons for these 
differing results, however, as described below there are some differences in condi- 
tions of  the experiments.  In contrast to studies of isolated pump preparations, we 
specifically change pH on one side of  the pump and maintain the pump at a - 6 0  
mV potential in an assymetric ionic environment.  These differences in experimen- 
tal conditions could account  for differences in results, particularly since we can 
only alter pH over a limited range and still maintain a living cell. The  specific pHi 
effects ment ioned  above were recorded from marine animals, whose N a / K  pumps 
work in a very different environment  from those of land animals, hence there are 
bound to be differences in sensitivity to ionic environment. In the heart  there are rel- 
atively high levels of metabolic activity, which is continuously changing, so variations 
in both intracellular and extracellular pH are expected. Thus, we believe the depend- 
ence of  typed pumps on pHo and not  pHi has a specific physiological function. 

Summary 

Our observation that two functionally different N a / K  pumps may coexist in the 
same cell suggests we need  to carefully reevaluate previous studies. Moreover, our  
data illustrate the problem in maintaining a constant [Na]i over the course of  an 
experiment.  Though  investigators have previously discussed this problem, there 
are usually no quantitative estimates of how much [Na]i changed and how greatly 
that change affected interpretation. As we have illustrated in some examples, 
changes in [Na]i of  a few mM can lead to qualitatively incorrect  conclusions, so one 
should question results that could be attributed to changes in [Na]i. Despite these 
disclaimers, functionally different pumps and changes in [Na]i are simple physical 
factors, which, if taken into account, may explain many of the disparate results 
which appear  in the literature, and thus simplify our  view of  N a / K  pump function. 

A P P E N D I X  

Passive Electrical Properties 

Table AI summarizes the passive electrical properties of the myocytes at ~i = - 6 0  
mV. The apparent  area of  myocyte membrane,  assuming a smooth cylinder with 
the dimensions described in Table AI, is 86 • 10 -6 cm 2. Assuming a specific mem- 
brane capacitance of  1 ~ F / c m  2, the total input  capacitance of  189 pF translates to 
189 • 10 -6 cm 2 of  actual membrane  surface area, a value 2.2 times larger than the 
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T A B L E  A I  

Passive Properties of Isolated Myocytes 

I n p u t  resistance 
I n p u t  

Cell length ,  Cell radius,  t-System surface,  capac i tance ,  Norma l  + B a  2+ 

L a St C~n /i~n /~n 

Mean  127 p.m 10 p~m 0.57 x 10 -4 cm -2 189 pF 19 Mfl  197 MI) 

SD + 30 p~m +- 2 p.m -+ .19 • 10 -4 cm 2 -+ 61pF -+ 6 Mfl  + 61 MI-I 

N 73 73 124 124 10 124 

The  value o f  S, is es t imated  f rom Ci. a s suming  1 p .F /cm 2 a n d  the t-system capaci tance ,  G = 0.30 Gin (see text). 

apparent  area. This difference arises in part  because of  the t-system of  the myocyte 
and in part  because the outer  surface is not  smooth. In Purkinje myocytes, which 
have no t-system, the area based on capacitance is 1.5 times larger than the appar- 
ent  smooth value (Cohen et al., 1987). Page, McCallister, and Parver (1971) using 
stereological methods, repor t  for rat ventricular myocytes the surface area of  outer  
sarcolemma per  unit  volume of  cell is 0.27 p~m -1, which translates to an outer  sur- 
face area that is 1.35 times larger than the apparent  smooth value. If guinea pig 
ventricular myocytes are similar in this regard, then the t-system contributes ~5 7  
pF of  the total capacitance or 30% of  the total membrane  area. This estimate corre- 
sponds well with structural data (B. Russel measured 32% in guinea pig, personal 
communication,  and Page et al. [1971] repor ted 21% in rat), which were obtained 
by stereological analysis of  electron micrographs. 

The effect of  the t-system on diffusion or current  flow depends on its volume, Vt 
(cm3), as well as surface area, St (cm2). Moreover, current  flow and diffusion are 
closely related phenomena  that have exactly the same dependence  on geometry. 
Based on the analysis by Mathias, Eisenberg, and Valdiosera (1977) the following 
diffusion equation describes the steady state changes, [K]t(r) (mol/cm3),  within 
the t-system lumen, 

1 d ( d A [ K ] t ( r )  ) JK 
r dr r dr = Vt~DK, A [K]t(r0)  = 0. (A1) 

ro is the fiber radius, ~ is a tortuosity factor, Dx (cm2/s) is the diffusion coefficient 
and jK (mol/s)  is the total flux across all t-system membranes.  The average pertur- 
bation in t-system K + is 

A[K] t  = ~; i~  r dr. (A2) 
ro 

If the solution of  Eq. A1 is averaged as in Eq. A2, the result is 

JK 
A [K]t = ltDK. (A3) 
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The  pa rame te r / t  (centimeters)  is a characteristic length that depends  on the mor-  
phomet ry  of  the fiber and  t-system. I f  the t-system volume and surface areas are uni- 
form, as assumed in Eq. A1, then / t  can be morphometr ica l ly  evaluated. Viz 

l, = Vt 8~/r2o. (A4) 

However, if some regions of  the t-system are not  well connec ted  with the bath  or  if 
there are local constrictions in t-system diameter,  diffusional access would be re- 
duced and / t  would be shorter  than predicted by morphome t r i c  analysis. The  virtu 
e of  Eq. A3 is its generality, if one is not  specific about  I t. An independen t  measure  
of  It can be obtained electrically. Mathias, Eisenberg, and  Valdiosera (1977) show 
the slowest electrical t ime constant  reflecting restricted access to t-system mem-  
branes is given by 

�9 , = ~c, (A5) 

where p = 60 l'I-cm is ba th  solution resistivity and Ct = 57 pF is total t-system mem-  
brane  capacitance. We pe r fo rmed  frequency domain  impedance  studies of  isolated 
myocytes, but  no record had any detectable effects of  the t-system, so we estimate 
that  tt is no slower than 16 ~ts (corresponding to ~ 1 0  KHz). Thus, It = p Ct/'rt ~ 2.1 
Izm f rom electrical measurements .  Consider  the morphomet r i c  definition o f / t  in 
Eq. A4. For right circular cylinders of  d iameter  d t ( c m ) ,  gt --- S~dt/4.  In mammal ian  
cardiac muscle, the smallest observed t-tubule d iameter  is dt = 0.03 b~m whereas 
more  typical values are 0.3 I~m (Sommer  andJennings ,  1986). The  tortuosity factor 

-~ 0.5 (Mathias et al., 1977) so the smallest 4 gives It -> 1.7 Izm. Thus, the two 
methods  p roduce  a consistent lower limit for  It o f  ~ ~m. With regard to changes 
in t-system K +, the biggest t r ansmembrane  K + flux in our  exper iments  is due to the 
pump.  Hence,  we estimate jK assuming 2K + are t ransported per  cycle and assuming 
the t-system contr ibutes 30% of  the m a x i m u m  IT = 182 pA in Table II([Na]p = 80 
mM).  

jK -- 0.5 X 10 -1~ m o l / s  (A6) 

The  worst case change in t-system K + is thus 

A[K]t -< 0.2 mM, (A7) 

even this conservative u p p e r  limit is essentially negligible in our  experiments.  
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