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ABSTRACT Recent experimental studies (Pusch and Neher, 1988) and theoretical studies (Oliva et al., 1988) have found that
the pipette tip is a significant barrier to diffusion in the whole cell patch clamp configuration. In this paper, we extend the
theoretical analysis of fluxes between the pipette and cell to include transmembrane fluxes. The general conclusions are: (a)
within the pipette, ion fluxes are driven primarily by diffusion rather than voltage gradients. (b) At steady state there is a
concentration difference between the bulk pipette and intracellular solution that is described by Ac = jR,/Dp, where Ac = 1
mM for a flux, j = 1 fmol/s, through a pipette of resistance, A, = 1 MQ, filled with a solution of resistivity, p = 100 @—cm,
given a solute diffusion coefficient, D = 10~ 5 cm?/s. (¢) The time to steady state is always accelerated by membrane
transport, regardless of the direction of transport.

We apply our analysis to the measurement of transport by the Na/K pump and Na/Ca exchanger in cells from the
ventricles of mammalian heart. We find that the binding curve for intracellular Na* to the Na/K pump will appear significantly
less steep and more linear if one does not correct for the concentration difference between intracellular and pipette Na*.
Similar shifts in the binding curve for extracellular Na* to the Na/Ca exchanger can occur due to depletion of intracellular
Ca** when the exchanger is stimulated. Lastly, in Appendix we analyze the effects of mobile and fixed intracellular buffers on
the movement of Ca*™* between the pipette and cell. Fixed buffers greatly slow the time for equilibration of pipette and
intracellular Ca™**. Mobile buffers act like a shuttle system, as they carry Ca** from pipette to cell then diffuse back when
they are empty. Vigorous transport by the Na/Ca exchanger depletes mobile buffered calcium, thus stimulating diffusion from
the pipette to match the rate of Ca** transport. Moreover, we find that binding of Ca** to the exchanger can be affected by

the mobile buffer.

INTRODUCTION

The whole cell patch clamp technique offers the opportu-
nity to modify transmembrane voltage and the ionic
environment on both sides of the cell membrane. This
represents a significant advance in our ability to character-
ize quantitatively the dependence of membrane ion pumps
and exchangers on those parameters which affect them
most directly. The degree to which we modify the voltage
or ionic concentrations, however, must be carefully char-
acterized if the quantitative information is to be most
useful.

In a recent report (Oliva et al., 1988), we analyzed the
time for a solute in the patch pipette to equilibrate with
the intracellular space. Although this analysis considered
impermeant solutes that were not buffered intracellularly,
one important and general prediction was that the pipette
tip represented the dominant barrier to diffusion. As a
consegence, we were able to describe the time course of
equilibration with a single exponential whose time con-
stant depended entirely on experimentally accessible
parameters. At about the same time, Pusch and Neher
(1988) published an elegant experimental study of ex-
actly the situation which we were modeling. They ob-

served that the time course of equilibration was a single
exponential whose time constant depended qualitatively
on the experimental parameters which were predicted by
our model. Moreover, we found that our model predicted
quantitatively their observed time constants, given all of
the experimental parameters that they reported, and
given that the solute was impermeant. From this close
agreement of experiment with theory, we conclude that
the pipette tip is indeed the rate limiting barrier to
diffusion.

The existence of a large barrier to the cell interior
through the pipette tip raises an additional important
question concerning the study of membrane transport
properties. If the cell membrane area is large and the cell
transport rate is elevated, can the pipette supply sufficient
quantities of a transported substance? In other words, is
the pipette concentration a reasonably accurate estimate
of the concentration of the transported substance within
the cell? Accurate studies of membrane transport require
knowledge of the cell’s ionic concentrations, but elevated
transport rates require significant fluxes across the pipette
tip and, consequently, significant gradients of the trans-
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ported substance between the bulk pipette solution and
the cell interior. It is this situation which the present study
was designed to investigate.

GLOSSARY

a Distance of perfusion from pipette tip (cm)

A Cross-sectional area of the pipette shank (cm?)

c Total concentration, both free and bound to mobile
buffers, of an arbitrary solute within the cell and
pipette (mol/cm?®)

c. Total concentration of an arbitrary extracellular solute
(mol/cm?)

< Average value of ¢ within the cell (mol/cm®)

¢, Some fixed value of intracellular concentration (c;)
(mol/cm?®)

c Value of ¢ in the bulk pipette solution (mol/cm?)

(o Normalized intracellular concentration (Eq. 16)

G, Normalized pipette concentration (Eq. 16)

D Diffusion coefficient for solute ¢ (cm?/s)

iy Holding current applied to voltage clamp the cell (A)

Ir Maximum transmembrane transport of an intracellu-
lar solute out of the cell with all binding sites saturated
(mol/s)

Jr Transmembrane transport of solute ¢, (mol/s)

Ji Transmembrane passive leak of ¢, (mol/s)

J Net transmembrane flux out of the cell j = j; + j_
(mol/s)

Jo Net flux of ¢, across the membrane at ¢; = ¢, (mol/s)

K, Binding constant for ¢, to the transport protein (mol/
cm?)

K, Binding constant for ¢; to the transport protein (mol/
cm®)

P’(c) Probability of ¢; binding to # independent intracellular
sites on the transport protein

P2(c,) Probability of ¢, binding to m independent extracellu-
lar sites on the transport protein

R, Resistance of the pipette shank (22)

Sn Surface membrane area of the cell (cm?)

T Time of peak flux (s)

v Intracellular volume (cm?)

P Resistivity of the pipette filling solution (Q cm)

Tr Time constant for transport from the cell (Eq. 15) (s)

. Time constant of diffusion from the pipette (Eq. 10)
(s)

Ty Time constant to change the extracellular bath (s)

¥ Voltage at an arbitrary location in the pipette or cell
V)

THEORY

Fig. 1 illustrates the geometry and some of the assump-
tions associated with our analysis. A patch is formed and
sucked out making an interface between the pipette
solution and intracellular solution at x = 0. The concen-
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FIGURE1 The upper panel represents a pipette attached in the whole
cell patch clamp configuration to a cell of arbitrary shape. The cell is .
assumed to transport a solute of intracellular concentration ¢, at a net
rate j. The lower panel illustrates the expected steady state concentra-
tion profile. The pipette is assumed to be perfused at a distance of 100
pm from the patch, hence, the pipette concentration of the solute is fixed
at ¢, at distances >100 pm. The distance 100 um was chosen as a
minimum achicvable perfusion distance, however, it is effectively
infinite insofar as the concentration profile does not significantly change
if the perfusion plane is moved to infinity, so perfusion is irrelevant to our
analysis. Because the pipette tip and cell membrane are the primary
barriers to diffusion, the concentration in the cell is approximately
spatially uniform, whereas a concentration gradient in the pipette is
required to drive the flux j into the cell.

tration profile within the cell is assumed to be approxi-
mately uniform (Oliva et al., 1988; Mogul et al., 1989).
Concentration gradients within the cell can be estimated
from Fick’s law: membrane fluxes on the order of 1
#A/cm? require a maximum intracellular concentration
change of ~1 uM over 10 um for small monovalent solutes
like sodium or potassium. In contrast, owing to the
diffusion limitation of the pipette tip, a much larger
concentration gradient may form between the bulk pi-
pette solution and cell whenever a substance is trans-
ported across the cell membrane.

In all of the analysis that follows, we will consider
either a free intracellular solute or one that is mostly
bound to a mobile buffer. In the latter situation the flux
into the cell from the pipette will be primarily in the
buffered form, whereas the transmembrane flux is the
unbuffered solute. As shown in the Appendix, both fluxes
depend on the total concentration of solute in the cell, so
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the concentration ¢; is the total of free plus buffered
solute.

Steady state diffusion

The goal of the steady-state analysis is to relate the bulk
pipette concentration, c,, to the intracellular concentra-
tion, ¢;, in terms of experimentally measurable parame-
ters. Assume the net transmembrane transport rate of an
intracellular solute is j (mol/s). At steady state, the total
flux from the pipette into the cell must equal the net
membrane transport.

ji= —A(x)D%i- (mol/s), 1)

where D (cm?/s) is the diffusion coefficient for ¢, and
A(x) (cm?) is the cross-sectional area of the pipette
shank.
Eq. 1 can be integrated to obtain

j 0 dX i

B _am= - A dc, (2)
where c,, (mol/ cm’) is the bulk pipette concentration and
a (cm) is the perfusion distance, which can be infinite in
the absence of perfusion (Oliva et al., 1988). It is
necessary to make some assumption on the geometry of
the shank to complete the integration, however, an alter-
native approach is to write the integral in terms of the
pipette shank resistance, R,

d
Re=s [ 205 @, 3)

where p (2 cm) is the resistivity of the solution filling the
pipette. Substituting Eq. 3 into Eq. 2 and solving for ¢,
yields

iR, (mol/cm?3). 4)
Eq. 4 treats j as the independent parameter in setting c;,
whereas in actuality the rate of net transport depends on ¢;
and the membrane surface area of the cell. However, if
the rate of transport can be experimentally measured, Eq.
4 allows one to correct for differences between ¢, and ¢;.
Fig. 2 illustrates the steady-state value of ¢; as a function
of the net membrane flux. The value of ¢; can be either
greater or less than ¢, depending on whether the net flux
is inward or outward. In general, the net flux will be
inward when the concentration of free solute in the pipette
is less than the normal resting value in the cell, and vice
versa.

-0.2 0 0.2 0.4 0.6 0.8
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FIGURE2 The steady-state relationship between intracellular concen-
tration, c;, bulk pipette concentration, c,, and net membrane flux, j. This
relationship is described by ¢; = ¢, — j R,/ Dp, where the ratio of pipette
resistance to resistivity, R,/p, is a geometric factor that describes the
pipette tip and D is the diffusion coefficient of the solute. When j = 0,
the pipette concentration is the same as the normal resting intracellular
concentration.

Steady-state electrodiffusion

Assume a holding current, iy, is applied to voltage clamp
the cell, where outward transmembrane current is defined
as positive. There will be a voltage gradient within the
pipette and if a substance is charged, its movement will be
affected by this gradient. However, we will show that this
is a small effect in most experimental situations so the
primary limitation is diffusion across the pipette tip.

A(x) d
= -22F @ ®)
. de Fz dy
J= —A(X)D[a + R_fca] (6)

Substituting Eq. S into Eq. 6 yields a first-order linear
differential equation, which can be solved to obtain

FZRpih RT_] FZRpih 1 7
=X\ "R | ~ DFzpi |TP\"RT || D

The term R, (V) represents the voltage drop in the
pipette. This should generally be smaller than RT/F in
which case we make the approximation

FzR ih jR
Ci=Cp(l+ R;)_-D_I:’ (8)

This result can be compared with Eq. 4 for diffusion in the
absence of a voltage gradient. The correction, which
depends on the voltage drop in the pipette divided by
RT/F, is in most instances negligible, so the primary
limitation of the technique is indeed the rate of diffusion
of substances through the pipette tip.
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Transient equations

Results concerning the time course of concentration
changes require initial conditions that are appropriate for
a specific experiment. However, before considering spe-
cific experiments, it is useful to write down general
equations, which we can use to describe any experiment.
In this section, we present these general equations.

The rate of change in ¢; depends on the rate of entry via
the pipette (Oliva et al., 1988) minus the solute flux across
the membrane:

i (c, — ¢) — %j (mol/cm® s). 9

For most cells, T is in the range of 10-100s.
7, = R,Vi/Dp. (10)

If one can experimentally measure j, the intracellular
concentration can be computed.

1
() — ¢y = [¢:(0) — cple™"/™ — 7]./0. e~=9/mj(s) ds.
(1)

Whenever the time of the experiment is brief, so that ¢ «
7, the term e~/ ~ 1 and the pipette has essentially no
influence on the change in concentration. For example, a
voltage clamp experiment of voltage dependent ion chan-
nels would probably be too fast for the pipette to be
effective.

We frequently use a linearized model of transport, in
which j is expanded in Taylor series about ¢; = ¢,, where
¢, is some fixed value concentration in the cell. The
equations for transport then depend on the parallel
combination of two time constants. One time constant, T
represents the time for solute to move from pipette to cell,
and the other, 7, represents the time for transport to
move solute out of the cell.

The linearized equation is

1
— = T—p(cp — Ci) - T_T (ci - Z‘o)' (12)

We define the flux when ¢; = ¢, as

Jo = Jj(co) (13)
then
- . [djo
G = ¢, — J"/d_q (14)
and
dj,
TT= V‘/d—c, (15)

If j, # 0, we can define normalized concentrations

C = G- C = CP;Z“’ 16)
i_co_zo’ p_-Co_z‘o (
and
J0) = j,G(®). an
The equation governing C, is
i _Lc_-o-Lg 18
dt o Tp P v TT i ( )

Eqs. 17 and 18 show that knowledge of just a few
experimentally accessible parameters is sufficient to pre-
dict both the flux and the change in intracellular concen-
tration.

Time constant of equilibration

The effect of membrane transport on the time course for
equilibration of a solute between a patch pipette and cell
may not be intuitively obvious. Consider the flux of
sodium, for example. Assume we form a patch and
rupture the membrane at ¢+ = 0. We will examine
separately two situations: (@) the membrane is completely
impermeable to sodium; (b) the Na/K pump responds to
intracellular sodium. We will show that the time constant
for equilibration is always more rapid when there is a
transmembrane flux of the solute, regardless of whether
the flux is inward or outward or whether the pipette
concentration is greater or less than ¢,(0).

We form a patch and rupture the membrane at ¢ = 0,
then wait for the concentration in the pipette to equili-
brate with the intracellular compartment. If the sub-
stance is impermeant, as in case 1, then

de; 1
E = T_p (CP - Ci)
¢i(0) = ¢
and
(1) = co = (c; — c)(1 — e7"/), 19)

If we assume there is membrane transport of sodium, as in
case 2, and that we are initially in steady state (i.e.,j = 0
at ¢; = ¢,), then from Eq. 12

a(t) — ¢, = lc;—:/”—T (1= e, (20)
P
where
7 =1,/(1 + 7,/77). (21)
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FIGURE3 The time course of the intracellular concentration change.
The solid lines are calculated assuming an impermeable cell membrane,
and the dashed lines a permeable cell membrane. The bulk pipette
concentration is assumed to be twice the resting intracellular concentra-
tion in the upper 2 curves, and zero in the lower 2 curves. The presence of
membrane transport always accelerates the time to steady state but
reduces the magnitude of the change in intracellular concentration.

The predictions of Eqs. 19 and 20 are graphed in Fig. 3 for
rr = 7pand ¢, = 2¢, or ¢, = 0. The solid lines represent
the concentration changes in the absence of transport and
the dashed lines in its presence. We have assumed that the
passive inward leak is essentially constant, so the time
course of concentration change reflects either stimulation
or inhibition of the active transport component. In Fig. 3,
the initial rate of change in concentration depends only on
the pipette, but the final change is always reduced by
transport, so the time constant is reduced. When pipette
sodium is elevated, the pump is stimulated to extrude it.
When pipette sodium is below normal, the pump is
inhibited, however, in the presence of a constant inward
background leak, the inward transmembrane flux of
sodium is effectively stimulated. Thus, the change in
intracellular sodium is reduced and so is the time constant
for equilibration, regardless of whether the membrane
flux is net inward or outward.

Because j varies as the surface area of the cell, the time
constant 7p (Eq. 15) varies inversely with the cell’s
surface to volume ratio, whereas 7, (Eq. 10) varies in
proportion to cell volume. Thus, the time to steady state in
very small cells will depend primarily on 7, whereas very
large cells will depend primarily on 7.

RESULTS

In this section we will examine experiments using the
whole cell patch clamp to study the Na/K ATPase and
Na/Ca exchange in the heart. We will use nonlinear
models of these transporters so the results are computed
numerically, however, our computed results are compared
with the linearized, approximate results presented in
Theory.

The Na/K pump

One of the most important factors in the regulation of
sodium pump activity is its response to changes in
intracellular sodium. If we attempt to characterize the
dependence of transport rate on [/Va];, by using the wnole
cell patch clamp technique and perfusing the pipette with
various values of [Na],, the effectiveness of the pump will
limit the change in [Na],.

We assume that 3 sodium are transported for 2
potassium and that each binding site for a particular ion is
independent and identical.

[Nal; )3 (22)

Y L
= JT([K]e + KK) [Na]; + Kna

The dissociation constant for intracellular sodium is
selected to give a half-max binding at [Na]; = 10 mM, in
accordance with data reported by Nakao and Gadsby
(1989). The remaining transport parameter values are
rough estimates taken from our own data from guinea pig
myocytes (Gao et al., 19904, b).

R, = 4MQ
Kn, = 2.6 mM
K¢ = 2.1 mM

K], = 5mM,

and
Jr = 8.9 fmol/s.

The passive leak of sodium into the cell is calculated using
the Goldman, Hodgkin, Katz equation, which assumes a
constant field within the membrane.

, F{r, [Na]; — [Na]g™/*"
JL = WNa ﬁ Fym/RT ’

1-¢ 23)
where the membrane permeability, wy, = 3.2 x 107!
cm’/s was chosen such that j; = — j = 1.5 fmol/s at
[Na], =6 mMandaty, = — 80mV.

In Fig. 4 we have plotted the actual binding curve for
intracellular sodium (solid line) and the data (squares)
that one would obtain using a 4-MQ patch pipette to
record the membrane current as a function of pipette
sodium. The effect of intracellular depletion is to reduce
and linearize the apparant binding curve in relation to the
actual binding. The actual and apparant binding curves
cross at the normal resting value of intracellular sodium,
where j = 0. Thus, the ouabain blockable current at the
resting value of [Nal]; is also a measure of the leak. If we
assume j; is independent of [Na];, then there is enough
experimental information to correct the simulated data in
Fig. 4 using the relationship in Fig. 2, and obtain the
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FIGURE 4 The sodium dependence of the Na/K ATPase. The solid line
represents the actual dependence of the pump on intracellular sodium.
The open squares are a simulation of the observed pump current as a
function of pipette sodium. The observed curve is more linear and less
steep than the actual, owing to differences in intracellular sodium and
pipette sodium. The leak of sodium into the cell is calculated using the
constant field assumption, Eq. 23, which varies slightly with changes in
[Na],. The filled diamonds are calculated by shifting the observed points
along the abcissa in accordance with Eq. 4, assuming a constant leak so
that j is the observed flux minus a constant. Numerical simulations were
performed using an IBM PC with an inboard 386/P were written in
Fortran 77. Programs for integration of nonlinear differential equations,
root finding and function maximum finding were taken from Press et al.
(1986).

triangles in Fig. 4. The small difference between the
triangles and the actual binding curve is due to the
variation in j;, which is calculated using Eq. 23 in the
simulated data but is assumed to be a constant, given by
its resting value, in the correction.

The Na/Ca exchanger

The Na/Ca exchanger is thought to move 3 Na* for 1
Ca**. It most often uses the energy in the sodium
gradient to extrude calcium from the cell, however, it may
reverse direction and transport calcium into the cell
during part of the plateau phase of the cardiac action
potential (Noble, 1986). It is the primary transport
system for eliminating the Ca** which enters during the
cardiac action potential, so it is very responsive to changes
in intracellular Ca™™* and is capable of rapidly altering
[Ca]

Kimura et al. (1987) present an elegant set of experi-
ments in which they characterize many aspects of this
important transporter. In their study, they noted changes
in flux that were most probably due to changes in
intracellular concentration. Kimura et al. described these
changes as local accumulation/depletion of Ca** just
inside the membrane, but given the slow time scale, they
are most likely related to a more global phenomenon,
probably accumulation/depletion of total intracellular
calcium, which is mostly bound to EGTA in their experi-
ment. In the Appendix, we show that if local accumula-

tion/depletion occurs, it will be within 1 um of the
membrane and will develop within a few milliseconds.
Moreover, the flux of calcium reported in Kimura et al.
(1987) is on the order of 10~ 13 mol/s. To provide a flux of
this magnitude from the pipette, we require a concentra-
tion difference of ¢, — ¢; ~ 1.0 mM. Because free calcium
is on the order of 10~7 M, the required flux is obviously
being delivered by the buffered calcium, whose concentra-
tion is in the millimolar range. The concentration of
relevance is therefore that of buffered calcium, ¢ =
[Ca—EGTA],;, and the reported time constant is for
changes in ¢;.

In these experiments, both extracellular sodium and
intracellular calcium are changed, so we explicitly con-
sider the effect of each. However, the time course of
depleting total cellular calcium appears exponential, sug-
gesting that the linearized model (Eq. 17) is an adequate
description of their experiment. Thus, we assume

J=JoPiG(2) (24)
P, — e 25
¢ [Na]c + KNa ( )
and
G 1 1,
?=T—p(l -G _;;Peci (26)
Ci (0) = 19
where 71 and 7, are defined in Egs. 10 and 15, but we
specify 7p at P, = 1. For an arbitrary [Na],, where
P, # 1, the actual time constant for transport becomes
71/ Pe.

Kimura et al. (1987) measured the time course of
intracellular depletion by voltage clamping to the reversal
potential of the transporter where j ~ 0, then stepping to
some test voltage and recording the flux.

In this experiment, they used [NVa], = 140 mM, which
is close to saturating (see Fig. 5 E). To estimate some
of the parameters of the model, we assume P, ~ 1 at
[Na], = 140 mM. Then the flux measured by Kimura et
al. is described by

J@) =jo + (o + ju)e
. jO
Jo = Tt/

where 7 is given by Eq. 21. From their data, we can
measure

Jo = 8.1 pmol/s

J» = 1pmol/s

T=12s.

For a typical pipette of 4 MQ resistance and a cardiac
ventricular myocyte of volume 2 x 1072 cm?, the pipette
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time constant will be 100 s. Using this value of Ty WE can
calculate the remaining parameters.

7, = 100s

TT = 14 s.

One of the points of the experiments described in Kimura
et al. (1987) was to measure the dependence of the
exchanger [Na], (to determine P2 in our model). To do so,
they recorded the peak current when their bath was
changed from [Na], = 0 to an arbitrary [Na]_. If the
bath change is instantaneous, the initial flux would be
Jjo P, where P, is evaluated at [Na),.. However, their bath
change appears to have a time constant, 7,, that is
comparable to their rate of intracellular depletion. Thus,

[Na], = [Nal..(1 — e~/™), 27)
where
Ty = 12s.

The probability of binding three extracelluar sodium ions
now follows a time course that is dictated by the bath
exchange (Eq. 27). We assume the rate of binding Na™ is
fast in comparison to the bath change, so we compute
P(¢) from Egs. 25 and 27. Thus,

J(®) = joPLUNC(),

where C,(?) is numerically calculated by integrating Eq.
26.

Fig. 5, A-D illustrate the predicted fluxes when the
extracellular bath is changed from [Na], = 0 to [Na], =
140, 70, 35, and 17.5 mM, respectively. These computa-
tions are similar to the fluxes recorded by Kimura et al.
(1987) and graphed in Fig. 8 of that paper. We predict
somewhat more depletion than shown in Fig. 8 of Kimura
et al. but our calculation uses a time constant that is
obtained under slightly different conditions, and a pipette
resistance of 4 MQ, which may be higher than that used in
their particular experiment.

We define T as the time of peak flux. The normalized
peak flux is

ED _ e, (28)

o

Kimura et al. (1987) assumed that j(T)/j, = PZ. This
assumption is accurate when the bath change is rapid in
comparison to intracellular depletion, but becomes increas-
ingly in error as r approaches 7. In Fig. 5 E, we plot: (a)
P? ([Na],) vs. [Na).; and (b) j(T)/j, vs. [Na].. Curve 2
falls significantly below curve 1 at most values of [Na]..
This is due to two factors: (@) The bath sodium concentra-
tion at the time of peak flux is less than [Na],, due to the
slow bath exchange; (b) The intracellular concentration
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FIGURES Na/Ca exchange currents and binding of extracellular
sodium. 4-D illustrate the time course of current generated by the
exchanger, starting from the same initial conditions with zero initial
current owing to zero initial extracellular sodium. The exchanger is
assumed to be turned on by changing the bath sodium with a time
constant 7, = 12 s. The final bath sodium is: (4) 140 mM; (B) 70 mM;
(C) 35 mM; (D) 17.5 mM. E illustrates the actual and observed binding
curves for extracellular sodiam. The upper curve is the actual binding
calculated from Eq. 25. The lower curve represents the peak current as a
function of the final bath sodium. The half-max of the actual binding
curve occurs at 20 mM, whereas the peak current yields a half-max at 70
mM. The errors in using the peak current to estimate [Na], binding are
due to two factors: (a) the bath sodium has not reached its final value at
the time of the peak, and (b) the intracellular calcium is depleted at the
time of peak.

Ci(T) at the time of peak flux has dropped from its initial
value, due to intracellular depletion of total calcium.
Indeed, it appears that the correct half maximum should
be ~20 mM, which is 3.5 times lower than that calculated
by Kimura et al. using the measured peak flux. For the
corrected binding curve, the dissociation constant in Eq.
25 is

Kna = 5mM,
P} = 0.5at [Na], = 20 mM.

We adjusted Ky, to make the peak flux vs. [IVa], curve in
Fig. 5 E appear similar to that reported by Kimura et al.
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As mentioned above, the calculations in Fig. 5 utilize
parameters measured in different experiments on dif-
ferent cells, so the corrected binding curve may not be
very accurate. Nevertheless, it demonstrates that the
effects are significant and a correction is important.

DISCUSSION

We have extended the findings of Oliva et al. (1988) to the
study of membrane transport and demonstrated that
concentrations of transported substances will differ be-
tween the pipette and the cell under most conditions. This
discrepency between pipette and cell concentrations can
lead to incorrect estimates of the transport properties of
the cell membrane. We analyzed two membrane transport-
ers, the Na/K pump and Na/Ca exchange in ventricular
cells of the mammalian heart.

Na/K pump

Our study of the sodium pump focused on the relationship
of the transport rate to the pipette sodium concentration.
We demonstrated that for conservative values of the
pipette resistance and pump flux in a ventricular myocyte,
the relationship between pipette sodium and transport
deviated significantly from the relationship between inter-
nal sodium and transport. The former shows less satura-
tion below 100 mM pipette sodium, with a half saturation
at ~15 mM, whereas the latter had a half saturation value
of 10 mM. The initial studies examining the Na* depen-
dence of the Na/K pump showed even less saturation
than our simulated data (Gadsby et al., 1985), whereas
later studies aimed at this particular concern were able to
demonstrate saturation with a half-maximum at near 10
mM pipette sodium by using very low resistance pipettes
(Nakao and Gadsby, 1989).

More recently a number of important studies have
concerned the current voltage relationship of the Na/K
pump and the properties of the voltage dependent step in
Na* transport (Gadsby and Nakao, 1989). The qualita-
tive conclusions of these studies remain unaltered by the
difficulties of the patch-clamp technique, however, it is
less certain that the quantitative estimates are entirely
correct. The relationship between intracellular sodium
and membrane potential will depend on the transport rate
of the Na/K pump and the inward background current,
which will also determine these fluxes.

Time constant of equilibration

Pusch and Neher (1988) measured the time constants for
intracellular equilibration of a number of solutes that

were perfused in patch pipettes. Their results for imper-
meant solutes could be accurately described using the
results of Oliva et al. (1988), where 7, (Eq. 10) gave the
time constant for the cell and pipette to equilibrate.

The time constants for Na* or K* equilibration,
however, were several times faster than predicted by the
Oliva et al. analysis. In Theory, we used a linearized
approximate model to demonstrate that membrane trans-
port will always speed up the time to steady state. In Oliva
et al. (1988) we suggested that the Na/K pump might
have sped up the time to steady state for these ions.
However, a quantitative analysis suggests the Na/K pump
in relatively small chromaffin cells used by Pusch and
Neher would not produce enough flux to be responsible
for the more rapid time constants. The observation in Fig.
3 that membrane pumps can speed the equilibration time
applies to any membrane flux, either passive or active, so
Na* or K* membrane channels also shorten the time to
steady state. If a solute is diffusing from pipette to cell, an
outward membrane flux hastens the time to steady state
by reducing the steady-state change, as shown in Fig. 3,
whereas an inward membrane flux increases the rate of
accumulation.

Na/Ca exchange

The intracellular calcium concentration is normally low,
so consequently it presents some unique experimental
difficulties. The first is in loading the cell with a desired
level of calcium. If the pipette contains a free, unbuffered
calcium concentration that is below 10 uM, Neher (1988)
showed that the time for equilibration of the cell and
pipette will be extremely slow, owing to the presence of
fixed intracellular buffers (e.g., myofilaments, sarcoplas-
mic reticulum, nuclei, and mitochondria). In the Appen-
dix, we calculate that the time constant for equilibration
of free calcium may be thousands of times slower than
that for sodium. The means to avoid this problem is to
load the pipette with a high (millimolar) concentration of
buffered calcium, so diffusion from pipette to cell is in the
form of calcium bound to a mobile buffer. This will create
a large enough flux of total calcium into the cell to rapidly
equilibrate with fixed intracellular buffers. Mobile buffers,
however, have unknown effects on the binding reaction of
intracellular calcium with the Na/Ca exchange protein.
As described in the Appendix, when mobile calcium
buffers are present, two reactions can occur at the
membrane-myoplasm interface: (a) free calcium can bind
to the Na/Ca exchange protein. (b) Buffered calcium can
be directly transferred to the transport protein. The
affinity of the transport protein for a free calcium ion is
higher than for one bound to a buffer, however, buffered
calcium is thousands of times more plentiful than free
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calcium, so reaction b is greatly favored by mass action.
One or the other of these reactions will likely dominate,
but we do not know which. Furthermore, as indicated in
the Appendix, there are special problems associated with
each reaction.

If reaction (@) dominates, there may be rapid local
depletion of calcium within 1 um of the membrane. If
reaction (b) dominates, local depletion will be negligible.
However, the transfer of calcium from a mobile buffer
directly to the exchange protein will depend on rate
constants that are not normally associated with calcium
extrusion by the exchanger.

Experiments on Na/Ca exchange have not been exe-
cuted with sufficient time resolution to detect a rapid
decline due to local depletion. Kimura et al. (1987) report
that their conclusions did not depend on intracellular
concentrations of EGTA between 4 and 40 mM, as long
as free calcium was maintained constant. Ehara et al.
(1989) examined the effects of different concentrations of
EGTA and BAPTA. They found that the time constant
for the decay of the Na/Ca exchange current increased
with increased buffer concentration. This observation is
predicted in the Appendix, Eq. A27, which describes the
time constant for depletion of intracellular buffered
calcium. The evidence for choosing between reaction (a)
or (b) is not particularly compelling. However, the cal-
cium and sodium fluxes reported by Kimura et al. (1987)
or Ehara et al. (1989) were surprisingly large if free
calcium (1077 M) is the source. They measured peak
currents that were 1-2 uA /cm?. Na/K pump currents are
the same order of magnitude, whereas free Na* and K*
are 10,000 times more plentiful than free Ca**. Perhaps
the relatively high concentration of mobile buffered
calcium enhances the flux through the Na/Ca exchanger.
Clearly, there are interesting questions yet to be an-
swered.

APPENDIX
The effect of buffering

Diffusion of ions present at low free concentration can be greatly
modified by mobile and immobile buffers. These effects, with regard to
intracellular diffusion of hydrogen ion, are discussed in Junge and
McLaughlin (1987) and Irving et al. (1990). Similar effects are
expected for calcium (Neher, 1988). The interaction of calcium or
hydrogen (Kasianowicz et al., 1987) with a membrane transport system
will also be modified by buffers. The purpose of this appendix is to
examine the effects of mobile and immobile buffers on the transport and
intracellular concentration of calcium during whole cell patch clamp
studies of Na/Ca exchange in heart cells.

Fixed buffers

Calcium has several intracellular storage sites that buffer changes in
free concentration. The majority of these sites are not free to diffuse

from the cell (for example, mitochondria, sarcoplasmic reticulum,
myofilaments, and nuclei), so diffusion of free calcium from a patch
pipette into a muscle cell must fill or come to equilibrium with these
fixed buffers. Such sites have the capacity to absorb the equivalent of
millimolar concentrations of free calcium, although they are saturable,
and they can equilibrate with free concentrations in the 1-10 uM range.
As a first approximation, we will model this group of intracellular sites
as a simple buffer:

[S]; [Ca),
[SCa]i = Ks T [Ca]i . (Al)
where [S]; (millimolar) is the total capacity, [SCa]; (millimolar) is the
amount of calcium in the stores (each referred to an equivalent
concentration of free calcium), [Ca]; (micromolar) is free intracellular
calcium and K (micromolar) is an effective dissociation constant.

Diffusion of free calcium from a pipette into a cell will increase both
free calcium and calcium stored in these intracellular sites. The
differential equation describing accumulation/depletion of intracellular
calcium is, therefore:

d(Ca); d[SCa];

a T a (A2)

1 1
= T—p([Ca]p — [Cal) - 7|j

If the time for diffusion is slow in comparison to the rate constants for
filling the intracellular sites, the storage sites will remain near equilib-
rium, which is described by Eq. Al. Differentiating Eq. Al and
substituting into the linearized version of Eq. A2 yields

d[Ca]i Bs

dt p

((Cal, - [Ca)) — ’f—j([c«zh _ [Tl (A3)

/3s=1/[1 +

The buffer capacity, 8, as defined in Eqs. A3 and A4, is approximately
the change in free calcium per unit change in total calcium. For free
intracellular calcium in the micromolar range, B is likely to be on the
order of 85 ~ 10~ *. The time constant for the pipette to come to a steady
state with the cell will therefore be extremely slow (10°r, where
T=1/1 4 71,/77).

where

[S11/Ks

(1 + (CalyKo)?|" (a4)

Mobile buffers

Because of the above described limitation, one usually controls intracel-
lular calcium by perfusing the pipette with a mobile calcium buffer
(Neher, 1988). Buffered calcium, [BCa], is in the millimolar range,
whereas free calcium, [Ca], is in the sub micromolar range. Thus, there
isa relatively large flux of buffered calcium from the pipette into the cell,
where the mobile buffer and fixed buffers come to equilibrium. In this
situation, we will show that the time to steady state is probably not
significantly affected by fixed buffers. However, when membrane
transport of calcium is significant, interactions of buffered calcium with
the transport protein and local depletion of free calcium may both occur.
Within the cell and pipette, the buffer reaction is

ag

[B] + [Ca] == (Bca].

agKy

We will assume that changes in bulk intracellular concentration are slow
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in comparison to the rate of binding, hence,

[BCal

"TZ;T_'. (/\5)

[Ca] = Kg

Furthermore, if the diffusion coefficients of B and BCa are similar, then
any increase in free intracellular buffer, [B], corresponds to an
equivalent decrease in the intracellular concentration of buffer-calcium
complex, [BCa];.

d[BCa], - d_[E]_'

dr dt (A6)

The equation describing the total change in intracellular calcium is

d[BCa);, d[Ca); dI[SCa];
+ +

de dr dt (A7)

= (jin - .1)/V|

In this situation, the flux from the pipette, j,, is almost entirely buffered
calcium. Moreover, free calcium is a negligible component of the total
balance so we can ignore [Ca}; in Eq. A7 and eliminate [SCa]; using
Egs. Al, AS, and A6. The result is:

B, _ bt - Ve (A8)
where g is now defined by
[S]T/KS 1+ [Ca]i/KB)2
Bs = ‘/[‘ ¥ [BJT/KB(l T ICal/Ks ] (49)

and where [Bly = [BCa);, + [B];. Although it is difficult to know
precisely the values of the parameters in Eq. A9, for buffers such as
EGTA, whose K; = 10~7 M, the ratio of Ks/K is probably >1, so for a
total buffer concentration of greater than a few millimolar, 85 ~ 1. We
will assume 8¢ =~ 1'in what follows.

The flux of calcium from the pipette is almost entirely in the buffered
form because buffered calcium is three orders of magnitude more
abundant than free. Thus,

1 1
Vijin - ([BCal, — [BCal), (A10)

and in the text of this paper, when we are considering a buffered ion such
as calcium, ¢; = [BCal..

Membrane/calcium interactions

The final step is to relate the membrane transport to the concentration of
buffered calcium in the cell. At the inside surface of the membrane, the
transport protein can pick up calcium through two paths.

a;
[Cal, + (1 — P) =P (A11)
ailf
a aK,
[BCal; + R==B—Ca—R =P, + [B].. (A12)

a K, a

P, represents the fraction of the total number of transport proteins with
their calcium binding site filled, and [Ca],, is the calcium concentration
just inside the membrane. If Reaction A11 dominates, there will be local
depletion of calcium just inside the membrane, as shown in Fig. A1, and

INTRACELLULAR EXTRACELLULAR

-2 1
BCa; = B; 2
- 3
g -3 :
= 3
-4 ®
s 4
s -5
c 7] i¢/5m
: %
c -6
L S— ol
o \
3 -8 1 t=p Y Cap
-9 T T T
-3 -2 -1 0
Y (um)
FIGURE A1 The spatial dependence of intracellular calcium just inside

the cell membrane. The cell membrane is at y = 0, where calcium is
extruded at a rate j;/S, (mol/cm? s). When mobile buffering is
inadequate, calcium just inside the membrane, [Ca],, is significantly
less than bulk intracellular calcium, [Ca];. The depletion occurs within 1
um of the membrane and develops with a time course of <1 m s. Mobile
buffered calcium, [BCal,, is approximately spatially uniform (gradients
are in the micromolar range, whereas concentration is in the millimolar
range). The buffer acts as a shuttle bringing calcium to the membrane,
then empty buffer, [B];, diffuses away from the membrane and binds a
new calcium ion. Thus, the greater the concentration of mobile buffer,
the less the local depletion of calcium. However, total buffer can deplete
over a time of a few seconds, owing to the diffusion limitation of the
pipette tip. Moreover, calcium can be delivered directly to the calcium
transport protein without disassociating from the buffer into the free
state. The direct transfer of calcium from buffer to membrane protein
involves binding constants for each system.

in this reaction layer the buffer will be out of equilibrium. If Reaction
A12 dominates, then local depletion is negligible; because this is the
simpler situation, we will first consider Reaction A12.

Buffered calcium/membrane interaction

We assume that the time constant for changes in [BCa); is slow in
comparison to the rate of binding, so P, is determined by an equilibrium
analysis. The analysis can be further simplified by assuming that the
middle state is in low occupancy. This implies [BCal,/K, » 1 and
[B],/K,» 1. Then

[BCal, + f‘ (B],
2

This can also be written in terms of free calcium by using Eq. AS.

p—— el (A14)

[Cal, + 2Ky

al; + =

i+ KZ B

Thus, changing the amount of pipette buffer and total calcium, such that
free calcium remains constant, results in no change in binding as

described by Kimura et al. (1987). However, the binding constant
depends on which buffer is used.

768 Biophysical Journal

Volume 58 September 1990



We assume that there is just one calcium binding site per transporter,
hence the flux due to transport is

[Ca);

Jjr = JrP([Nal,) (A15)

1
[Cal; + E Ky

Free calcium/membrane interaction

The second limiting possibility is that Reaction A1l dominates. As
described in the text and in Neher (1986) intracellular concentration
gradients of a few micromolar are sufficient to drive the fluxes, hence the
values of [BCa}; and [B], will be approximately uniform in the cell, as
shown in Fig. A1, but a gradient in free calcium will form just inside of
the membrane.

This situation was analyzed by Neher (1986) so we will attempt to
make just a few general points. (@) The reaction layer, where free
calcium has depleted, is <1 um thick. (b) The local gradient will form
with a time constant <1 ms. (¢) Once formed, the reaction layer will
maintain a psuedo steady state with the bulk cellular concentration of
total calcium, which is approximately equal to [BCa];,. Changes in
[BCa]; occur on a time scale of seconds.

Define y (cm) as a local coordinate normal to the membrane with y =
0 at the inside surface of the membrane and y becomes more negative
toward the center of the cell (see Fig. Al). The flux is assumed to be zero
at ¢ < 0, and suddenly switched on at ¢ = 0.

The maximum value of j; will occur at ¢ = 0, whereas the minimum
value will occur at ¢ = o, when depletipn has caused the calcium
concentration just inside the membrane to fall to its minimum value of
[Cal,,. One should be aware, however, that + — o in just a few
milliseconds, so [Ca],, may be time dependent, but it will be due to much
slower processes. If we simplify the calculation by assuming that j; is a
constant, given by its minimum, final steady-state value, the time
constant thus derived is an upper bound on the time of calcium depletion
just beneath the membrane. The steady-state spatial distribution of
calcium is accurately calculated because we define j; as the final flux.
Neher (1986) solved this diffusion/reaction problem for the conditions
just described. In our nomenclature, his solutions are

[Ca)(0, 1) = [Ca]i—s)vg erf Vi/rm t=0  (Al6)
m&/Ca
Nro
[Cal(y, ) = [Cal; - 5.0 e y<0, (A17)

where S, (cm?) is the total surface area of the cell, so the membrane flux
density is jr/S,,.

Tm = [Ca]i/(agKB [BCa],) (Alg)
A = VD¢ (A19)

Thus, the shorter the time constant, the shorter the length constant. For
a fixed [Ca];, each will become shorter if the buffer concentration,
[BCal],, is increased or if a different buffer with a higher off rate, ayKp, is
used. Define

A[Ca] = [Ca]; - [Ca],, (A20)
where from Eq. A16 we find
Mr
[Cal,, = [Cal; - S Do (A21)

From the data in Kimura et al. (1987) for Na/Ca exchange,[Ca]; ~
10-" M and j;/S,, ~ 10" mol/cm?s, and because A[Ca} < [Ca],, the
maximum value of A can be estimated from Eq. A20 and A21 with
A[Ca] = 10"'M and D¢, ~ 107> cm?/s, A <1074 cm

A<10%cm
and from Eq. A19
Tm < 10735,

This demonstrates that depletion just beneath the membrane is highly
localized and quite fast, much too fast to account for the depletion
observed in Kimura et al. (1987) or Ehara et al. (1989). The concentra-
tion at the inner membrane surface, [Ca],,, depends on bulk intracellu-
lar calcium, the length constant, and the rate of transport. But the rate
of transport also depends on [Ca],, so we have the following nonlinear
interdependence of binding and j.

Cal,
Jjr = JrP([Nal) i LCa] (A22)

Ca]m + KCa ‘

Eq. A22 differs from Eq. A14 in two important regards: (@) binding of
calcium in Eq. A22 depends on total buffer as well as free calcium,
whereas, in Eq. A14 binding is not affected by total buffer if free calcium
is constant. (b) The dependence of j on [Na], in Eq. A22 is not a simple
Langmuir binding curve, whereas in Eq. Al4 it is. However, as the
amount of buffer is increased, A becomes shorter and [Ca],, — [Ca]; (see
Eq. A21). For a sufficiently high buffer concentration, these differences
will therefore disappear.

Transient changes in intracellular
buffered calcium
As just demonstrated transient changes in free calcium just inside the

membrane can make the analysis very complex. Nevertheless, when the
buffer concentration is sufficiently high,

[Cal, — [Cal; (A23)
and either Eq. A15 or Eq. A22 can be written in the form
Jjr = JrP2([Na])P,([Ca)), (A24)
where
P = [C‘[j‘%, (A25)
and
K\Kp/K, .for buﬁ'gred calcium/membrane
K= Kc, ;‘2:c;1'a;tgllcium /membrane (A26)
interaction.

Given the above conditions, we will show that the time constant for
depletion of intracellular buffered calcium depends on the initial
concentrations of buffered calcium and free calcium. In all other
regards, the analysis presented in Eqs. 9-18 of the text remains the
same.

The rate of change in total intracellular calcium is well approximated
by the rate of change in buffered calcium. In the absence of significant
leak, this depends on influx from the pipette minus j; (Eq. 8) but influx is
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proportional to [BCa], — [BCa],, whereas j; depends on [Ca]; (Eq.
A24). Linearization of Eq. A24 around the intial concentration of
buffered calcium, [BCa],, leads to an equation of the same form as Eq.
12 of the text. However, the interpretation of 7 is slightly different. The
time constant is calculated from the change in transport per change in
buffered calcium. If the total intracellular calcium is ¢, then ¢; ~ [BCa];
and

djo d Ci
™= V'/ECT. dCa;

[N
In our model (Eq. A24), this gives

K(Kp + [Cal))[Ca]
KB(K + [Ca]o)2

Tr= [BCa]oVi/[%Pi([Na]e) ] (A27)

Thus, if the initial concentration of calcium is fixed but total buffer is
increased, the time constant, 71, will be slower. If the initial concentra-
tion of calcium is changed, the effect on this time constant depends on
the relative values of K and Kj.
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