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Introduction

Since the early 1980s, the patch-clamp technique
(Hamill et al., 1981) has been of particular value in
investigating the properties of ion channels in cells.
When used in either the intact or excised configura-
tions, the properties of individual ionic channels can
be directly measured. In addition, the whole-cell
configuration can be used to investigate the total
response of the full complement of channels in a
cell. The whole-cell configuration is of particular
value in exploring the properties of very small cells
which are not readily accessible to conventional mi-
croelectrode techniques.

In all of the above measurements, there are two
potential sources of error. In every situation there
may be significant errors due to uncompensated
junction potentials, which may appear to be elimi-
nated by the normal zeroing procedure whereby re-
sidual potentials between pipette and bath solutions
are offset prior to patch formation. In addition, in
the intact and whole-cell patch configurations, the
effect of the cells being small can introduce radical
errors in the measurement of single-channel and
whole-cell properties.

The aim of this review is firstly to outline the
contribution of such junction potentials and the er-
rors resulting from measurements on small cells and
secondly to indicate how adequate junction potential
corrections can be applied and the true values of
underlying membrane parameters determined for
such cells. Where necessary, appropriate equations
have been presented. Much of the material is a re-
view of published work. However, the review also
seeks to extend the implications of that work and,
in particular, it also includes (in an appendix) a time-
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dependent solution of the current relaxation follow-
ing a channel closure.

Patch-clamp Techniques Appear to Cover up
Large Junction Potential Corrections

Whenever solutions with two different compositions
come into contact, a liquid junction potential is de-
veloped between them. For example, as illustrated
in Fig. 1, in normal intracellular measurements of
cell membrane potentials, the actual membrane po-
tential, E, , of the cellis related to the experimentally
measured value, V,, by

E,=V,—(E, - E}) (1)
where EY and E} represent the liquid junction poten-
tials of the external and internal electrodes, respec-
tively, in both cases being taken as that of bathing
{or cell) solution with respect to electrode solution.
Although there are some particular peculiarities of
KCI junction potentials (Barry & Diamond, 1970),
the advantage of (free-flowing) 3m KCl-filled micro-
electrodes derives from the fact that K* and Cl~
ions have similar (but unequal) mobilities and that
there is a high concentration of KCI in the elec-
trodes. The similarity of the mobilities results in the
junction potentials being small, and the high concen-
tration of the KCl solutions causes the electrode
solution to dominate the junction potentials so that
they are relatively independent of the solutions into
which the electrode is placed. For typical external
and internal cellular compositions, (£} — E}) = 2.0
mV, so that

E,~V,—2.0mV. 2)

For many electrophysiological situations, such a
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Fig. 1. The role of junction potentials in the measurement of the
cell membrane potential when typical conventional microelec-
trodes are used. Applying Kirchoff’s Loop rule in a clockwise
direction as indicated: —V, + E{ + E, — E{ = 0,sothatE,, =
V, — (EY — E}), where E,, is the actual membrane potential, V,
is the experimentally determined value and Ej and E{ are the
internal and external electrode liquid junction potentials, respec-
tively, in both cases being measured (or calculated) in the direc-
tion of solution with respect to electrode. Typical internal and
external cellular solution compositions and 3 M KCl-filled elec-
trodes result in small junction potential corrections (£} — E}) of
the order of 2.0 mV,so that £, = V, — 2.0 mV

correction is relatively small and can often be ne-
glected, especially if very precise values are not
required.

However, in patch-clamp measurements the
electrode solutions are at a very much lower concen-
tration, being typically about 150 mmol - liter~'.
Under these conditions, solutions containing ions
with significantly different mobilities (e.g., KF:
uglug = 0.753; see Table 1 later) may readily gener-
ate junction potentials of up to about 10 mV, or
possibly even more. Furthermore, in both single-
channe] and whole-cell patch-clamp measurements
the presence of junction potentials is generally ob-
scured. This occurs firstly because the procedure
used to set up and zero the patch-clamp amplifier
can give the impression that any junction potentials
have been balanced out and secondly because in
many patch-clamp situations the junction potential
seems to disappear with seal formation. Although it
is true that any imbalance in the actual electrode
potentials will be balanced and remain so (see Dis-
cussion in Barry, 1989), it is not true of the junction
potentials. Indeed, it should be stressed that under
no circumstances is it possible to eliminate the junc-
tion potential correction by simply zeroing the
patch-clamp amplifier (see also Neher, 1991). Apart
from the trivial situation in which the solution com-
position of the pipette and bathing solution are the
same, the liquid junction potential contribution to
any measured potentials never disappears.

Figure 2 illustrates the principle for intact and
excised patch-clamp configurations. Figure 2A
shows the initial situation prior to seal formation
with the patch electrode containing a solution of XY
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Fig. 2. The role of junction potentials in the measurement of
intact and excised patch-clamp measurements (similar to Fig. 5
of Barry, 1989). (A) The initial situation prior to seal formation,
in which the patch-clamp amplifier is zeroed and any imbalance
in circuit potentials backed off. Using Kirchoff’s Loop rule in a
clockwise direction (as indicated) in A. E} — E; = 0. (B) With
intact patches, the junction potential E; has been replaced by the
potential across the patch, V,,, but the backed off value, Ef, still
remains. Hence, Ef + E,, — V,, — Vp = 0. Thus. the potential
across the intact membrane patch is given by V,, = (E,, — V;)
+ E;. (C) With excised patches, the situation is the same as in
B, but with E,, = 0. The potential V,, is normally defined as the
solution (interior membrane surface) with respect to pipette for
inside-out patches (as in figure), so that V,, = -V, + E,. For
outside-out patches, defined as pipette (interior membrane sur-
face) with respect to solution, V,, is replaced by —V,,, so that V,,
=V - E

(i.e., X" Y7)! and the cell being bathed by a solution
of NaC(l. For simplicity, but without any loss of
generality, since it will remain cancelled out, the
NaClreference electrode solution can be considered
the same as the bathing solution. There will therefore
only be one junction potential correction, E,, (solu-
tion with respect to pipette) generated at the junction
of the XY and Na(l solutions, that needs to be con-
sidered. When the amplifier is zeroed prior to seal
formation, this junction potential, E, , is balanced by
an equal and opposite back-off potential, E¥, within
the patch-clamp amplifier. This can readily be seen
on application of Kirchoff’s loop rule (e.g., Serway,
1986) in the direction indicated in Fig. 24, since:

Ef —E, =0, 3)

The junction potential illusion then arises as follows.
Since the patch pipette is sealed against the cell
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membrane (Fig. 2B and C) and the XY : NaCl junc-
tion potential, £, , now disappears, being replaced
by the potential, V,,, across the membrane patch,
the impression is given that junction potential cor-
rections are no longer necessary. However. the
problem is that the back-off potential, £}, that bal-
anced the original junction potential is still present
within the amplifier. For an intact patch or inside-
out patch, V,, will be defined as cell solution (S or
interior membrane surface) with respect to pipette
(P). In contrast, for an outside-out patch, it will be
pipette (now interior membrane surface) with re-
spect to solution.

INTACT PATCH JUNCTION POTENTIAL

Hence, again applying Kirchoff’s loop rule (Fig. 2B)
Ef+E,-V,—Vp=0. (4)

Hence, the potential, V,,, just across the membrane
patch is therefore given by

Vm = (Em - VP) + EL' (5)

ExciSED PATCH JUNCTION POTENTIAL

In this case (Fig. 2C), a junction potential correction
is still needed. In fact, Eq. (5) still applies (with E,,
= 0). For an outside-out patch, V,, simply needs to
be replaced by —V,, in the above equations. For
both situations V,, is given by

Inside-out patch V,= -Vt E
Outside-out patch V,=Vp—E;.

m

(6)

For example, if £, = +5 mV (solution — pipette),
then Eq. (6) implies that for an inside-out patch {or
intact patch), correction for the junction potential
requires adding 5 mV to the uncorrected value of
V,.; whereas for an outside-out patch 5 mV should
be subtracted from it (see, e.g., Fenwick, Marty &
Neher, 1982; Neher, 1991).

WHOLE-CELL JUNCTION POTENTIAL

Even in the whole-cell configuration (Fig. 3), junc-
tion potential corrections are almost always re-
quired. Initially, prior to seal formation, the ampli-
fier is zeroed (Fig. 3A) and using Kirchoff’s rule
again in the direction indicated

Ef —Ef =0 (7)
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Fig. 3. Junction potentials in the whole-cell configuration. (A)
The initial situation prior to seal formation. in which the patch-
clamp amplifier is zeroed and any imbalance in circuit potentials
backed off. From Kirchoff's rule, the back-off potential, E{* =
EY{, the liquid junction potential of the bath with respect to the
pipette. (B) The whole-cell situation. E¢ is replaced by Ef , which
will tend to zero as the cell contents become dialyzed by the
pipette contents. In such a situation, from Kirchoff’s rule (in the
direction indicated). -V, + Ef* + V,, — E{ = 0.sothat V,, =
Vp + Ei — E9. When the cell’s contents are almost completely
dialyzed, E} =~ 0. and so. in such a case, V,, = V, — EY

so that a back-off potential, Ej*, exactly balances
the initial external junction potential, E¢, of the bath-
ing solution (e.g., NaCl) with respect to the pipette
solution (X*Y™; see Footnote 1). When a seal is
established and the patch ruptured, this junction po-
tential is replaced by a new one, E!, the junction
potential of the internal solution of the cell with
respect to the patch electrode, but, as before, the
back-off potential, E*, still remains. Again from
Kirchoff s rule, summing the potentials in the direc-

tion indicated in Fig. 3B

E*+V,—E, —V,=0 (8)
so that from Eq. (8), using Eq. (7)

Vi=Ve+ E — Ef. 9)

If the cell volume is small compared to the pipette
volume, and there is good solution exchange be-
tween the pipette and cell, the cell contents would
be effectively dialyzed by the pipette solution. When
this occurs, E; would tend to zero and

Vm = VP - Ez (10)

! Of course, it should be pointed out that even if the predomi-
nant anion in the pipette is not Cl~, there ought to be some Cl~
present in the pipette so that the electrode potential remains stable
and well defined [e.g., see Barry and Diamond (1970) for further
discussion].
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In this situation, if the junction potential for E}
(ES — Efyis +5mV, then V,, = V, — 5mV (e.g.,
Fenwick et al., 1982; Neher, 1991).

Because of the presence of large relatively im-
mobile anions, Ej is not just a simple liquid junction
potential. As Marty and Neher (1983) point out, it is
a Donnan potential, the cell interior being negative
with respect to the pipette. Following their analysis,
for the simple case where the pipette solution only
contains univalent ion pairs (e.g., X" Y7), it may be
shown that the “‘initial’’ peak value of £} (after small
mobile ions like K* and Cl~ have equilibrated, with
an expected time course of seconds) will be given
by:

E; = (RTIF) In{[( + 4 - r)12) b
with
r=[Al/[X]p

where [A]; represents the total initial concentration
of large “‘immobile’” anions in the cell and [X]; is
the cation concentration in the pipette. For exam-
ple if [A], = [X]p (i.e., r = 1), then this *‘initial”
© =~ —12 mV and uncorrected voltage-dependent
measurements will appear to be shifted in a depo-
larizing direction. As these “‘immobile’” anions
diffuse out of the cell, £ will drop towards zero,
with a time course of minutes. For further details,
typical time courses (e.g., time constants of about
15 min for some cells), and experimental verifica-
tion of this effect see, e.g., Marty and Neher
(1983), Fernandez, Fox and Krasne (1984) and
Pusch and Neher (1988).
Having determined the presence and sign of the
regular junction potential corrections in a particular
situation, it remains to evaluate their magnitude.

Two QUESTIONABLE PROCEDURES

1) It has been suggested that the initial measurement
of the patch-clamp amplifier offset would give a mea-
sure of the liquid junction potential correction,
which could be used for later adjustment of measure-
ments. This would indeed only be valid if the two
electrode potentials were exactly equal (for circuit
contribution of electrode potentials, see Barry,
1989). Unfortunately, such electrode potential val-
ues are generally somewhat uncertain and unlikely
to be exactly balanced.

2) It has also been suggested that zeroing the
patch-clamp amplifier offset after gigaohm seal for-
mation with a channel closed, prior to recording any
measurements with the channel open, effectively
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balances any junction potentials and electrode po-
tentials. However, this second procedure would
only be valid under very restrictive conditions: if
there were no nonzero diffusion potentials across
the rest of the patch and if the seal resistance were
effectively infinite. These conditions seldom, if ever,
exist.

The Magnitudes of Junction Potentials
in Different Solutions

The magnitudes of junction potentials can be deter-
mined either by measuring them experimentally or
by calculating them. Because potential measure-
ments always require two electrodes, the procedure
requires various assumptions and is not generally
very equivocal. Therefore, it is often simpler to cal-
culate liquid junction potentials using an equation
such as the generalized Henderson Liquid Junction
Potential Equation.” For N polyvalent ions, the po-
tential £ of solution (S) with respect to pipette (P) is
given by

N N
ES — EF = (RT/F)SIn {2 Zual / > z?u,af}
i=1 i=1
(12)

where

N N
Sg= z [(zu)a} — af)] 2 [z ufad - af)]
i=1 i=1

where u, a and z represent the mobility, activity
and valency (including sign) of each ion species

(). Although such a generalized equation is of

very general value since it can readily cater for
any combination of salts, it may only give an
approximate estimate of junction potential values in
some situations because its underlying assumptions
are not always very well defined electrochemically.

However, in certain situations, Eq. (12) can
be considerably simplified, is very much better
defined and predicts values in fairly close
agreement with carefully determined experimental

* This equation (¢f. MaclInnes, 1961) was originally modified
(Barry & Diamond, 1970) to include activities rather than just
concentrations on the assumption that the ions obey the Guggen-
heim condition [i.e., that the individual ion activity coefficients
of each ion are equal at every point, so that y,(x) = y,(x) = y3(x)
= . . .= y(x)]. Since then it has aiso been extended to its form
in Eq. (12) to allow for the possible inclusion of polyvalent ions
(e.g., Morf, 1981; Ammann. 1986).
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measurements (e.g., Barry & Diamond, 1970:
Barry, 1989).
For example, for a simple dilution situation with

monovalent ions (e.g., NaCl[150]: NaCl[{75]), the
equation becomes
P
n{ﬁ% (13)
P

where «, and u_ are the relative mobilities of the
cations and anions, which are both assumed to have
the same activity coefficients (y_ = y_; the Guggen-
heim assumption).

Alternatively for a simple biionic situation with
only monovalent ions (e.g., NaCI[150]: KCI[150]),
the equation becomes

ﬁ[(u+ —u.)

S _ pF_
E E Flu, +u_)

g5 g RT3, — by — ", — "))
Fla®ud +u¥y —d"Gd, + u”)]

la”(u” + u® )]}
e~ ¢ 14
" {[zt“(11*§ +1%)] (14

If «” = «°, this equation simplifies even more radi-
cally, reducing to the equivalent Planck equation, to
give

£+t
E—ﬁ:%ﬁﬁﬁr%% (15)

Further details of such junction potential calcu-
lations are given by Maclnnes (1961), Caldwell
(1968), Barry and Diamond (1970), Page (1980),
Morf (1981), Ammann (1986) and Barry (1989). A
list of some of the more common absolute ionic
mobilities (relative to K7) is given in Table 1.
These values have been calculated from measure-
ments of limiting equivalent conductance A° [since
the absolute mobility u is equal to A%(z|F?%)].
Values of A% and activity coefficients are listed for
many ions in Robinson and Stokes (1965), Meier
et al. (1980) and Dean (1985). If published values
of mobilities cannot be obtained, either they may
have to be directly evaluated by means of measur-
ing their himiting equivalent conductance (see also
conductance measurements in Weast, 1980) or else
an attempt made to measure the liquid junction
potential itself (e.g., Barry & Diamond, 1970; Page,
1980, and in particular for patch clamp measure-
ments, see Neher, 1991).

Values of liquid junction potentials for some
solutions are listed in Table 2 (see also Barry &
Diamond, 1970; Barry, 1989). Although ion activi-
ties should be used for very accurate estimates,
the table clearly indicates that in most situations,
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calculations using concentrations provide an ade-
quate estimate of the liquid junction potential. For
example, for the worst case given in the table for
the solutions with known activity coefficients, LiCl
150: KCI 150, the error in using concentrations is
only 0.1 mV. Where activity coefficients differ
even more radically between solutions, as may
well be the case with some large organic ions, the
differences will become significant. In general, it
should be noted from Table 2, that lower concen-
trations of pipette solutions in patch-clamp mea-
surements, and the inclusion of ions like choline,
result in junction potentials of greater magnitude
than those generally experienced in other micro-
electrode measurements in electrophysiology.

In addition, further practical information about
junction potential corrections in patch-clamp mea-
surements may be found in a recent chapter by
Neher (1991), which, in addition, clearly describes
the measurement of junction potential values in
the patch-clamp situation.

Patch-clamp Measurements on Small Cells Require
Large Corrections

The patch-clamp technique has enabled the detailed
electrophysiological characterization of small cells
that were previously inaccessible to intracellular mi-
croelectrode impalement. However, this technique
has limitations in both the cell-attached and whole-
cell modes when studying cells with whole-cell re-
sistances (R,) in the order of gigaohms. There is
strong evidence that many types of electrically excit-
able and inexcitable cells have whole-cell resist-
ances in this range. For example, isolated pancreatic
B-cells (10-15 um diameter) have input resistances
of at least 20 G{}, as verified by both electrophysio-
logical (Rorsman & Trube, 1986) and tracer flux (At-
water, Rosario & Rojas, 1983) measurements. The
highest reported values of R, seem to be in mamma-
lian T-lymphocytes (6—-8 um diameter), which have
peak values of 100 GQ (Cahalan et al., 1985). Mam-
malian olfactory receptor neurons (=8 wum djame-
ter), which we use as a model small cell, have calcu-
lated whole-cell resistances of 20-30 G (Lynch &
Barry, 1989, 1991). These values are as would be
predicted from much larger amphibian olfactory re-
ceptor neurons (R, = 5 G{): Trotier, 1986; Firestein
& Werblin, 1987; Frings & Lindemann, 1988; Di-
onne, 1989; Schild, 1989; Suzuki, 1989) when differ-
ences in cell size are taken into account. Numerous
other examples of cell types with gigaohm resist-
ances have been reported, and many of these have
been measured by techniques which underestimate
the true R,,.
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Table 1. Absolute ionic mobilities (1y/iy) relative to K™ at 25°C for various ions (X)"

X tyl 1y X wylug X (eryluty)
H* 4.759" Ca™* 0.4048" NO; 0.972
Rb* 1.059 Mg+ 0.361" oy 0.916"
Cs* 1.050° Sr* 0.404" Acetale 0.556"
K* 1.000° Ba®* 0.433P HCO; 0.605°
Agt 0.842° Be’* 0.31" SCN- 0.90¢
Na* 0.682° Cu®* 0.365" Picrate 0.411¢
Li* 0.525% Zn* 0.359 Propionate 0.487¢
NH; 1.000° Co** 0.37° Sulfonate 0.586°¢
TI* 1.033¢ Pb*- 0.473 Lactate - 0.528¢
TMAY [N(CH); 1 0.611° La‘* 0.316" Benzoate ™ 0.441°
TEAY [N(C,Ho){ ] 0.444° OH" 2.698° H.PO; 0.45¢
TPrA¢ [N(C;H,)/ ] 0.318° F- 0.753" HPO;~ 0.39¢
TBuAd [N(C,H,1{] 0.264" Cl- 1.0388" SO~ 0.544°
TAmAY [N(CsH,,); | 0.237° Br- 1.063"

Choline [NC;H (] 0.48° - 1.045%

2 The absolute ionic mobility (u,) was obtained from the limiting equivalent conductance (A"), since
uy = AO/(Iz\Fz), where z is the valency of the ion. The number of significant figures reflects the number

given in the original limiting equivalent conductance data.

¢ Obtained from A° data in Robinson and Stokes {1965)" and Dean (1985)°.

4 TMA represents tetramethylammonium™; TEA, tetraethylammonium ™ ; TprA, tetra-n-propylammon-
ium™; TBuA, tetra-n-butylammonium® and TAmA, tetra-n-amylammonium®*.

¢ Bstimated by interpolation from above TMA, TEA etc., A" data in Robinson and Stokes (1965) on

the basis of carbon chain length.

The seal resistance (R,) between the cell mem-
brane and the glass pipette generally does not exceed
50 GO (Fischmeister, Ayer & DeHaan, 1986). For
large cells this is orders of magnitude greater than
the whole-cell resistance (R,) and its contribution to
the whole-cell conductance can be neglected. How-
ever, for small cells with input resistances in the
order of gigaohms, the contribution of R, to the
whole-cell conductance does become significant.
The usual method of determining R, by measuring
the change in current in response to voltage steps in
these cells can yield significant errors. For example,
for an R, of 20 G and an R, of 30 G{}, the apparent
whole-cell resistance (R,,) is 12 G2, which repre-
sents a 40% error. Also, because R, is similar in
magnitude to R, it represents a relatively low resis-
tance pathway to ground, thus tending to short-cir-
cuit the resting potential of the cell. Hence measured
cell resting potentials are also significantly underes-
timated in these cells.

For cell-attached patches on large cells, current
passing through open channels or through the patch
leakage resistance (R,) has an insignificant effect
on the membrane potential because of the ex-
tremely low current density flowing across the rest
of the cell. In such cases, the cell membrane is
very well voltage-clamped, the membrane potential
of the cell remaining constant as pipette potential
is varied. Thus, any channel opening to a single

conductance level will result in a well-defined rect-
angular current waveform and channel conduc-
tances and correct values of reversal potentials can
be measured directly. This large-cell requirement
for adequate voltage clamping has been appreciated
since the first gigaohm seal patch-clamp measure-
ments were made (Hamill et al., 1981). However,
the situation 1s very different in cells with gigaohm
input resistances. Because R, is usually less than
would be predicted from the area of the patch and
in small cells is often similar in magnitude to R,
(Fenwick et al., 1982; Fischmeister et al., 1986;
Lynch & Barry, 1989), simply varying the pipette
potential can change the membrane potential, re-
sulting in large errors in the measurement of single-
channel conductances and reversal potentials.
Also, because the resistances of single channels
are often of similar magnitude to the whole-cell
resistance, the opening and closing of single chan-
nels can cause significant changes in the membrane
potential, thereby distorting the shape of single-
channel current waveforms. In this section, we
present several methods of estimating corrected
values of R, from data obtained in'the whole-cell
and cell-attached patch-clamp configurations and
show how measurements of single-channel conduc-
tance and reversal potential can be corrected for
the small size of the cell.
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Table 2. Examples of some liquid junction potentials calculated
with the Generalized Henderson Equation |Eqs. (11) and (12)] for
some typical simplified patch-clamp solutions®

Solution (5) Pipette (P) Potential
(mmol - liter " (mmol - liter ")y (£S — ED)
(mV)

NaCl 150 KCI 150 + 4.3b
LiCl 150 KCI 150 681+ 6.7
CsCl 150 KCI 150 - 0.6
RbCl 150 KCI 150 - o
NaCl 150 CholineCl 150 - 3.2
NaCl 150 NaF 150 + 4.6
NaCl 150 KF 150 + 8.8
CholineClI 1350 KF 150 + 12.5¢
TEACE 50 + NaCl 100 NaCl 150 + 1.2

* They were calculated using the appropriate values of ionic mo-
bilities (uy/uy) listed in Table 1. Except where stated, concentra-
tions were used in the calculations. In all but one case (LiCl : KCI,
as indicated), where activity coefficients were available, the po-
tential calculated from activities agreed with the value calculated
from concentrations to within the accuracy specified. When re-
quired, the activity was calculated using the activity coefficients
obtained from the tables in Robinson and Stokes (1965).

b Concentration and activity calculations agreed within accuracy
specified.

¢ Calculated using activities.

¢ Calculated only using concentrations, in absence of activity
data.

How 10 RECOGNIZE A HIGH WHOLE-CELL
RESISTANCE (R,)

Firstly, it is reasonable to suspect that any cell with

a diameter of <15 um without significant arbori-

zations may have an R, in the order of gigaochms. In

the whole-cell configuration, additional indications
may be that:

1) R,,, (the apparent or measured value of whole-
cell resistance) is in the gigaohm range. If R, 1s
in this range, then R, may be much higher.

2) Measured membrane potentials are unrealisti-
cally low (e.g., too low to generate a spike).

3) Cells with a low R, (because of a low R,) have
measured resting potentials close to zero.

4) There is reduced sensitivity to the application or
removal of series resistance compensation (either
to the speed of the voltage-clamp or to the magni-
tudes of peak currents).

In the cell-attached configuration, the most reli-
able indication is that the opening of single channels
can cause a dramatic increase in the cell spiking
rate (Fenwick et al., 1982; Ashcroft, Harrison &
Ashcroft, 1984; Maue & Dionne, 1987; Frings &
Lindemann, 1988; Kehl & McBurney, 1989; Lynch
& Barry, 1989; Trotier, Rosin & MacLeod, 1989)
because the current flowing across the patch is able
to depolarize the cell to the action potential thresh-
old. The resultant action potential in the rest of the
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cell then induces a biphasic current waveform, with

both capacitative and resistive components, across

the patch (e.g., Fig. 44 and D). Other indications
may be:

1) The appearance of exponential relaxations on sin-
gle-channel current transitions (e.g., Fig. 4B and
Q).

2) Lower channel conductances in cell-attached
rather than excised patches (Fischmeister et al.,
1986; Lynch & Barry, 1989).

3) Unexpectedly nonlinear conductances in cell-
attached patches, caused by R, varying with mem-
brane potential.

4) Spikes initiated by current injection through R,
(Fig. 4D).

The regular appearance of any or all of these effects

strongly suggest a high R, and indicate that correc-

tions need to be applied to obtain corrected values
of R, single-channel conductances and reversal po-
tentials.

Estimation of R, in the Whole-cell Patch-clamp
Configuration

In the whole-cell recording configuration (Fig. 54),
the pipette solution is in direct contact with the inter-
nal environment of the cell, and in small cells, the
cell solution is rapidly dialyzed (Marty & Neher,
1983). Apart from liquid junction potentials dis-
cussed earlier, there are two sources of error that
must be considered. These errors are due to the
series resistance (R, generally 1-20 MQ) and the
seal resistance (R, generally 5-100 G{Q), respec-
tively. In large cells where R, < R, only series
resistance errors need to be considered. See Sig-
worth (1983) for the theory and Marty and Neher
(1983) for the practice of electronic series resistance
compensation in large cells. In the absence of com-
pensation, the maximum errorin Vpisip - R,,. where
ip is the peak current in the pipette. In small cells,
although series resistance errors are generally
smaller because ip is smaller, they may still be very
significant. However, the whole-cell capacitance
(C,) is often small enough to make the voltage-clamp
time constant (R, - C,) approach the time constant
of the compensation circuit, thereby limiting the
maximum fraction of compensation that is applied
by such a circuit (Sigworth, 1983). Thus in very small
cells, there can be a reduced ability to use such
circuitry to electronically compensate for voltage
errors due to current flow through the pipette.

In small cells, where R, is comparable in magni-
tude to R, (or greater than it), other errors become
considerable. A simplified diagram of the whole-
cell patch configuration is given in Fig. 5B. Series
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Fig. 4. Examples of small cell effects in cell-attached patches on enzymatically dissociated rat olfactory receptor neurons. For cell
preparation and other experimental details, see Lynch and Barry (1989). Data were recorded from four different cells, each with high
[K *] solution in the patch pipette. (A) Spike induced by the opening of a single 29-pS channel injecting current into the cell. The pipette
potential was +70 mV. (B) Exponential current relaxations associated with the opening and closing of a 130-pS Ca’*-activated K*
channel. Pipette potential was +20 mV. (C) Demonstration of the effect of reducing Rp on ‘on’ relaxation time constants (r°"). The
opening of a 52-pS K* channel is shown from the baseline (left), superimposed on a 29-pS channel (center) and superimposed on
another 52 pS K* channel (right). Note the progressive decrement of *on’ time constants. The absence of significant *off’ relaxations
implies a high R, (and/or possibly high Cp). The pipette potential was +40 mV. (D) An example of current injection through R,
depolarizing the cell to spike threshold. The pipette potential was held at — 100 mV, then stepped to potentials from —60 to —20 mV
in 10-mV increments. As current through Rp was increased, latency to action potential initiation was reduced

resistance has been neglected. Total current flowing
into the amplifier (i) is given by

iT = (VP - E\)/Rs + (VP - E())/Ro (16)
where V, is the pipette potential, E, is junction po-
tential between external and internal (pipette) solu-
tions and E, is the zero-current resting membrane
potential.® This situation is plotted in Fig. 5B. The
slope of the line is given by:

Ai/AV, = 1/R,+ 1/R,,. (a7

In large cells, because R, > R, this slope provides

3 In order to make the equations and derivation more read-
able and uniform, the zero-current resting membrane potential of
the cell {(defined in Lynch and Barry (1989) as E,, ) has now been
defined as E, (cf. R, and C, resistance and capacitance of the rest
of the cell). Similarly, the diffusion potential across the patch
(defined in Lynch and Barry (1989) as Ep) is now defined as E,
(cf. patch resistance R,).

a very close approximation to I/R,. However, in
small cells the current, i, flowing across R, cannot
be neglected because it represents a significant frac-
tion of i;. If the I-V relationship is extended to the
point where V, = 0, then the corresponding current
(%) 1s given by

l(% = _E.\‘/Rs - E()/R()' (18)
If E, =~ 0 (i.e., the leakage potential between pipette
and bath solutions, equivalent to a liquid junction
potential across the seal, is negligible) then the equa-

tion reduces to

b ¢

i4=—-EJR,. (19)
If it is assumed that in the region of greatest whole-
cell resistance that the membrane is permeable only
to K* ions, then E, equals Ey, the K" equilibrium
potential, and R, can be determined. This enables
R, to be obtained from the slope of the I-V relation
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Fig. 5. The importance of the seal resistance in whole-cell mea-
surements. (A) A schematic diagram of the experimental set-
up. R, and R, represent the seal resistance and the whole-cell
resistance, respectively. (B) The full circuit diagram of the set-
up shown in A. £, represents a possible junction potential across
the seal resistance and E, the zero-current resting membrane
potential of the cell, both defined in the directions of the arrows;
R,and R, are the same as in A; Vp represents the pipette potential
and iy the total current being measured by the patch-clamp ampli-
fler (PA). (C) The relationship between iy and Vp. i} represents
the total current at zero pipette potential, and V§ the pipette
potential for which the total current is zero

{Eq. (17)]. If the liquid junction potential, £, is non-
zero, then R, and R, can both be found by simultane-
ously solving Eqgs. (17) and (18).

Then, in order to correct for liquid junction po-
tentials, as discussed earlier, it is simply necessary
to substitute [V, — (E} — E})] for Vp, or [V, —
E;] for Vp if Ef = 0, in Eq. (16), where E} and E}
are as defined in Fig. 3 [¢f. Egs. (9) and (10)]. To
find %, the current should simply be determined as
that value when V, = EY — E} (or Vp = EY, if E} =
0).

In principle at least, the hypothesis that £, = E
can casily be tested. If, for example, a significant
resting Na® conductance is suspected, the above
analysis should be performed first in choline solu-
tion, then in Na™ solution, and the slopes of the peak
I-V relationships compared. If R, is assumed to be
essentially independent of solution composition
(Fischmeister et al., 1986), then any change in R,
will be reflected by a change in the slope and can
casily be calculated. Clearly, the proportionate de-
cline in R, in Na* solution gives an indication of the
relative contribution of Na™* to the resting conduc-
tance.

Care should be taken when measuring /-V rela-
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tionships, since the opening and closing of single
channels can cause significant changes to the whole-
cell resistance. Also, since solution exchange some-
times damages the recording configuration, it is nec-
essary to re-measure the I-V relationship in control
solution afterwards. In practise, these methods give
only an estimate of R, and it may be necessary to
average results from a number of cells (an example
of such an analysis is given in Lynch & Barry, 1991).

Estimation of Whole-Cell Resistance (R,)
in Cell-Attached Patches

The electrical situation in a cell-attached patch is
more complicated because both patch and cell elec-
trical properties must be considered (Fig. 6). Conse-
quently, there are a greater number of factors com-
plicating the analysis of data recorded in this
configuration. But as will be shown below, obtaining
valid estimates of R, and R, is not difficult.

In any cell, the apparent (chord) conductance of
the channel (y,,,) can be determined by measuring
the change in current (A/;) measured during the
opening of the channel at a patch potential (V) and
resting cell membrane potential (E,). It can be shown
to be given by

Yapp — —AIT/( VP - Eo + Eapp) (20)
where E,

wpp» Lhe apparent reversal (null) potential of
the channel, is given by

Epo=E,— V5 2n
and V4 is the value of the patch potential at which
Ai; = 0. Similarly, the (slope) conductance of the
channel (y,,,) can be estimated from

Yapp = —d(Aip)dVp (22)

without having to evaluate E, . If the I-V relation-
ship is linear, then both chord and slope conduc-
tances measured by Eqgs. (20) and (22) will be equal.
Any junction potential corrections can be made by
substituting Vp, — E; for V, in Egs. (20) and (21),
where E; is the liquid junction potential (solution —
pipette; see Fig. 2).

For ideal large cells, the true channel conduc-
tance (y,) equals v,;,, and the true reversal potential
of the channel (E.) equals E,,,. Implicit in these
equalities arc two assumptions: (i) that R, > R,,
implying that changing the pipette potential will have
no effect on the internal potential of the cell, and (ii)
that R. > R,,, implying that single channels opening
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PA

PIPETTE

Fig. 6. (A) The equivalent electrical circuit of a small cell and membrane patch (with a channel that can be in either an open or a closed
state; based on Fig. Al of Lynch and Barry (1989), which was similar to one in Fenwick et al. (1982), with the addition of E, and C,
in the patch and the leakage resistance of the seal R,) for the circuit that is shown in B. PA refers to the patch-clamp ampilifier; subscript
p to the membrane patch; ¢ to the channe] resistance; s to the seal around the patch pipette and o to the rest of the cell. E, represents
the resting potential of the cell; E, the diffusion potential across the patch; E. the null potential of the channel in the patch; V, the
potential applied to the patch pipette and V; the potential of the cell interior with respect to the external solution. R, represents the
resistance of the single channel (with conductance, v,) and R, the pipette-seal resistance. The currents are defined as positive if in the
same directions as the arrows in the diagram. (B) The experimental set-up for patch clamp measurements on an intact membrane patch

(with symbols as in A)

in the patch will not be able to inject sufficient cur-
rent into the cell to change the membrane potential.
For small cells, with R, in the gigaohm range, neither
of these assumptions is valid and such equations
are quite inadequate (Neher, Sakmann & Steinbach,
1978; Fenwick et al., 1982; Fischmeister et al., 1986:
Lynch & Barry, 1989). The current flowing through
the channel in the patch (R,) or through the re-
maining area of the patch (R,,) can change the mem-
brane potential so that E, is no longer constant and
equal to its value before the channel opened or be-
fore the pipette potential was changed. Examples of
the types of effects this can produce are shown in
Figs. 4, 7 and 8. In Fig. 7, the theoretical behavior
of a 50-pS K*-selective channel opening in a cell-
attached patch is shown for representative values
of R,, R, and V,, and the magnitude of waveform
distortion is shown to be very dependent on the ratio
R,/R,.

If the initial peak value of the single-channel
current is used before time-dependent relaxations
take effect, it may be shown [Eq. (A17) in the Appen-
dix: see also Lynch & Barry, 1989] that the single-
channel conductance is given by

v, = —Aifll(Vp = E, — E,9 +8) + EJICAC, + Cl} (23)

where 8 = R,/R,; C, and C, are the capacitances
of the cell and patch, respectively; E, is the patch

diffusion potential (cell with respect to pipette solu-
tion; Fig. 6) and E, is the channel reversal potential
given [see Eq. (A42) in the Appendix] by

E.=(E,+ E6— Vil +9) (24)

where, as before, V§ is the pipette potential for
which the single-channel current, i, is zero. As illus-
trated, for example, in Fig. 7, 6 (the ratio R,/R,,) can
have a dramatic effect on the reversal potential of
channels in a small cell. Now, combining Eqs. (23)
and (24) yields

Ve = —{Air/(Vp = Vi)} - {[1 + 311 + (C,/ICHL  (25)

and even if the following slope conductance equation
is used

¥ = —{d@ip)ldVp} - {[1 + 8][1 + (C,/C,)1}. (26)

Theoretically, the ratio C,/C, is equal to the ratio of
the patch to the whole-cell membrane surface areas.
Sakmann and Neher (1983) found that although C,
varied widely, measured values were not signifi-
cantly different from those predicted by measuring
pipette tip internal diameters. Accordingly, if pipette
tip diameters are chosen to be small in comparison
to the cell diameter, then C,/C, can be assumed to
be zero, and the previous equation reduces to
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Ry = 10GQ Ro =
R

Rp = 100 GQ

Vp =-60mV

-30

30

80 w
- , B A

Ton = 19.8 ms
Toff = 289 ms
Yapp/t=87%

reversal potential error = - 3.6 mV

Ton =17.2ms
‘[O” = 23.6 ms
Yapp/Y=71%

reversal potential error = - 13.3 mV

Ton =37.5ms
Toff = 924 ms
Yapp/Y =70 %
reversal potential error = - 14.6 mv

Fig. 7. The theoretical behavior of a 50-pS K *-selective channel in a cell-attached patch for indicated values of R, R,and Vp. The
pipette was assumed to contain NaCl solution. The channel was assumed to be nonrectifying to illustrate both the changes in reversal
potential and the independence of the small cell effects on the direction of current flow. The traces were directly printed on an
HPLaserJet printer by a computer program using the equations in the appendix (see Appendix for parameter definitions, derivation of
the mathematical model and computational details). Each trace commences with the channel in the closed state and upward transitions
represent current flow out of the cell. The dashed lines represent the theoretical single channel currents expected for an infinitely large
cell (ie., R/R, — 0 and C,/C, — 0). Values of R,, R, and V, are shown for each continuous trace. Other parameters are:
E,= -70mV,E, = —=50mV. E. = —80mV, C, = 3pF and C, = 0.15 pF. The value of E, was chosen to reflect the predominately
K~ selective nature of the membrane, but with some nonselective leakage due to slight damage cansed by the pipette. Some parameters
affected by changes in R, and R, are shown beneath each set of traces. It may be seen that the relative values of R, and R, determine
the magnitude of the current waveform distortion, whereas their absolute magnitudes determine the time constants for current relaxation

Ye = Yappl1 +8) = Y1 + R /R,) 7

where vy,,, is the apparent cell-attached conduc-
tance, calculated by measuring the change in peak
(initial) single-channel current as pipette potential is
varied. Voltage ramps should not be used to measure
Yapp DECAUse membrane potential changes lag pipette
potential changes by up to several hundred millisec-
onds. Note also that, since R, often declines with
depolarization, y,,, may increase as pipette potential
is increased and the cell is depolarized.

To determine R, in cell-attached patches, it is
also necessary to determine R,. The resistance
found by measuring the change in baseline current as
the pipette potential is varied, represents the parallel
sum of R, and R, and is often a poor estimate of
R,. Several other methods of estimating R, exist.
Fischmeister et al. (1986) used two patch electrodes

to precisely determine R,. Cell internal potential,
controlled with one pipette in the whole-cell mode,
was varied and current flow across another pipette,
in cell-attached configuration on the same cell clus-
ter, was directly measured. This gave precise and
direct measurements of R ,, but is clearly impractical
for routine use, particularly on isolated small cells.
Fenwick et al. (1982) zeroed the current flow through
R, by using identical pipette and bathing solutions
and holding pipette potential at 0 mV. Thus, by mea-
suring the steady-state current flow out of the pipette
in a cell-attached patch, and with knowledge of the
membrane potential, R, could be calculated. How-
ever, as noted by the authors, in small cells current
flow through R, may have substantially (and unpre-
dictably) depolarized the cell, resulting in an overes-
timate of R,. Lynch and Barry (1989) used a more
complex means of estimating R, and R,, based on
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analysis of cell excitability in response to channels
opening in the patch. Below we describe two other
more generally applicable methods of estimating R,
and R, from single-channel data in a cell-attached
patch.

MEASUREMENT OF EXPONENTIAL CURRENT
RELAXATIONS

In the cell-attached configuration, stepwise current
transitions often display exponential relaxations
which occur because the current passing through the
channel can depolarize (or hyperpolarize) the cell
(Figs. 4, 7 and 8). It can be shown [Egs. (A28) and
(A29) in the Appendix], that

R,(C,+ CH(1+ RJR,+ R,y.) (28)
Toft = R(}(C] + Cp)/(l + R()/Rp)' (29)

If the C, term is ignored, these equations revert
to those derived by Fenwick et al. (1982). If vy, is
measured directly in excised patches then R /R, can
be calculated from intact patch measurements of vy,
from Eq. (27). Typical values of C, can be measured
in the whole-cell recording configuration (Marty &
Neher, 1983) and corrected for cell size. R, can then
be estimated from either Eq. (28) or (29). In practise,
7., and 7. are usually difficult to measure precisely
although signal-to-noise ratio may be improved by
averaging multiple events. It should be noted that
7.6 Normally has a much smaller amplitude than 7,
(e.g., Fig. 4C, Fig. 7) and is thus more difficult to
measure. However, using the data displayed in Fig.
8, Fenwick et al. (1982) were able to deduce R, and
R, from the measured values of 7, and 74 substl-
tuted into equations similar to Egs. (28) and (29).

Alternatively, if 7., can be determined for two differ-
ent conductance channels in the same patch or for
the superpositioning of two similar channels (with
R, changed by the parallel addition of another 1/,
r651stance e.g., Fig. 4C), then R, and R, can be
estimated by simultaneously solving the two sets of
time constant equations generated.

MEASUREMENT OF PROPORTIONATE RELAXATION
OF SINGLE-CHANNEL CURRENTS

To use this technique, it is necessary to have long
open times so that steady-state current levels can be
measured. Provided C,/C, < 1 and R, /R, is signifi-
cant, it is possible to obtain estimates of R, and R,
from the equations

i = Ai$(0)/Aif{) = —R,/R, (30)

lrel =
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Fig. 8. An example of the distortion of an experimental single
channel current record (4 ) occurring in a small cell to demonstrate
the measurement of the ‘on’ and ‘off’ current relaxation time
constants (7, and 7.5 plotted semi-logarithmically in (B). 7, and
7o Were measured to be 36 and 51 msec, respectively. R, and R,
were estimated using Egs. (28) and (29) to be 30 and 26 GQ,
respectively. Both panels were reproduced from Fenwick et al.

(1982) with permission. See that paper for further details

AIT(0)

irgi® = (AIT(0) - AiT(eo)) / Ait(es)

irel®ff = AT (0) 7 Aip(e)

Fig. 9. An illustration of the method of calculating /% and i . All
parameters are measured with respect to the current baseline
(dashed line). Aiz(*) must be measured only after the open chan-
nel current has reached a steady state. /%) represents the initial
fractional increase in current relative to the steady-state value
towards the end of a long channel opening and i represents the
immediate fractional value of current just after channel closure,
again relative to the (on) steady-state value of current

rel = [AIT(O) AlT(x)]/AlT(OO) = Ro/Rp + R(}’Y(' (31)
where i and i%} are measured as shown in Fig. 9
(see also the Appendix); Ai(0) and Aiz(«) represent

the currents at the beginning and end of a long chan-
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nel opening; Ai¥(0) represents the peak value of cur-
rent just after the channel has closed and v, is the
channel conductance in excised patches. If only the
apparent cell-attached conductance v,,, is known,
the corrected conductance can be calculated using
Egs. (27) and (30). For larger values of C,/C,,, how-
ever, slightly more complicated equations [e.g.,
Egs. (A34) and (A33)] will have to be used. The
absence of large negative relaxations suggests rela-
tively high values for R, [and/or C,; Eq. (A34)],
implying minimal damage caused to the patch mem-
brane by the cell-attached pipette (Fenwick et al.,
1982).

In the symmetrical case, where C,/C, = R, /R,
i% ~ 0 [Eq. (A36)]. This condition implies that the
patch conductance has exactly the share of total
conductance that would be predicted from its size
(as indicated by its capacitance). In such a case,
the membrane recharging process following channel
closure would be electrically silent (the resistive
component resulting from current across the patch
being exactly balanced by the capacitative one). In
contrast, if C,/C, = 0 and R /R, is significant (see
also above), a condition representing the case in
which there is a negligible capacitative component
but finite patch conductance, a negative tail current
will be generated. The difference between these two
predictions underlines the sensitivity of i%T to the
difference between C,/C,and 8 [see Eq. (A34)]. This
difference is likely to vary considerably from one
membrane patch to another and hence will tend to
result in a variable channel closure response from
one cell to the next.

In practice, these types of analysis give only
approximate estimates of R, and R,. Some scatter
normally occurs with 7., and 7., and %} and i,
presumably because of variations in R, caused by
channels opening and closing elsewhere in the cell.
Accordingly, the larger measured values of 7, and
7.4 and of i% and i%f, with a minimal number of
additional open channels, probably give the more
accurate estimate of R, . Itis also important to recog-
nise that when positive pipette potentials are used,
the membrane potential may be significantly depo-
larized and the measured R, may be significantly
less than the value of R, valid near the normal resting
potential of the cell.

Corrections for Intact-Patch
Single-channel Conductance and
Reversal Potential Measurements

Given that a reasonable estimate of R,/R,, has been
made and that approximate estimates of C, and C »
can be deduced, it is possible to correct the apparent
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measurements of single-channel conductance 7,
and E,,, to obtain good estimates of the actual vy,
and £, values. The apparent single-channel slope
conductance, vy,,,, may be obtained from Egs.
(20)—(22). In the Appendix, it is then shown that for
small cells the correct value of single-channel slope
conductance vy, is related to the apparent value by

Ye = Yappll + )1 + C,/C) (32)

where 8 = R /R,. 1If C /C, < 1. this simplifies even
more to

Ye = Yappll + 0). (33)

The real reversal potential, £, ts then related to the
apparent one, E . by

L. =(E

! ap T E,0(1 + 8). (34)
If E£, = 0 (as would be expected with a pipette solu-
tion of 150 mm KCl), Eq. (34) simplifies even more
to
E.=E,/([1+ 9. (35)
For example, for mammalian olfactory receptor neu-
rons, uncorrected estimates of channel conductance
and null potential [using Eqs. (20) and (21)], from
intact patch measurements, were shown to be in
error by about 35% (Lynch & Barry, 1989) when
compared to values correctly evaluated using Eqgs.
(32) and (34) or when compared to excised patch
measurements. For example, the corrected single-
channel conductance value for one particular chan-
nel measured was 29 pS, compared to an uncor-
rected value of 19 pS, and the corrected reversal
potential was —44 mV, compared to am uncorrected
value of —60 mV.

JUNCTION POTENTIAL CORRECTIONS AND SMALL
CeLL EFFECTS

In orderto also correct for any liquid junction poten-
tials, it is merely necessary to substitute (V, — E,)
for Vp in Eq. (20) or (V§ — E;) for V$ in Eq. (21),
where E, is the liquid junction potential ¢(solution —
pipette) as shown in Fig. 2 [¢f. Eq. (5)}.

Summary and Concluding Remarks
1) In patch-clamp measurements, with the pipette

solutions comparable in concentration to the bathing
solution and containing ions with low mobilities,
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liquid junction potential contributions may be up
to 10 mV, or possibly even more, in magnitude.
Although the patch-clamp technique may appear to
eliminate junction potentials, they are almost invari-
ably present in all configurations and must be taken
into account for accurate measurements. Equations
and procedures for estimating the junction potentials
and rules for using them to correct measurements
have been outlined.

2) In small cells, where the input resistance of
the cell is not very much less than the seal resistance,
a significant fraction of the recorded current can be
leaking through the seal resistance. Various tech-
niques have been suggested to enable the input resis-
tance of small cells to be estimated under certain
conditions, for both intact-patch and whole-cell
measurements.

3) In small cells, the current passing through a
channel in an intact patch can radically change the
potential in the cell and so alter the driving force
across the patch for that current. This can resultina
very distorted current waveform and, under certain
conditions, can even initiate an action potential else-
where in the cell. It can also invariably result in large
errors (e.g., 30% in one set of cited measurements)
in estimates of single-channel conductance and
channel reversal potential. A full circuit analysis has
been presented to model this effect and to enable
true values of single-channel conductance and chan-
nel reversal potential to be obtained from the appar-
ent measured values. In addition, the analysis shows
how various other cell parameters may also be evalu-
ated from the experimental measurements of the
distorted current waveforms.
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Appendix

Solution of Equations Describing Current Flow
during the Opening and Closure of a Single
Channel in an Intact Membrane Patch

on a Small Cell

The electrical circuit will be assumed to be as shown in Fig. 6.
The first part of the analysis in this appendix [from the opening of
the channel up to Eq. (A19)} summarizes the derivation outlined in
Appendix A of Lynch and Barry (1989). The second part of the
derivation is new [the steady-state response and the closure of
the channel, from Eq. (A20) on]. As already noted (see Footnote
3, pp. 106), in order 1o make the equations and derivation more
readable and uniform, the previous parameters E, and Ej, of
Lynch and Barry are now redefined as E, and E, . respectively.

BEFORE THE CHANNEL OPENS

In the steady-state before the channel opens, the total back-
ground current i% is given by

i ={V, - E, - Vp)IR, + (i) (AD)
i = (E, = VIR, + (i) (A2)

where V; represents the potential of cell interior with respect to
external solution (Fig. 5; equivalent to V in Lynch & Barry, 1989);
E, represents the diffusion potential for the remainder of the
membrane patch; Vp the pipette potential; E, the resting potential
of the cell in the absence of any current flow; R, is the resistance
of the patch (excluding the channel) and R, is the resistance of
the rest of the cell. From this point on, {,, the current through the
seal resistance [/, = (E, ~— Vp)/R,] will be ignored and the term
dropped, since it is a constant term that will cancel out in the later
equations. From the above equations, it may be seen that the
initial cell potential, V¥, before the channel opens is given by

Vi =[E, + E,8 + Vpl/[l + 8] (A3)
and
ih= —Vp + E, - E,JJIR,(I + 8)] (A4)
with
8=R,/R, (A3)

where & represents the ratio of cell-to-patch resistance, a critical
parameter that is a measure of the relative size of the cell and
which tends to zero as the size of the cell increases.

OPENING OF THE CHANNEL (¢ = 0; Neglecting i)

At any time 1 after the opening of the channel, the total current
iy will be given by

d(V,— Vp) (Vi—E, —Vp) (V,—E.—Vp)
= +
TG R, TR,

(Ab)

tis

dv, (E, - V)
+—_

ir = ‘C,;W R

(AT)

o

where C, and C, represent the capacitances of the patch and the
rest of the cell; E, and R, the reversal potential (null potential)
and resistance of the channel. respectively, and i; represents the
total current flowing across the patch and cell (excluding i, the
current flowing through the leakage pathway). Equations (A6)
and (A7) may be combined and rearranged to give

dv,
T~dr—’+ (U+3+BWV, —[E, +(E,+Vp)d

(AR)

+{(E + Vp)Bl=0
where
= R/(C, + () (A9)
and
B8 =R,R, (A10)
defining
=3+ B (ALD

Solving Eq. (A8), with the condition that whenz = 0, V;, = V?
(from Eq. A3),

B [E, + E8+ EB+ Vool
Vi) = 1+ «a)

BV, E,~ E+ (1 + 8E]
1+ al[l + 8]

e—(l+a)l/7.

(A12)

The change in cell potential during the opening of the channel
[¢f. Eqgs. (A18)-(A21) of Lynch & Barry, 1989] is then given by

AV{(1) = V(1) — VI = g1 — e tlran] (A13)
where

Vo —E,— E,5+ (1 + 8)E,
9= BV, ] » ( )E.} (A14)

[1+ alll + 8]

The change in current during the opening of the channel. Aiy, is
given by

Aip=ip — % (A15)
and may be shown to be given by
Aip = —(0/R){1 — [1 = (0 + o)R,C,/r]e” !} (A16)

which is the same as Eq. (A25) of Lynch and Barry (1989). When
t = 0, the peak value of the current Aiy(0) is given by

Air(0) = =y [(Vp, — E, — E,8)/(1 + 8) + E]

-[CHC, + C)) (A17)
where
v = 1UR,. (A18)
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For large cells, in which case 8 — 0 and C,/C,~ 0 [cf. Eq. (A27)
of Lynch & Barry, 1989]
Aix(0) = (A19)

~vVp — E, + E,).

STEADY-STATE CURRENT RESPONSE

For a very long channel opening, the current will reach a steady-
state value Aip(«), which will be given by

Ai(=) = —[0/R,] = —v.[Vs — E, — E,& + (1 + HE

(1 + a1 + 8] (A20)
and
Vi) = [E, + E,& + E.8 + Vpal/ll + al. (A21)

CLOSURE OF THE CHANNEL

The differential equations describing the closure of the channel
are
Vv

d(V, = Vp) (Vi—E )

ir= g R’; 2 (A22)
i E V) (A23)
O dt R, ~

The general solution of the Eqs. (A22) and (A23), following a
voltage V7 at the end of the channel opening V¢, is given by

[E, + 8(E, + Vp)] + {VI[1 + 8] = [

[1+ 8]

E, + 8(E, + Vp))}

Vi) =

e—(] +Biir

(A24)

CHANNEL CLOSURE AFTER A LONG OPENING

After a long channel opening in which it can be assumed that
V? = V), it can readily be shown from Eqgs. (A24) and (A21)
that in terms of a new time scale, where 1 now represents the time
after the closure of the channel, that V; is given by
Vi = [E, + 8(E, + Vp)li[l + 8] + ge~ 1+, (A25)
From Eq. (A23), the change in current above the base line level
(Aip = iy — i%) may be shown to be given by

Air(t) = —(@/R){1 — (1 + BCHC, + C)lle™ (+duir (A26)
where 6/R,, is given [see Eq. (Al14)] by

V- E,— E§ + (1 +8)E,
m&zwiP Ll Cn). 23 (A27)

[1 + ajil + 8]

TiMmE CONSTANTS FOR CURRENT RELAXATION
DURING CHANNEL OPENING AND CLOSURE

From Eq. (Al6), the time constant for the relaxation of current
during the channel opening, 7., will be given by

ton = /(1 + @) = RAC, + C,)/(1 + a). (A28)

P.H. Barry and J.W. Lynch: Errors in Patch-Clamp Analysis

Similarly, the time constant for the relaxation of current during
the channel closure, 7., Will be given by

1o = T/} + 8) = RAC, + C)(1 + R/R)) {A29)
From Eqs. (A28) and (A29), it may be shown that
(Toi/Ten) — 1 = BIL + 8) = (RJRI/(1 + RR,). (A30)

PEAK CURRENT DRIFTS

A comparison of the proportionate change in peak current at the
opening and closure of the channel, relative (o the steady-state
current level can also yield some interesting information. Refer
also 1o Fig. 9 for definitions. Defining /5y by

i = [Aip(0) — Aiyp(=)]/Aip(x) (A31)
where Ai;(0) represents the peak current at the opening of the
channel [Eq. (A17)] and Aiy(=) represents the final ‘steady-state’
level of current reached, provided the channel opening is suffi-
ciently long [Eq. (A21)]. Similarly, after channel closure, zfeffwill
be defined by

i = Ai$(0)/Air(=) (A32)

where Aif(0) represents the peak current immediately following
channel closure.

From Eqs. (A17) and (A21), it may be readily deduced that
im=16+8-

(C/CHIL + (C,/C ). (A33)

Similarly from Egs. (A26) and (A27), it may be readily shown that
i = [(C,/C,) ~

3/l + (C,/C ). (A34)

It should be noted that in the symmetrical case (see Discussion),
if C,/C, ~ R,/R, = &, that Egs. (A33) and (A34) simplify to

i = I + 8) (A35)
and

i~ 0. (A36)
Alternatively, if C,/C, =~ 0 and & is significant, then
im=8+8=R/J/R,+ RJR, (A37)
and

i~ -5 =—R,R,. (A38)

The dissimilarity between Egs. (A36) and (A38) indicate how
sensitive %] is to the difference between C,/C, and 8. This differ-
ence is likely to vary considerably from one membrane patch to
another and hence will tend to result in a very variable channel
closure response from one cell to the next.
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CORRECTIONS TO SINGLE-CHANNEL
CONDUCTANCE

From an inspection of Eq. (A17). the measured (apparent) slope
conductance, vy, obtained using the initial peak values of the
current [Air(0)] from d(Aif(0))/dVp. will be given by

Yoo = ¥/ HI + 31 + C,IC,). (A39)
If C,/C, is very small, then
Yipp = Yo/ (L + 8). {A40)

If the steady-state value of the current were to be used. then from
Eq. (A20), yipp = d(Aip(=))/dV,, will be given by

Ve = Yo/ l(1 4+ 81 + 8 + B)]. (Adl)

CORRECTION TO REVERSAL POTENTIAL
MEASUREMENTS

If V§ represents the pipette potential at which the initial peak
single-channel current Aip(0) = 0, then from Eq. (A17)
(A42)

(V3 —E, - E8/(1 +8) +E, = 0.

17
Defining the apparent reversal potential as EX by
Ef=E, - Vs (A43)
it may readily be shown from Egs. {A42) and (A43) that
E. =(E7 + E,®)/(1 + 8). (A44)

If E, =~ 0 (with 150 mm KClin the pipette and no significant anion
permeability in the patch), Eq. (A40) simplifies to

= = EX(1 +3). (A45)

CoMPUTER PROGRAM FOR PLOTTING
SINGLE-CHANNEL WAVEFORMS

A computer program in Turbo C (Boriand International) has
been written for IBM-PC compatible computers to plot current
waveforms for single-channel openings in membrane patches in
small cells. The program uses Egs. (Al6), (A26) and (A27) and
associated equations and, given a set of cell parameters, will
plot the resulting current waveform on both computer screen
and either an HP plotter or HP LaserJet printer. It was used
to generate Figs. 7 and 9. Further details are available from
PHB.



