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ABSTRACT The ability to form gigaseals is essential for patch-clamp electrophysiology; however, ion channels located in the
seal can produce measureable currents. To explore the expected properties of channels in the seal (i.e., rim channels), we
created a mathematical model. The seal was a two-dimensional cable filled with saline and bounded on one side by membrane
(with resistance and capacitance) and on the other side by glass (nonconductive and noncapacitive). We included ion depletion/
accumulation around the channels. The channels were ohmic with a conductance that increased with the concentration of per-
meant ions. The aqueous seal thickness was set nominally to 1 nm. Imaging with fluorescent dyes in the pipette showed that
the hydrophilic dye Alexa 488 is impermeant, but lipophilic FM1-43 labels the seal. The model showed that to obtain high-resis-
tance seals, the conductivity of the seal media has to be <10% that of the bath. Stimulus voltages decreased with distance down
the seal. In agreement with results in the literature, channels in the seal can produce currents similar to those in the pipette-span-
ning dome. The transition times of currents are slower due to membrane capacitance. If channel densities are uniform, patch

currents are dominated by channels in the dome.

INTRODUCTION

The ability to form gigohm (GQ) seals led to the utility of
the patch clamp (1,2). It remains to be determined why seals
form, and their physical and chemical properties are not
well known, but it is known that the seal properties can
affect ion channel recordings. Ion channels in the seal are
activatable but have altered conductance and kinetics (3),
and these effects are not readily apparent from patch-clamp
data. To better understand how the microenvironment of the
seal affects recorded channel currents (4), we built a mathe-
matical model of a seal containing channels, and computed
single-channel and many-channel currents.

To clarify our use of the nomenclature, we first want to
establish some definitions. We divide the patch into two
regions: 1), the dome, representing the traditional pipette-
spanning membrane; and 2), the seal, where the membrane
adheres to the glass (Fig. 1). The seal is a distributed bond
extending over a length of microns. To make our model
correspond well to the experimental situation, we only
examined models in which the seal resistance was
>10 GQ. Note that the term “seal resistance” as used in
the literature refers to the resistance of a pipette with a patch
in place. However, that resistance is actually the resistance
of the dome in parallel with the seal. The only independent
measure of the two components obtained to date (5) showed
them to be comparable in magnitude.

The seal resistance is sensitive to the ionic strength of the
bathing solutions, which implies that mobile salts can pene-
trate the seal. Patches creep slowly along the glass driven by
electroosmosis, and this creep rate is sensitive to the pipette
potential and the cationic bathing ions (3). Thus, the seal
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contains mobile ions and is cation-selective, as expected
for a negatively charged space (i.e., the glass and the
membrane). The simplest physical model of the seal as
a saline annulus predicts that we would need a seal thickness
of atomic dimensions to obtain seals >10 GQ (2). However,
we know that we can form gigaseals from membranes con-
taining large proteins, such as acetylcholine receptors, that
protrude 5 nm above the bilayer (6). To fill in the spaces
around protruding irregular proteins with high resistance
material would seem to require some form of resistive
“caulking”.

Given that we can readily make GQ seals, what are the
physical properties of the seal solution and the membrane
that might affect the patch-clamp data? To learn more about
these factors, we created a numerical model that incorpo-
rates many of the known properties of membranes, aqueous
solutions, and ion channels. This continunum model is
defined by partial differential equations for the diffusion
of charge and mass, and for simplicity does not attempt to
deal with molecular structures. The patch clamp records
the sum of two currents: currents through the seal and
currents through the dome. We treated the dome as an isopo-
tential surface and defined the channel properties as they
would appear in the dome. However, channels in the seal
have a significant access impedance, which has multiple
effects on the data. For example, it decreases the applied
voltage amplitude and increases the rise time, and decreases
the open-channel current and increases the transition times.
For voltage-dependent channels in the seal, the gating curve
will have a lower slope and a reduced midpoint. The effect
of the seal on channel amplitude stems not only from the
reduction in driving force but also from the supply of charge
from two dimensions instead of one. The amplifier only sees
the component of current parallel to the axis of the pipette.
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FIGURE 1 Physical model of the patch. At the left the patch is seen in
a cylindrical glass pipette and consists of the dome that spans the pipette
and the seal region where the membrane sticks to the glass. The seal region
is modeled as a cylindrical annulus (radius = 1 um, length L = 10 um)
where the central domain is a conducting media of thickness # = 1 nm
(typically) that is bounded by glass on one side and plasma membrane on
the other. This forms a 2D electrical cable. We simplified the geometry
by unfolding it into a rectangle of width w = 27r, as shown at the right,
where r, is the radius of the glass pipette.

Model

To be useful, models need to minimize the number of param-
eters. Our model focused on the properties of the seal as rep-
resented by a two-dimensional (2D) cable bounded on one
side by membrane and on the other side by glass, and filled
with an aqueous solution. The membrane had a specific
conductivity and capacitance, whereas the glass had no
conductance or capacitance (glass is much thicker than
membrane and has a lower conductance). The model is that
of an inside-out patch. We simplified the geometry by treat-
ing the pipette as a rectangular cylinder and then unfolded the
annular seal into a plane (Fig. 1). We ignored gradients in the
radial dimension & because the seal was so thin with respect
to its linear dimensions. The partial differential equations
describing the physics were the 2D cable equation and
mass diffusion of the permeant ions in the seal. Ion channels
were placed at different depths in the seal and were driven by
the electrochemical potential (7) with a conductance that was
proportional to the permeant ion concentration at the source
side. Single-channel currents were modeled as steps of
permeability, with the channels introduced as small circular
sources. We solved the equations using finite element algo-
rithms in COMSOL Multiphysics (v4.2). Table 1 shows
parameters used for finite element analysis.

METHODS

To reduce the number of free parameters, we applied the following
constraints: the seal resistance had to be 10GQ (or some other number
we specified). Second, we assumed the length of the seal to be L =
10 um based on observations previously obtained by light and electron
microscopy (3). The internal radius of the pipette was r, = 1 um. The thick-
ness of the aqueous portion of the seal, /, had to be larger than the mobile
ions and small enough to exclude Alexa 488, and we arbitrarily set 7 = 1 nm
for most calculations (unless otherwise noted). This model assumes that the
seal space is of uniform thickness (unlikely) and homogeneous because we
found that diffusion of FM1-43 was quite uniform (Fig. S1 in the Support-
ing Material), suggesting no discrete spatial changes in the physical prop-
erties of the membrane. We arbitrarily chose the salt solution to have the
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TABLE 1 Dimensions and electrical and chemical parameters
used for FEA
L Length of seal Ay Area of patch dome
ry  Pipette radius Tq Radius of patch dome
w  Perimeter of seal A Length constant

h  Thickness of seal
g, Conductivity of saline in seal V,

Channel depth
Applied potential at top
of seal
Reversal potential
Saline concentration in seal
Single-channel currents
without diffusion

g,, Membrane conductivity vV,
C,, Membrane capacitance Cy
7  Time constant of membrane 1.,

I,  Pipette current Ly Single-channel currents with
diffusion

R, Seal resistance I  Current arising from channels
in the seal

go Single-channel conductance I, Current arising from channels
in the dome

conductivity of a 100 mM KCI solution, which is commonly used as
a conductivity reference and is similar in concentration to physiological
salines. However, we did allow the conductivity in the seal to decrease,
as might result from the binding of mobile charges or increases in local
viscosity.

For an overview of the issues, we first present the analytical solution for
the steady-state voltage gradients in the seal. We then introduce ion chan-
nels located at different distances x from the dome and use 2D finite element
analysis (FEA) integration to calculate the current that would be seen by the
patch amplifier. The observed current is calculated from the normal compo-
nent of the voltage gradient at the top of the seal.

Analytical solution

As shown in Fig. 1, the core of the seal is a conducting layer of saline of thick-
ness & with a volume conductivity of g and length L. This domain is bounded
on one side by the membrane with specific capacitance C,, and specific
conductance ¢,,. The dome has a radius of curvature of r,, and A, is dome
area. An electrical potential Vy, is applied to the pipette (V(x = 0) = V)
and the lower end of the seal is grounded in the bath, V(L) = 0. The potential
at position x in the seal is V(x) and radially symmetric. We now solve for V(x)
and estimate the observed seal resistance (i.e., the resistance of the seal in
parallel with the dome). The pipette current is

27r,Voho

()

where A(= \/has/0,,) is the length constant of the seal. To obtain numer-
ical values, we need A, which requires knowledge of the relationship
between o and ,,. In patches, g, is unknown, but we will assume that
the membrane capacitance is C,, = 1 wF/lem? =10 fF/um? and that the
intrinsic membrane time constant is in the range of 1-1000 ms.

Using Eq. 1 and the defined parameters of our model, we can write the
seal resistance (Rs) as

1 O
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From Eq. 2, we can estimate o by using ¢, with the constraint R; =
10 GQ. Because 7 = C,,/5,, and A = \/7ha/C,, the seal resistance (Rs)
can be rewritten as

i |0 3)]

45 % 107
1.57 x 10*6\/%{1—exp<—9#>} 3)

This shows that the thinner the seal (smaller /) and the lower the membrane
conductance (larger 7), the larger is the seal resistance. Representative plots
are shown in Fig. 2.

Rs

Numerical solutions for single channels

Channels can be located at any depth in the seal (3). To calculate the
channel currents, we solved the cable equation in two dimensions with
the channels as small circular sources. The single-channel current was
given by
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FIGURE 2 (A) Seal resistance R as a function of conductivity of the
space o, and the membrane time constant 7; a long time constant corre-
sponds to a high membrane resistance. (B) A typical relationship of seal
resistance as a function of o (1 = 0.5 s). Note that it is not possible to
get high-resistance seals (>10 G€2) unless the conductivity of media in
the space is << that of 100 mM KCI (1.12 S/m), implying the space
viscosity is >> water or that the ion activity is << 100 mM.
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I =g(Clxy) x P(V,1) x (V(x,y) =V,), 4

where the single-channel conductance g(C(x,y)) = go X C(x,y)/C,, is a func-
tion of the local concentration of permeant ions (for most simulations, we
chose g to give channel currents of 1 or 10 pA at 100 mV), and P(V)¢) is the
probability of the channel being open at transmembrane potential V. For
most single-channel simulations, P was a square pulse of permeability
(the channel went from closed to open to closed). To model voltage-depen-
dent channels, we used the Hodgkin and Huxley equations for P(V,¢) (7).
The electrical driving force is V(x,y) — V,, and this implicitly includes
effects of ion accumulation and depletion that change V,. The reversal
potential V, is given by the Nernst equation for the permeant ion. The
boundary values for voltage are zero at the top (x = 0, the amplifier) and
Vy at the bottom (x = L, the bath). The ion concentration at the dome
and the bath is Cp,y, (100 mM), and

C(x,y)
V, =25 x In (W) [mV]. )

We performed all of the simulations with the constraint that R; = 10 GQ
at rest by adjusting a,.

We first examined the steady-state current in the absence of ion accumu-
lation and depletion. This current is given by the integral of the normal
component of current density J as it leaves the seal: / = o,VVat x = 0.
To examine transient effects on the single-channel currents, we made g
into a step function. To determine the role of channel conductivity relative
to access resistance on the observed currents, we modeled channels with
a 10-fold variation of g, (1 and 10 pA/channel at 100 mV). Mass diffusion
at the channel was obtained from the current density via the Faraday
constant. To examine the effects of ion accumulation and depletion, we
included mass diffusion equations, and for that we needed a diffusion
constant D. Allowing the viscosity of the space to be higher than the
bath, we used the Nernst-Einstein equation to calculate D.

To simulate the effect of seal impedance on a voltage-dependent channel,
we used a Hodgkin-Huxley potassium channel (7), where the channel
conductance is given by

g =g, x n. ©6)

The gating variable n is dependent on the membrane voltage:

dn

= a(V)(1=m) = B(V)n, ™

where (V) and B(V) are given by (8):

~0.01(1000 x V +55)

a(v) __1000 x V+55 (8)
1 —exp 10
( 1000 x V+65)
B(V) = 0.125 x exp 80 ©)

To control channel gating, we set a holding potential of —77 mV and
applied a ladder of 20 ms depolarizing pulses. We corrected for background
current through the seal by subtracting currents observed with g = 0.

With a high density of channels (A << L), we used a 1D cable equation
with a membrane conductivity ¢,, emulating Hodgkin-Huxley potassium
currents. To compare currents from the dome with those of the seal, we
assumed that the channels were uniformly distributed in both the seal and
the dome. However, we note that microscopy of patches shows that channel
uniformity is not typical (3).
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RESULTS
Analytical solution

We first investigated how the seal resistance varies as a func-
tion of the seal dimensions, core media conductivity, and
membrane conductance. Fig. 2 shows the seal resistance
for = 1 nm. As expected, R, had a strong dependence
on h but it showed a weak dependence on o,. The latter
effect was noticeable only with small values of a.i. We
found that it was not possible to obtain high-resistance seals
unless the conductivity of the media in the space was <<
that of 100 mM KCI1 (1.12 S/m). This could occur because
mobile ions in the seal are bound to the extracellular surface
of the membrane and the glass, or the viscosity of media in
the seal is >> water, as might be expected from compres-
sion of the extracellular matrix against the glass.

As a check on the assumed geometry of the seal, we tested
whether the seal could transport the dye Alexa 488 from the
pipette to the bath. Alexa 488 is water-soluble and ~0.9 nm
in diameter (9). Images of patches showed that the dye was
excluded from the seal (see Fig. S1 A). We also know that
NMDA with a diameter of <0.5 nm is weakly permeable
(3), so it is reasonable to have & = 0.5-0.9 nm. To test the
continuity of the lipid portion of the seal, and check that
we had the sensitivity to observe the dyes in the seal, we
applied the lipid-soluble dye FM1-43 in the pipette as we
did with Alexa 488. FM1-43 illuminated the whole seal
with a linear gradient (Fig. S1 B), suggesting that the lipids
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remained liquid in the seal, allowing the dye to diffuse, and
there were no abrupt changes in the physical properties of
those lipids down the seal. If Alexa 488 were permeant in
the seal, we should have seen it because the membrane
thickness is comparable to 5.

Single-channel currents from the seal

Fig. 3, A-C, show how single-channel currents decrease as
the channels are moved farther down the seal. We modeled
four scenarios (Fig. 3 A) to determine the dependence on
seal conductance and thickness. For a 10 GQ seal of 1 nm
thickness, the amplitudes are large enough that they can
be confused with dome channels and labeled subconduc-
tance states or even different channel species (3). A 1 pA
channel in the dome will contribute 0.67 pA when it is
1 um down the seal and obviously more when it is nearer
the dome. Changing the seal thickness to 0.5 nm from
1.0 nm had only a minor effect on the channel current.
However, changing the seal resistance to 100 GQ decreased
the channel current to only ~25% at as little as 0.1 um seal
depth, showing that the model is very sensitive to conduc-
tivity of the seal. Again at 100 G, the seal thickness change
to 0.5 nm had little effect. Higher-conductance channels will
contribute less current because the access resistance has
a larger effect (Fig. 3 B). With a 10 pA dome channel, the
same channel positioned 1 um down from the dome gener-
ates 4.1 pA in the amplifier.

FIGURE 3 Single-channel currents in the seal as
a function of channel depth. We calculated the
percentage currents by dividing the observed
current by that seen for a channel in the dome.
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and seal resistance (R, = 10 or 100 GQ) on
observed currents. (B) The dependence of observed
current amplitudes with different intrinsic channel
conductance. (C) Membrane capacitance slows the
transition time of channels (the low-conductance
1g channel). (D) Transition times as a function of
channel depth. (For simplicity, the response was
fit to a single exponential; however, the actual
response is more like an error function due to the
cable properties.)
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The previous calculations were for steady state; however,
membrane capacitance will slow the time course of the
channel currents in the seal. To examine the magnitude of
these effects, we made g(f) a step function. Fig. 3 D plots
the time course of the predicted amplifier current as a function
of x for 1 and 10x g,. The transition times of the channel
current increased with depth, as expected from capacitive
loading. The rise time varied inversely with the channel
conductance due to the lower-voltage gradients. This result
shows that rim-channel recordings will exhibit fewer short-
lived states. However, the correlated reduction in amplitude
and the increase in rise time could be exploited to estimate
the channel position in the seal (8). If the channel density is
uniform between the dome and the seal, as is generally
assumed (but is known to not be true in general (3)), the
currents from the dome will dominate and create a reliable
recording. However, if there is a significant contribution
from rim channels, the amplitude histograms will be broader
and more asymmetric, and the lifetimes will be longer.

The above calculations were done with the mass diffusion
equations turned off; below, we explore the effect of
diffusion.

Accumulation and depletion in the seal

Because the seal space 4 is narrow, the flux of ions through
a channel will cause changes in the local ion concentration
with commensurate changes in the local conductivity and
reversal potential. To explore the magnitude of this effect,
we added the diffusion equation. Fig. 4, A and B, show
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a typical field plot of the membrane voltage and the perme-
ant ion concentration, respectively. Fig. 4 C shows the
observed current from a square pulse of channel conduc-
tance with no depletion (I.,,, dashed line) superimposed
on the current with diffusion (I solid line). At x =
1 um, ion depletion has a small effect, reducing the current
by only 6.4% so that accumulation/depletion in the seal is
not significant (Fig. 4 D). Comparing these results with
those of Fig. 4 C, we can see the dominant effect of the
voltage gradient that caused a decrease of 89-fold in the
current as the channel moved from 1 um to 9 um.

Seal and dome currents in multichannel patches

When channels are in high density (1 << L), we observe the
current averaged over all channel locations, and we can use
the 1D cable equation for the seal. Fig. 5 A shows the pre-
dicted mean current from K channels in the seal (/,,;) for
a series of voltage steps, and Fig. 5 B shows the mean
current for channels in the dome (/;,,., assumed to be
a planar disk). The dome currents are much larger than
the seal currents because they do not have the access resis-
tance of the seal. Thus, for uniformly distributed channels,
the patch clamp provides a reliable recording of the mean
channel current.

DISCUSSION

Our simulations show that significant currents can arise
from ion channels in the seal, as reported in a previous

A Voltage [V] B Concentration [mM]
0.1 100
0.098 . 99.5
0.096 99
0.094 98.5
0.092 9% FIGURE 4 Diffusion effects on the single-
channel current. Field plots of (A) voltage and
0.09 9715 (B) concentration (C, = 100 mM) near a channel
0.2 um below the dome. (C) Accumulation/deple-
0.088 97 tion in the seal is not a large effect. Single-channel
c D currents with diffusion (g solid lines) and
100- 3. without diffusion (I.,,, dashed line) at different
= G 18 um.wlodfuion depths. (D) Percentage reduction of current by
= 80 = ° including mass diffusion as a function of channel
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s —B—x=1.0 ym, wi diffusion — .
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FIGURE 5 Predicted observed currents for Hodgkin-Huxley potassium
channels uniformly distributed in the dome and the seal. (A) Current arising
from channels in the seal (/). (B) Current arising from channels in the
dome (Ijo.). If the channel density is uniform, the dome contributes
most of the current. A holding potential of —77 mV and a series of
20 ms depolarizing pulses were applied to —27 mV with steps of 10 mV.

study (3). That study showed a channel producing typical
square current pulses with a good separation of real and
imaginary components of the channel impedance. Several
seconds later, the channel appeared to have moved into
the seal, producing highly variable current amplitudes
(because the durations are random and comparable to 7).
The transitions exhibited slower rise and fall times, and mix-
ing of the real and imaginary components of the impedance
as the equivalent circuit moved from two to three or more
components.

When there is a flux of ions, there is also a flux of water
that accompanies the ions, as well as a water flux through
the membrane driven by the osmotic pressure of accumu-
lated ions. We postulate that for driving potentials that
push ions into the seal, this water flux will expand the local
seal spacing and modulate the channel current. These
mechanical effects are complicated and highly dependent
on the mechanical model of the seal and we did not
include these effects. However, intuition suggests that as
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the seal space expands and relaxes, the channel currents
will have varying amplitudes. We know that reannealing
the membrane to the glass takes on the order of tens of milli-
seconds (3).

Although we modeled the seal with uniform dimensions
and homogeneous transport properties, we know that
membrane proteins can stick out from the bilayer, and
thus the space will not have a uniform thickness. However,
we also know from personal observations of various TRP
channels, as well as from previous work (3), that the
membrane proteins are not uniformly distributed between
the seal and the dome, and in fact are usually excluded
from the seal. The patch mechanics of cell membranes is
more complicated than that of bilayers because the
membrane in a patch is not a lipid bilayer; rather, it is
a sample of the cell cortex that contains both cytoskeleton
and extracellular matrix. If the extracellular matrix of
proteoglycans is present in the seal, it will be compressed
between the bilayer and the glass. This caulking would
increase the local viscosity by behaving as a dense sugar
solution and allow us to form GQ seals from lumpy
membranes. (Perhaps we could improve the gigaseal proper-
ties by attaching exogenous polymers to the membrane or
the pipette before forming a seal.) The high resistivity we
require of the core conductor could also be explained by
a low mobility of ions caused by reversible binding to nega-
tive charges in the seal. Because the membrane and glass
have a low dielectric constant, and they are both negatively
charged and & < Debye length in the bath, anions would be
excluded from the seal, thereby decreasing o, and making
the seal cation-selective (3). The low dielectric of the core
surroundings could also decrease the concentration of
cations in the seal. Currently, we cannot attribute the low
seal conductivity to a specific effect.

Currents originating from channels in the seal are smaller
than the same channels in the dome, and they should
also have longer rise times. This correlation was noted by
Dudel et al. (10) in the early days of patch clamping.
The conductance of channels in the seal are small for
high-resistance seals (Fig. 3 A), and thus only channels
within 0.1 um of the dome have any significant conduc-
tance. This has important implications for the often-unstable
conductance states observed for mechanosensitive channels
exposed to repeated pressure steps. When a patch is
stretched via a repetitive pressure-step protocol, the dome
area becomes larger partially from peeling short stretches
of membrane (usually <0.2 um) from the seal region.
During the application of pressure, channels in the dome
could migrate into the peeled membrane. Because the
membrane reseals after the pressure step ends, channels in
this region would need to migrate back to the dome.
However, if the migration back is slowed, or the peeled
region does not reseal as tightly, the channels will get caught
in this transition zone until the next pressure step, affecting
their conductance.
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The changes in rise time can be hard to see without care-
fully examining the data. It would be simpler to detect the
amplitude changes if one had a reliable standard of compar-
ison, but in general one cannot be sure that a given
recording comes from channels in the dome or the seal,
or both, or whether any variations are not the result of
intrinsic channel heterogeneity. We do know that membrane
proteins are not uniformly distributed between the dome
and the seal, so in practice, the relative contributions of
the two regions are unknown (3). Some of the low-conduc-
tance channels reported in the literature may actually
represent high-conductance channels located in the seal.
Voltage-dependent channels in the seal are particularly
complicated to analyze because the time-dependent voltage
gradients of the stimulus in the seal create channels of
varying conductance with shifts in the activation properties.
With the assumption of uniform channel density, the
currents from the dome dominate the response and seal
currents can be ignored.

To extract the physical properties of the seal from
the model, we had to assume that the seal was of a
uniform thickness. This is undoubtedly incorrect because
membrane proteins, such as acetylcholine receptors, can
protrude >5 nm above the lipids (6). This is one reason
why we prefer to attribute the low conductance of the core
to viscosity rather than to ion binding, because glycocalyx
could serve as a sort of electrical caulking around such chan-
nels. We observed in some patches a phase-like exclusion of
proteins in an annular band 2-3 um below the dome (3).
This could represent a localized seal where the bilayer
directly touches the glass. In this case, the effective length
of the seal would be shorter than the 10 um we assumed
and the core conductivity would need to be lower. However,
FM1-43 (Fig. S1 B) formed a rather smooth gradient
(Fig. S1 B), suggesting that there were no strong interactions
between the lipids and the glass. If we calculate the diffu-
sion constant for dye in the seal (Fig. S2), we obtain
~10"%cm?/s, a value that is expected for liquid-phase lipids.
The openness of the seal to diffusion of amphiphilic or
hydrophobic drugs may affect data interpretation in sided-
ness experiments.
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In conclusion, the modeling shows how the physical loca-
tion of channels in a patch (dome plus seal) can alter the
observed currents; however, the contributions from seal
channels vary greatly with the some parameters of the
model, particularly seal resistance. If we assume uniform
distribution or confinement of channels to the dome, the
dome currents will yield reliable data.

SUPPORTING MATERIAL

Analytical model of seal diffusion and two images showing fluorescent dye
diffusion are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)01312-9.
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