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ABSTRACT Patch-clamp recording has revolutionized the study of ion channels, transporters, and the electrical activity of
small cells. Vital to this method is formation of a tight seal between glass recording pipette and cell membrane. To better un-
derstand seal formation and improve practical application of this technique, we examine the effects of divalent ions, protons,
ionic strength, and membrane proteins on adhesion of membrane to glass and on seal resistance using both patch-clamp re-
cording and atomic force microscopy. We find that H*, Ca®*, and Mg®" increase adhesion force between glass and membrane
(lipid and cellular), decrease the time required to form a tight seal, and increase seal resistance. In the absence of H* (107° M)
and divalent cations (<1078 M), adhesion forces are greatly reduced and tight seals are not formed. H* (10~7 M) promotes seal
formation in the absence of divalent cations. A positive correlation between adhesion force and seal formation indicates that
high resistance seals are associated with increased adhesion between membrane and glass. A similar ionic dependence of the
adhesion of lipid membranes and cell membranes to glass indicates that lipid membranes without proteins are sufficient for the

action of ions on adhesion.

INTRODUCTION

The widely used patch-clamp recording technique allows
currents to be recorded from single ion channels in small
patches of membrane (single-channel recording) and also
from small cells (whole cell recording) (1). In this technique,
a glass pipette with a tip diameter of typically 0.5-2 wm is
touched to the surface of a cell and a weak suction applied.
After typically <1 min, a seal is formed between the cell
membrane and the glass pipette with a resistance of >1 giga-
ohm (G()). This tight seal is often referred to as a giga seal.
In forming the seal, the membrane patch usually moves 10—
50 pwm down the inside of the pipette, giving a large contact
surface between membrane and glass (2—7). The seal forces
are so great that the patch of membrane in the pipette can be
excised from the cell for inside out recording or disrupted
with high suction (or voltage) for whole cell recording
without compromising the tight seal (1). Because of the high
resistance of the seal, currents <1 pA are easily measured.
Although the patch-clamp technique is widely used, little
information is available about the nature of the molecular
interactions underlying the generation of the seal between
membrane and glass. Forces that could influence the glass-
membrane interaction include electrostatic forces, van der
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Waals forces, hydration forces, and steric forces (8—12). A
better understanding of the factors involved in forming tight
seals may give some insight into the mechanism underlying
tight seal formation and also serve as a practical guide to
facilitate patch-clamp recording.

In this study we examine the effects of divalent ions, pH,
and ionic strength on interactions between patch pipette glass
and membranes using two different techniques. In the first
approach, we use the atomic force microscope (AFM) to
measure the force holding membrane to glass. In the second,
we measure the time to tight seal formation and the resistance
of the tight seals using the patch-clamp technique. Both of
these rather different approaches indicate that seals are
tighter in the presence of Ca®>", Mg®", and H™. Seals are not
formed in the absence of divalent ions (<10~® M) and H"
(107" M). When Ca** and Mg " are buffered to low levels,
H"at107'M (pH 7) is sufficient to allow seals to be formed.
A positive correlation between total adhesion force and seal
formation indicates that high resistance seals are associated
with increased total adhesion between membrane and glass.

MATERIALS AND METHODS
AFM force measurements

A custom-built AFM (13,14) was used to measure the mechanical force
interaction between glass pipettes and either cell membranes or lipids. The
base of the force-measuring cantilever was mounted on a piezoelectric
translator equipped with electronic feedback to control the vertical position
and movement of the cantilever (Physik Instruments, Karlsruhe, Germany;
www.physikinstrumente.com). The force apparatus was combined with an
inverted light microscope to permit visualization of the cantilever and glass
pipette. The interaction between the tip of the cantilever coated with either
lipid or a cell, and the glass of a pulled patch pipette (1.5 mm outside
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diameter, 0.86 mm inside diameter borosilicate glass; Harvard Apparatus,
Holliston, MA) was determined from the deflection of the cantilever.
Contact was made with the glass near, but not touching, the tip of the pulled
pipette in case the pulling process itself changed the properties of the glass.
A laser spot was reflected off the top side of the cantilever into a two-
segment photodiode. Custom software was used to control the movement of
the piezoelectric translator and timing of the measurements.

For measurements of the interaction between cell membrane and pulled
glass pipette, the tip of the cantilever was coated with HEK 293 or NIH 3T3
cells. Two methods were used to coat the cantilever tip with a cultured cell:
1) Cantilevers were first rinsed with ethanol, coated with poly-L-lysine, and
then placed in the bottom of culture dishes. NIH 3T3 cells were then grown
in the culture dishes and on the cantilevers for 4-6 days (maintained in RPMI
1640 medium supplemented with 10% heat-inactivated fetal calf serum,
penicillin 50 units/ml, and streptomycin 50 wg/ml). Five different cantile-
vers were imaged using scanning electron microscopy, and in all cases the
scan revealed the presence of cells on the cantilever shafts and tips. 2)
Alternatively, individual suspended HEK 293 cells were captured on the tip
of a polylysine-coated cantilever. In this approach, HEK 293 cells were first
cultured separately from the cantilevers. Using the inverted microscope of
the chamber apparatus, a single cell was then selected and picked up on the
tip of the cantilever by lowering it onto the surface of the selected cell. The
cantilever was retracted after a latency of 3 s. The position of the cell on
the cantilever was then verified using the inverted microscope of the force
apparatus. Both gold-coated and transparent SizN, cantilevers (Veeco Instru-
ments, Santa Barbara, CA) with a length of 200 um, width of 40 wm, and
radius tip of 2060 nm were used. Exposure to solutions at pH 4 and 10 was
limited by using a fast solution exchange to avoid possible damage to cells
under conditions of extreme pH.

For measurements of glass-lipid interactions, L-alpha-phosphatidylcho-
line (egg), phosphatidylinositol, or phosphatidylserin (Avanti Polar Lipids,
Alabaster, AL) were dissolved with one part lipid and four parts chloroform
(v/v), and the solvent was evaporated under N,. A phosphate buffer solution
(150 mM NacCl plus 10 mM PO;3 (as Na™), adjusted to pH 7.3) was added
to dilute the lipid film to a final concentration of 0.2 mg/ml and thoroughly
sonicated before 50 ul of the suspension was applied onto the cantilever.
After 20 min, the cantilever was dipped in dionized water to dispose of
excess lipid.

Analysis of the force data from the AFM was performed using custom
software (13,14). Each AFM cycle determined the force versus distance
relationship between the cantilever and the glass during a single approach
and retraction of the cantilever. Typical approach and retraction speed was
~1.3 um/s. In each experiment, typically 10 force measurement cycles were
averaged for each solution, with a 5—10-s delay between each cycle. For each
AFM experiment, measurements were made using the same cantilever touching
the same pipette for the different bath solutions to remove variability that
could occur among different cantilevers, presumably due to differences in
the coating of the cantilevers with cells or lipids. We found no significant
difference in AFM adhesive force for first and second measurements be-
tween coated cantilevers and glass (see Results) or after small lateral move-
ments of the cantilevers so that contact was made in a different place with the
glass. Thus, unlike patch-clamping where a pipette can typically be used
only once, a measurement of adhesive force has little effect on the properties
for additional measurements.

Measurement of tight seal formation

The time required to form a tight seal with the patch-clamp technique and the
tightness of the seal, as measured in ohms, was determined for the formation
of on-cell seals between borosilicate glass pipettes and HEK 293 cells. The
pipette was filled with the test solution and the cell was superfused with
the same solution just before seal formation. An effort was made to control
the visual shape of the patch pipettes and also the size and shape of the cells
used in the experiments for uniformity. In addition, the magnitude of the
suction was controlled and measured with a water manometer. A new pipette
was used for each seal test.
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Solutions

For experiments examining the effects of H* on adhesion force and seal resis-
tance, the solutions contained (mM): 150 KCI, 5 TES (N-tris(hydroxymethyl)
methyl-2-aminoethanesulfonic acid) pH buffer, and 2 EGTA. For experi-
ments examining the effects of Ca®" and Mg2+, the solutions contained
(mM): 150 KCl, 5 TES pH buffer, | EGTA, 1 N-(2-hydroxyethyl)ethylenedi-
amine-N,N',N'-triacetic acid (HEDTA), and 0 or 10 CaCl, or MgCl,; the
KCl was reduced to 1 mM when 100 mM CaCl, or MgCl, was examined.
The free concentrations of the divalent ions listed below were calculated
with Maxchelator (WINMAXC v2.50, http://www.stanford.edu/~cpatton/
maxc.html), which takes the pH dependence of EGTA and HEDTA into
account. For no added divalents at pH 7.0 and 10.0 the free concentration of
Ca** was <10~® M and of Mg®>" was <10~® M when taking into account
estimated contaminant divalents. For no added divalents at pH 4 the free
concentration of Ca>" and Mg2+ was ~107% M. For 10 mM added Ca2+,
the free concentration of Ca>" at both pH 7.0 and 10.0 was 8.0 mM, and for
10 mM added Mg>", the free concentration of Mg®" at pH 7.0 and 10.0 was
8.8 and 8.0 mM, respectively. For pH 4.0 with 10 or 100 mM added Ca* or
Mg** and also for pH 7.0 and 10.0 with 100 mM added Ca®* or Mg>*, the
free concentration of divalents was within 2% of the added concentrations.
References in the text to solutions with 10 and 100 mM added divalent will
be to the amount of added divalent. For experiments to examine the effect of
ionic strength on lipid-glass interaction, the solutions contained (mM): 5
TES and 2 EGTA and 0.1-1000 NaCl, with the pH adjusted to 7.0.

Data are presented as mean * SE; groups were compared with Student’s
t-test. Experiments were carried out at room temperatures of 21°C-23°C.

RESULTS

H* and Ca?* increase the attractive force between
glass and cell membranes

The AFM was used to measure the strength of the attraction
force between glass and membrane to investigate factors in-
volved in formation of tight seals with the patch-clamp tech-
nique. This was done by coating the cantilever of the AFM
either with lipids or with cells, touching the coated cantilever
to the glass near the tip of the pulled pipette, and then re-
tracting the cantilever to measure the force to rupture the
contact between membrane and glass. Fig. 1 A presents a
schematic of a single cycle of an AFM measurement. The
cantilever is moved downward to contact the glass (approach).
Before contact the force level is zero, but once contact is
made, there is an increasing positive force as the approach
continues, progressively bending the cantilever upward. The
cantilever is then retracted at a steady rate, which first re-
lieves the positive force and then results in a negative force
due to the adhesion between glass and membrane, which
progressively bends the cantilever downward. When the force
applied to the cantilever exceeds the adhesion force, the
contact between membrane and glass ruptures, with a return
of the cantilever to the zero force level. The difference be-
tween the force at the rupture and the force of the approach
scan before contact is made indicates the adhesion force
between the membrane and glass. Fig. 1 B shows traces from
an experiment in which a bare cantilever was used, dem-
onstrating that bare cantilevers (no coat of membrane) do
not adhere to glass, as there was no adhesion force when the
cantilever was retracted from the glass after contact was made.
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FIGURE | Measuring the adhesion force between membrane and glass

with an AFM. (A) Schematic representation of a theoretical force-displace-
ment curve recorded with an AFM for contact of a membrane-coated can-
tilever tip with a glass pipette. The adhesion force between the membrane
and glass is taken as the maximum force reached (at the time the membrane
and glass separate) as the cantilever tip is retracted. The force during the
approach of the cantilever tip to the glass is plotted in gray, and the force
during the retraction of the cantilever tip is plotted in black. See text for
further details. (B) The adhesion force between a cantilever tip without
membrane coating and the glass of a patch pipette is negligible because no
increase in force (no adhesion) is seen when the cantilever tip is retracted
from the pipette. In this example, [H*] was 10”7 M and [Ca>*] was 10 mM.
The black trace was displaced downward slightly to avoid overlap so that it
can be seen.

To examine the interaction between cell membranes and
glass, we cultured cells on the cantilevers and then repeated
the experiment shown in Fig. 1 B. Fig. 2 A shows a scanning
electron micrograph of the tip of a cantilever on which NIH
3T3 cells were cultured so that the cantilever and its tip were
covered with cells and their processes. Fig. 2 B presents
AFM force displacement scans for contact between cell
membrane and glass to measure the effect of three H" con-
centrations on adhesion forces in the absence of Ca®™. It is
practical knowledge that Ca*" in the pipette can increase seal
formation (8), perhaps by interacting with negative charges
on the surface of the glass (8). If such interactions are re-
quired for membrane-glass adhesion, then removing divalent
cations from the solution together with H, which is highly
effective at negating charge, even at very low concentrations
(15), might be expected to reduce or eliminate membrane-
glass adhesion. Indeed, with 107'°M H™, the adhesion force
was small (0.075 nN). Increasing the [H]to 10~7 and 10°*
M then increased the adhesion force to 0.31 and 1.4 nN,
respectively. Results from seven experiments are shown in
Fig. 2 C (left panel). Increasing [H'] from 107" M to 10™*
M increased the mean adhesion force ~5.6-fold (p < 0.003,
n = 7). The effects of hydrogen ions on membrane-glass
interaction were reversible, indicating that the membrane
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was not damaged during the experiment. If increased ad-
hesive forces facilitate seal formation, then the observations
in Fig. 2, B and C, suggest that increasing [H"] should also
facilitate seal formation. This is shown to be the case in a
later section of the work.

As mentioned above, it is practical experience that the
presence of divalent cations in the solution can facilitate
the formation of gigaohm seals when patch-clamping (8). If
the adhesion forces between membrane and glass are related
to seal resistance in patch-clamp recording, it might be ex-
pected that divalent cations will increase the adhesion force.
Experiments examining the effect of Ca’* on adhesion
forces between cell membranes and glass are summarized in
Fig. 2 C (right panel). Increasing [Ca”>*] from 10® to 0.1 M
at pH 7.0 increased the mean adhesion force ~2.6-fold (p <
0.001, n = 7-9). The increased adhesion between cell
membrane and glass with increased [Ca”"] gives a possible
explanation for the practical observation that Ca®" facilitates
seal formation. Notice in Fig. 2 C that raising [H"] only
~0.1 mM, from 107 to 107 M, has about the same effect
on increasing adhesion force as raising [Ca®>*] ~100 mM,
from <10™® to 0.1 M.

The question arises as to whether the first contact between
membrane and glass gives the same adhesive force as a
second contact, as it is known from patch-clamping that it is
much more difficult, if not impossible, to form a gigaohm
seal a second time with the same pipette. To examine this
question we examined AFM adhesion force for first and
second contacts between cell membrane and glass. As shown
in Fig. 2 D, which presents the average from 10 experiments,
there was no significant difference, indicating that contact
between glass and cell membrane followed by forceful de-
tachment does not change the properties of the next cell
membrane-glass interaction.

H*, Ca®*, and Mg®* increase the attractive force
between glass and lipids

The above data indicate that Ca®* and H" increase the adhe-
sion between cell membranes and glass. Corey and Stevens
(8) suggested that it is the lipids in the cell membranes that
are involved in the formation of the tight seal, with the
proteins interfering in tight seal formation. Indicating lipid-
glass interaction is that tight seals can be formed between
patch pipettes and pure lipid membranes (16-18). If Ca**
and H" are acting to increase the attraction between the lip-
ids of the cell membrane and glass, then it might be expected
that they would have similar actions on lipid membranes
without proteins. To examine this possibility, we coated the
cantilevers and their tips with phosphatidylcholine and then
examined the adhesion force after contact of the tips of the
coated cantilevers with the glass of pulled patch pipettes.
Results are shown in Fig. 3. Increasing [H'] from 10~'° to
10~* M with no added divalent ions increased the mean
adhesion force ~9.7-fold (p < 0.01, n = 8), and increasing
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FIGURE 2 H™ and Ca®>" increase the adhesive force
between cell membranes and glass. Cantilever tips
covered with cell membranes were touched to the glass
of a pulled glass pipette and retracted using an AFM.
(A) Scanning electron micrograph of a cantilever tip on
which NIH 3T3 cells were cultured. Cell bodies and
cell processes on the cantilever and tip can be seen.
Bar = 1 um. (B) Representative force-displacement
curves for 10710, 1077, and 10~*M H". The adhesion
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[Ca®"] from <107%to 0.1 M at pH 7.0 increased the mean
adhesion force ~1.8-fold (p < 0.04, n = 6-10). A [Ca®*] of
1 mM at pH 7.0 gave results similar to that of 10 mM (n =5;
data not shown). If Ca®" acts through a general rather than
specific effect to increase adhesion force, then it might be
expected that Mg”* should be able to replace Ca”" in this
action. Consistent with this idea, increasing [MgH] from
~107%to 0.1 M at pH of 7.0 increased the mean adhesion
force ~5.8-fold (p < 0.005, n = 3; data not shown). When
cantilevers were coated with either phosphatidylinositol or
phosphatidylserine instead of phosphotidylcholine, increas-
ing [H*] or [Ca“] also increased the adhesion force in the
2-4 examined experiments for each lipid, but this was not
studied in further detail. The increases in adhesive force
between lipids and glass in the presence of H, Ca®", and
Mg®" were reversible.

Increasing Ca®* or Mg*" to 100 mM would lead to in-
creases in ionic strength. To examine whether it is the increases
in ionic strength or specific action of the divalent ions that
increase the adhesion, we examined the effect of increasing
NaCl on adhesion forces. Fig. 3 D shows that the adhesion
force between phosphatidylcholine and glass of pulled patch
pipettes is independent of ionic strength for [NaCl] ranging
from 10*to 1 M (» ~ 0.3, n = 5-6). Thus, the observed
effects of increasing Ca>* and Mg?* on adhesion force
between membrane and glass (Figs. 2 and 3) are related to their
specific properties and are not due to changes in ionic strength.

Fig. 3 E shows that a first contact between lipid and glass
followed by forceful detachment does not change the prop-
erties of the next lipid-glass interaction. This observation is
similar to that shown previously in Fig. 2 D for interaction
between cell membrane and glass.
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force was small for 10~ H* (0.075 nN) and increased
t0 0.31 and 1.4 nN as the [H"] was increased to 10~/
and 10~* M, respectively. (C) Increasing [H'] or
[Ca>"] increases the adhesion force between cell mem-
brane and glass. Each histogram bar presents the
average response from 7 experiments (left panel) and
7-9 experiments (right panel). (D) Adhesive force
between cell membrane and glass is not significantly
different for first and second contacts. Data are nor-
malized to the force for the first contact and present
the average of 10 experiments. In this and the follow-
ing figures, the [Ca®>"] is <107® M and the Mg*" is
=10"° M unless specifically indicated.

H1=10"M

0.5 nN

100 nm

H*, Ca®*, and Mg?* facilitate seal formation

The observations in the previous sections indicate that HY,
Ca’*, and Mg>" increase adhesion forces between mem-
brane and glass. If stronger adhesion forces contribute to
tighter seals, then it might be expected that these ions would
also facilitate seal formation and increase the resistance of
the seal in a manner parallel to their effects on adhesion
force. To examine whether HY, Ca2+, and Mngr facilitate
seal formation, the time required to achieve a 1.0-G{} seal to
cell membrane was measured using standard patch-clamp
recording techniques. When contact was first made between
the patch pipette and cell membrane (defined as time zero
and determined by an increase in pipette resistance), a
constant suction of 0.3 kPa was applied to the pipette. Fig. 4
A shows the silhouette of current envelope response to a 5-mV
square wave used to test seal resistance. When the [H"]
in the solutions was 10~'® M with no added Ca** or Mg*"
(top silhouette), giga seal formation was not observed for
examined times >90 s, as the resistance remained <0.05 G()
(n =21). Increasing the [H"]to 10~7 M then led to giga seal
formation in 42 * 5 s (Fig. 4 A, middle silhouette, p < 0.001,
n = 23). Increasing [H"] to 10~* M further reduced the time
for giga seal formation to 31 = 5 s (Fig. 4 A, lower
silhouette, n = 24), although the reduction in time with
increasing the [H*] from 10~ to 10~* M was not significant
(> 0.1).

To determine whether increasing [H"] also increased the
resistance of the seal, maximum seal resistance after 90 s of
0.3 kPa suction was measured as a function of [H*] and
plotted as a histogram in Fig. 4 B. The resistance of the seal
increased significantly from 0.045 = 0.004 to 2.1 + 0.4 G(}
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FIGURE 3 H" and Ca®" increase the adhesive force between lipid mem-
branes and glass. Cantilevers and their tips were coated with phophati-
dylcholine (see Materials and Methods) and touched to the glass of a pulled
glass pipette and then retracted using an AFM. (A) Representative force-
displacement curves obtained with an AFM for 10719, 10’7, and 1074 M
H*. The adhesion force increased from 0.87 nN to 5.0 and 9.7 nN as the
[H"] was increased from 10" t0 1077 and 10™* M, respectively. (B and C)
Increasing [H'] or [Ca®"] increases the adhesion force between lipid
membrane and glass. (D) Changing ionic strength by changing [NaCl] from
10~* to 1 M has little effect on adhesion force, suggesting the effects of H*
and Ca*" are not from changes in ionic strength of the solutions. (E)
Adhesive force between lipid membrane and glass is not significantly
different for first and second contacts. Data are normalized to the force for
the first contact and present the average of seven experiments.

when [H'] was raised from 107 to 107" M (» < 0.0001,
n = 21 and 28), and there was a further significant increase
in seal resistance to 3.5 * 0.3 GQ when [H"] was raised
further from 1077 to 107* M (p < 0.015, n = 28 and 27).
The resistance of the seal depended also on the magnitude
of suction applied to the patch pipette. We compared seal
resistance as a function of [H "] with suction of either 0.3 kPa
(Fig. 4 B) or 1.5 kPa (Fig. 4 C). The fivefold increase in
suction to 1.5 kPa was still not sufficient to form giga seals at
107 '© M H" but did increase the seal resistance ~40% for
both 10~ and 10~* M H" (compare Fig. 4 B to Fig. 4 C).
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FIGURE 4 Increasing [H*] in the solutions decreases the time to seal
formation and increases the seal resistance. (A) Plots of the silhouette of the
current envelope resulting from a 5-mV square wave applied to the patch
pipette after touching the patch pipette to the membrane surface of HEK 293
cells and applying suction of 0.3 kPa. With 107" M H" the seal resistance
decreased over time, but giga seals were not formed during >90 s of
observation (7 = 21). Increasing [H*] to 1077 or 10~* M lead to giga seal
formation in 42 = 5 and 31 * 5 s, respectively. (B and C) The resistance of
the seal can be increased by increasing the negative pressure applied to the
patch pipette. Histograms of seal resistance observed after a 90-s application
of 0.3 kPa (B) and 1.5 kPa (C) suction to the patch pipette at the indicated
[H*]. Giga seals were not formed at either suction with 1071 M H*. The
higher suction increased the resistance 35% and 43% at 10~ and 10™* M
HY, respectively, when compared to the resistance at the lower suction, with
a significant increase at 107* M H* (p = 0.03, n = 27 and 19).

We next examined whether Ca®" would decrease the time
to giga seal formation, as H™ did. A significant decrease in
time to giga seal formation was observed when [Ca’*] was
increased from a very low concentration (< 107% M) to
higher concentrations. The times to giga seal formation were
42 = 5sfor <107® Ca>" (n=23),16 = 35 for 0.01 M Ca>*
(n =30),and 20 = 3 s for 0.1 M Ca®™" (n = 30) (data not
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plotted). The decrease in times to giga seal formation for
elevating [CaH] from <10~® to either 0.01 or 0.1 M were
significant (p < 0.0001 for both, n = 23). The formation of
gigaohm seals at the lowest Ca>* (<10™® M) examined in
these experiments was expected because the experiments
were carried out at pH 7.0, which is sufficient to promote
giga seal formation with Ca®" of <10~® M (Fig. 4). It was
shown in Fig. 4 A (upper silhouette) that giga seals were not
formed in the absence of added Ca“, Mngr (< 1078 M), and
H* (107'° M).

The decrease in time to gigaohm seal formation with in-
creased Ca®* was also associated with an increased maxi-
mum seal resistance. Seal resistance for 107'* and 10" M
H* at three different [Ca>*] are compared in Fig. 5. With
107" M H”, giga seals were not formed with <10~® M
Ca*" but were formed with 0.01 and 0.1 M Ca*" (Fig. 5 A),
with the resistance of the gigaohm seal for 0.1 M Ca**
somewhat higher (10.2 £ 2.0 GQ) than for 0.01 Ca*”* 83 =%
1.3 GQ), but not significantly so (p > 0.4, n = 13). With
1077 M H", gigaohm seals were formed at all three [Ca® "]
examined, with the resistance increasing significantly (p <
0.001, n = 33 for each increment in [Ca2+]) (Fig. 5 B).

If, as observed for adhesion force between lipid and glass,
Ca’" acts through a general rather than specific effect to
increase seal resistance, then it might be expected that Mg ™"
should be able to replace Ca>" in tight-seal formation. Fig. 5
C shows that Mg®" increased seal resistance in a manner
similar to that of Ca** (compare to Fig. 5 B), but with smaller
values for the maximum seal resistance.

Seal formation near physiological pH

The above sections show that either H or Ca®" is required
for tight seal formation in the absence of Mg>". The question
arises as to the relative contribution of these two ions to seal
formation under experimental conditions often used for
patch-clamping in which Mg”" is omitted. Results are
shown in Fig. 6, where seal resistance is plotted as a fraction
of the maximum seal resistance. With essentially no Ca2+,
Mg** (<107® M), or HY (107'° M), tight seals were not
formed; 2 mM Ca?* or 107’ M H™ led to tight seal forma-
tion with similar efficacy. The presence of 10’ M H" and
2 mM Ca’" together gave a further small increase in seal
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resistance that was not statistically significant (p > 0.19,n =
19). Therefore, both H™ and Ca>" contribute to seal resis-
tance for conditions often used for patch-clamping.

DISCUSSION

This study compared the adhesion force between membrane
and glass of patch pipettes with the resistance of the seals
formed during patch-clamping and also with the time to
formation of tight (gigaohm) seals. We found that H', Ca*",
and Mg?" increased adhesion forces between membranes
(both lipid and cellular) and glass, decreased the time re-
quired to form a gigaohm seal, and increased seal resistance.
At low concentrations of these ions (10*10 HY, < 1078 Ca2+,
and Mg®"), tight seals were not formed and the adhesion
forces were greatly reduced. Our experiments quantify the
practical observations that divalent cations can facilitate seal
formation (8) and also show that very low concentrations of
H™ can substitute for divalent cations. It is the protons at pH
7.0 that allow seal formation in the absence of divalent
cations. These results suggest that increased protons might
prove useful to facilitate seal formation under conditions
where seals are difficult to form or divalent ions must be
excluded.

Our observations in Figs. 2-5 suggest a correlation
between adhesion force and seal resistance. To examine
this in greater detail, we plotted normalized seal resistance
versus normalized adhesion force for each of the various
conditions examined in our experiments. Results are shown
in Fig. 7, indicating that ionic conditions that gave tighter
seals were also generally associated with stronger adhesion
forces. We cannot distinguish whether the greater adhesion
force arises from a greater force per unit area of seal for-
mation or from a greater contact area, as either might be
expected to increase the total adhesion force and also the seal
resistance. Nevertheless, the positive correlation between
membrane-glass adhesion force and tight seal formation in-
dicates that high resistance seals are associated with in-
creased total attractive force between membrane and glass.

Our observation that the ionic dependence of AFM mea-
sured adhesive force was the same for lipid membranes and
cell membranes (Figs. 2 and 3) indicates that membrane pro-
teins were not required for the increased adhesive effects of

107 M FIGURE 5 Increasing [Ca®*] or [Mg2+] in the solu-
tions increases seal resistance. (A—C) Histograms of seal
resistance for the indicated ionic conditions (n ranged
from 10 to 35 for the various determinations). Giga seals
were not formed with 107" M H" and <1078 M Ca®*.
In A, seal resistance with 0.01 and 0.1 M Ca®* was sig-
nificantly greater than with <10~% M Ca*>" (p < 0.0003)
but were not significantly different from each other (p >
0.4). In B, each increase in [Ca”] led to a significantly
greater increase in seal resistance (p < 0.0001). In C, an
increase in [Mg>"] from 0.01 to 0.1 M led to a sig-

2+
[Mg™1(M) nificant increase in seal resistance (p < 0.0001).
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to the seal formation. Histograms of normalized seal resistance for various
experimental conditions. At pH 10 (107" M H™) and ~0 Ca®>* and Mg**
(<107% M) giga seals were not formed. Increasing either [Ca®*] (2 mM) or
[H"1(10~7 M) in the solutions then led to seal formation with equal efficacy.
The combination of 2 mM Ca>* and 1077 M H" increased seal resistance
further, but not significantly.

H* and Ca”". It is already established that proteins are not
necessary for seal formation, as indicated by tight seal for-
mation between pure lipid membranes and glass (8,16—18).

In forming the tight seal for patch-clamping, the patch of
membrane typically moves 10—50 wm down the inside of the
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FIGURE 7 Ionic conditions that increase adhesion force between mem-

brane and pipette also increase seal resistance, suggesting that adhesive force
contributes to seal resistance. Plot of normalized seal resistance against
normalized adhesive force between pipette and cell-coated cantilevers (solid
symbols) or lipid-coated cantilevers (open symbols). For each plotted point,
the resistance data and adhesion data were obtained in different experiments
but with the same ionic conditions: triangles, 107'°, 1077, and 10~* M [H*]
all with no added Ca*>* or Mg?*; circles, <10~%, 0.01, and 0.1 M [Ca*] all
with 10”7 M H™. For each of the ions investigated (change in [H"]or[Ca®™))
the measured responses (adhesion force or patch-clamp seal resistance) were
normalized to the response obtained with the highest concentration of that
specific ion. The dashed line indicates a correlation of 1.0.
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pipette, giving a potentially large contact surface between
membrane and glass (2—7). The seal is thought to be dis-
tributed over this area of contact and not localized at the tip
of the pipette, as the membrane can be destroyed at the tip of
the pipette and the seal is retained (3). The opposition of
membrane to glass over the large area of seal must be close,
with molecular dimensions =1-2 nm (12), to account for the
high resistance of the seal (8). Consistent with close op-
position and a large distributed area of the seal, the lateral
diffusion of nystatin from the cell membrane outside of the
patch pipette to the patch of membrane in the patch pipette is
prevented by the patch-clamp seal between membrane and
glass (19).

Although the membrane and glass are in close opposition
in the distributed area of the seal, they do not adhere directly
to each other, as there is a thin layer of water several mole-
cules thick between lipid bilayer and glass (20-22). This thin
layer of lubricating water allows lipid bilayers to spread along
the surface of glass substrates (12). This thin layer of lubri-
cating water would also enable the formation of gigaohm
seals by allowing the membrane to flow up the inner surface
of the glass pipette as the membrane patch is displaced into
the pipette during patch formation. The farther the patch of
membrane is displaced into the pipette, the greater would be
the length of opposition between membrane and glass, giving
a greater seal resistance (3). Hence, tight seal formation de-
pends on a slippery (so the membrane can flow along the
glass) but close (to increase the resistance) opposition of mem-
brane and glass. Factors that would facilitate the membrane
spreading along the glass surface might then be expected to
facilitate seal formation. Cremer and Boxer (12) found that
low pH facilitated lipid bilayer spreading on glass regard-
less of the net charge on the bilayer and suggested that the
spreading process was driven by van der Waals forces. Our
observations that low pH facilitated both seal formation and
membrane-glass adhesion would be consistent with the pos-
sibility that low pH enhances the spread of the membrane
into the pipette, increasing the length of the contact between
membrane and glass.

The relative contributions of the various factors involved
in forming a close opposition between membrane and glass
and in the spreading of membrane over glass are unclear.
Electrostatic forces, van der Waals forces, hydration forces,
and steric forces may all contribute (8—12). The structure of
the surface of glass with —OH and —O groups and possible
factors involved in attraction of glass and phospholipids
headgroups have been discussed by Corey and Stevens (8)
and will not be repeated here. Our results give little in-
formation about the relative contributions of the various
possible forces, but an extension of our approach over wider
experimental conditions may help to provide such informa-
tion. What we have done in this study is quantify the effects
of divalent cations and H" on membrane glass adhesion
forces and seal formation, which can have immediate prac-
tical applications when performing patch-clamping.
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It should be cautioned that the resistance of the patch of
membrane and the resistance of the seal between the mem-
brane and glass act in parallel to contribute to seal resistance
as measured in our studies. Thus, treatments that decrease the
leakage of the patch of membrane would increase the appar-
ent seal resistance, even though they may have little effect on
the actual seal between membrane and glass. Raising [H™]
increases the conductance of lipid membranes (23), so the
greater seal resistance induced by H™ in our studies (exclud-
ing effects on possible ion channels) would be through
changes in the length or specific resistance of the membrane-
glass seal and not from changing the resistance of the patch
of membrane. The positive correlation between adhesion
force and seal resistance for increases in [Ca2+] in our stud-
ies would also suggest, although indirectly, that the increase
in seal resistance with increasing Ca>* may also be mainly
through changes in the membrane-glass seal. Nevertheless,
although our experiments do not directly distinguish be-
tween the effects of the various ions on membrane patch
resistance and membrane-glass seal resistance, they do mea-
sure ‘‘seal resistance’’ in the manner traditionally used during
patch-clamp recording. Consequently, the findings presented
here will be practically applicable to the formation of tighter
seals when patch-clamping.
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