Biophysical Journal Volume 74 June 1998 2963-2972 2963

A Novel Voltage Clamp Technique for Mapping lonic Currents from
Cultured Skeletal Myotubes

Blake D. Anson and William M. Roberts
Institute of Neuroscience, University of Oregon, Eugene, Oregon 97403-1254 USA

ABSTRACT The biophysical properties and cellular distribution of ion channels largely determine the input/output relation-
ships of electrically excitable cells. A variety of patch pipette voltage clamp techniques are available to characterize ionic
currents. However, when used by themselves, such techniques are not well suited to the task of mapping low-density channel
distributions. We describe here a new voltage clamp method (the whole cell loose patch (WCLP) method) that combines
whole-cell recording through a tight-seal pipette with focal extracellular stimulation through a loose-seal pipette. By moving
the stimulation pipette across the cell surface and using a stationary whole-cell pipette to record the evoked patch currents,
this method should be suitable for mapping channel distributions, even on large cells possessing low channel densities. When
we applied this method to the study of currents in cultured chick myotubes, we found that the cell cable properties and the
series resistance of the recording pipette caused significant filtering of the membrane currents, and that the filter charac-
teristics depended in part upon the distance between the stimulating and recording pipettes. We describe here how we
determined the filter impulse response for each loose-seal pipette placement and subsequently recovered accurate estimates
of patch membrane current through deconvolution.

INTRODUCTION

The signaling properties of electrically excitable cells aremation on the spatial distribution of the current(s) being
shaped, in large part, by the complement and distribution oéxamined.

ion channels within the plasma membrane. Therefore, to To overcome the lack of spatial resolution in whole-cell
understand how a particular cell receives and responds t@cording techniques, one can turn to patch clamp method-
input, it is necessary to know the types of ion channels thablogies (Hamill et al., 1981; reviewed in Penner, 1995).
the cell expresses and how the channels are distributddowever, when used by themselves, these methods also
across its surface. Several techniques are available for idehave their drawbacks. Although the tight-seal cell-attached
tifying ionic currents in excitable cells, but the most widely patch method can be used to record from very small mem-
used methods are not well suited to examining channebrane areas (a feywm?), constructing a spatial map of
distribution. For example, tight-seal whole-cell recordingchannel distribution from such recordings is not practical,
techniques (Hamill et al., 1981; reviewed by Marty andbecause each pipette can be used only once, and quantitative
Neher, 1995) permit the resolution of extremely small ioniccomparisons of current density measurements from differ-
currents, but they collect currents from the entire cell surent pipettes are difficult, because of uncertainties in the
face and therefore provide little information about the spapatch areas (Sakmann and Neher, 1995). Furthermore, the
tial distribution of the currents. Furthermore, voltage errorsgeneration of a tight seal and subsequent formation of a
arising from poor space clamp of large cells, as well as thenembrane bleb (omega figure) within the pipette cause
inability to completely compensate for the series resistancenassive local disruption of the cell membrane (Milton and
of the recording pipette (Armstrong and Gilly, 1992), typ- Caldwell, 1990). The possible effects of seal formation on
ically limit this method to use with small cells having ionic channel properties have not been adequately assessed, and
currents of less than a few nanoamperes. The two-electrodguld be substantial, particularly for channels that are reg-
voltage clamp method (reviewed in Smith et al., 1985)ylated by cytoskeletal interactions.

reduces the series resistance problems, and can thus be used |ess widely used variant of the tight-seal cell-attached
to voltage-clamp cells with larger currents, but space-clampatch method uses large-bore pipettes, typically 12x#40
problems limit the usefulness of these methods when thejy diameter (Hilgemann, 1995). This method overcomes
are used to study muscle cells or neurons with long prosome of the problems associated with sampling very small
cesses, and again, these methods do not provide any infofreas of membrane, but the damage inflicted by repeatedly
sealing and removing large, tightly sealed pipettes makes
multiple sampling with the giant membrane patch method
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steps and measures the resulting patch current. Formingthroughout development will shed light on how the mature
low-resistance seal between the membrane and the pipettarrent phenotype is achieved and maintained. Such knowl-
causes much less damage than forming a tight seal, and doedge, in turn, will enable a better understanding of the
not require the pipette and cell to be completely free ofpathology underlying developmental abnormalities and dis-
debris. Therefore a single pipette can be used to samplease states affecting electrically excitable cells. To measure
from multiple areas on a cell (or even from multiple areas ofcurrent distributions on developing myotubes, we have
several different cells) with relatively little damage. How- modified and refined techniques that were used to map ionic
ever, the low electrical resistance of the seal makes thesaurrents on taste receptors (Kinnamon et al., 1988) and hair
types of recordings inherently noisy and subject to artifactscells (Roberts et al., 1990) for use on larger cells. Our
Lupa and Caldwell (1991) estimate that the resolution limittechnique uses a tight-seal whole-cell pipette to record ionic
of this technique is~1 mA/cn?. In theory, one could use currents elicited by focal stimulation through a loose-seal
the loose-seal technique to record from cells with lowpatch pipette (the WCLP technique; Fig. 1). By using the
densities of channels by simply increasing the size of thedvantages of one technique to discount the disadvantages
pipette, with the upper limit of the pipette bore being of the other, i.e., by using a loose-seal stimulating pipette to
determined by the size of the cell. However, as discussed invercome sampling problems associated with tight-seal
Roberts and Almers (1992), achieving such resolution withpatch pipettes, and a tight-seal whole-cell recording pipette
the loose-seal patch clamp requires accurate leak compete counter the low resolution of the loose-seal pipette, we
sation (both analog and digital) and signal averaging. Thusre able to accurately map low-density currents from large
the loose-seal patch clamp has proved useful for looking atells. In our initial experiments using the WCLP technique,
current and channel distribution over cells that are specialwe discovered that the cable properties of the muscle cell,
ized to generate fast action potentials (Almers et al., 1983acting in concert with the uncompensated series resistance
Caldwell et al., 1986; Roberts, 1987), but it has not beerof the whole-cell recording pipette, comprised a low-pass
useful for examining current distribution on cells in which electrical filter with complex temporal characteristics that
current densities are much lower, particularly developingvaried among cells and changed as the stimulating pipette
cells (Lupa and Caldwell, 1991; Anson and Roberts, 1994)was moved along the myotube. This filter slowed and at-
Elucidating the current distribution over immature, elec-tenuated the Nacurrents that we recorded, which, if taken
trically excitable cells and how this distribution changesat face value, would result in a large underestimation of

Response Currents Stimulus Voltage Steps

FIGURE 1 The WCLP technique. lonic currengg@up of traces in the upper lg¢ftecorded by a tight-seal whole-cell pipette in response to depolarizing
voltage stepsréctangulular waveforms in the upper rigtibcally applied by a loose-seal patch pipette to the patch of myotube membrane directly beneath
the tip of the pipette. The patch pipette rim is the roughly elliptical profile on the right-hand side of the lower micrograph. The currents watedstimul
extracellularly through the loose-seal pipette and recorded intracellularly through a whole-cell mipetter pipette on the left-hand side of the lower
micrograph. lonic currents were recorded and processed as described in Methods and Materials. The upper scale bar represents 50 piestil) mV (
and 5 ms [forizonta). The lower scale bar is 2am.
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current and channel densities, as well as inaccurate comsed for subsequent analysis were obtained with a Pulnix CCD camera
parisons between patches. This paper describes the WCL9Bven by Image-1 software.
technique, including the method that we designed to char-

acterize the filter properties of the cell and recording pipette
brop gpip Whole-cell recording, loose-seal stimulation, and

and the deconvolution procedure by which the unfiltered

currents were recovered. When carefully applied, theSUbtr""ctlon of the stimulus artifact

WCLP technique should be useful for exploring the distri-In all experiments, the whole-cell command potenti&)) fvas —100 mV,
bution of ion channels from muscle and other large, elecbut the actual intracellular potential was somewhat more depolarized,
trically excitable cells. because of the low input resistané, () of the myotube and the inability

to completely compensate for the series resistance of the whole-cell pipette.
The membrane potential near the tip of the whole cell pipette is

MATERIALS AND METHODS Vintracellular = (Vc : Rinput + Viest® RserieQ/(Rinput + Rserieg’ (1)

Cell culture

. . whereV,4is resting membrane potential aRy, .S the uncompensated
Primary cultures of myotubes were prepared following the general proce:.

. . ortion of the series resistandg,..svaried between 10% and 100% of
dures of‘Flscr_\bach et al. (1971). Briefly, pect_oral mgscle; of day 11._1:£1'nput‘ Therefore, assuming a resting potential of approximated@ mvV
embryonic chickens were dissected, mechanically dissociated, and incy

; ) ) ) . . . Fischbach et al., 1971\ yaceiuar Fanged between-80 and—96 mV.
bated in a solution of 5 ml Puck’s saline and 2 ml 0.09% trypsin (Gibco, gecayse of the cable properties of the myotubes under investigation,

Grand Islgnd, NY) at 37°C for 10 n_1in. Th_e cell slgrry was Centrifuge_d,_andvimracellular approached the resting membrane potential with increasing
the resulting pellet resuspended in plating media composed of miniMuMigiance away from the whole-cell pipette. However, given the reported
essential medium supplemented with glutamate (Gibco), 10% heat"”acnéstimates of the space constak)for these cells (Fischbach et al., 1971),

vated horse serum, 5% chick embryo extract, 50 units/ml penicillin, and 5Qhe separation between the whole-cell and loose-seal electrodes was less

pg/ml streptomycin. Myoblasts were plated in 1.4 ml of media at a densityy, 4, \/3. ThUSVsacenuiar WaS relatively constant over the area of mem-

of 1 X 10° cells/ml in 35-mm plastic petri dishes coated with Matrigel brane examined.

(Be_ctor_1—D|ckenson,_ Bediord, MA,) ata dilution of 1:50. Cultures were e tight-seal whole cell recording was established, the loose-seal
maintained at 37°C in a 95% ambient air/5% £HBmosphere. Between 24 och pinette was positioned above the myotube and lowered until contact
and ,48 h after. gulture establlshment, p[atmg medl'um was replaced W'“E)etween the pipette rim and cell membrane formed an electrical resistance
m‘?d'“m containing 1Q«M cyto§|ne arabinofuranoside (Ara-C‘) and 2% that partially insulated the patch of membrane encompassed by the loose-
chick embryo extract. The medium was replaced 24 h later with 2% chicksg | pinette rim from both the bath and the rest of the cellular membrane.

embryo extract medium without Ara-C. Medium was changed every othefrq regjstances of the loose-seal pipette and seal were determined from the
day thereafter. Myotubes reached their adult morphology after 3—4 days Burrent response to small depolarizations before and after the pipette

culture. contacted the cell, and were electronically nulled as described by Roberts
and Almers (1992). The loose-seal resistance was always greater than twice
the pipette resistance.
Electrophysiology set-up For unknown reasons, the low-resistance seal between the pipette and
cell membrane does not obey Ohm’s law precisely. Although the series
Whole-cell recordings were made using an Axopatch 1C voltage clampesistance compensation circuitry of the loose-seal voltage clamp did not
(Axon Instruments, Foster City, CA), and loose-seal patch stimulation wasassume an ohmic seal, and could maintain the correct command potential
performed with a voltage clamp designed by W. Roberts (Roberts andt the pipette tip under these conditions (see Roberts and Almers, 1992),
Almers, 1992). Both whole-cell and loose-patch pipettes were made fronthe nonideal behavior of the seal greatly reduced the effectiveness of leak
R6 soda-lime glass (Garner Glass Co., Claremont, CA) coated with siliconsubtraction procedures used to separate membrane currents from seal
elastomer (Sylgard type 184; Dow Corning, Midland, MI) to reduce the currents. The nonideal behavior of the loose seal was the major limiting
apparent pipette capacitance, and then heat-polished. Pipette capacitarfaetor that we encountered when attempting to resolve small membrane
was electronically compensated after the pipette was sealed to the ceturrents in loose patch recordings, and was thus the main impetus for the
membrane. Electrical connections to the whole-cell and loose-seal pipettedevelopment of the WCLP method. By measuring patch currents through
were made through chloride-coated silver wires. In the case of the loosea separate whole-cell recording pipette, the requirements for leak subtrac-
seal pipette, two wires were used, one serving as a voltage referend®n were greatly reduced.
electrode, and the other passed the stimulus current. The bath was Patch currents were elicited using a series of 15-ms depolarizing voltage
grounded using separate voltage-sensing and current-passing electrodseps delivered by the loose-seal voltage clamp. Each series of depolariza-
connected to a feedback circuit that clamped the bath at the grountlons consisted of voltage steps to 60, 70, 80, 90, 100, 110, and 120 mV
reference potential of the whole-cell voltage clamp. Both bath groundrelative toV,, ,acenuiar The resulting patch currents recorded by the whole-
connections were made through chlorided silver wires and agar bridgesell voltage clamp were filtered at 5 kHz-3-dB cutoff frequency) before
This active ground greatly reduced, but did not completely eliminate, thebeing digitized at a sampling rate of 25 kHz and stored as the averaged
stimulus artifact produced by the large current emanating from the looseresponse to 15 series of depolarizations. The interstep time (start to start)
seal patch pipette (see below). All voltage commands, both whole-cell andvas 100 ms, and the interseries time (start to start) was 1 s. Patch
loose-seal, were made relative to the whole-cell voltage clamp referencenembrane currents that scaled linearly with voltage were removed from
potential. the records by subtracting an appropriately scaled subthreshold response.
Whole-cell pipettes were filled with internal saline composed of (in All data acquisition was done with pClamp software (Axon Instruments),
mM) 140 KCI; 1 CaCl}; 2 MgCl,; 10 EGTA; 10 HEPES; pH was adjusted and off-line analysis was done within Clampfit (Axon Instruments), Excel
to 7.35 with KOH. The loose-seal patch pipette was filled with external spreadsheets (Microsoft), and Igor (Wavemetrics).

saline composed of (in mM) 127 NaCl; 4.4 KCI; 3 CaCl MgCl,; 11 As previously mentioned, the series resistance of the whole-cell pipette
glucose; 10 HEPES; 30 TEA-CI. The pH was adjusted to 7.35 with NaOH.(R,e) varied betweerR ., and R,,,/10. Thus the whole-cell pipette
All chemicals were obtained from Sigma (St. Louis, MO). collected only 50-90% of the low-frequency components of the total

All electrical recordings were made at room temperature on the stage ainembrane current, and a smaller fraction of the high-frequency compo-
a Zeiss Axiovert microscope. Images of cells and electrode placementsents. The rest of the current escaped to ground through the input imped-
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ance of the cell. To compensate for the low-frequency attenuation, wholeresistanceR;p): ot = Vigose-sedRoip: Aft€r measuring ..o We lowered
cell recordings of patch currents were multiplied by the factor-1  the pipette the final few microns onto the myotube to form a loose seal with
(RseriedRinpud, Where Ry ies Was calculated a¥/gdl,, and I, was the a resistance dR,.,and engaged the compensation for the pipette and seal
current extrapolated to time 0 in response to a small whole-cell voltage stepesistances, so that the total current emanating from the loose-seal pipette
of magnitudeV,,, High frequencies were recovered using the deconvo-was nowl,, = Vigose-sedRsear THUS
lution procedure described below.

When the loose-seal pipette was on the cell, with pipette and seal |or/|oﬁ = Rpip/RseaI- (3)
resistances compensated as described by Roberts and Almers (1992), small
voltage steps applied by the loose-seal patch clamp (i.e., within the lineaecause the amplitude of artifact is also proportional,ifi ., we have
voltage range of the myotube) produced a whole-cell current waveform
comprising a stimulus artifact {..,), current charging the patch capaci- lartorllartoft = Rpip/Rseal' “4)

tance , and current flowing through the patch resistai . )
(eap . wing 9 P istanica)( Values for R, and R, were determined for each pipette and seal.

Rearranging Eqg. 4 then allows calculationlgf_,,,as a scaled version of
Iwc-on = |art-on + Icap + lres- (2) | :
art-off-

For most purposes the stimulus artifact was not problematic, because it was lartcon = Iart»off(Rpip/RseaD- (5)
of short duration and was removed along with, andl s during the leak
subtraction procedure used to separate voltage-gated currents from pass@abtracting the stimulus artifact from both sides of Eq. 2 gives
currents. However, the deconvolution procedure described in the Results
required that we determirig,,andl . To do this we had to first determine lwe-on — lart-of Roip/Reea) = lcap T lres- (6)
and subtract ;o

We found that ,, ,,was composed of two components. One componentThe left-hand side of Eq. 6 is a measured quantity, which we determined
was independent of the position of the loose-seal pipette relative to théor each placement of the loose-seal pipette. Thus we were able to separate
myotube. We believe that this component was caused by current flowindar.onfrom the sum of .., andl s The subsequent separationl gf, from
through the small but nonzero resistance of the bath ground, and possiblyes @nd filter deconvolution is described in the Results.
by capacitive coupling between the loose-seal and whole-cell pipettes. The
second component, which increased as the loose-seal pipette approached
the muscle cell, was caused by the field potential around the tip of thRESULTS
pipette. Although the field potential was small compared to the voltage . . .
steps applied to the patch of membrane beneath the pipette tip, it envelopddecording ionic currents with the WCLP method
a large area of myotube membrane and thus evoked a measurable me;¢- bini tight- | whole-cell di ith | ) |
brane current. By using parameters typical of a WCLP experiment, a roug om m'_ng Ig_ seal whole-ce re_cor ing wi cose Sea
estimate of the magnitude of the field potential effect can be obtained byPatch stimulation allows one to stimulate and record ionic
calculating the capacitive artifact associated with the cha@yéhat moves  currents from discrete areas of large cells, even when the
onto the membrane capacitance as a result of the field poteiial)(  current density is low. Fig. 1 illustrates this method as
created when a command potenti#) s applied to the tip of the loose ~ 5pjied to cultured skeletal myotubes. A whole-cell pipette
patch pipette. This artifact can be expressed as an “apparent” capacnanca.eft sideof Fi 1) was used to record ionic currents flowin
Copp = Q/V. The approximate magnitude &,,, as seen through the g. ) o _g
whole-cell recording pipette is determined by integrating the charge movell response to extracellularly applied depolarizing potentials
ment per unit length of myotubeC(V;.,q), Over a distance of one space from a loose-seal patch pipette, the rim of which is visible
constant {) in both directionsQ ~ 2/3C\Vseiq dr, wherea (~ 10um) is  as the roughly elliptically shaped profile on the right-hand
the pipette radius ang, is the capacitange per_unit length of the myotube. side of Fig. 1. Voltage steps applied by the loose-seal patch
Typically, C, =~ 2 pFjum for a myotube with a circumference of pfin and . . . . .
a specific membrane capacitance ofuf/cn?. The field potential is pipette are illustrated above the rim pr_oﬂle, and the resulting
proportional toV and inversely proportional to the distanag from the €@k subtracted currents (see Materials and Methods) are
pipette:Vyeq = (Valr) * (Ruccesl(Raccesst Rsea))> WhereR,.,,~ 500 K2 is  shown above the whole-cell electrode. Because cultured

the resistance of the loose seal dd...~ p/4a (Hille, 1992, p. 296) is  myotubes are highly flattened in cross section, loose-seal

the resistance from the pipette to ground through the bathing medium Obipettes were bent such that they approached from directly
resistivity, p ~ 100} - cm. Note that in most casé., is much greater

than R,..ees and thusR,.. L(Roceeeet Reos) is essentially equivalent to aboye thg cell. The vertical orlentatlorj was necessary to
RucoeslReca SUDSLitUting the expressions Mg, Capp @NdRyceess then obtain uniform contact between the pipette rim and cell
integrating over, gives C,,, ~ (pC/2R...) - In(AM/a) ~ 2 pF- In(Ma). surface and to aid in visualization of the pipette rim. The

Thus, for a myotube with = 600um, C,,,~ 8 pF, which is a substantial magnitude of the voltage steps shown here and elsewhere
fraction of the patch capacitance and therefore needs to be removed befOéere relative tov, with the standard sign convention
the deconvolution process is begun. f intracellular

To determind ..., We made use of the fact that the artifact was largely 0
the result of (and proportional to) current supplied by the loose-seal patch
clamp acting at a distance from the pipette tip, and thus did not change Vpatch: Vintraceltuiar + Viose-seat (7)
significantly as the loose-seal pipette was moved the final few microns

before sealing to the myotube. Although formation of the loose sealWlth Vintraceluiar@Nd Vigose-sea@S Previously defined (Mate-

reduced the amplitude of the artifact in proportion to the reduction in rials and Methods). Curr_ent traces follow the Convention' F)f
current flowing to ground, the waveform is not expected to change signif-inward denoted as negative and outward denoted as positive.
icantly. Thus we could determine the waveforml gf.,, by recording and In the ideal situation of a perfect whole-cell voltage
scaling the stimulus artifact () generated with the loose-seal pipette Clamp (i.e., no uncompensated series resistance in the

positioned a few microns above the myotube. hol Il pipette. infinit b tant d
With the loose-seal pipette off the myotube and the pipette resistanc¥V ole-cell pipette, Infiniteé membraneé space constant, an

compensation not engaged, the total current emanating from the loose-se&Br0 €xtracellular rESiSti'VitY)y only the m.embrane patch.
pipette depends upon the command volta¥g.(..cey and the pipette beneath the loose-seal pipette would experience a change in
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membrane potential. Therefore the whole-cell currentmyotube is slower than the whole-cell Naurrent recorded
would equal the current flowing through the membranefrom the myoblast (Fig. B). The slow kinetics of the patch
encompassed within the rim of the loose-seal patch pipetteeurrent can be explained by the slowness of the myotube
In the actual recording situation, the effects of the non-whole-cell voltage clamp and the cable properties of the
ideal whole-cell voltage clamp must be removed to obtairmyotube (Fig. 3), which act to electrically filter the patch
accurate recordings of membrane current. Fig. 2 comparesurrent, as demonstrated by the slow decay of the capacitive
currents recorded from a large myotube via the WCLPtransient from the myotube’s linear step response (F{@), 2
method (Fig. 2A andC) with whole-cell currents recorded compared to the fast transient step response of the myoblast
from a small isopotential myoblast (Fig. B,andD). Note  (Fig. 2 D).
that the patch Nacurrent (Fig. 2A) recorded from the large Although it is not evident from Fig. 2, filtering of the
patch current also decreases the apparent magnitude of the
peak current. Therefore, if one desires to compare patch
A currents between myotubes or even from different areas of
the same myotube, the original current waveform needs to
be recovered. Recovery of the original Naurrent wave-
form and magnitude can be achieved by first characterizing
the filter elements acting on the current waveform, and then
using that characterization to deconvolve the filtered Na
current.

Patch Na* Current

Filter characterization

After removal of the stimulus artifact (Materials and Meth-
ods), the whole-cell current waveform consisted of patch
currents that have been electrically filtered by the electro-
C Time (ms) tonic properties of the myotube and whole-cell pipette. Fig.
3 shows a schematic of the myotube, pipettes, whole cell,
and patch currents, and the passive filter elements of the

preparation. In response to a small voltage step within the
linear range of the myotube membrang(; Fig. 3) deliv-
ered by the loose-seal patch clamp, the whole-cell pipette

recorded a transient current that declined to a steady level
(step response; Fig. 3). Because the stimulated patch com-
D prised a small fraction of the total cell surface, the passive
current that flowed across the patch caused a very small
perturbation of the intracellular potential relative ..,
Therefore, the patch experienced a nearly stepwise change
in membrane potential, resulting in an instantaneous capac-
- itive transient [;,) and a stepwise resistive curremf.y.
3 These currents were then electrically filtered by the cable
Time (ms) properties of the cellr(,, c,,, andr;) and the uncompensated
series resistance of the whole cell recording pipe®e, )

FIGURE 2 N4& currents recorded with the WCLP method are filtered. to produce the step response recorded by the whole-cell
Families of N& currents were recorded from a large myotube by the pipette

whole-cell/loose-patch methoddY and, for comparison, from a small .
isopotential myoblast, using a conventional whole-cell voltage claBp ( BecauseR,iesand the cable properties of the myotube
The Na" currents are much slower in the myotube recording than in theare passive and assumed to be temporally constant, one is
myoblast recording. These kinetic differences can be explained by th?ustified in presuming that the filter comprising the previ-
slowness of the myotube voltage clamp and by the cable properties of thSust mentioned components is linear. A linear filter can be

myotube, as demonstrated by the slowness and multiple exponential dec%)h racterized by the manner in which it affects an impul
of the capacitative transient in the myotube’s linear step respddpse ( aracterized by the manne ¢ ariects a pulse

compared to the fast transient from the myobl&8t Na* currentsirAand (&N i'npUt Qf mﬁnite.amp”t.Ude ahd ir_‘ﬁnitESimal pluratioq)
B were elicited in response to depolarizing command potentials of 60-12@pplied to its input, i.e., a linear filter is characterized by its
mV in increments of 10 mV from a holding potential 6f100 mV. impu|se responsd“(_lpulse)_ Because any time-\/arying input

Depolarizations were applied through the loose-s&bf whole-cell 8) ¢4 pe approximated by a series of closely spaced impulses
pipette. Linear currents were removed through leak-subtraction proceduresf diff t litud Jack et al. 1983) th tout of
(Materials and Methods). The linear step responses of the myo@)tzad of different amplitudes (Jack et al., ), the output of a

myoblast D) were recorded in response to a depolarizing 10-mV commandinear filter is simply the sum, or sgperposition, of the.
potential. responses to all of the impulses making up the input. This

Myoblast Na* Current

Patch Transient

PN I NI S T
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FIGURE 3 Schematic of the filter components of the WCLP recording set-up. When the loose-seal patch clamp applies a small rectangular voltage step
(Vsiep Within the linear range of the membrane, the initial currdpt )X charges the capacitance of the membrane encompassed within the bore of the
loose-patch pipetteQ), and the sustained current.() flows through the resistance of the patch membrd. (.., andl,.s are electrically filtered by

the combination of the cable properties of the cgllr(,, andc,,) and the uncompensated series resistance of the whole-cell piRgtte)( The whole-cell

pipette thus records (after subtraction of the stimulus artifact; see text) a step response that is the sum of the filtered capacitive andadlesistieniza

Because of the linearity of the filtering elements, whole-cell recordings df darents flowing through the patch of membrane beneath the loose-seal
pipette in response to larger depolarizations are filtered in the same way,as

type of superposition is described mathematically as conthan one-tenth the filtering time constant imposed by the
volution: the output of a linear filter is the convolution of recording electrode and myotube cable properties, the ca-
the input with the filter's impulse response. The convolutionpacitive patch current is equivalent to an impulse (McGil-
operation, and more importantly for this work, its inverselam and Cooper, 1991), and,,thus represents the impulse
(i.e., deconvolution), are most easily performed in the fretesponse of the filter. Therefore, onkg,,is broken down
quency domain as simple multiplication (McGillam and into its component capacitive and resistive curreifg,can
Cooper, 1991). Thus, if Ngsrereq iS the true waveform of  be used to deconvolve the filtered Naurrents using Eq. 9.

a Na“ current flowing through the stimulated membrane The linear step response was broken down into its com-

patch, then ponent resistive and capacitive currents by an iterative curve
fitting procedure that relied upon two important properties
+ — +
FINSirereal = FIN&nitereal X Fllimpuisel @)  of leap @Nd l,es The first important property is that the

where F[] represents the Fourier transform operation, an#aveform ofl,, can approximated by Green’s function for
Naiereq iS the filtered waveform of the Nacurrent re-  the cable equation (Rall, 1977):

corc_ied by the whole-cell pipette in response to patch stim- G(X, T) = T Y2exp(—X3/4T — T) (10)
ulation by the loose-seal voltage clamp. Deconvolution is

accomplished in the frequency domain by division: G(X, T) specifies the filtering of an impulse along a cable in
terms of normalized timel(= t/1) and electrotonic distance

FIN&siered = FIN&iereal/ Fllimpusel- (9) (X = x/A), wherer is the membrane time constantjs the

Thus the inverse Fourier transform of the ratio of the Fou-C20/€ SPace constant, ards the distance between the two

rier transform of the filtered N&a current over the Fourier electrodes. Because the rising phaselcg[, is extremely

transform of the impulse response equals the unfiltered Narapl.d’ the effects of the whole-cell voltage clamp fllter’
current. Therefore, to recover the unfiltered Neurrents setting must be taken into account. Therefore, the Green's

from each patch recording, the impulse response of the filtefrunCt'On was convoluted with a Gaussian ]‘unctch(tI),'
must be determined for each recording. approximating the whole-cell voltage clamp’s Bessel filter,

to give the normalized waveform J of the filtered capac-
itive transient,
Determining the impulse response .= G(X, T) * B(t), (11)
whereB(t) = exp(t — d)?/¢?), d is the Bessel filter’s time
delay, ando specifies the bandwidth—3-dB cutoff fre-
quency of 5 kHz). To calculate,, one must also determine

lcap T Ires In the following descrlpt!ontstep.s the wa_veform a8 scale factor4.,p that reflects the magnitude of the patch
of the step response after the stimulus artifact is removecapacitance'

(i.e., I5eplis the left-hand expression in Eq. 6). Because the
loose-seal patch clamp charges the patch capacitance in less loap = Acadc- (12)

As illustrated in Fig. 4 A and B, the linear step response
(Istep recorded by the whole-cell pipette equals the sum o
the filtered patch capacitive and resistive curreffg,, =
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whereM is a 512X 2 matrix in which the columns arg
andl,, andAis a 2 X 1 matrix, in which the elements are

Step Response

Sum

—
[\3
[=3

2120 z ot AcapandA, s The values of\,,,andAsthat minimize Eq.

100 Sum = apacitive Current .

20 Step Response S50 13 are then given by

§ 60 ResistivAe‘Currenl E Resistive Current

5 ;g Capacitive Current 5 40 A= (MTM)ilMTlstep, (14)
0 T 0 o o whereMT is the transpose d¥l.

Time (ms) ' Time (ms) The fitting process began with initial guessesXadndT,
from which |, was calculated from Egs. 10-12 was then
calculated by numerical integration &f and Eq. 14 was

C D applied to find the best-fit values @f;,, and A Using

these values oA ,,andA.s new best-fit values oK and T
were then found using the search algorithm built into the
EXCEL spreadsheet program. The process was then iter-
ated, alternating between finding the best valuesgf and
AesUsing matrix inversion (Eq. 14) and best valueXaind
T using EXCEL'’s search algorithm, until a criterion was
0 1 2 3 4 5 satisfied. The end result is illustrated in Fig. A,and B,

Time (ms) Time (ms) where the step response has been broken down into its

_ resistive and capacitive currents, the sum of which is a good
FIGURE 4 The linear step response of each loose-patch/whole-cell reﬁt to the step response

cording was used to determine the linear filter properties of the system for . .
each patch, and then to correct the recorded Warrents by deconvolu- Deconv_oluﬂon qf the attenuajt?d and slower filtered"Na
tion. (A) Icapandl,of Fig. 3 were separated from each other during the current (Fig. 4C) with the capacitive component of the step
step response, using the fitting procedure described in the text, to yield theesponse results in current waveforms (Figj))49reater in
filtered capacitive current and filtered resistive current, the sum of WhiChmagnitude and with kinetics resembling those of Naur-

. . . .\
is a good fit to the step respons@) Expanded time scale &% (C)Na’  oniq racorded from isopotential myoblasts (for a compari-
currents before deconvolution. The recording set-up is as described in

Materials and MethodsDY) Deconvolved N& currents, computed using SON See Fig. B).
the capacitative current shown Ak as the filter's impulse response (see
text). After deconvolution, N& currents were much larger than before, and

as fast as the Nacurrents recorded from small myoblasts (FigBR Deconvolution procedure and checks

oo
o

Current (nA)
~o5650
SN B NO

Once the impulse response has been separated from the step
response, 512-point discrete Fourier transforms (DFT) of
Equations 10-12 yield only an approximation Itg,  the impulse response and filtered Neurrent are calculated
because the Green’s function did not take into account thand used to deconvolve the filtered Naurrent as ex-
RseriesOf the whole-cell recording pipette. The fitting pro- pressed in Eq. 4. We calculated the DFT by matrix multi-
cedure thus does not give meaningful estimate¥ of X. plication (James, 1995); a minor time savings could be
However, the form of ,,obtained using the simple Green’s realized by using a fast Fourier transform algorithm. The
function shown in Eq. 10 was very similar to the form deconvolution process produces representations of unfil-
obtained using a more complex equation that includedered Na current with an unacceptable amount of high-
Reeries Because fitting the more complex equation wasfrequency noise; therefore the deconvolved currents are
extremely time consuming and did not yield noticeably digitally filtered to remove high-frequency noise. The actual
different results, we used Eq. 10 for most deconvolutions.process of filtering is accomplished in the frequency domain
The second important property was that the normalizedhrough multiplying the impulse response DFT by a Gauss-
waveform () of the resistive current is the time integral of ian filter with a 2.5-kHz half-power cutoff frequency. This
I (i.e., a step is the time integral of an impulse). The goaloperation did not grossly alter the overall power distribution
of the fitting procedure was thus to find values of the cableof either the impulse response or the unfiltered Narrent
parametersX andT), plus two scale factorscandA.,)  waveform, because, as illustrated in FigA5Smost of the

that minimized the mean squared error: power in these two waveforms is contained within frequen-
_ 5 cies below 2.5 kHz (89% for the impulse response and 88%
[1Aves + TeAcap — lsief” = min. (13) for the myoblast Na current).
For this digital computatior (), |(t), andl . {t) were each Fig. 5 B shows the effect filtering the impulse response

considered to be 512 point column vectors. For ease dPFT has on the deconvolved Nacurrent waveform. If

computation, Eq. 13 was reformulated as a single matrifnyoblast N& channels are similar to those of myotubes,
equation: then the convolution of myoblast Nacurrent with a typical

impulse response from a myotube should produce currents
IM - A = lgef* = min, similar to those recorded by the WCLP method. As illus-
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A trated in Fig. 5B, this convolution does indeed yield a
slower and attenuated waveform (Fig.B; dashed ling

1‘01 similar to the filtered Na current waveform recorded with
g 0.8 the WCLP method (see Fig. @ for a comparison).
£ o6 \ - - - -Impulse Response Fig. 5B also shows the effect of smoothing the impulse
B i ‘——Myoblast Current response DFT at different cutoff frequencies. When the
s 044 convolved myoblast currendéshed ling is deconvolved
§ . with the impulse response that has been smoothed at 1-kHz,
“ 0'2__ 2.5-kHz, or 5-kHz cutoff frequency, one sees that the de-
0.0 convolved currents more closely approximate the value of
'3"&1 2 46; 2 ""Ié"i'o the original myoblast current. The cutoff value of 2.5 kHz
B Frequency (kHz) was chpsen because it significantly decreasgd the amount of
noise in the deconvolved currents while still returning a
0.0 4. value that was at least 95% of the original. Therefore the
0.2 " deconvolution process is accurate.
Z 04 Experiments examining the precision of the WCLP
£ 6] method are illustrated in Fig. 6, which shows the results
§ 084 ] | KHy of multiple recordings obtained from single patches of
S _1'0_- 2.5kHz membrane. In this experiment the loose-seal patch pipette
] ()Sri‘;ﬂél was lifted off the myotube after each stimulation and then
-1.27 - placed back on the same spot. This process was repeated
T S TR several times for three different patches of membrane. Each
0 2 4 6 8 10 bar thus represents the meanh D) peak deconvolved
C Time (ms) current obtained from the multiple recordings from each of
104 three patches. The mean current value for each patch was
- 0.91, 0.97, 0.62 nA, with coefficients of variations of 4.4%,
0.8 2.9%, 13.7%, respectivelyn(= 6, 5, 6). Thus, not only is
g 0.6—- the WCLP method accurate, it is also reasonably precise.
g 4
g 04—
5 i
0.2 - DISCUSSION
0.0 We have designed a technique that allows the mapping of a
1 2 3 low-density current distribution on embryonic skeletal mus-

Cell (arbitrary) cle cells in culture. Specifically, a tight-seal whole-cell

o . pipette is used to record ionic currents elicited by focal
FIGURE 5 Determination of the cutoff frequency used in the deconvo-__. . . .
lution procedure and reproducibility of the deconvolution prodedukg. ( stimulation thrOUQh a quse'seal patgh pipette. By using the
The power spectrum of a typical impulse response from a loose-patcH00S€-seal pipette to stimulate multiple areas of the cell
whole-cell recording from a myotube (- — -) and Neurrent recorded ~ surface, one can generate a spatial map of current density.
from a myoblast (—) reveal substantial attenuation at frequencies abovdhe uncompensated series resistance of the whole cell pi-
2.5 kHz. Both curves have been normalized, so their DC power is equal t‘bette Rs ) ; and the cable properties of the myotube elec-
one. @) Convolution of myoblast N& current with a typical impulse tricall f'Ttrle i tch t king N t i
response. If myotube Nachannels are similar to those on myoblasts, then ricaily fiter the patch currents, making Necurren VYave
the Na current waveform in whole-cell/loose-patch recordings is the fOrms appear slower and smaller. Because a portion of the
convolution of the fast myoblast waveforrtrgce with the largest peak ~ filtering is due to the cell cable properties, which vary with
amplitude, labeled original in the blow-up shown in the ipseith the  separation between the whole-cell and loose-seal pipettes,
myotube impulse response. This convolution yields a slowed and .stttenu(-zomparisonS between filtered currents from different cells,

ated waveform (— — -) that indeed resembles thé Marrents recorded betw tch n th m I ar litative at
from myotubes (see also Figs. 1 andA? Ninety-five percent of the or even between paiches o e same cell, are qualitalive a

original waveform's amplitude can be recovered by deconvolution, withD€St. To remedy this problem, we have developed a proce-
the high-frequency cutoff set at 2.5 kHB, (inset the cutoff frequency is  dure to extract the filter impulse response by recording the
the half-power frequency of a Gaussian filter applied to the deconvoluteccyrrent waveform in response to small steps. The impulse
waveform). C) Reproducibility of the deconvolution procedure. Mean and response can then be used to deconvolve the filtered patch

standard deviation of the peak amplitudes of deconvolved blarents t The d lution br rod ¢ Narrent
obtained in repeated recordings from single patches. After each ret:ordin&urren ’ € deconvolution process produce arre

the loose-patch pipette was lifted off the myotube and then placed back oWaveforms very similar to whole-cell Nacurrents re-
the same spot for the next stimulation. Coefficients of variation for currentcorded from small, spherical myoblasts. By repeatedly with-

recordings from patches 1, 2, and 3 are 4.4%, 2.9%, and 13.7%, respegirawing and reapproaching the same patch, we found that
tvely (N = 6, 5, 6). the method yields N& current amplitudes that are repro-
ducible to within 5-15%.
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As with other loose-seal methods, there is the possibilitytially greater than this if the distance between the whole-cell
of “rim current” artifacts in WCLP recordings. This term and loose-seal pipettes were large, but in our experiments
refers to the current through ion channels located beneatihe distance was less thaw3. Thus both the stimulated
the pipette rim, where the extracellular potential is interme-patch and myotube membrane were well clamped in our
diate between the loose-seal voltage commang. j and  experiments using cultured embryonic myotubes. The per-
the bath potential. Channels in the rim region are not welturbations will be larger if one uses the WCLP method to
voltage clamped, and contribute a poorly clamped rim curstudy cells with higher current densities, but this increase
rent to the total patch current. Contamination of the re-can be countered by using a smaller diameter stimulating
corded current by rim currents was the driving force for thepipette.
development and use of concentric barreled pipettes with In summary, through the addition of a whole-cell record-
the loose-seal voltage clamp (Almers et al., 1983; Roberting pipette, we have lowered the resolution limit for the
and Almers, 1984) to accurately measure the amplitude anldbose-patch clamp to allow routine recording from embry-
kinetics of the N& current near its reversal potential, where onic myotubes with patch current densities as low as 0.2 to
the well-clamped patch current is small and the poorly0.5 mA/cnf, which (assuming a peak single-channel current
clamped rim current is relatively large. The WCLP methodamplitude of~1 pA and an open probability of 0.25 to 0.5;
does not alleviate problems introduced by rim currentsSchenkel and Sigworth, 1991) roughly corresponds to 4-20
However, as previously shown by Almers et al. (1983; theirchannelskm? of membrane. In practice, we have found that
figure 5) and Roberts and Almers (1984; their figure 7),the deconvolution procedure described here works well as
even with a relatively low ratio of seal resistance to pipettelong as the input impedance of the cell under investigation
resistance (1.5 and 1.7, respectively), significant distortioris equal to or greater than the input impedance of the
of Na™ current occurs only at test potentials above 0 mVrecording pipette. This technique should prove useful for
(e.g., during measurements of current reversal). At mor@xamining the ways in which the mature current phenotype
negative test potentials, which evoke a large"Nairrent  on skeletal muscle cells is generated and maintained. Fur-
from the well-clamped channels, most rim channels are nothermore, when appropriately modified, this method should
sufficiently depolarized to open and thus do not contributealso be useful for examining current distribution over other
an artifact to the recorded current. Therefore the WCLPelectrically excitable cells such as large neurons and large-
method is suitable for analysis of N&urrent activation and diameter unmyelinated axons.
peak N& current magnitude at negative test potentials. If
one wishes to examine patch currents at more extreme test
potentials, rim currents can be minimized by using theThis Work_ was supported by Nat?onal Institutes of Health grant NS27142

. ._,and Medical Research Foundation of Oregon awards to WMR and an
whole-cell voltage clamp'to hold the mFrace,"u'ar potential National Institutes of Health Institutional Training grant (5-T32-GM
(Vintraceiuiad @t @ depolarized level to inactivate all Na 7257 appointment to BDA.
channels except those in the stimulated patch (Almers et al.,

1983).
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