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The Noise of Membrane Capacitance Measurements in the Whole-Cell
Recording Configuration
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ABSTRACT High-resolution measurement of membrane capacitance in the whole-cell-recording configuration can be used
to detect small changes in membrane surface area that accompany exocytosis and endocytosis. We have investigated the
noise of membrane capacitance measurements to determine the fundamental limits of resolution in actual cells in the
whole-cell mode. Two previously overlooked sources of noise are particularly evident at low frequencies. The first noise
source is accompanied by a correlation between capacitance estimates, whereas the second noise source is due to “1/f-like”
current noise. An analytic expression that summarizes the noise from thermal and 1/f sources is derived, which agrees with
experimental measurements from actual cells over a large frequency range. Our results demonstrate that the optimal
frequencies for capacitance measurements are higher than previously believed. Finally, we demonstrate that the capacitance
noise at high frequencies can be reduced by compensating for the voltage drop of the sine wave across the series resistance.

INTRODUCTION

Patch-clamp techniques have not only revolutionized theent noise increases the capacitance noise in recordings
study of ion channels, but have also been applied to studfrom actual cells at low frequencies. Finally, we demon-
exocytosis and endocytosis from single cells with unprecestrate how noise at high frequencies can be reduced by the
dented resolution (see Gillis, 1995 for a review). Electricaluse of series resistance compensation implemented in hard-
measurements of the capacitance of the cell membrane cavare or software.

be used to detect exocytosis because changes in membrane

surface area accompany fusion of secretory vesicles with

the plasma membrane. The fusion of individual vesicles,""""\TER“‘“—S AND METHODS

just like the opening of single ion channels, can most easilyse|| preparation and solutions

be resolved in recordings from membrane patches. With

careful attention to noise originating from the recording Bovine adrenal chromaffin cells were prepared as previously described

instrumentation itan noi f 25 aF n b Zhou and Neher, 1993) and used between 1 and 4 days after isolation.
strumentation, capacitance noise o ar, ca IH3T3 cells were a gift from Dr. Tzyh-Chang Hwang, and were cultured

achieved in _On'Ce” recordings (Lo!like et al., 1995). HOW' at 37°C in Dulbecco’s modified Eagle’s medium supplemented with 2 mM
ever, capacitance measurements in the whole-cell configuutamine and 10% calf serum. Cells were passaged and plated out on glass

ration are most popular for studying the regulation of exo-coverslips for use on the following day. Experiments were performed at
CytOSiS In the whole-cell mode. it is often the thermal "°°™m temperature (22—24°C). All chemicals were purchased from Sigma

Joh . fth ivalent ci it of th I th r(St. Louis, MO). The bath solution contained (in mM): 140 NacCl, 5.5 KClI,
( o nson) noise o € equivaient circuit o e cell, rathe 11 MgCl, 10 glucose, and 10 Na-HEPES (pH 7.2). In the experiments

than the reco'rding instrumentation, Whi(.:h limits the r'e50|u'depicted in Fig. 5, 50 uM CdCl, and 10uM tetrodotoxin were added to
tion of capacitance measurements at high frequencies. the bath. The pipette contained 150 Cs-glutamate, 3 M@MaATP, 0.5
In a previous study, we derived an approximate expresEGTA and 10 Cs-HEPES (pH 7.2). In some experimentspethyl glu-
sion for the variance of capacitance estimates that originateg™mine was used instead of Cs.
from thermal current noise (Gillis, 1995), however, exper-
imental mea.suremen'ts from a model CII’CL',IIt exhibited h'gh'EIectrophysioIogy and data analysis
er-than-predicted noise at low frequencies. We have re-
solved this discrepancy in the present study by deriving a&ecording pipettes were pulled from Kimax glass, coated with wax and fire

. P - olished. Pipette resistance ranged between 1.5 and¥4 M EPC-9
more exact expression for capacitance noise and demo'gatch-clamp amplifier was used together with PULSE software (HEKA

strating that the “excess” noise is associated with a Correg eironik, Lambrecht, Germany) for data acquisition.

lation among capacitance estimates that was neglected in capacitance measurements were performed using the “Sirgc”

the previous study_ In addition, we show how-tlke cur- (Lindau—Neher) method implemented in PULSE software (Gillis, 2000;

Gillis, 1995; Lindau and Neher, 1988; Pusch and Neher, 1988). The
reversal potential was assumed to be 0 mV and the holding potential was
—70 mV except as indicated. The amplitude of the stimulus sinusoid was
25 mV (50 mV peak-to-peak), except as indicated, and the frequency

Addrehss reprint re.ques.ts tc:( 'I\<A<_evm D G'III'S’ E_a“??n Cardlrc])v;sckular Fe'ranged between 200 Hz and 5 kHz. The 10-kHz Bessel filter of the EPC-9
S?am Center, University of Missouri-Columbia, Research Park, Co u_mYNas used to low-pass filter the current, and the sampling rate was fixed at
bia, MO 65211. Tel.. 573-884-8805; Fax: 573-884-4232; E-mail:

. . ; 50 ksamples/s. The current power spectral density was obtained using the
gillisk@missouri.edu. Fast Fourier Transform feature of PULSE, which uses a sample interval of
© 2000 by the Biophysical Society 20 s and 1024 points per sweep. The results of 2000 or more sweeps were
0006-3495/00/10/2162/09 $2.00 averaged to obtain the power spectral density. Capacitance noise was
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calculated as the standard deviation of sweeps 10 s in duration. SweepghereR, = Ry + R;R, = R\R/(Rs + R;), o = 2af, and

with exhibited slow changes in capacitance were excluded from analysisj. — (_1)1/2. The real part of the admittance is therefore
Curve fitting and data analysis were performed using macros written in

Igor (Wavemetrics, Inc., Lake Oswego, OR). given by
1+ o’RyR,CE
RealY(w) = =55 5. (3
+

RESULTS R(L+ oG
Noise of C,,, measurements due to Johnson The power spectral density leads to a current variance, given
(thermal) noise by
The equivalent circuit of a cell in the whole-cell-recording *
configuration is depicted in Fig. 1. Resistors are energy- of = | [HEHPSO df, (4)

dissipating devices and thus exhibit fluctuations of thermal 0
origin. The power spectral density of the current fluctua-

tions of a circuit originating from thermal noise is given by WhereH() is the transfer function of the measuring appa-

ratus.H(f) can be thought of as a “weighting function” that
S(f) = 4kT-RealY(f)} 0<f< o, (1)  describes the filtering of the various frequency components
that make up the current signal.
wherek is the Boltzmann constanT, is absolute tempera- ~ The fluctuations in current described by Eqg. 1 lead to
ture andY(f) is the admittance of the circuit. For the equiv- fluctuations in estimates dt,,,. To quantify theC, noise,
alent circuit depicted in Fig. 1, the admittance is given by we first need to consider how current is processed to pro-
duceC,, estimates. Typically, a sine wave voltage stimulus
1+ joR.Cy) is applied and the resulting sinusoidal current is used to
Y(w) = R(1+joRCy)’ (2)  calculate either the actual admittance or a relative change in
admittance. The admittance estimates are then processed to
produce estimates @, (see Gillis, 1995, 2000 for details).
Estimates of the real and imaginary components of the
i admittance are obtained by processing the curighty(th
p a phase-sensitive detector (lock-in amplifier) implemented
either in hardware or software. The operation of a software
phase-sensitive detector can be mathematically described by

Vp
I the following equations:

mTc

RealY(f,)} = Unzﬂ'c j i(hcogwd) dt,

0

Imag{Y(f)} = 2_ ™ s d 5
— mag ¥t} = g | ieOsin@d dt (5)
0
& whereU is the amplitude of the applied voltage stimulus of
Rm frequencyf,, T, is the period of the sinusoid« 1/f.), andm
is the number of cycles that are used to produce a single
E estimate. By analogy with Eq. 4, the noise of an admittance
rev estimate (either the real part or the imaginary part) is then
given by
— ) N 5
oy =z | [HesdDI*S(D) o, (6)
FIGURE 1 The equivalent circuit of a cell in the whole-cell recording )

configuration.R, is the access resistance between the pipette and the cell
interior, R, is the membrane resistance, aB¢ is the membrane capaci- where Hpsd is the transfer function of the software phase-

tance.v, is the voltage between the pipette and bath ground, whéyésis sensitive detector given by (GiIIis 1995)
the current into the pipette. The capacitance between the pipette and bath '

ground is neglected because the current through this pathway is electron-
ically subtracted using pipette capacitance compensation circuitry of the |HpS C(f)| = ’
patch-clamp amplifier.

sinf mm(f — f)/f.]
AT AL )
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Figure 2 plotsH,.4 for mvalues of 1 dark solid ling and ~ where By is the noise bandwidth of the phase-sensitive
10 (ight solid line). Note that the software phase-sensitivedetector. For the case of the software phase-sensitive detec-
detector acts as a band-pass filter centered at the stimultisr described aboveBy is given by

frequency {)). As mincreases, the width of the pass band

decreases, making the phase-sensitive detector more selec- |- 5 c

tive for frequencies nedf. However, a larger value ah By ZJ [Hpsd DI df ~ m 11
also means that estimates ©f, are generated at a slower 0

rate (/m). Hardware lock-in amplifiers also act as band-  The approximation in Eq. 10 assumes that the phase-
pass filters, with a bandwidth determined by the time consensitive detector only measures the stimulus frequefcy (
stani(s) of the RC filters at the output of the device. Longer e H__,= 0 for frequencies other thefp Consideration of
time constants result in narrower pass bands and morgq. 7 and Fig. 2 reveals that the approximation becomes
highly filtered C,,, estimates. Fig. 2 also plotsi,sq for a  exact in the limit asn approaches infinity. Combining Egs.
hardWare IOCk'in amplifier W|th a Single t|me constant 8-11 results in the approximate expressioncwvariance

(dashed ling T = 5/f). _ _ originating from thermal fluctuations given by Gillis (1995)
Next, we need to relate the noise of admittance measurgmd reproduced here:

ments to the noise of the resulting capacitance estimates.

For a high signal-to-noise ratio, a linear approximation can , ~_ 4KTk(1 + ofR,R,CH(L + fRCHR 1
be made (Gillis, 1995), T C.approx ™ mwZUR’, - (12
oy Figure 3A presents experimental measurements of capaci-
7€ [aY19C,| " (8)  tance noise as a function of stimulus frequency for a model
circuit (square$. The measurements were made with a
where|aY/9C,,| is given by constant bandwidth of 100 Hz, i.en was adjusted so that
9y 0 R, the ratiof/m remains constant at 100 Hz. The dashed line
’7 = (9) indicates the noise predicted from Eq. 12. Note that the
ICol R+ wCRf,Cm) agreement is quite good at high frequencies. However, the

Therefore, to obtain an analytic solution 6, noise, we measured noise exceeds the predicted value at low frequen-
need only to solve Eq. 6. In Gillis (1995), the solution to Eq_cies. To better understand the noise at low frequencies, we

6 was approximated by have obtained an exact solution to Eq. 6 for the case of the
software phase-sensitive detector (derived in the appendix):
1
0% =~ 2 S(0By = 0% sppro 0, _, Ly 2fRCr(1 — exd —mT/R,Cr))
77T Paomo T mR(L + WIRWRCI(L + w2RECT)
13)
10— The term in braces in Eq. 13 can be considered a correction
0.8 factor. Because the variance of capacitance estimates is
' linearly related to the variance of admittance estimates (Eq.
0.6 8), Eq. 12 can be multiplied by the correction factor of Eq.
S 13 to yield
T 0.4 - , _ AKTEA+ 0R,R,C2)(1 + ZRCHR
7= mw2U%R,
0.2 — i
w1+ 2fcernCm(:I- - eXF{_mTc/RpCm]) 14
00 MR+ WRRCIA+ wRiCh | Y

The solid line in Fig. 3A indicates theC,,, noise predicted
using Eq. 14, which agrees quite well with the experimental

FIGURE 2 The phase-sensitive detector (lock-in amplifier) acts as ameasurements from the model circuit.
band-pass filter. The amplitude of the transfer function of the phase-
sensitive detector is plotted versus frequency. The darker solid line is fon:l.he “extra” noise at low frequencies is
a software phase-sensitive detector witfthe number of sine wave cycles . X

that are used for the calculation) 1 (see Eq. 7). The lighter line is fora accompanied by a correlation of

software phase-sensitive detector with = 10. Note that the phase- capacitance estimates

sensitive detector becomes more selective for frequencies near that of the . . .
stimulus f.) asm increases. The dashed line depicts the transfer function general, averaginty uncorrelated data points results in a
for a hardware lock-in amplifier with a single time constant filters 5/f.. N-fold decrease in variance of the averaged data as com-

multiples of f,
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FIGURE 3 TheC,, noise of a model circuit can be predicted using Eqg. 14. The model circuit (MC-9) had nominal valbgs-022 pF,R, = 5 MQ,

andR,, = 0.5 ). (A) The squares indicate the measu@gnoise (standard deviation), whereas the dashed line indicates the theoretical noise from Eq.

12 (Gillis 1995). The solid line is calculated from Eq. 14. Note that the correction factor in Eq. 14 is necessary to describe the noise at lowdrequencie
The value ofm was adjusted so that the noise bandwidthr) was always 100 Hz. The amplitude of the sine wave stimulus was 10 B)\At(low
frequencies, increasing steeply decreases the noiseQyf estimates, which indicates a correlation between estimates. The triangles were obtained for a
stimulus of 200 Hz, whereas the circles were obtained for a stimulus of 2 kHz. The dashed lines indicate the expected noise from Eq. 12, whereas the solid
lines are from Eq. 14. The amplitude of the sine wave stimulus was 25 mV for these measurements.

pared to the original data (Melsa and Sage, 1973). For thevhole-cell recordings may have additional sources of cur-
case of capacitance estimation, increasing the number @ént noise. If thermal noise is the dominant noise source,
sine wave cycles that are processed to generate a sindglleen Eq. 1 predicts that the current spectral density should
estimate i) lowers theC,, noise, but at the price of low- be linearly proportional to the Real part of the admittance.
ering the time resolution of estimates, which are generate&figure 4A plots the relationship betweef and Real{((f)}

at a rate offm. If the capacitance estimates are uncorre-for 6 cells measured over the frequency range between 200
lated, then the variance @, estimates should be inversely Hz and 5 kHz. At high values of Reaf(f)} (corresponding
proportional tom (as predicted in Eq. 12). However, Eq. 14 to frequencies=1 kHz), the linear relationship holds. How-
dictates thaC,, noise has a steeper dependencenat low  ever, the current noise is higher than predicted for frequen-
frequencies, which indicates that tlie, estimates are cor- cies less than 1 kHz.

related with each other. To confirm this prediction, the noise Figure 4B illustrates that the excess noise at low frequen-
of capacitance estimates measured from a model circuit isies has a fllike characteristic (Benndorf, 1995; Marty and
plotted as a function ofm in Fig. 3B. Measurements at a Neher, 1995). The smooth line in FigBlindicates that the
low (200 Hz,triangleg and a high (2 kHzgircles) fre-  measured current power spectral density in the whole-cell
quency are plotted as a functionmfon a double logarith- mode can be fit by a sum of afldomponent and a thermal
mic scale in Fig. B. The dashed line indicates the noise noise component,

predicted from Eq. 12, whereas the solid line includes the

correction given by Eg. 14. Note that the noise (standard S(f) = A/ff + 4KT- RealY(f)}. (15)
deviation) obtained with a stimulus frequency of 200 Hz

decreases more steeply than - (i.e., estimates are cor- 1/f-Like current noise is not prominent in the on-cell con-
related with each other), whereas noise obtained with #iguration before patch rupture (data not shown). Therefore,
stimulus frequency of 2 kHz is closely approximated bythe origin of this noise source is inherent in the whole-cell
Eqg. 12. configuration and does not originate from the recording
apparatus (e.g., from the pipette holder).

1/ Noise, or, more generally, noise with &1pectrum
(hence, 1ftlike) is also called “flicker noise,” and is en-
countered in a wide variety of physical measurements. In
Whereas Eq. 14 is quite successful in describing the freaddition, a myriad of physical processes can produce noise
quency dependence @, noise in model circuits, actual with a 1f-like characteristic (DeFelice, 1981). If a tight seal

1/f-Like noise increases the variance of C,,
estimates at low stimulus frequencies

Biophysical Journal 79(4) 2162-2170



2166 Chen and Gillis
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FIGURE 4 1f current noise dominates at low frequencies in whole-cell measuremAhfEh¢ current power spectral density is plotted as a function

of the measured Real part of the admittance. The solid line indicates the relationship expected for thernfgl-nalk& Real{Y(f)}). The crosses indicate

values measured from 6 cells (4 chromaffin, 2 NIH-3T3) for frequencies between 1 and 5 kHz. The squares indicate values measured from the same cells
between 200 and 500 Hz. The chromaffin cells had the following equivalent circuit parameters{n8@nC,, 6.2+ 1.2 pF;R,, 8.1+ 1.2 X); R,,

8.2 £ 2.6 MQ. The NIH-3T3 cells had the following paramete€;, 10.1, 10.6 pFR,, 5.3, 2.3 G); R,, 5.9, 5.6 M). (B) Circles indicate the current

power spectral density for a typical chromaffin cell held-a20 mV. The line indicates a fit of Eq. 15 to the noise, which resulted in an estimated value

of 2.9 X 1072 A2 for the amplitude of the ficomponent A).

(>10 GQ) is not obtained, we found that the leakage current8. Numerical simulations (data not shown) suggest that the
contributes a large ttlike characteristic (data not shown). approximation of Eq. 10 is appropriate. Therefore, the vari-
In contrast, we saw no apparent correlation between valuesnce of the admittance estimate due to tHedmponent is
of Ry, R,,, andC,, and the amplitude of the fléomponent. approximately given by

One possible origin of flicker noise in whole-cell record- 1 A
ings is the gating of ion channels (Marty and Neher, 1995). gg s=—3S()By = —. (16)
In this case, the amplitude of thef tomponent A in Eq. ' U mU?
15) can be expected to be a function of the membran@pplication of Egs. 8 and 9 gives the variance ©f,
potential and vary from cell to cell and between differentestimates due to fLhoise,
cell types. Indeed, depolarization in a physiological extra-
cellular saline solution increases the valueAah chromaf- o2~ A+ “’gRSC%)ZRf (17)
fin cells (Marty and Neher, 1995 and data not shown). et mw;UR,
However, tight—.seal recording; from two very different. cell The total variance of,, estimates is then given by the sum
types, the excitable chromaffin cell and the nonexcnableof Egs. 14 and 17.
fibroblast cell line NIH-3T3, often exhibited a similar value
of A when the cell is held at70 mV. Figure 5A plots the

Figure 5B, squaresis a plot ofC,, noise as a function of
frequency for a typical cell. The solid line indicates the

A value as a function of holding potential for 4 chromaffin noise predicted from Egs. 14 and 17, whereas the dashed
cells and 2 NIH-3T3 cells under conditions where voltage-”ne neglects F/noise (i.e., Eq. 14). No’te that thef hoise

+ +
gated K, Na’, and C&" channels are blocked. Note that 1o/ qominates for frequencies less than 1 kHz. Figure 6

the two very different cell types exhibit similar magnitudes ¢, hares the theoretical and measugeghoise for 6 cells
of 1/f noise that varies very little with shifts in holding (4 chromaffin and 2 NIH-3T3) over a frequency range of

potential. Therefore, the dominant source dfridise under 504y to 5 kHz. These results demonstrate that Eqs. 14 and
common recording conditions (tight seal, hyperpolarized) 7 o4 accurately descril®, noise for whole-cell record-

holding potential, little ion channel activity) is cell-type ings over a wide frequency range.
independent and has a typical amplitude ok410 26 A2,

Series resistance compensation can reduce C,,
Calculation of C,,, noise due to 1/f current noise noise at high frequencies

The additional noise of,, estimates due to th&/f term in  Consideration of Egs. 14, 17, and experimental measure-
Eq. 15 can be estimated by solving Eq. 6 and applying Egments such as Fig. B suggest that the optimal frequency

Biophysical Journal 79(4) 2162-2170
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FIGURE 5 @) 1/f Noise does not depend on voltage or cell type if voltage-dependent channels are blocked. Voltage-dependent channels were blocked
by including 10uM tetrodotoxin and 5QuM CdCl, in the bath solution. The amplitude of thd t¢dmponent4) was found by fitting Eq. 15 to the current

power spectral density and is plotted as a function ofdbaolding potential ). The solid lines are from 4 chromaffin cells, whereas the dashed lines

are from 2 NIH-3T3 cells. The equivalent circuit parameters for the cells are given in the legend to Fig. 4. The dark line indicates the averd)e value. (
1/f Current noise leads to increas€q, noise at low frequencies. The squares indicate measurements from a typical chromaffin cell. The dashed line
indicates the predicted noise from Eq. 14 (neglectirfghidise), and the solid line includes the predicted noise of thedhponent given by Eq. 17.

for whole-cellC;, measurements is higher than previouslyfor frequencies above 14R,C,,):

believed. What noise source dominates at high stimulus

frequencies? The main limitation at high frequencies is that, U

as the impedance df,, becomes quite low, the stimulus Uert = WRW (18)
voltage begins to drop across the pipette resistaiRag (

rather than across the membrane. Therefore, the amplitudfcreasingu reducesC,, noise (see Egs. 14 and 17). How-
of the stimulus that drops acro€%, (Uey) becomes small  ever, in practiceld must be limited. In excitable cells, the
most positive (depolarizing) excursion of the stimulus must
not activate nonlinear, voltage-dependent ion conductances.
In nonexcitable celld) may be somewhat larger. However,
too large a value can lead to electroporation of the mem-
o brane. Both of these concerns, however, limit the voltage
154 o across the membrane (i), and not the total voltage applied
to the pipette ). Therefore, in principle, the amplitude of
the stimulus sinusoid can be boosted to compensate for the
10 — drop acros®R,. Compensating for a voltage drop acréss
O is a common problem in whole-cell recording and is com-
0o monly addressed using series-resistance compensation cir-
cuitry of the patch-clamp amplifier. This circuitry adds a
5 scaled version of the measured curreg(i,) to the stim-
ulus voltage to partially compensate for the drop of the
stimulus voltage acrosR, (= Rai,; Sigworth, 1995). Be-
cause this is a form of positive feedback, the system is stable
only for partial compensationa( < 1). In principle, the
same circuitry can decrea€g, noise at high frequencies by
automatically boosting the amplitude of the stimulus sinu-
soid. Figure 7 ¢ircles) demonstrates that use of series-
FIQURE 6 TheC.m noise'of cells in the whole-cell 'recor(.ﬁng configu- rasistance compensation circuitry can redGggnoise mea-
ration can be predicted using Egs. 14 and 17. The circles indicate theoret- . . ..
ical and measure@,, noise from 6 cells (4 chromaffin and 2 NIH-3T3) for sured from a model Clrcu_lt' Itis mp_ortant to nOte'_ however’
stimulus frequencies between 200 Hz and 5 kHz. The solid line has a slopthat this feedback technique also introduces noise into the
of 1. stimulus pathway. So, th€,, noise can actually be higher if

Measured C,, noise (s.d., fF)

| | 1
0 5 10 15

Theoretical C, noise (s.d., fF)
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5+ perimental noise only under conditions wheré ddise is
4 small (such as with model circuits).

The noise ofC,, estimates can always be reduced by
decreasing the time resolution of the measurement, e.g., by
increasing the number of sine wave cycles that are used to
generate a single estimate@f, (m) when using a software
lock-in amplifier. In general, the variance of independent
estimates is inversely proportional to (e.g., Eqg. 12). Eq.

14 and Fig. B demonstrate that, under some circum-
stances, increasinm can lower the variance of,, esti-

C,, noise (s.d., {F)

74 =8

o N : 0. 2.9 mates even more steeply than predicted from the inverse

—_ '1__, . . - .
f,= (R, Cy) ! law. This further emphasizes the advantages of filtering (or
] II ] T T Irriil I| T T 1 . . . . .
3 4567 2 3 45 decimating)C,, estimates to obtain lower noise under con-
ditions where temporal resolution can be sacrificed.
In principle, Egs. 14 and 17 can be solved to select an
FIGURE 7 The noise of capacitance estimates can be reduced by congp_t'r_num stimulus frequenCY for each recording. However,
pensating for the series resistance. The squares and the solid line wetBiS is not always very practical because all of the relevant

taken from Fig. 3A and indicate the noise measurements and theoreticaparameters vary from cell to cell and also change during the
response (Eqg. 14) for a model circuit. The filled circles indicate measuretime course of the recording. Nevertheless, these equations

ments where 50% series resistance compensation in the patch-clamp am: . .
ents o ser ance compe P Pa%3n be used to estimate the optimal frequency range for
plifier is used. The diamonds indicate noise levels measured when the

amplitude of the stimulus sinusoid is boosted to compensate for the voltaglyPical recording conditions. For example, f&, = 10
drop acros®, (see Eq. 18). The dot-dash line indicates the minimum noiseM (), R,, = 3 G(), C,, = 6 pF andA = 4 X 10 2° A the

expected for this case (Eq. 14). optimal frequency is about 1200 Hz. If a membrane con-
ductance is activated leading to a drofRjpto 100 MQ) and
a rise in the 1/ amplitude to 2x 10 2° A2 then the
large compensation values: (= 0.5) are used (data not optimum frequency increases to about 2 kHz. As the d_esired
shown). A more reliable approach is to have the softwardf€duency approaches or exceeds #RgC.) (2.9 kHz in
boost the amplitude of the stimulus sinusoid by an approthis €xample), then some form of series resistance compen-
priate amount to compensate for the drop acRissFigure ~ Sation can be_used to reduCg, noise. In our example, only
7 (diamonds indicates the noise level achieved when the82% of the stimulus voltage drops acrdsg for a stimulus
amplitude of the stimulus sinusoid is boosted to take intdtequency of 2 kHz (Eq. 18).
account the voltage drop acroRs. A similar hardware-  Although our analysis has concentrated on estimafing

based approach was reported by Rech et al. (1996). using a stimulus containing a single sinusoid, our results
have implications for using multiple sinusoids to calculate

equivalent circuit parameters. For example, our results sug-
DISCUSSION gest that the approach for estimating equivalent circuit

Understanding and modeling the dominant noise sources fdtarameters developed by Barnett and Misler (1997) should
capacitance measurement in the whole-cell configuration i{§€ @mended to include thef Source in the noise model (Eq.
important for optimizing recording conditions. Reducing 15). In_addltlon, unlike the_ approach of Barnett and Misler,
the noise of whole-cell capacitance measurements is parti@Ur noise model does not include the effects of the low-pass
ularly important when attempting to measure small amountéi!ters of the patch-clamp amplifier. We found that low-pass
of evoked exocytosis (e.g., Horrigan and Bookman, 1994filtering has little effect onC,, noise when these filters are
Gillis et al., 1996) or to resolve unitary fusion (exocytic) or Set to an appropriate cutoff value=gf;, Gillis, 1995),
fission (endocytic) events (e.g., Chow et al., 1996; Moseecause the overall transfer functid,(;) is dominated by
and Neher, 1997; Zupancic et al., 1994). the band-pass characteristic of the phase-sensitive-detector
Egs. 14 and 17 successfully describe the noiseCqf (Fig. 2 and data not shown). Although low-pass filtering
measurements over a wide frequency range in recording®ay not affectC,, noise, it is important to note that the
from actual cells (Fig. 6). These results demonstrate that thehase shift and attenuation of the current signal produced by
dominant noise source at high stimulus frequencies is th#éhese filters needs to be taken into account to gené&gte
thermal noise of the equivalent circuit, wherea$like estimates based upon admittance measurements (Gillis,
current noise has a large impact on the nois€ géstimates  2000).
at low stimulus frequencies. The noise of the patch-clamp Finally, it should be noted that the expressions @y
amplifier can also be a significant noise source at lownoise derived in this work do not depend on the exact
stimulus frequencies (Gillis, 1995), but will dominate ex- method that is used to calculate equivalent circuit parame-

frequency (Hz)
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ters. The method that was used in this work to meajre given by

noise was the sine- dc technique, which has also been »

called the Lindau—Neher method (Pusch and Neher, 1988(?Y

Gillis, 1995; Lindau and Neher, 1988). However, the piece- 4 mTe [mTe

wise-linear technique (Neher and Marty, 1982; Fidler and = UZ(mTZJ f Ci(t, — t)codw.t;)codwd,) dt; dt,
Fernandez, 1989; Gillis, 1995), which is based upon an ¢ 0

approximation similar to that of Eq. 8, has identic@|,

noise characteristics (data not shown). Therefore, any opti- 4 mTe
mally implemented technique that uses a single sinusoidal — UZ(mTC)ZJ’
stimulus can be expected to have a minimal variandg.pf
estimates described by Egs. 14 and 17.

0

cogwqty)
0

t2

X | X;coqwgty) — Xe " f €/"coq wgty) dty

0
APPENDIX
mTc
_ /T —ta/7,
Our goal is to solve Eg. 6 to obtain the variance of the estimate of the real XZéZ f e ""codwcty) dty | dtp. (22)
or imaginary component of the admittaneg}. Because directly solving t

Eq. 6 is not straightforward, we will use a time-domain approach that is ) ) o
based upon first principals. First, we combine Egs. 1 and 3 to give the=valuating the integrals and simplifying,
current power spectral density of the equivalent circuit, 2X, 47X,

TUmT, UmT L + (007

2
gy

S(f) = 4kT- RealY(f)}
8X,(1 — e M)

1+ wZRmeCZm + 0
Vg i gl R P UAmMT)T1 + (wcr)’F
4kTR¢(1+ wZRSCﬁq) O=f<oo, (29) c c
B 4AKT[1 + Rmewﬁcfn]
Next, § is written in terms of the Laplace variabte= jo after partial- - UPmTR[1 + (w.7)?]

fraction expansion,

87kTR,(1 — efmTJT)
T UAMT)PRRIL + (0en)?P

Ss= o) 4KT 4kTRﬂ/ 1 ) (20)
S=Jw) =5 — .
7R, T RR\1- RCE S
- UPmT,
An inverse Fourier transformation of the power spectral density yields the
auto correlation function of the current (Wiener—Khintchine relationship, 2fCR,2nCm(1 - efmT‘/R”c’")
Melsa and Sage, 1973),: X1+ mR(1 + ngmeC%)(l + ngsCﬁ]) (23)

2kT KTR, The term to the left of the braces can be recognized as identical to the
Q(At) = SD(At) — 76XF{—|At’/(RpCm)] approximate expression given by Eqgs. 10 and d%:a{)prog. The term in
Ra RpCmRARt the braces equals the correction factor of Eq. 13. Finally, the variance of
C,, estimates (Eq. 14) is obtained in a straightforward manner using Egs.
= X18D(t2 - tl) - Xzei‘tzitlvq- 8 and 9.

(o <At=t,—t;<®), (21)  we would like to thank Yan Jun Wang for preparing chromaffin cells and
Dr. David Barnett for critically reading the manuscript. This work was
supported by a grant from the Whitaker Foundation to K.D.G.
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