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Abstract  38 

 39 

During growth or degeneration neuronal surface area can change dramatically. 40 

Measurements of membrane protein concentration, as in ion channel or ionic conductance 41 

density, are often normalized by membrane capacitance, which is proportional to the 42 

surface area, to express changes independently from cell surface variations. Several 43 

electrophysiological protocols are used to measure cell capacitance, all based on the 44 

assumption of membrane isopotentiality. Yet, most neurons violate this assumption 45 

because of their complex anatomical structure, raising the question of which protocol 46 

yields measurements that are closest to the actual total membrane capacitance. We 47 

measured the capacitance of identified neurons from crab stomatogastric ganglia using 48 

three different protocols: the current clamp step, the voltage clamp step and the voltage 49 

clamp ramp protocols. We observed that the current clamp protocol produced 50 

significantly higher capacitance values than either voltage clamp protocol. Computational 51 

models of various anatomical complexities suggest that the current clamp protocol can 52 

yield accurate capacitance estimates. In contrast, the voltage clamp protocol estimates 53 

rapidly deteriorate as isopotentiality is reduced. We provide a mathematical description 54 

of these results by analyzing a simple two-compartment model neuron to facilitate an 55 

intuitive understanding of these methods. Together, the experiments, modeling and 56 

mathematical analysis indicate that accurate total membrane capacitance measurements 57 

cannot be obtained with voltage clamp protocols in non-isopotential neurons. 58 

Furthermore, although current clamp steps can theoretically yield accurate measurements, 59 

experimentalists should be aware of limitations imposed by step duration and numerical 60 

errors during fitting procedures to obtain the membrane time constant.  61 

62 
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Introduction 63 

 64 

During development, growth or neuronal degeneration, cell size can change dramatically 65 

and neuronal plasticity may involve changes in the cell surface area (Chklovskii et al. 66 

2004). Because total membrane capacitance is directly proportional to the membrane 67 

surface area, it is an important cellular feature to measure to express changes in cellular 68 

properties after taking size differences and changes into account. Changes in ionic 69 

conductance during plasticity or developmental changes, for example, are often expressed 70 

as conductance densities in order to remove potential effects of changes in neuronal size 71 

during these processes (Haedo and Golowasch 2006; Iwasaki et al. 2008; Khorkova and 72 

Golowasch 2007; Pineda et al. 2008; Royeck et al. 2008).  73 

 74 

Several experimental methods exist for determining total membrane capacitance, which 75 

rely on neuronal membranes having a specific membrane capacitance that is similar in 76 

most cells and generally agreed to be 0.5-1.0 μF/cm2 (Koch 1999; Solsona et al. 1998). 77 

Capacitance can be calculated from the rate and amplitude changes in the voltage or 78 

current responses under current- and voltage-clamp, respectively. These methods are used 79 

extensively to determine the total membrane capacitance of neurons of various sizes and 80 

architectures. However, these methods were derived for, and can correctly be applied 81 

only to, isopotential cells. Biological neurons rarely conform to this constraint. 82 

Consequently, these methods are likely to yield incorrect estimates of cell capacitance 83 

and consequently cell surface area. Nevertheless, a cursory look at current editions of 84 

major neuroscience journals indicates that capacitance measurements are made without 85 

regard to the validity of the assumptions underlying the method employed. Assessing the 86 

accuracy of these methods to estimate total membrane capacitance in neurons with 87 

complex architectures is essential if capacitance measurements are to be used to make 88 

correct inferences about changes in cell surface area as a measure of neuronal 89 

conductance density changes. 90 

 91 

We compared the capacitance values of identified neurons in the crab stomatogastric 92 

nervous system using three of the most commonly used methods for capacitance 93 
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measurement. We show that these different protocols yield significantly different values 94 

for the measured total membrane capacitance in the same neuron. We then evaluate the 95 

accuracy of these methods using simple computer models of non-isopotential cells. Our 96 

results confirm that appropriate exponential fits to voltage profiles in response to DC 97 

current step injection can provide an accurate measure of total membrane capacitance 98 

values over a wide range of cell sizes and architectures (see Major et al., (1993a) for a 99 

theoretical analysis). In contrast, measurements of the charge accumulated in the 100 

membrane capacitor using voltage-clamp steps, which are among the most commonly 101 

used method in electrophysiology (cf. (Haedo and Golowasch 2006; Iwasaki et al. 2008; 102 

Khorkova and Golowasch 2007; Pineda et al. 2008; Royeck et al. 2008) yields the least 103 

accurate capacitance estimates. To provide insight into the discrepancy observed in these 104 

methods, we use a simple two-compartment model to derive mathematical expressions 105 

that show the source of the different total membrane capacitance measurements with the 106 

current- and voltage-clamp protocols. Equivalent equations can also be derived in more 107 

general form, for an arbitrary tree-like neuronal structure, from the theoretical work of 108 

Major et al., (1993a, b). Our results suggest that, while current-clamp steps should be the 109 

preferred method to reduce the inaccuracies in capacitance determination, the difference 110 

in capacitance values measured with the different methods can be used to make 111 

approximate inferences about cell surface distribution among different neuronal 112 

compartments. A simple two-compartment theoretical analysis can be used to obtain an 113 

intuitive understanding of the source of errors in total capacitance measurement with 114 

these different methods. 115 

116 
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Methods 117 

 118 

Electrophysiology  119 

The lateral pyloric (LP) and pyloric dilator (PD) neurons from the pyloric network of the 120 

crab Cancer borealis, localized in the stomatogastric ganglion (STG), were identified 121 

using standard procedures previously described (Harris-Warrick 1992; Selverston et al. 122 

1976). Individual neurons were then impaled with two microelectrodes pulled using a 123 

Flaming-Brown micropipette puller (P87, Sutter Instruments, CA) and filled with a 0.6 M 124 

K2SO4 + 20 mM KCl solution (electrode resistance was 20-25 MΩ). One of the 125 

electrodes was used to pass current and the other to record voltage. Neurons were 126 

recorded in either two-electrode current clamp or two-electrode voltage clamp mode 127 

using an Axoclamp 2B amplifier (Molecular Devices, Union City, CA). In voltage clamp 128 

mode, the amplifier gain was set to a value around 3-8. We did not attempt to increase the 129 

gain to its maximum possible even if stability could be ensured using appropriate phase 130 

lag settings (see below). The preparations were bathed in 10 µM picrotoxin (Sigma-131 

Aldrich, St. Louis, MO) to block glutamatergic synaptic input, 0.1 µM tetrodotoxin 132 

(TTX; Biotium, Hayward, CA) to block fast Na+ current-dependent action potentials and 133 

consequently all oscillatory activity, and 5 mM CsCl to block the hyperpolarization-134 

activated inward current. Capacitance was measured at voltages between −50 and −60 135 

mV to avoid activation of voltage-gated currents (Golowasch and Marder 1992; Haedo 136 

and Golowasch 2006). Data were acquired with the Digidata 1322A board and pClamp 137 

9.2 software (Molecular Devices, Union City, CA). 138 

 139 

Capacitance measurements 140 

1) Current clamp protocol (CC_step).  DC current steps (−0.5 to −2 nA, 500-1000 msec 141 

duration) were injected in the soma and the membrane potential (Vm) change was 142 

recorded with a sampling rate of 50 kHz. 30 consecutive traces were averaged to remove 143 

noise. In an isopotential cell this results in a membrane potential change characterized by 144 

a single exponential (Eq. 1) with time constant τm = rmcm where rm is the cell membrane 145 

resistance and cm the total membrane capacitance. In such an isopotential cell, rm is equal 146 

to the cell’s input resistance Rin. The maximal membrane potential change is given by 147 
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ΔVm = Vm - Vrest = Rin Iext, where Iext is the injected current step. When a cell is non-148 

isopotential, an equalizing process related to current flow between electrical 149 

compartments of the cell takes place (Major et al. 1993a; Rall 1977), the membrane 150 

potential change ΔVm(t) is now determined by a series of exponential terms (Eq. 1), and 151 

Rin is no longer equal to rm. Typically only two or three terms adequately describe Vm(t) 152 

(Fig. 1A): 153 

  154 
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 156 
By dividing through by Iext, one obtains a series of resistive terms Ri = Vi / Iext. At steady 157 

state, the sum of these resistive terms is Rin = ΔVm / Iext. The time constant of the slowest 158 

exponential term τ0 corresponds to the membrane time constant τm = rmcm (Holmes et al. 159 

1992; Major et al. 1993a; Rall 1977). To determine the values of Vi and τi we fit the Vm(t) 160 

curve obtained in response to the current step using two or three exponential terms using 161 

the Levenberg-Marquardt (LM) algorithm of the Clampfit analysis software in the 162 

pClamp package with a precision of 10-6. In order to obtain the best fits to both fast and 163 

slow components, we fit the trace between t = 0 and a time at which the voltage had 164 

reached steady state, usually the end of the 500-1000 msec step.  165 

 166 

2) Voltage clamp step protocol (VC_step). Steps 1000 msec long between −50 and 167 

−60 mV were applied in voltage clamp and 20-30 sweeps were averaged to remove noise. 168 

The membrane current and membrane potential were sampled at 50 kHz. This method 169 

relies on the measurement of the total charge Q accumulated on the membrane capacitor 170 

during the initial (capacitive) current transient (Fig. 1B, gray area) and can be calculated 171 

with Equations 2, 3: 172 

 173 

m mQ c V= Δ           (2) 174 

0

p

C

t
Q I dt= ∫           (3) 175 

 176 

where tp is the step duration. 177 



 7

 178 

The determination of the capacitive transient’s integral is sensitive to the rate of current 179 

change during the transient. This sensitivity is due to aliasing if the sampling frequencies 180 

are lower than the Nyquist frequency (Harris 2006). In turn, the rate of current change 181 

increases with the gain setting of the voltage clamp. Thus, the voltage clamp gain was set 182 

high enough to ensure that the voltage settled at the test voltage within the duration of the 183 

step, but not necessarily at the highest possible value to avoid aliasing. 184 

 185 

3) Voltage clamp ramp protocol (VC_ramp). Ramps of voltage were applied from a 186 

holding membrane potential of −50 mV. A 10 mV hyperpolarizing ramp was 187 

immediately followed by a 10 mV depolarizing ramp of the same duration (Fig. 1C, left 188 

panel, top trace). The protocol was repeated 30 times and the current traces were 189 

averaged to remove noise (Fig. 1C, left panel, bottom trace). Two different ramp slopes 190 

were used: 0.02 and 0.5 mV/msec. The sampling rate was set to 50 kHz and the same 191 

gain setting as in the voltage clamp step protocol was used. The current was plotted 192 

versus the voltage (Fig 1C, right panel) and the capacitive current was obtained by 193 

measuring the resulting capacitive current difference (2ic) between the two ramps at a 194 

given voltage. We used the average current values around the middle 50% of the I-V 195 

curve to measure 2ic avoiding the beginning and end of the ramps to avoid spurious 196 

effects (Fig 1C, grey area in the right panel).  cm was calculated according to: 197 

 198 

m
c m

dVdQi c
dt dt

= =          (4) 199 

 200 

where mdV
dt

corresponds to the slope of the voltage ramp (Fig. 1C, top left trace). 201 

 202 

Modeling 203 

 204 

We used model anatomical structures of varying complexity, with the simplest consisting 205 

of two spheres attached to the respective ends of a cable, which represents a neurite, and 206 
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has length len and diameter dc. One sphere represents the soma (with diameter ds), and 207 

current and voltage are measured and manipulated only in this compartment. The second 208 

sphere represents the combined area of all dendrites and has diameter dd. We modeled 209 

variations in neuronal size by changing dd (see inset in Fig. 3A). More complex models 210 

are tree-like structures with a sphere (the soma) attached to a cable (the primary neurite) 211 

and additional branched cables, representing dendrites of various orders, attached to the 212 

opposite end. In the “asymmetric tree” structure, the second, third and fourth order 213 

neurites are connected to only one branch of the primary or n-1 order neurites (see inset 214 

in Fig. 5A). The number of primary dendrites was limited to two, secondary dendrites to 215 

four and tertiary dendrites to eight, and each higher order dendrite had a diameter of 1/2 216 

of the previous order dendrite diameter. A “concentric” tree was built by attaching all 217 

these higher order dendrites directly to the soma (see inset in Fig. 5B), and a “symmetric 218 

tree” was built by distributing the same number of dendrites symmetrically, i.e. instead of 219 

all secondary and tertiary branches always originating respectively in the same primary 220 

and secondary dendrite, they are distributed evenly among all the n-1 order dendrites (see 221 

inset in Fig. 5C).  222 

 223 

Passive cables and spheres were used for these models and the passive parameters were 224 

chosen as Cm = 1µF/cm2, Rm = 40,000 Ωcm2, Ra = 60 Ωcm (Rabbah et al. 2005). For 225 

simulations, each cable was compartmentalized into segments with length of at most 226 

λ/20, and each compartment j obeyed the current balance equation: 227 

 228 

, ,( )j

j

m
m ext leak j axial j

dV
c I I I

dt
= − +        (5) 229 

 230 

Where Ileak,j is the linear leak current of compartment j and Iaxial,j is the axial current 231 

flowing from adjacent compartment(s) into compartment j.  232 

 233 

The membrane and cable equations were numerically integrated using the software 234 

Network (http://stg.rutgers.edu/software/network.htm) using a fourth-order Runge-Kutta 235 
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integration method and a time step of 10 μs. Simulation data were sampled at 10 KHz for 236 

the CC_step and VC_ramp protocols and at 100 KHz for the VC_step protocol. 237 

238 
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Results 239 

 240 

Measurement protocol determines capacitance measurement discrepancies 241 

We explored how the measured capacitance of a neuron depends on the particular 242 

protocol used by examining measured values with distinct protocols in the crab pyloric 243 

dilator (PD) and lateral pyloric (LP) neurons, which are readily identified in the STG. 244 

Three measurement protocols were used, one using current steps and the other two in 245 

voltage clamp mode (see Methods).  246 

 247 

Measurements of capacitance using DC current steps depend on accurate measurement of 248 

the membrane time constant and resistance. Frequently, when this method is used to 249 

estimate the total membrane capacitance of a neuron, cm is derived by dividing τm by the 250 

input resistance Rin (e.g. (Dougherty et al. 2005; Golowasch and Marder 1992). While 251 

this is correct for an isopotential cell, in which case Vm(t) can be fit with a single 252 

exponential term, it is not correct for a non-isopotential cell. In the case of a finite tree 253 

with sealed ends, Vm(t) can be fit as a sum of exponentially decaying terms given by 254 

Equation 1, where τ0 > τ1 > τ2 > … is a sequence of time constants (Major et al. 1993a; 255 

Rall 1977). The slowest component corresponds to the charging of the membrane 256 

capacitor and therefore the exponential fit to the slowest component provides the 257 

membrane time constant τm. The correct measurement of cm is obtained by dividing τm (= 258 

τ0) by the resistance coefficient R0 = V0/Iext (and not the input resistance of the cell) 259 

(Major et al. 1993a). In practice, the passive response of a neuron to DC current injection 260 

can be adequately fit with only two or three exponential terms. The diagram in Fig. 1A 261 

shows the membrane potential response (Vm, dark trace) to a current step (Iext). In the case 262 

shown, Vm can be decomposed into two exponentially decaying components whose sum 263 

adequately fits this voltage trace (grey traces). Once again, the correct measurement of cm 264 

in this case is obtained as τ0/R0. To demonstrate the difference in the measured values 265 

when using Rin or R0, we compared these measurements in recordings of PD neurons. The 266 

time constant is 151.10 ± 89.52 msec (N = 29). The calculated cm using Rin was 12.43 ± 267 

7.44 nF whereas, using R0, the value was 65.61 ± 68.63 nF (Student t-test, P < 0.0001, N 268 
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= 29). It is these latter values that we use as our measurements for CC_step in both the 269 

experimental protocols and in the computational models described below in the Results. 270 

 271 

We compared the CC_step measurements with measurements done using the voltage 272 

clamp step (VC_step) protocol and the voltage clamp ramp (VC_ramp) protocol using 273 

two different slopes of 0.02 and 0.5 mV/msec (Fig. 2). In measurements from either the 274 

PD neuron or the LP neuron, these values were significantly different (Kruskal-Wallis 275 

One-way ANOVA on Ranks, P < 0.0001, for both PD and LP neurons, see Table 1, Fig. 276 

2). A post-hoc analysis using the Dunn’s Method showed that the current clamp estimate 277 

of capacitance is significantly higher than either of the two voltage clamp methods, and 278 

that the fast voltage clamp ramp method is significantly different from either VC_step or 279 

slow (0.02 mV/msec) voltage clamp ramp method. 280 

 281 

To explore the source of this large difference in total membrane capacitance estimates 282 

obtained using the current clamp and voltage clamp protocols, we built a simple passive 283 

model and measured its total membrane capacitance using these three protocols. The 284 

model consisted of a spherical soma of fixed diameter connected to a cable representing a 285 

primary neurite connecting the soma to more distal compartments (see Methods for 286 

parameters). The distal end of the cable was connected to a second sphere representing 287 

the equivalent area of distant dendritic compartments (Fig. 3A). With the exception of the 288 

length of the neurite, the passive membrane parameters used are approximations to values 289 

assumed to be typical of PD neurons until now (Nadim and Golowasch 2006; Rabbah et 290 

al. 2005); (Hartline and Castelfranco 2003). With these parameters, the dendritic 291 

compartment is at an electrotonic distance of L = len/λ = 0.25 away from the soma. 292 

Figure 3B shows the results of applying the current clamp and voltage clamp protocols by 293 

recording the voltage and injecting current into the soma compartment and varying the 294 

diameter of the dendritic “sphere.” 295 

 296 

The capacitance values measured in the model cell were normalized to their actual 297 

capacitance (determined from the total cell surface and the specific membrane 298 

capacitance Cm) and are shown in Fig. 3B as colored circles. The current clamp protocol 299 
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yielded capacitance estimates (using the τm / R0 measurement described above) that were 300 

indistinguishable from the actual capacitance of the cell for all values of dendritic 301 

compartment size tested (black symbols). However, capacitance value measurements 302 

obtained with the voltage clamp protocols underestimated actual capacitance values for 303 

all dendritic compartment sizes, with errors increasing rapidly as the dendritic 304 

compartment diameter exceeded ~100 μm. Estimates obtained with the ramp protocol 305 

depended on the slope of the voltage ramp (dV/dt), with better results obtained with the 306 

slow ramps (dV/dt = 0.02 mV/msec, green circles). Faster ramps (blue circles) led to 307 

increasingly worse capacitance estimates than those obtained with the voltage clamp step 308 

protocol (red circles). Voltage ramps with slopes lower than 0.02 mV/msec did not 309 

improve the capacitance estimates significantly and are not shown. Reducing the pulse 310 

duration in the VC_step protocol further reduced the capacitance estimates. Adding noise 311 

to the voltage traces obtained with the current clamp protocol had a minimal impact on 312 

the capacitance estimates (<1% error with 5 kHz white noise current injection of 5% 313 

amplitude as the current step; not shown). 314 

 315 

To determine if such a simple model could represent the surface distribution of a 316 

biological neuron, we compared the capacitance values of the biological PD and LP 317 

neurons measured with the three protocols (and two different voltage ramp slope values) 318 

with the values obtained in the model. The biological capacitance values obtained are 319 

listed in Table 1, and the normalized values (normalized to each neuron’s capacitance 320 

value measured with the CC_step protocol) are plotted in Figure 3B (LP neuron: squares, 321 

PD neuron: stars). When these data were compared to the data obtained with the same 322 

protocols on the ball-stick-ball model we found that the PD neuron could reasonably be 323 

fit by a model with an approximate dendritic “sphere” diameter dd of 820 μm, and the LP 324 

neuron with an approximate diameter dd of 700 μm. The comparison derived from Fig. 325 

3B is only meaningful in two general ways: it indicates that the "dendritic compartment" 326 

is much larger than the "somatic compartment" in both neuron types, and it suggests that 327 

PD neurons appear to have a larger dendritic surface area than LP neurons. 328 

 329 
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Because the voltage clamp step and ramp protocols (with dV/dt = 0.02 mV/msec) yielded 330 

similar results henceforth we only show the VC_step data 331 

 332 

Effect of membrane leak, resistivity and electrotonic length on capacitance measurement 333 

Using our simple ball-stick-ball model we examined the effect of three important factors 334 

that are commonly thought to affect current and voltage clamp measurements: soma leak 335 

(such as is induced by the damage to the membrane due to microelectrode penetration), 336 

overall membrane resistivity, and the electrotonic distance of the distal dendritic 337 

compartment from the soma. Changes in the conductance of the soma compartment alone 338 

(range: 0.5-125 nS) had no effect at all on the total membrane capacitance when 339 

measured with either voltage clamp protocol, but greatly affected the measurement using 340 

the current clamp protocol. In Figure 3C, the effect of changing the soma conductance on 341 

capacitance measurement is plotted as a function of the resulting input resistance Rin in 342 

each case. High values of soma resistance tended to lead to slight underestimates of the 343 

total membrane capacitance with the CC_step protocol whereas low soma resistance led 344 

to marked overestimates (Fig. 3C). In contrast, reducing the specific membrane resistivity 345 

Rm uniformly over the entire surface of the cell markedly reduced the estimates obtained 346 

with both voltage clamp protocols (Fig. 3D), but had little impact on the estimates 347 

obtained with the CC_step protocol.   348 

 349 

The membrane voltage attenuates with the distance from the point of current injection. 350 

Therefore, the electrotonic distance of the dendritic compartment from the point of 351 

measurement (i.e. the soma) is likely to affect the accuracy of the capacitance 352 

measurements. To determine how the cm value obtained by different measurement 353 

protocols may be affected by the electrotonic size of the neuron, we used the same model 354 

and varied the length of the neurite while keeping the dendrite diameter fixed (Fig. 4A). 355 

Capacitance estimates using the current clamp protocol yielded almost perfect estimates 356 

for up to approximately 1 length constant away from the soma even for the largest 357 

dendritic compartment (i.e. dd = 1000 μm, Fig. 4B). For electrotonic lengths L > 1, the 358 

capacitance measurement deteriorated in a manner that depends on the dendrite 359 

compartment size. The capacitance measurement error is nevertheless remarkably small 360 
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even with a dendrite diameter of dd = 200 μm (Fig. 4B) and almost nonexistent when no 361 

dendrite compartment is added, i.e. dd = 0 μm (Fig. 4B). When the voltage clamp step 362 

protocol is used, these estimates drop much more abruptly. In this case, error values of < 363 

20% are obtained for L < 0.75 when no dendritic compartment is present or L < 0.15 with 364 

a dendrite with diameter 200 μm (Fig. 4C). For all other conditions the errors are much 365 

larger and, for L > 1.4, the voltage clamp protocol results in errors of > 50% even when 366 

no dendritic compartment exists. 367 

 368 

Effect of neuronal architecture on capacitance measurements 369 

Since both the size of the dendritic compartment and its distance from the site of 370 

measurement affect all of the capacitance estimates, we built more complex and realistic 371 

neuronal models to better understand the role of neuronal architecture on capacitance 372 

measurements. Figure 5 shows capacitance measurements in three different neuronal 373 

models. The first of these models (“asymmetric tree”, see diagram in Fig. 5A) consists of 374 

a soma connected to a tree of branching dendrites, all with equal length (len = 1000 μm; 375 

see Methods for additional parameters). Each dendritic “level” has one-half the diameter 376 

and at most double the number of branches of the previous level. All branches in a given 377 

level emerge from only one of the branches from the previous level (see diagram in Fig. 378 

5A, inset). The first (primary) dendritic level consisted of a single cable with diameter dc1 379 

= 9.6 μm, which was connected to either one or two secondary dendrites with diameter 380 

dc2 = 4.8 μm, and so on.  381 

 382 

In order to examine the effect of the complexity of the tree architecture we added one 383 

branch at a time and measured capacitance of the cell with the three methods described 384 

above. With this architecture, when all branches are present (i.e. each dendritic level has 385 

exactly double the number of branches of the preceding branch), the total capacitance of 386 

each dendritic level is the same. Again, as with the simpler model, we observed that the 387 

current clamp protocol (Fig. 5A, filled symbols) yields capacitance values that are much 388 

closer to the actual total capacitance (identity line) than the voltage clamp protocols (Fig. 389 

5A, open symbols). The two clusters that can be observed with the VC_step data are due 390 

to the presence of either one (lower cluster) or two (higher cluster) secondary level 391 
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branches, because an additional secondary branch adds a large amount of capacitance at a 392 

short electrotonic distance from the soma. The same phenomenon occurs when the 393 

CC_step method is used, except that the data are closer to the identity line, making it 394 

more difficult to distinguish the clusters. The apparent “branches” emerging from the 395 

identity line for the CC_step protocol data correspond to changes in tertiary branch 396 

numbers, with the values along each branch corresponding to variation in quaternary 397 

branch numbers. The abrupt decreases in capacitance when new branches are added are 398 

probably due to increasingly large numerical errors in the multi-exponential fitting 399 

procedure, since it has been shown that the slow exponential term correctly represents the 400 

charging of the membrane in neurons of any arbitrarily complex architecture (Major et al. 401 

1993a). The same phenomenon is also observed with the VC_step data but here the data 402 

corresponding to tertiary branch numbers are less clearly separated. As in the simpler 403 

model, voltage clamp ramp protocol results (with dV/dt = 0.02 mV/msec) were very 404 

similar to those obtained with the voltage clamp step protocol and are not shown.  405 

 406 

In order to examine the effect of the tree structure on these measurements, we applied the 407 

same measurements to a model neuron in which the same branches were all connected 408 

directly to the soma (“concentric tree”; see diagram in Fig. 5B). In this case all current 409 

clamp data fell almost perfectly on the identity line and the voltage clamp data deviated 410 

from this line only modestly (Fig. 5B). Thus, not surprisingly, a more compact neuronal 411 

structure yields far better capacitance estimates regardless of the number of branches, 412 

with the current clamp step method always producing values that are more accurate than 413 

either voltage clamp method (ramp data not shown).  414 

 415 

We also explored the effect of asymmetry in the neuronal tree structure on our 416 

measurements in a symmetric model. The “symmetric tree” model was built by having 417 

the branches emerge symmetrically from the previous level dendrite, rather than having 418 

all emerge from a single dendrite (see diagram in Fig. 5C). The resulting capacitance 419 

measurements of the symmetric tree structures are plotted together with the 420 

corresponding asymmetric tree data (with the same branch numbers at each level) in Fig. 421 

5C. The number of points in this plot is lower than in Fig. 5B because there are fewer 422 
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possible symmetric than asymmetric structures and we plotted only those points of the 423 

asymmetric tree for which a distinct capacitance value was measured. We observe that 424 

evenly distributing the dendritic load among branches (as in the symmetric structure) 425 

improves the capacitance estimates but the differences are slight and are noticeable only 426 

for the largest tree structures. 427 

 428 

The symmetric tree model was used to examine the effect of an axon emerging at 429 

different locations in a neuron.  Figure 6A shows the effects of attaching axons of 430 

different lengths to the end of the secondary dendrite, approximately corresponding to 431 

what is observed in STG neurons (Bucher et al. 2007). Capacitance measurements 432 

obtained with the CC_step protocol produced accurate estimates for axon lengths of 433 

several millimeters, beyond which estimates began to deteriorate. In contrast to the 434 

CC_step measurements, VC_step estimates rapidly deteriorated for all axon lengths.  In 435 

contrast, when the axon emerges directly from the cell body, as is commonly seen in 436 

vertebrate CNS neurons, CC_step total capacitance estimates are accurate for much 437 

longer axons than in the previous case.  438 

 439 

Finally, in order to evaluate the degree to which neuronal complexity affects the 440 

determination of cell capacitance, we calculated a complexity index for the tree structures 441 

based on the electrotonic length of each dendrite. The complexity index was defined 442 

simply as the sum of the electrotonic lengths of all dendrites of the cell. Figure 7 shows 443 

the same data as in Fig.5A, B, indicating again that the current clamp method provides a 444 

good estimate of cell capacitance for the neurons with fewer branches, i.e. lowest 445 

complexity index (Fig. 7A, filled symbols). However, some estimates have large errors 446 

even when the complexity index is low. Closer inspection of the data reveals that in all 447 

such cases the cells had a high number of quaternary dendrites (>5), but low number of 448 

lower level dendrites. This generated low complexity index values but a widely 449 

distributed capacitance, which in turn leads to large capacitance estimate errors. In 450 

general, however, there is a relatively good correlation of the measurement error level 451 

and neuronal complexity (i.e. branch number and total electrotonic length). The voltage 452 

clamp protocol produces much larger estimate errors (Fig. 7A, open symbols), with two 453 
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distinct clusters due to the presence of either two (high error level cluster) or only one 454 

(low error level cluster) secondary level branches (also seen in Fig. 5A). The concentric 455 

cell in which all branches emerge directly from the soma predictably produces much 456 

lower estimate errors with both current and voltage clamp methods, as would be expected 457 

from an electrotonically more compact neuron, with voltage clamp protocols again 458 

generating many-fold larger errors than the current clamp protocol (Fig. 7B). 459 

 460 

The discrepancy between the voltage clamp and the current clamp measurements can be 461 

elucidated using a two-compartment model  462 

The responses to current- and voltage-clamp pulses have been previously derived for an 463 

arbitrarily complex neuronal architecture (Major et al. 1993a; b). Although the 464 

derivations of Major and collaborators can be used to estimate the effect of the methods 465 

of capacitance measurements for complex structures (particularly for the current clamp 466 

case; see Eq. 36 in (Major et al. 1993a), we present a comparison using a two-467 

compartment model to help gain a simpler and more intuitive understanding of the factors 468 

that affect total membrane capacitance measurements in electrophysiological 469 

experiments.  For brevity, we will only compare the CC_step and VC_step methods here, 470 

but the VC_ramp method can be dealt with in a similar fashion, as shown in the 471 

Appendix (Eqs. A26-A31).  472 

 473 

It can be shown that this circuit responds to a current-clamp step of size Iext with a 474 

double-exponential voltage trace described by 475 

 476 

0 1
0 1/ /( ) (1 ) (1 )m rest ext ext

t tV t V I R e I R eτ τ− −= + − + −       (8) 477 

 478 

where R0, τ0, R1, and τ1 (τ0  > τ1) are constants that are determined by the values of Ra (the 479 

axial resistance) and Cn, Rn, Cf, and Rf , denoting, respectively, the membrane capacitance 480 

and resistance of the “near” and “far” compartments. If we assume that RnCn = RfCf , as 481 

would be the case for a cell with uniform specific membrane resistance and capacitance, 482 

then it can be shown that  483 

 484 
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fn CC
R

+=
0

0τ
          (9) 485 

 486 

Thus, in this simplified model, it can be proven mathematically that the current-clamp 487 

step method described above always gives the correct answer for the total capacitance 488 

(see Appendix). 489 

 490 

The response of this simple model to a voltage-clamp step of size ΔVm can also be 491 

derived, and is given by 492 

( ) ( ) ( ) ( ) expm pulse in decay
vc

tI t V C t G u t G u tδ
τ

⎡ ⎤⎛ ⎞
= Δ ⋅ + + −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
     (10) 493 

 494 

where Cpulse, Gin, Gdecay, and τvc are constants determined by the values of Ra, Cn, Rn, Cf, 495 

and Rf  (see Eqs. A18-21 in the Appendix).  δ(t) is the Dirac delta function, here 496 

representing the mathematical idealization of a large brief pulse of current corresponding 497 

to the capacitive transient, and u(t) is the unitary step function denoting the current pulse.  498 

If we subtract off the steady-state current and integrate, we find that the charge delivered 499 

by the capacitive transient and the subsequent exponential decay is given by 500 

)( vcdecaypulsem GCVQ τ+Δ= .  Since the voltage-clamp step estimate of capacitance is given 501 

by mVQ Δ/  (Eq. 2), this yields an estimate of vcdecaypulse GC τ+ .  It can be shown that this 502 

expression is equal to 503 

 504 

2n )/1(
1

fa
f RR

CC
+

+         (11) 505 

 506 

(see Appendix).  The factor 2)/1(1 fa RR+  is less than one for non-zero Ra, indicating that 507 

the voltage-clamp method provides an underestimate of the total capacitance for all non-508 

isopotential cells and that this estimate approaches the capacitance of the near 509 

compartment as the axial resistance increases. 510 

 511 
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The ratio of the VC_step estimate of capacitance to the CC_step estimate can be 512 

predicted from the parameters R0, R1, τ0 and τ1 obtained from exponential fits to voltage 513 

traces obtained with the CC_step protocol (Eq. A26 in Appendix). This is demonstrated 514 

in Fig. 8B where the normalized total membrane capacitance is plotted as a function of 515 

the dendritic compartment diameter in our simple ball-stick-ball model neuron, for 516 

capacitance values determined with the VC_step protocol (same data as in Fig. 3B) and 517 

applying Eq. A26 to parameters measured with the CC_step protocol. The same is not 518 

true when the neuronal anatomy is more complex and is better approximated with three 519 

or more compartments (and thus the data from CC_step experiments are better fitted with 520 

three or more exponential terms), such as in the case of our tree-like neuron models (Fig. 521 

5) or the biological STG neurons. In these cases estimates obtained with Eq. A26 do not 522 

provide a good match to the VC_step measurements (not shown). 523 

524 
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Discussion 525 
 526 
Total membrane capacitance is a common measure of cell surface area and is used in 527 

electrophysiology recordings as a means for measuring ionic conductance, or ion 528 

channel, density or to normalize for changes in cell size (Haedo and Golowasch 2006; 529 

Iwasaki et al. 2008; Khorkova and Golowasch 2007; Pineda et al. 2008; Royeck et al. 530 

2008).  A common protocol used to measure total membrane capacitance is to integrate 531 

the transient capacitive current produced during voltage clamp steps (Haedo and 532 

Golowasch 2006; Iwasaki et al. 2008; Khorkova and Golowasch 2007; Pineda et al. 533 

2008; Royeck et al. 2008). This method is fast and simple to use and some 534 

electrophysiological data acquisition software includes an automatic capacitance 535 

calculation based on this method (e.g., pClamp, Molecular Devices). The application of 536 

this protocol is based on the crucial assumption that the cell is isopotential. Occasionally, 537 

this assumption is satisfied, such as with small cells with few or short processes. Another 538 

common method for measuring total membrane capacitance is to calculate the ratio of the 539 

membrane time constant, measured using current steps, to the cell input resistance. This 540 

method applies to an isopotential cell as well as a finite cable (or, using a correction 541 

factor, to a cable connected to a spherical soma) if the correct resistive term is used rather 542 

than the input resistance (Rall 1977). Other methods, such as applying a voltage ramp 543 

under voltage clamp conditions (Nadim et al. 1995) or phase-shift measurements in 544 

response to sine wave current inputs (Johnson et al. 2002; Joshi and Fernandez 1988; 545 

Neher and Marty 1982) can also be used to measure total membrane capacitance. A 546 

voltage ramp, for example, uses the fact that the capacitive current is proportional to the 547 

rate of change of the membrane potential with the constant of proportionality equal to the 548 

membrane capacitance (Eq. 4). All these methods are based on the theoretical assumption 549 

of isopotentiality or, alternatively, having a finite uniform cable structure. However, most 550 

biological neurons violate these assumptions and thus these methods can produce 551 

erroneous total membrane capacitance values. 552 

 553 

In this paper we use identified neurons of the crab STG to demonstrate that three 554 

different protocols, the voltage clamp step, the current clamp step and voltage clamp 555 

ramps, yield significantly different capacitance values. We then use neuronal models of 556 
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varying architectures to examine which method produces a more accurate estimate of 557 

total membrane capacitance. The modeling results show that both voltage clamp methods 558 

produce significantly lower capacitance values than the current clamp method and that, 559 

for more complex neurons all methods underestimate the actual total membrane 560 

capacitance values.  Using mathematical derivations of the transient solution to a current 561 

clamp pulse it can be shown that the slowest exponential term should provide an accurate 562 

estimate of total capacitance for any neuron independent of the anatomical complexity 563 

(Major et al. 1993a). Thus, it appears that the deviations from the actual capacitance 564 

observed using the current clamp method (Fig. 7A) stems from an increasingly large 565 

numerical error in the multi-exponential fits with increasingly complex architectures. 566 

However, the current clamp method produces extremely accurate estimates of a cell’s 567 

total membrane capacitance even for highly complex architectures and a very large range 568 

of specific membrane resistivity values. For instance, high accuracy is obtained in a ball-569 

cable-ball model (with the two balls representing the soma and the dendrite surfaces, e.g. 570 

Fig. 3A) for cable lengths up to 1.25λ and a dendritic compartment of diameter 200µm. 571 

The model shows that there is a trade-off in accuracy between the dendritic compartment 572 

size and cable length. With smaller dendritic compartments, accuracy is maintained even 573 

for longer cables (Fig. 4) whereas for shorter cables, accuracy is maintained for much 574 

larger dendritic compartments (Fig. 3B).  575 

 576 

Similar accuracy levels can be obtained for neuron models with dendritic surface 577 

distributed over a tree of connected dendrites, even for neurons with several branching 578 

levels (Figs. 5, 6). The maximum total capacitance of our most complex model is similar 579 

to that of our ball-cable-ball model with a dendrite compartment diameter of 200 µm and 580 

a cable of only 0.25λ. However, in contrast to the ball-cable-ball model, the capacitance 581 

estimates in this tree model are not as accurate even with the current clamp step method, 582 

indicating that the distributed capacitance over large electrotonic distances is partly 583 

responsible for the inaccuracy. At the same time, the capacitance load at the dendritic 584 

terminal also plays a role since different dendritic terminal sizes lumped into a simple 585 

sphere at the end of a fixed-length cable also yield different levels of accuracy.  586 

 587 



 22

Increasing the leakiness of the soma, such as produced by impalement damage, leads to 588 

an overestimate of the total membrane capacitance measurements with the current clamp 589 

step method. This suggests that an independent knowledge of the input resistance of an 590 

undamaged cell (such as can be obtained in the whole-cell patch clamp mode) can help 591 

set acceptable minimum input resistance levels to minimize capacitance estimate errors.  592 

In contrast, voltage clamp capacitance measurement methods are independent of soma 593 

damage, because with high enough gain the voltage clamp can inject sufficient current 594 

into the soma to overcome the increased membrane leak. The charging of the membrane 595 

capacitance can then proceed at the clamped voltage and thus the capacitive current 596 

remains unaffected. A different effect occurs when the overall membrane resistivity Rm is 597 

modified. The current clamp protocol estimate is only negatively affected at Rm values 598 

that are very low (below ~3,000 Ω.cm2), which are seldom encountered in neurons (but 599 

see (Hodgkin and Huxley 1952), while the voltage clamp protocol estimates deteriorate 600 

steeply with reduced Rm. Changing Rm also results in changing Rin, yet in contrast to the 601 

effect of soma leak conductance on Rin, there is little change in the measured total 602 

membrane capacitance with the current clamp method (Figs. 3C and 3D). The difference 603 

between these two effects is likely due to the fact that changing the soma leak 604 

conductance leads to different τm values between the soma and the dendritic structure 605 

whereas changing Rm does not.  606 

 607 

The distinct estimates of capacitance values provide information about the approximate 608 

distribution of surface area over the neuron’s structure. In particular, while the current 609 

clamp estimate gives a total capacitance that is remarkably close to the actual capacitance 610 

of the cell (especially if the electrotonic length of the cell is relatively short, e.g. L < 2), 611 

the voltage clamp protocols only yield estimates of the capacitance of the compartments 612 

near the site of current injection. The capacitance difference between these estimates 613 

corresponds to the capacitance of membrane located in distal compartments of the cell.  614 

However, the assumption that the current clamp step protocol always gives a correct 615 

estimate of the total neuronal capacitance is likely erroneous. Anatomical studies have 616 

shown that the LP and PD neurons have many long, fine dendrites (Bucher et al. 2007). 617 

The extremely large capacitance values we obtain in our current clamp protocols are 618 
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likely a reflection of the many thin and long dendrites these cells possess (cf. Figs. 4 and 619 

7 in (Bucher et al. 2007). Such dendrites may have large electrotonic lengths, and 620 

therefore current clamp measurements likely underestimate the total capacitance of these 621 

neurons, albeit by a lower degree than the voltage-clamp measurements, as our modeling 622 

experiments with complex neuron models that include multiple dendrites demonstrates. 623 

The role played by the presence of a long axon on these measurements depends on the 624 

location where the axon emerges, with more accurate estimates obtained in neurons 625 

resembling typical vertebrate CNS neurons, in which an axon often emerges directly 626 

from the soma. 627 

 628 

The estimates from the three measurement protocols can be used to determine the 629 

approximate surface area distribution in a model that accounts for the neuron’s spatial 630 

structure.  As a result, even the simple ball-cable-ball model used in this study may 631 

provide a good approximation for the distribution of ion channel conductances over 632 

functionally distinct neuronal structures representing those of a biological neuron (e.g. 633 

soma and dendrites). We used the estimates of the total membrane capacitance of the PD 634 

and LP neurons obtained with the different measurement protocols to predict the relative 635 

distribution of surface areas over functionally relevant compartments of these cells (Fig. 636 

3B). Our results suggest that the compartment distal from the recording site has a surface 637 

area at least 15 to 25 times larger than the near compartment. We emphasize that this 638 

result does not imply that the near compartment corresponds to the soma and the distal 639 

compartment to the rest of the neuron's membrane. Indeed, exact inferences of total 640 

dendritic surface distribution cannot be made from such a simple comparison but would 641 

require a combination of accurate anatomical and physiological measurements. Yet, the 642 

ratio of the CC-measured capacitance to the VC-measured capacitance in different cells 643 

can provide an estimate of the relative sizes of the dendritic surface area in different 644 

neurons (Fig. 3B). From such measurements we can conclude that PD neurons appear to 645 

have a larger "dendritic" surface area than LP neurons. This may be a reflection of an 646 

extended surface area due to strong gap junctions between the PD neuron and other 647 

neurons to which it is strongly coupled (see (Rabbah et al. 2005); this additional surface 648 
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area that would be absent in the LP neuron which has much weaker gap junctional 649 

connections. 650 

  651 

Another difficulty with capacitance estimation is deciding the part of the cell surface to 652 

use for estimating the capacitance.  If studying changes in membrane surface area as a 653 

result of growth or degeneration, total capacitance would likely be the appropriate choice.  654 

If seeking to normalize measurements of voltage-gated conductances, the choice is less 655 

clear.  In this case, one would like to measure a capacitance that reflects the portion of 656 

membrane that contributes to the measured voltage-clamp current.  However, it is not 657 

clear that such a specialized portion of the membrane is a well-defined notion, because a 658 

voltage-clamp step applied to the soma affects the voltage of a patch of membrane to a 659 

greater or lesser extent depending on the electrotonic distance from the soma to that 660 

patch.  Here we have focused on measuring the total capacitance of the membrane, and 661 

our results imply that voltage-clamp measurements provide a poor estimate of the total 662 

capacitance.  663 

 664 

Because the membrane time constant is a property of the membrane and not of 665 

geometrical factors, it is equal to the product of the actual capacitance and resistance of 666 

the membrane or of the specific membrane capacitance and resistivity, τm = rmcm=RmCm. 667 

The specific membrane capacitance of most neurons falls in the range of 0.5-1.0 μF/cm2 668 

(Koch 1999; Solsona et al. 1998). Table 1 shows that the time constants of PD and LP 669 

neurons are approximately 155 and 220 msec, respectively. Thus, even with the more 670 

conservative value of Cm=1.0 μF/cm2, the specific membrane resistivity of these cells is 671 

at least 155 and 220 kΩ.cm2, respectively, which is over three-fold higher than previously 672 

thought (Nadim and Golowasch 2006; Rabbah et al. 2005). It remains to be determined 673 

how this difference may impact the behavior of existing models of LP and PD neurons 674 

(Golowasch and Marder 1992; Soto-Trevino et al. 2005). 675 

 676 

Although our study is restricted to the three methods described above, alternative 677 

methods for measuring total membrane capacitance exist based on the frequency-678 

dependent impedance measured in response to sinusoidal current inputs. This dependency 679 
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is applied, for example, by lock-in amplifiers for capacitance measurements, and has 680 

been used to measure membrane surface changes during exocytosis (Johnson et al. 2002; 681 

Joshi and Fernandez 1988; Neher and Marty 1982). This method also assumes a compact 682 

cell structure and suffers from similar limitations as those found with the current clamp 683 

step method. The current clamp step method allows for a straightforward decomposition 684 

of the voltage response in the form of multiple exponential terms, with one of these terms 685 

(the slowest) corresponding to the charging of the membrane capacitance. The two 686 

parameters (amplitude and time constant) of this slow exponential term can then be used 687 

to calculate the total membrane capacitance. A different current clamp protocol that uses 688 

a continuously varying frequency sinusoidal current injection (ZAP function) also allows 689 

the determination of the slow membrane time constant and thus membrane capacitance 690 

using a similar decomposition into multiple terms (Puil et al. 1986). 691 

Capacitance measurements are often used to determine the conductance density of ionic 692 

currents. Although the electrotonic structure of the neuron affects the accuracy of the 693 

measured total membrane capacitance, these effects are probably not the same as space 694 

clamp errors produced when measuring voltage-gated ionic conductances. Capacitance 695 

measurements are ideally conducted in the linear range of membrane potential near the 696 

resting potential and thus membrane conductance changes do not play any role. In 697 

contrast, when voltage-gated channels are activated, the membrane potential is affected 698 

both by the electrotonic structure, which can be significantly different from the resting 699 

electrotonic structure due to conductance activation, and by additional loss of voltage 700 

control due to the nonlinear conductance changes. In fact, the loss of voltage control due 701 

to space clamp errors leads to the underestimation of outward currents, but leads to 702 

under- or over-estimates of inward currents that depend on the membrane potential, the 703 

overestimates being due to the regenerative effects of inward currents on the membrane 704 

potential at distant regions (e.g. (Hartline and Castelfranco 2003). As a consequence of 705 

the well-known anisotropy of ion channel distribution, most salient for synaptic contacts, 706 

normalizing conductance measurements to total membrane capacitance measurements 707 

needs to be performed with caution, even if the total cell surface area is accurately 708 

determined. Accurate measurement of dendritic capacitance, voltage-gated currents, and 709 

synaptic currents are all likely to be compromised by space clamp problems. 710 
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 711 

The accuracy of capacitance measurements is sensitive to the quality of the recordings. 712 

Noise has a modest effect in our models (e.g., 5% white noise introduces <1% error in 713 

our current clamp step protocol estimates). However, signal transients, drifts and other 714 

unstable behavior can significantly affect the estimates obtained with all of these 715 

protocols particularly if voltage-gated currents are activated. Slow changes in the 716 

membrane potential will greatly affect capacitance measurements using the current clamp 717 

protocol since it relies on an accurate estimation of the slowest time constant. In contrast, 718 

fast signal changes primarily affect voltage clamp step protocol estimates of capacitance. 719 

Low sampling rates (aliasing) can greatly reduce the accuracy of the measurements in 720 

voltage clamp, especially with the voltage clamp step protocol. The accuracy and the rate 721 

of the membrane potential change during a voltage clamp step increases with an increase 722 

in the voltage clamp gain. However, as the rate of voltage change increases, a fixed low 723 

sampling rate may introduce aliasing effects that will result in the underestimation of the 724 

total measured charge and thus the capacitance estimate. The voltage clamp step protocol 725 

therefore requires high sampling rates depending on the voltage clamp gain. In contrast, 726 

current clamp measurements would not be as affected by aliasing problems. Short 727 

duration voltage clamp steps are usually used when this method is preferred under the 728 

assumption that the membrane capacitance charges quickly. This is indeed the case in 729 

isopotential cells, especially if the clamp gain is set high. However, in non-isopotential 730 

cells, there is significant current flow into distal compartments, and charging of the 731 

capacitor of such distal compartments takes time and is influenced by the axial resistance 732 

between the proximal and distal compartments (Eq. 11, see Appendix). Therefore, longer 733 

voltage clamp pulses will yield larger (and more accurate) estimates of the total 734 

membrane capacitance. 735 

 736 

The discrepancy between estimated capacitance values in current- versus voltage-clamp 737 

methods can intuitively be understood as follows: voltage clamp methods control the 738 

membrane potential of a restricted area of the membrane near the electrode. 739 

Electrotonically distant regions, however, are not clamped to the same voltage due to lack 740 

of space clamp (Breneman et al. 2008; Prinz and Fromherz 2003; Spruston et al. 1993). 741 
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The errors in the total membrane capacitance estimates originate from the assumption 742 

that the clamped membrane potential measured at the point of electrode penetration is 743 

maintained throughout the cell surface. Since the voltage difference drops with distance, 744 

less charge accumulates at distant points than would accumulate if the voltage at these 745 

distant points was the same as that imposed at the soma, hence the underestimate. The 746 

lack of space clamp also explains why voltage clamp ramp capacitance estimates depend 747 

on the slope of the membrane potential change. At higher dV/dt values, the membrane 748 

potential in distant regions differs more from that of the point of penetration due to the 749 

membrane filtering properties thus producing larger errors in the capacitance estimates. 750 

The same argument explains why the fast voltage clamp ramps lead to larger errors than 751 

voltage clamp steps. In the Appendix we provide a derivation of equations for the simple 752 

two-compartment model shown in Fig. 8A that shows that the contribution of distal 753 

compartments is identically affected in both voltage clamp methods by the electrotonic 754 

distance of the soma to this compartment (represented by the resistance Ra) and the 755 

leakiness of the distal compartment (represented by Rf ; Eqs. A25 and A31). The methods 756 

depend differently on the duration of the voltage clamp steps and ramps. However, these 757 

equations clearly show that long voltage pulses and slow voltage ramps are necessary to 758 

minimize the capacitance measurement errors when using these methods. 759 

 760 

The charge from a current step is rapidly equalized throughout the cell structure, but 761 

affects the average membrane potential more slowly. This can be seen, for example, in 762 

the equations describing membrane potential in a finite cable with a sealed end (Eq. 1), 763 

which is given by an infinite series of exponentially decaying terms, the slowest of which 764 

corresponds to the membrane time constant (Holmes et al. 1992; Rall 1977). Although 765 

for very long cables this description breaks down, it still holds for finite cables of varying 766 

terminating resistances (Holmes et al. 1992; Rall 1977), which explains the accuracy of 767 

the capacitance measurements in cells that can be described with a ball-cable-ball model 768 

as long as the cable is not excessively long (see Fig. 4). 769 

 770 

In summary, our results show that membrane capacitance can be measured with 771 

remarkable accuracy using the current clamp step method even in cells with complex 772 
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architectures. With highly complex neurons the current clamp step method can 773 

underestimate the capacitance due to numerical errors introduced by multi-exponential 774 

fitting methods. It is important to note again that the voltage amplitude term V0 in Eq. 1 775 

divided by the input current corresponds to a resistive term that must be used to calculate 776 

the total membrane capacitance. The input resistance of the cell, which is often used 777 

instead, is the incorrect parameter to use in non-isopotential cells.  On the other hand, the 778 

methods most commonly used to measure capacitance (voltage clamp step or ramp 779 

protocols) yield significant errors for neurons whose membrane structure is not 780 

electrotonically compact and should be used with caution. When measurements are done 781 

with current as well as voltage clamp steps, long pulses should be used, rather than brief 782 

pulses, as is commonly done in particular with voltage clamp pulses. 783 

 784 
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Appendix. A two-compartment model 789 

 790 

We would like to demonstrate that the current clamp estimate of the total membrane 791 

capacitance is a good approximation (and that the voltage clamp estimates deviate from 792 

this value) to the actual total capacitance of our simplest model in which two spheres, one 793 

representing the soma (the “near” compartment, characterized by Cn and Rn) and one 794 

representing the dendrite (the “far” compartment, characterized by Cf and Rf) are coupled 795 

by a simple resistor Ra, representing the resistance of a cable-like structure such as a 796 

neurite (Fig. 8).  The current clamp estimate of capacitance is given by 00 / Rτ , where τ0 797 

and R0 are as defined in Eq. 1 above.  It has been shown before that capacitance can be 798 

determined accurately in this manner for neurons of arbitrarily complex architectures, at 799 

least in the absence of somatic shunt (Major et al. 1993a). Our goal is to derive values for 800 

these quantities in terms of the circuit parameters that can provide a clear and intuitive 801 

understanding of the sources of error when using the voltage clamp protocols described 802 

in this paper.  We begin with τ0.  The input impedance of the cell can be written as 803 

(Siebert 1986) 804 
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where s is the complex frequency.  The right side of this equation can be rearranged, 808 

yielding 809 
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The impedance of a system that responds to a current step in the manner described by 814 

Eq. 8 is given by the expression (Siebert 1986) 815 

 816 

0 1

0 1

( )
1 1

R RZ s
s sτ τ

= +
+ +

         (A3) 817 

 818 

multiplying this out and rearranging, we obtain 819 
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 822 

Eq. A4 has the same form as Eq. A2, and so we can infer that the coefficients of each 823 

term for Z(s) must be identical. Thus we write a system of four equations relating the 824 

circuit parameters (Cn, Cf, Rn, Rf, Ra) to the “kernel” parameters (R0, τ0, R1, τ1): 825 

 826 

If we assume that RnCn = RfCf , as would be the case for a cell with uniform specific 827 

membrane conductance and capacitance, this adds a fifth equation to this system and we 828 

can define a common time constant τc = RnCn = RfCf , yielding 829 
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Equations A7 and A8 comprise a system of two equations in the two unknowns τ0 and τ1 836 

that can be reduced to a single quadratic equation in τ0.  Since Eqs. A7 and A8 are 837 
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symmetric in τ0 and τ1, we adopt the standard convention that τ0 is the larger of the two.  838 

Thus 839 
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After some algebra, this reduces to 846 
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 850 

Next we solve Eqs. A5 and A6 using Eqs. A11 and A12 for R0 and R1, yielding 851 
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R
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 855 

As for τ0 and τ1, R0 and R1 are expressed in terms of circuit parameters.  Using Eqs. A11 856 

and A13, the current-clamp estimate of capacitance is thus given by 857 

 858 

( )1 10
,

0
m ic c n f n fc R R C C

R
τ τ − −= = + = +        (A15) 859 

 860 
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This shows that, for the simple case of a two-compartment model in which the near and 861 

the distant compartments are coupled by a resistor only (rather than a cable) the current 862 

clamp method gives an accurate measurement of the total capacitance. 863 

 864 

Next we derive the response of the two-compartment model to a voltage-clamp step 865 

mVtv Δ=)(  (see Eq. 10).  Using Eq. A4, the current response of the system is given by 866 

 867 

2
0 1 0 1

2
0 1 1 0 0 1

2
0 0 1

1 2
0 1 0 1 0 1 1 0

0 11 0 0 1

1 0

( )( )
( )

1 ( )
( ) ( )

( )
( ) ( )( )

m

m

V sI s
Z s

s sV
R R s R R s

R R
R R R R R RV R RR R s s

R R

τ τ τ τ
τ τ

τ τ
τ τ τ τ

τ τ
τ τ

1
−

0 1

0 1

=

+ + += Δ
+ + +

⎡ ⎤−
⎢ ⎥+ + +⎢ ⎥= Δ + + ++⎢ ⎥+⎢ ⎥+⎣ ⎦

    (A16) 868 

 869 

The current response is given by the inverse Laplace transform of )(sI , and can be 870 

written as 871 

 872 
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 874 

where 875 
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The charge delivered by the transient part of Eq. A17 is given by 882 
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 885 

Dividing out by ΔVm yields the estimate of capacitance using a voltage-clamp step  886 

 887 

, 1 exp p
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t
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τ
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 889 

This equation clearly shows that the estimate of cm,vc depends on the duration of the 890 

voltage pulse, tp, with very short pulses yielding an estimate of cm,vc = cpulse, which after 891 

substitution in terms of circuit parameters simplifies to cm,vc = Cn, i.e. the capacitance of 892 

the near compartment only. For very long pulses, the exponential term approaches zero 893 

and ,m vc pulse decay vcc c G τ= + , which can be written in terms of the kernel parameters (R0, τ0, R1, 894 

τ1) by substitution, using Eqs. A18, A20, and A21:  895 
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 898 

Substituting in the expressions for τ0, τ1, R0, and R1 in terms of circuit parameters 899 

(Eqs. A11-A14) and simplifying leads to 900 
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 903 

which is Eq. 11. Equations A23 and A25 show that the total capacitance measured using 904 

the voltage-clamp step protocol strongly depends on the duration of the voltage pulse, but 905 
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is also dominated by the capacitance of the near compartment (typically the soma), 906 

especially for large values of axial (coupling) resistance Ra. The contribution from the far 907 

compartment drops as either the resistance of the far compartment, Rf, decreases, [e.g. if 908 

its surface increases (Fig. 3)] or Ra increases (e.g. if the neurite gets longer) (Fig. 4C). 909 

 910 

Another way of looking at the error generated when using the voltage clamp protocol is 911 

to calculate the ratio of the VC_step estimate to the CC_step estimate in terms of the 912 

kernel parameters (R0, τ0, R1, τ1). The ratio can be defined (using Eqs. A15 and A24) as  913 
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 916 

A similar approach can be used to derive the response of our two-compartment model 917 

(Fig. 8A) to a voltage clamp ramp. To determine the total membrane capacitance we first 918 

find the response of the circuit to a single voltage ramp given by ( ) ( )rampv t m t u t= ⋅ ⋅ , where 919 

m is the slope of the ramp and u(t) is a step function as before. The response of the circuit 920 

can be shown, via Laplace transforms, to be 921 
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 924 

In our VC_ramp protocol, a depolarizing voltage ramp is followed by an identical 925 

hyperpolarizing ramp. The capacitance estimate in this case is given by  926 

 927 
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         (A28) 928 

if we sample the current at the midpoint of both ramps (T is the ramp duration). Since the 929 

system is linear and shift-invariant, the current response of the system can be written: 930 

  931 

( ) ( ) 2 ( ) ( 2 )ramp ramp rampi t i t i t T i t T= − ⋅ − + −       (A29) 932 

 933 

Combining Eqs. A27, A28 and A29 and simplifying yields 934 
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 937 

Substituting kernel with circuit parameters (and T with ΔVramp/m, where ΔVramp is the 938 

amplitude of the ramp), this expression becomes 939 

 940 

2
1 1( ) ( 3) 1

1 / 2

and

1 1exp

ramp n f
a f

ramp

f a f

c m C C
R R

V
m C R R

β β

β

⎛ ⎞ ⎡ ⎤= + − +⎜ ⎟ ⎢ ⎥⎜ ⎟+ ⎣ ⎦⎝ ⎠

⎛ ⎞⎛ ⎞Δ
= − +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⋅ ⎝ ⎠⎝ ⎠

     (A31) 941 

 942 

Notice that when m is large, i.e. a ramp is very fast, the term 1 ( 3) 1
2

β β − +  tends to zero, 943 

and the capacitance estimate reduces to that of the near compartment only, just as with 944 

very short voltage clamp steps. With very small m, the term 1 ( 3) 1
2

β β − +  tends to 1, 945 
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and we obtain the same expression as with long voltage clamp steps, as shown 946 

numerically in Fig. 3B for the ball-stick-ball model (compare green, red lines). 947 

948 



 37

 949 
Figure Legends 950 

 951 

Figure 1. Total membrane capacitance measurement protocols. Schematic diagrams 952 

representing the protocols used. A. Current clamp step. The membrane potential change 953 

(black trace) elicited by a 1 sec long current step (Iext) was fitted with two exponentials 954 

(grey traces). The slowest component corresponds to the charging of the membrane 955 

capacitor. B. Voltage clamp step. The area under the capacitive current transient (grey) is 956 

the charge deposited on the membrane for a given ΔVm. The duration of this pulse is 957 

typically shorter than the current clamp steps. C. Voltage clamp ramp. Membrane 958 

potential ramps elicit a capacitive current step Ic. The sign of IC depends on the slope of 959 

the voltage ramp. If a symmetric voltage ramp is used, the difference between the values 960 

of Im measured at the same membrane potential during the up and down ramps is equal to 961 

2Ic. This value was calculated by measuring the average current value of the upper and 962 

the lower branches over the grayed area in the I-V-curve and dividing by 2xdV/dt (see 963 

Methods; arrows correspond to the slope of the voltage ramp). 964 

 965 

Figure 2. Effect of experimental protocol on total membrane capacitance measurements. 966 

PD and LP neurons were impaled with two electrodes and capacitance measured in either 967 

current clamp (CC_step) or voltage clamp (VC_step or VC_ramp) in the presence of 968 

TTX and Cs+ in the bath as described in Methods. The capacitance values were compared 969 

with a Kruskal-Wallis One-way ANOVA on Ranks with post-hoc Dunn’s test 970 

comparisons. *** P < 0.001. More details in Table I. 971 

 972 

Figure 3. Effect of measurement protocol on total membrane capacitance estimates in a 973 

simple neuronal model. A. Diagram of the model cell. The length of the neurite is 0.25λ. 974 

B. The capacitance in the model was determined with the three protocols described in 975 

Methods, and with two ramp slopes. Values were normalized against the actual total 976 

capacitance of the cell and are plotted against the diameter of the dendritic compartment. 977 

Normalized capacitance values measured in PD neurons (n = 29) and LP neurons (n = 19) 978 

using the same protocols as in the model. Capacitance values of each PD and LP neuron 979 
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recorded were normalized to the neuron’s own current clamp-measured capacitance 980 

(Table I). C. Dependence of the measurements on soma and input resistance. The model 981 

cell shown in A with a dendrite diameter of 400 μm was used, and the conductance of the 982 

soma compartment was varied (0.5 to 125 nS). The capacitance was measured with the 983 

CC_step and VC_step methods in response to 1-sec long current and voltage pulses 984 

respectively, and normalized by the actual cell capacitance. The input resistance Rin was 985 

measured using Ohm’s law. D. Dependence of the measurements on specific membrane 986 

resistivity. The model cell shown in A with a dendrite diameter of 400 μm was used, and 987 

current clamp and voltage clamp pulses of 1-sec duration were used. As in B, measured 988 

capacitance values were normalized against the actual total capacitance of the cell and are 989 

plotted against the specific membrane resistivity Rm.  990 

 991 

Figure 4. Effect of distance of the dendritic compartment from the point of recording. A 992 

model identical to that used in Fig. 3 was used but the dendritic diameter was fixed at 4 993 

different values and the length of the neurite varied, and plotted as the electrotonic length. 994 

Measured capacitance was normalized by the actual total cell capacitance. 995 

 996 

Figure 5. Effect of cell architecture on total membrane capacitance estimates. 997 

Capacitance was measured using either the current clamp (CC_step; filled symbols) or 998 

voltage clamp step protocols (VC_step; open symbols) and is graphed without 999 

normalization. The actual capacitance was determined from the surface of the cell and the 1000 

specific membrane capacitance. A. Asymmetric tree. The inset illustrates the architecture 1001 

of this model: each subsequent dendritic level has a maximum of double the number of 1002 

dendrites of the preceding level, and all branches at any given level emerge from a single 1003 

dendrite. B. Concentric tree. The same dendrites as in A, all emerge directly from the 1004 

soma. C. Comparison of the data from the asymmetric tree (from A) and data from a 1005 

“symmetric tree” in which the same branches as in A emerge symmetrically from the 1006 

previous level (see text). 1007 

 1008 

Figure 6. Effect of the presence of an axon on total membrane capacitance estimates. 1009 

Capacitance was measured using the current clamp (CC_step; filled symbols) and voltage 1010 
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clamp step protocols (VC_step; open symbols) as described in Methods using 1-sec long 1011 

pulses in both cases. The model used was identical to that described in Fig. 5C except 1012 

that axons of different lengths and 10 μm diameter were added at the end of one of the 1013 

two secondary dendrites (A) or to the soma (B). 1014 

 1015 

Figure 7. Effect of cell complexity on capacitance estimates. A measurement error was 1016 

calculated as (Cm actual – Cm measured) / Cm actual and plotted against a complexity 1017 

index that corresponds to the sum of the dendritic electrotonic lengths of all the branches 1018 

in the model. The asymmetric (A) and concentric (B) models described in Fig. 5 are 1019 

compared. 1020 

 1021 

Figure 8. Analytical estimates of capacitance in a two-compartment equivalent circuit of 1022 

the ball-stick-ball neuron model.  A. Diagram and equivalent circuit representation of a 1023 

two-compartment ball-stick-ball neuron. Vn denotes the membrane potential in the soma 1024 

(near) compartment and Vf the membrane potential in the distal (far) compartment (both 1025 

are offset by the resting potential, e.g. Vn = Vmn - Vrest), coupled to the soma with 1026 

resistance Ra. The electrode in the soma represents the site of current injection (Iext) in 1027 

current or voltage clamp recording mode. B. Capacitance measurements normalized by 1028 

the actual total capacitance of the cell are plotted against the diameter of the distal 1029 

compartment dd of the ball-stick-ball model neuron used before (inset). Measurements 1030 

labeled “VC_step model” were obtained with the voltage clamp step protocol applied to 1031 

the ball-stick-ball model and are identical to those shown in Fig. 3B. Measurements 1032 

labeled “VC_step analytical” were calculated using Eq. A26 and parameters R0, R1, τ0 1033 

and τ1 determined from 2-exponential fits to CC_step data using the same ball-stick-ball 1034 

model.1035 
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Tables 1036 

 1037 

Table 1. Capacitance values of PD and LP neurons obtained with different protocols. 1038 

 1039 

 
PD neuron  

capacitance (nF) 

LP neuron  

capacitance (nF) 

Protocol Average SDev N Average SDev N 

CC_step 65.61 68.23 29 83.82 50.71 18 

VC_step 2.53 0.68 30 5.23 4.23 18 

VC_ramp 

(dV/dt = 

0.02mV/msec) 

3.57 1.37 29 5.48 3.41 18 

VC_ramp 

(dV/dt = 0.5 

mV/msec) 

1.24 0.18 32 2.03 1.18 18 

 1040 

The average values of τm, τ1, R0 and Rin for the PD neuron were 158.7 ± 96.4 msec, 33.9 ± 1041 

17.0 msec, 2.3 ± 1.7 MΩ and 11.4 ± 6.0 MΩ, respectively (N = 29).  The average values 1042 

of τm, τ1, R0 and Rin for the LP neuron were 215.2 ± 67.1 msec, 29.0 ± 10.3 msec, 2.1 ± 1043 

0.9 MΩ and 9.7 ± 6.8 MΩ, respectively (N = 18). A post-hoc analysis with Dunn’s 1044 

Method showed that the CC_step estimate is significantly higher (P < 0.001) than either 1045 

of the two voltage clamp methods, and that the capacitance estimate with the fast voltage 1046 

clamp ramp method (0.5 mV/msec) is significantly (P < 0.001) different from that with 1047 

either VC_step or slow (0.02 mV/msec) voltage clamp ramp method. The capacitance 1048 

estimates with VC_step and slow (0.02 mV/msec) voltage clamp ramp protocols are not 1049 

significantly different. 1050 

 1051 

1052 
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