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Abstract

During growth or degeneration neuronal surface area can change dramatically. Measurements of
membrane protein concentration, as in ion channel or ionic conductance density, are often normalized by
membrane capacitance, which is proportional to the surface area, to express changes independently from
cell surface variations. Several electrophysiological protocols are used to measure cell capacitance, all
based on the assumption of membrane isopotentiality. Yet, most neurons violate this assumption because
of their complex anatomical structure, raising the question of which protocol yields measurements that are
closest to the actual total membrane capacitance. We measured the capacitance of identified neurons from
crab stomatogastric ganglia using three different protocols: the current-clamp step, the voltage-clamp step,
and the voltage-clamp ramp protocols. We observed that the current-clamp protocol produced significantly
higher capacitance values than those of either voltage-clamp protocol. Computational models of various
anatomical complexities suggest that the current-clamp protocol can yield accurate capacitance estimates.
In contrast, the voltage-clamp protocol estimates rapidly deteriorate as isopotentiality is reduced. We
provide a mathematical description of these results by analyzing a simple two-compartment model neuron
to facilitate an intuitive understanding of these methods. Together, the experiments, modeling, and
mathematical analysis indicate that accurate total membrane capacitance measurements cannot be obtained
with voltage-clamp protocols in nonisopotential neurons. Furthermore, although current-clamp steps can
theoretically yield accurate measurements, experimentalists should be aware of limitations imposed by
step duration and numerical errors during fitting procedures to obtain the membrane time constant.

INTRODUCTION

During development, growth, or neuronal degeneration, cell size can change dramatically and neuronal
plasticity may involve changes in the cell surface area (Chklovskii et al. 2004). Because total membrane

capacitance is directly proportional to the membrane surface area, it is an important cellular feature to
measure to express changes in cellular properties after taking size differences and changes into account.
Changes in ionic conductance during plasticity or developmental changes, for example, are often
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expressed as conductance densities to remove potential effects of changes in neuronal size during these
processes (Haedo and Golowasch 2006; Iwasaki et al. 2008; Khorkova and Golowasch 2007; Pineda et al.
2008; Royeck et al. 2008).

Several experimental methods exist for determining total membrane surface area which rely on membranes
having a specific membrane capacitance that is similar in most cells and generally agreed to be 0.5-1.0
LLF/CIIlz (Koch 1999; Solsona et al. 1998). Capacitance can be calculated from the rate and amplitude

changes in the voltage or current responses under current- and voltage clamp, respectively. These methods
are used extensively to determine the total membrane capacitance of neurons of various sizes and
architectures. However, these methods were derived for, and can correctly be applied only to, isopotential
cells. Biological neurons rarely conform to this constraint. Consequently, these methods are likely to yield
incorrect estimates of cell capacitance and consequently cell surface area. Nevertheless, a cursory look at
current editions of major neuroscience journals indicates that capacitance measurements are made without
regard to the validity of the assumptions underlying the method used. Assessing the accuracy of these
methods to estimate total membrane capacitance in neurons with complex architectures is essential if
capacitance measurements are to be used to make correct inferences about changes in cell surface area as a
measure of neuronal conductance density changes.

We compared the capacitance values of identified neurons in the crab stomatogastric nervous system using
three of the most commonly used methods for capacitance measurement. We show that these different
protocols yield significantly different values for the measured total membrane capacitance in the same
neuron. We then evaluate the accuracy of these methods using simple computer models of nonisopotential
cells. Our results confirm that appropriate exponential fits to voltage profiles in response to DC current
step injection can provide an accurate measure of total membrane capacitance values over a wide range of
cell sizes and architectures (for a theoretical analysis, see Major et al. 1993a). In contrast, measurements of

the charge accumulated in the membrane capacitor using voltage-clamp steps, among the most commonly
used methods in electrophysiology (cf. Haedo and Golowasch 2006; Iwasaki et al. 2008; Khorkova and

Golowasch 2007; Pineda et al. 2008; Royveck et al. 2008), is shown to yield the least accurate capacitance

estimates. To provide insight into the discrepancy observed in these methods, we use a simple two-
compartment model to derive mathematical expressions that show the source of the different total
membrane capacitance measurements with the current- and voltage-clamp protocols. Equivalent equations
can also be derived in more general form, for an arbitrary treelike neuronal structure, from the theoretical
work of Major et al. (1993a,b). Our results suggest that, although current-clamp steps should be the

preferred method to reduce the inaccuracies in capacitance determination, the difference in capacitance
values measured with the different methods can be used to make approximate inferences about cell surface
distribution among different neuronal compartments. Finally, simple two-compartment theoretical analysis
can be used to obtain an intuitive understanding of the source of errors in total capacitance measurement
with these different methods.

METHODS

Electrophysiology

The lateral pyloric (LP) and pyloric dilator (PD) neurons from the pyloric network of the crab Cancer
borealis, localized in the stomatogastric ganglion (STG), were identified using standard procedures
previously described (Harris-Warrick 1992; Selverston et al. 1976). Individual neurons were then impaled

with two microelectrodes pulled using a Flaming-Brown micropipette puller (P87, Sutter Instruments,
Novato, CA) and filled with a 0.6 M K,SO,4 + 20 mM KCl solution (electrode resistance was 20-25 MQ).
One of the electrodes was used to pass current and the other to record voltage. Neurons were recorded in
either two-electrode current-clamp or two-electrode voltage-clamp mode using an Axoclamp 2B amplifier
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