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Abstract
1.1. Background—Neurotransmitters, neuropeptides and hormones are released from secretory
vesicles of nerve terminals and neuroendocrine cells by calcium-activated exocytosis. A key step
in this process is the formation of a fusion pore between the vesicle membrane and the plasma
membrane. Exocytotic fusion leads to an increase in plasma membrane area that can be measured
as a proportional increase in plasma membrane capacitance.

1.2. Scope of Review—High resolution capacitance measurements in single cells, nerve
terminals and small membrane patches have become possible with the development of the patch
clamp technique. This review discusses the methods of whole cell patch clamp capacitance
measurements and their use in conjunction with voltage clamp pulse stimulation and with
stimulation by photorelease of caged calcium. It also discusses patch capacitance measurements
for the study of single exocytotic events and fusion pore properties in neuroendocrine cells and
nerve terminals.

1.3. Major Conclusions—Capacitance measurements provide high-resolution information on
the extent and time course of fusion for the characterization of vesicle pools and the kinetics of
exocytosis. They allow the characterization of the mode of fusion including distinction of single
vesicle full fusion, transient kiss-and-run fusion or multivesicular compound exocytosis.
Furthermore, measurement of fusion pore conductances and their dynamic behavior has enabled
the characterization fusion pore properties in a way that resembles the characterization of ion
channel function through single channel recordings.

1.4. General Significance—The combination of patch clamp capacitance measurements with
pharmacological and molecular manipulations of exocytosis is emerging as a powerful approach
to investigate the molecular mechanisms of calcium-activated exocytotic fusion pore formation.

2. Introduction
Many cell types store specific molecules in intracellular vesicles and release the contents of
the vesicles in response to an increase of the free intracellular calcium concentration [Ca2+]I.
The release occurs by exocytosis, the formation of fusion pore connecting the intravesicular
lumen to the extracellular space allowing for release of the vesicular contents [1]. Calcium-
activated exocytosis mediates the release of neurotransmitters in synapses, release of
neuropeptides and hormones from nerve terminals and neuroendocrine cells as well as
exocytotic events in a number of other cell types.
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Measurements of exocytosis typically detect the release of molecules from the cell or the
change in the cell’s plasma membrane area that is the consequence of fusion of secretory
vesicles with the plasma membrane. Many different detection methods have been used to
quantify release or changes in membrane area. In excitable cells, exocytosis in response to
Ca2+ entry is rapid and may occur within less than a millisecond [2–4] such that high time
resolution techniques are needed.

One method to detect release of neurotransmitters from single vesicles employs recording of
postsynaptic currents or postsynaptic potentials utilizing the endogenous receptors of the
postsynaptic cell. Indeed, such measurements had provided the first indication of quantal
release [5]. Following the ultrastructural observation of “a vesicular or granular component
of the synapse” [6], the vesicular hypothesis of quantal release was put forward [7]. The
high time resolution in such measurements comes from the short diffusion distance between
the presynaptic release sites and the postsynaptic receptors and from the rapid response of
ionotropic receptors, which are ion channels that open with rapid kinetics after binding the
respective neurotransmitter molecules. However, the analysis of such measurements is
complicated by the fact that multiple mechanisms determine the properties of the measured
postsynaptic signals, which are not only affected by the presynaptic release but also by the
postsynaptic receptors [8, 9].

Release of oxidizable transmitters such as dopamine, noradrenaline, or serotonin can be
detected electrochemically using the method of amperometry, which directly records the
interaction of released molecules with the electrode surface. The first amperometric
recordings of single vesicle release events were performed with chromaffin cells using
carbon fiber microelectrodes [10]. Single release events manifest themselves as
amperometric spikes. These amperometric spikes are often preceded by a ‘foot’ signal and it
was suggested that these foot signals may reflect the slow release of neurotransmitter
through a narrow fusion pore [11]. Electrochemical methods to detect release from single
vesicles and the analysis of amperometric spikes have been discussed in depth in a number
of excellent reviews [12–14] and will therefore not be addressed in much detail here. This
review is focused on high resolution techniques to measure calcium-activated exocytosis by
patch clamp capacitance measurements. With the focus being on the techniques, it will not
be possible to mention the hundreds of excellent studies in which these techniques were
applied to address specific questions on the cellular and molecular mechanisms of calcium-
activated exocytosis and their regulation.

3. Capacitance measurements report calcium-activated exocytosis
The fusion of individual vesicles with the plasma membrane during exocytosis can be
measured directly as a change in plasma membrane capacitance. Historically, the first
measurements of a capacitance increase associated with exocytosis were reported by Cole
who performed measurements with extracellular electrodes on a suspension of egg cells and
found that the membrane capacitance was ~2.5 times higher in fertilized eggs [15]. At that
time, however, the physical basis of this capacitance increase remained unknown until about
20 years later exocytotic cortical granule fusion was observed by electron microscopy [16,
17]. The capacitance increase of the egg cell membrane after fertilization was later
confirmed by single cell capacitance measurements using microelectrodes [18]. Cortical
granule fusion in egg cells is a calcium-dependent exocytotic mechanism and a capacitance
increase was reported for Xenopus eggs in response to stimulation with a calcium ionophore
[19].
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3.1. Whole cell patch clamp capacitance measurements
High resolution measurements of calcium-activated exocytosis became possible with the
development of the giga-ohm seal patch clamp technique which allows voltage clamp
recordings with very low noise from small cells and membrane patches [20]. This was first
demonstrated in bovine chromaffin cells in the pioneering work of Neher and Marty [21]
who demonstrated that in the whole cell configuration a capacitance increase could be
stimulated by depolarizing pulses and that these capacitance changes were linked to calcium
currents. It was shown that a chromaffin cell can be represented by the simple equivalent
circuit shown in Fig. 1.

During a recording the three parameters of the equivalent circuit may change. The most
widely used methods to record changes in membrane capacitance utilize a sine wave voltage
and analyze the resulting current. Such a measurement provides in principle two quantities
such as amplitude and phase of the current relative to those of the voltage stimulus. In
practice, a lock-in amplifier is often used to provide the current amplitudes at two
orthogonal phases. When the phase is properly chosen, changes in membrane capacitance
appear in only one of the lock-in amplifier outputs (YC) whereas changes in membrane
conductance (GM=1/RM) or access resistance appear in the other channel (YR) [21–24]:

(1)

(2)

Here, ω=2πf is the angular frequency (f = sine wave frequency). T2 is a frequency
dependent scaling factor that may be determined by changing the capacitance compensation
by a small, defined amount. This approach holds as long as all the changes are relatively
small and the method has been named “piecewise linear technique”.

3.1.1. The “sine plus dc” method—When larger changes are being tracked and to
provide independent estimates of all three equivalent circuit parameters, a third parameter
needs to be measured. In the widely used “sine plus dc” method [22] the holding current IH
is measured, which provides Rm+ RA = (VH−Vrev)/IH. Obviously, the chosen holding
voltage VH must be sufficiently different from Vrev to obtain a proper signal. Typically, the
cell’s membrane resistance is very high, in the giga-ohm range, and the precise value of Vrev
does not affect the determination of Cm very much. In chromaffin cells, a significant
decrease of Rm typically comes from the opening of Ca2+- and voltage-dependent potassium
channels (BK channels) [25] or from some leak at the pipette-cell seal. Choosing a Cs+

rather than K+ based intracellular (pipette) solution strongly reduces K+ currents and it is
usually a good choice to set VH to ~ −70 mV and to assume Vrev=0 mV. The method is
implemented [26] in the Pulse and Patchmaster software (HEKA, Lambrecht, Germany) and
is currently the most widely used electrophysiological technique to measure calcium-
activated exocytosis.

3.1.2. Dual frequency methods—Under conditions where Vrev changes considerably
during the recording and Rm is low, or when the equivalent circuit of the cell is more
complex than that of Fig. 1, methods that use voltage signals composed of more than one
frequency may be advantageous. Using a sum of two sine waves with different frequency
provides 4 measured quantities and the three parameters of the equivalent circuit shown in
Fig. 1 are then fitted to give a best match with the measured parameters [27–29]. However,
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for a given voltage amplitude the capacitance measurements with two frequency methods
have a lower signal-to-noise ratio than the sine plus dc technique [12].

3.1.3. Square wave methods—An alternative approach utilizes the measurement and
analysis of current transients produced by square pulses. For the equivalent circuit of Fig. 1
the current transients can be fitted with a single exponential providing three measured
quantities, the amplitude of the capacitive current transient, its time constant, and the steady
state current. The method allows determination of the three equivalent circuit parameters
without requiring knowledge of Vrev [22] and is implemented in the Patchmaster software to
perform automatic whole cell capacitance compensation and capacitance tracking. This
technique was typically used with a low duty cycle but an improved signal-to-noise ratio is
obtained when a continuous square wave is used. The currents produced by a periodic
square wave may not only be analyzed by exponential fitting but can also be processed with
a lock-in amplifier type algorithm. A continuous square wave can be represented as a
Fourier sum of square waves where the lowest frequency that equals the square wave
frequency has the highest amplitude. Indeed, the amplitude of this component exceeds the
amplitude of the square wave by a factor 1.27 [30]. When a square wave is used in the
Patchmaster software instead of the commonly used sine wave with the same peak
amplitude, the signal-to-noise ratio is correspondingly increased (Herbst and Lindau,
unpublished). If the raw currents are stored, the method has the advantage that they can be
analyzed offline by single exponential fits to determine if the equivalent circuit of Fig. 1 is
valid and if the assumption for Vrev can be confirmed or needs to be modified. This is
particularly valuable for experimental conditions where large changes in Rm occur.

3.1.4. Stimulation of exocytosis using voltage clamp pulses—In excitable cells,
such as neurons, chromaffin cells and beta cells, the principal stimulus of secretion is Ca2+

entry through voltage gated calcium channels. Experimentally, a widely used approach is to
stimulate exocytosis in whole cell patch clamp experiments under voltage clamp by
applying depolarizing pulses [21, 31–34]. In such experiments exocytosis stimulated by the
pulse can be recorded by capacitance measurements. Typically, the capacitance
measurement is interrupted while the depolarization pulse is applied for two reasons:

The first reason is that when the sine wave or square wave stimulation used to measure
capacitance is suspended, it is possible to measure the current that is activated by the
depolarization pulse. If the compositions of the solutions are properly chosen, minimizing
contributions from Na+ currents and K+ currents, the Ca2+ current during the pulse can be
determined and the Ca2+ influx calculated [31, 33, 35]. Although this does not directly
provide a measure of the intracellular Ca2+ concentration change, it allows comparison of
Ca2+ influx in different stimulations to ensure for instance that different stimuli in a
particular experiment produced similar Ca2+ currents and that changes in exocytosis are not
a consequence of changes in Ca2+ influx.

A second reason is that the Ca2+ measurement during the depolarization pulse may be
incorrect due to the activation of voltage-gated ion channels. It must be kept in mind that the
equivalent circuit of Fig. 1 is based on the assumption that the membrane conductance is
independent of voltage in the voltage range of the command signal that is used to measure
capacitance. Typically, the command voltage range is 20–50 mV peak-to-peak. At a
sufficiently negative holding potential this will not lead to significant activation of voltage-
gated ion channels. However, during a stimulating depolarization pulse there is a marked
activation of voltage-gated ion channels affecting the capacitance measurement. This
generates a complex current and leads to artifacts in the capacitance measurement [36]. The
apparent changes in the capacitance trace are related to the nonlinearity of the activated
conductances and in particular to the finite kinetics with which they respond to changes in
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membrane potential, which produce phase-shifted currents [36]. The artifacts in the
capacitance measurements are most pronounced when the angular frequency of the sine
wave is close to the value of the rate constant of the channel. However, when the channel
kinetics are much slower or much faster the artifacts are smaller and their effects on the
capacitance measurements may be estimated, if the kinetics and voltage dependence of the
activated currents are known [36]. Nevertheless, this has only been done for stimulation with
very long pulses having a duration of several seconds [37] und it seems unlikely that the
time course of a capacitance change during a depolarization pulse can be extracted on the
millisecond time scale [24, 36].

3.1.5. Pulse protocols for determination of the readily releasable pool—Early
experiments where exocytosis was stimulated with pulse trains or with pulses of long
duration had suggested that a limited pool of readily releasable vesicles exists (RRP) that
generates a rapid increase in capacitance but that is also rapidly exhausted [33, 37, 38]. To
quantify the RRP size a method that is now widely used employs a double pulse protocol
[31]. Two depolarization pulses of equal duration are given, separated by a relatively short
time interval, for instance two 100 ms pulses separated by a 100 ms inter-pulse interval [31]
The pulse duration must be long enough such that the first pulse produces significant
depletion of the readily releasable pool (ΔCRRP) and the capacitance increase induced by the
second pulse (ΔCM,2) is significantly smaller than that produced by the first pulse (ΔCM,1).
Therefore, the pulse durations may need to be longer than 100 ms depending on cell type
and experimental conditions. The estimate of the RRP is based on the assumption that the
first pulse induces exocytosis of a certain fraction f of the RRP and that the second pulse
induces exocytosis of the same fraction but from what is now left from the RRP [31]:

(3)

(4)

The RRP can thus be estimated as

(5)

which is equivalent to

(6)

Clearly, the inter-pulse interval must be short enough such that no significant refilling of the
RRP occurs. This can be tested by varying the length of the inter-pulse interval duration,
which can thereby reveal the time course of refilling the RRP [39].

3.1.6. Stimulation of exocytosis using caged calcium—While capacitance
measurements in combination with pulse stimulation and measurements of calcium currents
make it possible to relate the exocytotic response to calcium influx, it does not provide a
good estimate of the actual free intracellular Ca2+ concentration ([Ca2+]i). The reason is that
with Ca2+ influx through channels in the plasma membrane, much of the Ca2+ entering the
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cell will be bound by endogenous Ca2+ binding sites or exogenous Ca2+ buffers of the
pipette solution, taken up into organelles or pumped out through the plasma membrane [40].
One can, in addition to measuring Ca2+ currents, include a fluorescent Ca2+ indicator such
as fura-2 to measure the change in [Ca2+]i but this does still not provide the Ca2+

concentration at the site of fusion because of steep [Ca2+] gradients near the plasma
membrane [40–42] and micro- or nanodomains in the vicinity of individual calcium
channels [43–45].

To avoid these difficulties, photorelease of caged calcium has been employed as a stimulus
in whole cell patch clamp experiments, which produces a homogeneous step increase of
[Ca2+]i [46–48]. The preferred caged Ca2+ compound currently used is nitrophenyl-EGTA
(NP-EGTA), which absorbs light below 400 nm wavelength with a peak near 260 nm [49].
Upon photolysis with a brief laser flash, NP-EGTA saturated with Ca2+ is rapidly
photolyzed and releases Ca2+ with a time constant <15 μs [50].

For measurements of Ca2+ activated exocytosis, whole cell capacitance measurements are
performed with a pipette solution containing ~5 mM NP-EGTA, 3.5–4 mM Ca2+ as well as
two ratiometric fluorescent Ca2+ indicator dyes with different affinities [51, 52]. Typically, a
mixture of 0.4 mM Fura-4F and 0.4 mM Furaptra is now used [52]. The fluorescence ratio
of these dyes, measured with excitation alternating between two appropriate excitation
wavelengths (e.g. 350/380 nm), is calibrated with buffered solutions in living cells [51]. The
use of the two-dye mixture allows determination of pre-flash as well as post-flash [Ca2+]i in
a wide concentration range. Photolysis is in most experiments produced by a flash lamp
(Rapp Optoelektronik), which is directed onto the cell via the epifluorescence port of the
microscope using a dual port condenser (Till photonics), which allows combination with the
fluorescence excitation from a monochromator (Till photonics). The strong flash that
photolyzes NP-EGTA may also produce some photodamage of the Ca2+ indicator dyes,
which may lead to a post flash change in the indicator calibration [48]. It has recently been
reported that the photodamage can be reduced by including 1 mM ascorbic acid in the
pipette solution, which protects the Ca2+ indicator dyes [52] such that the calibration of the
fluorescence ratio remains unchanged after the flash.

Exocytosis stimulated by photorelease of caged Ca2+ can be recorded by whole cell
capacitance measurements, which are typically performed using the sine + dc method. Since
no depolarization pulse is used, the holding potential is kept at ~-70 mV and therefore the
capacitance measurement can be continuous. In chromaffin cells, carbon fiber amperometry
can simultaneously be used as an additional monitor of catecholamine release. This can aid
in identifying if the observed capacitance change reflects exocytosis of catecholamine
containing chromaffin granules. It has been reported that at excessively high [Ca2+]i large
capacitance changes may occur that are not mediated by the neuronal SNARE complex [53]
and are not associated with catecholamine release measured amperometrically [54].

The flash intensity is typically chosen to produce a step change of [Ca2+]i to ~20 μM [55], a
concentration that may be experienced with physiological stimulation by vesicles that are
relatively close to a Ca2+ channel. Following a step increase of [Ca2+]i to ~20 μM
exocytosis begins with a rapid exocytotic burst with millisecond kinetics followed by a
slower, more sustained phase on the time scale of seconds [46–48]. This observation of an
exocytotic burst in response to a step change in [Ca2+]i provided independent confirmation
of the earlier conclusions derived from experiments with pulse depolarization described
above. The basal pre-flash [Ca2+]i affects the priming of vesicles and it was found that the
RRP is maximal around [Ca2+]i=500 nM. At lower [Ca2+]i priming decreases due to a
decreased priming rate, at higher [Ca2+]i priming decreases due to increased stimulation of
fusion beginning to deplete the RRP [51].
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The exocytotic burst itself can be fitted by a double exponential time course [55] and the fast
component of the burst appeared to be equivalent to the RRP observed with the double pulse
stimulation protocol described above [51]. The slow component of the burst has accordingly
been named slowly releasable pool (SRP). The time constants of the two components
reflecting release from RRP and SRP show a steep [Ca2+]i dependence but their amplitudes
do not. These results led to the conclusion that the [Ca2+]i dependence of transmitter release
in response to action potentials or brief depolarizations is a consequence of the [Ca2+]i
dependence of the release kinetics, which converts to a [Ca2+] dependence of the release
amplitude when [Ca2+]i is elevated transiently [55]. The high time resolution of the
capacitance measurements in conjunction with flash release of caged calcium has enabled an
enormous body of work investigating the molecular steps of priming and fusion, which is
beyond the scope of this review. The combination of such experiments with molecular and
pharmacological manipulations has opened a wide field of experiments providing direct
information on the regulation of vesicle pool sizes and their release.

3.1.7. Single fusion pore recording—Key steps in exocytosis are the formation and the
expansion of the fusion pore that forms the connection between the vesicular lumen and the
extracellular space and that allows for transmitter release. The measurements of biophysical
fusion pore properties provide insight into the function and structure of the fusion pore
analogous to that obtained from single channel recordings for ion channels. Capacitance
measurements can be utilized to obtain a time-resolved recording of single fusion pore
conductance. In the state where a narrow fusion pore forms, the equivalent circuit of Fig. 1
cannot be used because the charging of the vesicle membrane CV via a fusion pore with low
conductance GP (or high resistance RP) produces a time constant that may be much longer
than that of charging CM via the access resistance RA. The equivalent circuit for such a state
is shown in Fig. 2.

3.1.8. Fusion pore measurements using the piecewise linear technique—
Clearly, using a single sine wave or even dual sine wave does not allow for the
determination of the five parameters of this equivalent circuit. Measurements of fusion pore
properties were therefore performed using either the piecewise linear technique or using
time domain analysis of currents evoked by square voltage pulses. In the whole cell
configuration fusion of single vesicles and determination of fusion pore conductance is only
possible for cells with relatively large secretory granules. When the piecewise linear
technique is used, fusion of a single vesicle with capacitance CV having a fusion pore with
conductance GP produces the changes [56–58]

(7)

(8)

Vesicle capacitance and fusion pore conductance can be calculated from these measured
changes of the lock-in amplifier outputs as [23, 59]

(9)
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(10)

3.1.9. Fusion pore measurements using charging current transients—
Determination of fusion pore properties from capacitance measurements typically has a time
resolution of ~10 ms. However, sub-millisecond time resolution can be achieved for very
large vesicles when capacitance measurements are performed in a discontinuous manner
such that the membrane current can be measured with high time resolution at constant
voltage between the capacitance measurement [56]. When a fusion pore opens with an initial
conductance GP in a voltage clamp whole cell recording, the vesicle membrane is charged to
the holding potential of the plasma membrane and this charging current flows through the
fusion pore. The time integral of this transient fusion pore current IP provides the total
charge QP of this process. Since the vesicle capacitance is known from the difference of the
membrane capacitance before and after the fusion event, the initial potential difference
between plasma membrane and vesicle membrane can be determined as

(11)

and the initial fusion pore conductance is obtained from the fusion pore current amplitude as

(12)

If GP is constant, the fusion pore current IP decays exponentially with a time constant

(13)

Fusion of a vesicle with 100 fF capacitance and a typical fusion pore conductance of 350 pS
would produce a transient fusion pore current with a decay time constant of ~300 μs.

3.1.10. Fusion pore measurements using square pulses—For cells with such large
vesicles capacitance measurements with square voltage pulses can provide additional
information. When a voltage step is applied to a cell represented by the equivalent circuit of
Fig 2, the resulting current will show a double exponential decay providing 5 parameters:
The amplitudes and time constants of the two exponentials and the steady state baseline
current, which is sufficient to determine all 5 parameters of the equivalent circuit [60]. The
method has revealed detailed insight into the role of [Ca2+]i in the differential regulation of
exocytosis, vesicle-vesicle fusion and compound exocytosis [61–64].

3.2. Patch capacitance measurements to record fusion of small vesicles
As mentioned before, the noise of capacitance measurements increases with CM and cells
with smaller capacitance give recordings with lower noise. In most cell types that undergo
calcium-stimulated exocytosis, such as nerve terminals, chromaffin cells or other
neuroendocrine cells, secretory vesicles are small, which makes it very difficult to detect
individual fusion events in the whole cell configuration, even when small cells are chosen.
As for single channel recordings [65], much lower noise is obtained in capacitance
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measurements from cell-attached or excised patches, which allows observation of single
exocytosis and endocytosis events as discrete capacitance steps [21]. The equivalent circuit
for the cell-attached configuration is shown in Fig. 3. The capacitance of the patch CP is in
series with CM but since CM is much greater than CP and the total capacitance is thus
approximately equal to CP.

Patch capacitance measurements are generally performed using the piecewise linear
technique and typically a sine wave frequency of ~20 kHz is now used where the
capacitance noise approaches a minimum [66]. The method has been implemented in the
Patchmaster lock-in extension software (HEKA Elektronik) [67]. Depending on the sine
wave amplitude used, the noise level in such measurements is reduced to 0.025 fF or less
such that capacitance steps of 0.1 fF, corresponding to exo- and endocytosis of single 60 nm
vesicles, can be clearly resolved [59]. Due to the high frequency, larger amplitudes can be
used, typically 50 mV rms, which corresponds to 141 mV peak-to-peak. The advantage of
using a high sine wave frequency is not only the low capacitance measurement noise but
also the fact that the angular frequency (1.25 × 105 s−1 for a 20 kHz sine wave) is much
faster than the gating rate constants of voltage-gated ion channels, such that the sine wave
has little effect on channel gating and artifacts in the capacitance measurement are minimal
[36]. In some experiments even 200 mV rms amplitude has been used [68] although we
found that this is often detrimental to the stability of the seal resistance. Also, use of high
amplifier gain for low noise is practically impossible with such high amplitude because
capacitance compensation is extremely critical to avoid saturation of the amplifier.

Patch capacitance measurements allow the direct measurement of capacitance steps sizes,
which are generally consistent with the size distribution of secretory vesicles [69]. However,
the observation of very large capacitance steps under conditions of enhanced [Ca2+]i
elevation has provided direct evidence for compound exocytosis in nerve terminals [68]. A
unique aspect of capacitance measurements is that not only the fusion event leading to
release can be detected but also the subsequent re-uptake by endocytosis, which manifests
itself as a downward (negative) capacitance step. Transient fusion events, also named ‘kiss-
and-run’ events can be detected as capacitance transients or ‘flickers’ and have been
observed in various cell types and nerve terminals undergoing calcium-activated exocytosis
[70–77].

Fig. 4A shows a photograph of a bovine chromaffin cell patched in the cell attached
configuration and a section of the recording from this cell is shown in Fig. 4B. The
capacitance trace (Fig. 4B, lower trace) shows two full fusion events (labeled c and e) as
well as a transient fusion event between them (labeled d). The transient increases in the
conductance trace (Fig. 4D, upper trace) are due to a low fusion pore conductance and will
be discussed in more detail in section 3.2.2.

3.2.1. The phase problem of patch capacitance measurements—A difficulty with
the patch capacitance measurements is the correct determination of the phase where changes
in patch capacitance appear only in the corresponding output of the lock-in amplifier and
have no projection into the conductance trace. In whole cell recordings, the phase can be
determined by applying a small change to the whole cell capacitance compensation (C
slow). If the compensation is set correctly, the phase will be equally correct for capacitance
changes of the cell membrane. In patch capacitance measurements the situation is different
because the capacitance of the pipette tip immersed in the bath, the capacitance of the patch,
and other stray capacitances are all lumped together and are compensated together using the
C fast compensation. The phase for capacitance changes in the patch is, however,
determined only by the patch time constant, analogous to the phase setting of a whole cell
recording [66]. In the cell attached configuration the time constant of the C fast
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compensation is therefore not identical with the time constant of the patch and C fast
dithering gives only an approximate phase setting. One would normally use C fast
capacitance dithering and adjust the phase of the lock-in amplifier such that a change
appears only in the capacitance trace with no change in the conductance trace. This phase
will, however, not be exactly correct for the time constant of the patch. One way to generate
a pure change in CP is to apply some suction to the patch pipette, which produces transient
capacitance changes as more membrane is pulled into the pipette while the extra suction is
applied [66]. The phase can then be adjusted such that the changes have no projection into
the conductance trace. With this method, the adjustment of the lock-in amplifier phase
setting can be done during the experiment. However, the correct phase setting may change
during an experiment due to changes in CP and RA. It is therefore often more practical to
perform the recording at some fixed approximate phase setting and adjust the phase off-line
during the analysis.

A phase error Δϕ will manifest itself as a projection such that a capacitance step is
accompanied by a step in the conductance trace and a conductance change will be
accompanied by a corresponding change in the capacitance trace. To correct the phase error,
phase shifted traces ΔYC and ΔYG can be calculated from the originally recorded traces
YC

0 and YG
0 as

(14)

(15)

[23, 78]. If patch capacitance changes were produced during the recording by applying
transient suction to the pipette, the phase shift can be calculated from the deflections in the
capacitance and conductance traces [66] as

(16)

In practice, one may try different values for the phase until the projection in the conductance
trace vanishes. In the absence of suction-induced pure capacitance changes, capacitance
steps can be used to find a phase were the projection in the conductance trace is absent or
conductance changes, such as channel openings, can be identified and their projection in the
capacitance trace eliminated by phase adjustment. Single channel openings can be recorded
in the conductance trace because the 20 kHz sine wave frequency is much faster than the
channel gating. At this frequency opening of a channel with 20 pS conductance generates a
deflection in the conductance trace with the same amplitude as a 0.16 fF step in the
capacitance trace. Fig. 4D shows no steps in the conductance trace associated with the
capacitance steps such that the conductance trace baseline before and after a capacitance
step is unchanged, which indicates correct phase setting.

The high sine wave frequency also makes it possible to record, in addition to the
conductance and capacitance trace, also the membrane current during the capacitance
measurement. Due to the usually imperfect capacitance compensation the membrane current
is dominated by the 20 kHz sine wave. However, this contribution can be easily removed by
low-pass filtering at 3 kHz or below such that changes in membrane current can be recorded
simultaneously [79].
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3.2.2. Fusion pore measurements in small vesicles—In patch capacitance
measurements the piecewise linear technique allows determination of fusion pore
conductance as in whole cell recordings using equations 9 and 10 [59]. For such an analysis
it is particularly important that the phase is set to the correct value. Under most conditions,
vesicles will fuse with the plasma membrane in a way such that the fusion pore conductance
eventually becomes very large such that the capacitance trace shows the full value of CV and
the conductance trace shows no change. While the fusion pore has a small conductance,
there is a transient signal ΔYR and a reduced signal ΔYC according to equations 7 and 8. An
example is the event (c) of Fig. 4B, which is shown on expanded time scale in Fig. 4C. The
transient increase in the conductance trace (Fig. 4C, top trace) is accompanied by
fluctuations in the capacitance trace (Fig. 4C, 2nd trace). At the time where the transient in
the conductance trace ends, the conductance trace attains its final value indicating the
capacitance increase produced by this vesicle, in this case 3.6 fF. Using the deviations in the
capacitance and conductance trace from their respective baselines (dashed) the time course
of fusion pore conductance can be calculated according to equation 10 (Fig. 4D, 3rd trace).
The vesicle capacitance calculated according to equation 9 is constant during the fusion pore
opening (Fig. 4D, bottom trace) which confirms the interpretation of the observed
fluctuations as a consequence of fusion pore conductance fluctuations. The 2.6 fF
capacitance step labeled (e) is shown on expanded time scale in Fig. 4E. This event also
shows a transient increase in conductance trace associated with the capacitance step but this
transient has a very short duration that is in fact limited by the low-pass filter of the lock-in
amplifier. Such events can therefore not be used to determine a reliable value for the fusion
pore conductance. Typically we choose to define the value of the initial fusion pore
conductance as the GP value at the time where the increase in the CV trace has reached a
value >80% of the final CV value. In the case of Fig. 4C GP initial is ~320±100 pS. The
fusion pore makes several attempts to open to a large size but frequently returns to values in
the 400–500 pS range until it finally opens fully.

If the conductance trace shows a change relative to the pre-fusion baseline after the fusion
pore has expanded, the phase may be incorrect. However, the possibility that a true
conductance change occurs associated with fusion cannot be excluded. To determine if the
change in the conductance trace reflects a true change in patch membrane conductance and
not a projection from the capacitance change due to incorrect phase setting, the
measurement of the low-pass filtered membrane current is helpful because a change in
membrane conductance is likely associated with a measurable change in current.

The determination of the correct phase for a sequence of capacitance steps associated with
full fusion is usually straightforward by minimizing the projection in the conductance trace
as shown in Fig. 4B. Determination of fusion pore conductance for transient fusion pore
openings where the capacitance trace shows transient changes are more problematic. If the
transient capacitance flicker is associated with a deflection in the conductance trace, it may
be that the fusion pore that opens transiently has a small conductance that can then be
calculated using equation 9. Event (d) in Fig. 4B is such an example and the analysis is
shown in Fig. 4D. The initial fusion pore conductance for this event was 295±15 pS and the
GP time course shows again a few attempts to open fully but mostly fluctuates in a range of
100–600 pS. The correctness of the fusion pore analysis is confirmed by the constant CV of
~1.5 fF during this transient fusion event (Fig. 4D, bottom trace), which does not lead to full
fusion.

The recording of Fig. 4B shows clear capacitance steps close in time to the capacitance
flicker and since these capacitance steps show no projection in the conductance trace, one
can be confident that the flickers are also recorded at the correct phase and the fusion pore
analysis is valid. However, If capacitance flickers indicating kiss-and-run events are not
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intermingled with full fusion capacitance steps, correlated changes in conductance trace and
capacitance trace may simply be fully or in part due to an error in the phase setting, such that
the conductance trace simply reflects a projection of the capacitance change. Such events
should be viewed with caution. If a trace shows only capacitance flickers with associated
flickers in the conductance trace it may be almost impossible to determine the correct phase
for the respective section of the recording. The reason is that the phase of the patch can
change. The phase depends on the patch time constant

(17)

and organelles that may partially obstruct the pipette tip may change their position and patch
area may change to suction imbalance leading to baseline drift or exocytosis and
endocytosis. Determination of fusion pore conductance from standalone capacitance flickers
may therefore not always be correct.

3.2.3. Patch amperometry—In some experiments with chromaffin cells, patch
capacitance measurements were combined with amperometric detection of catecholamine
release by inserting a carbon fiber inside the patch pipette using a specially designed pipette
holder, a method that was named patch amperometry [69, 78, 79]. With the carbon fiber
inside the patch pipette, the regular patch pipette electrode must be connected as ground
electrode and the sine wave to measure capacitance applied to the bath electrode. The
method has the advantage that the capacitance measurement is combined with amperometric
detection of release. The carbon fiber measures individual release events as amperometric
current spikes and the integrated charge of these spikes provides the number of molecules
that were released from a vesicle. It is thereby possible to relate the amount of molecules
released from a particular vesicle to the size of that vesicle, which can be estimated from the
capacitance step size [69, 80, 81]. In this way the vesicular concentration can be determined
directly.

Patch amperometry recordings in chromaffin cells have shown directly that the
amperometric foot current, which is often seen preceding an amperometric spike, reflects the
slow leakage of catecholamines through a narrow fusion pore [69], as previously observed
in mast cells combining whole cell capacitance measurements with conventional
amperometry [82]. The measurements showed directly that in the amperometric foot current
indicating the rate of catecholamine release from chromaffin granules fluctuates
synchronously with fluctuations in fusion pore conductance [83]. The fusion pore thus
represents the diffusion barrier for catecholamine release. Since the catecholamine
molecules are charged, the release through a narrow fusion pore reflects an electrodiffusion
process that involves charge compensation by entry of sodium ions through the fusion pore
from the extracellular medium [83].

4. Conclusions
Calcium-activated exocytotic fusion of secretory vesicles with the plasma membrane
increases the plasma membrane area, which leads to a proportional increase in plasma
membrane capacitance. In contrast to other methods measuring transmitter release,
capacitance measurements therefore provide a direct measurement of exocytotic fusion.
Capacitance measurements can provide detailed information on the extent and kinetics
fusion as well as detailed aspects of the mode of fusion and enables distinction of single
vesicle full fusion, transient kiss-and-run fusion or multivesicular compound exocytosis.
Furthermore, measurement of fusion pore conductances and their dynamic behavior has
enabled the characterization fusion pore properties in way that resembles the
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characterization of ion channel function through single channel recordings. The combination
of patch clamp capacitance measurements with pharmacological and molecular
manipulations of exocytosis will continue to provide further insight into the molecular
mechanisms of calcium-activated exocytotic fusion pore formation.
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Highlights

• Review of patch clamp capacitance measurement techniques to study calcium-
activated exocytosis

• Stimulation pulse protocols and caged Ca2+ reveal vesicle pools and kinetics of
their release

• Patch capacitance measurements record single exocytotic events and fusion pore
properties

• Combination with molecular manipulations as a tool to investigate molecular
mechanisms of fusion
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Fig. 1.
Whole cell equivalent circuit of a chromaffin cell. The cell membrane is represented by the
parallel combination of membrane capacitance CM and membrane resistance RM with the
reversal potential Vrev. RA is the access resistance of the pipette tip connecting to the pipette
electrode to the intracellular space.
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Fig. 2.
Whole cell equivalent circuit of a cell with a vesicle of capacitance CV connected to
extracellular space via a narrow fusion pore with conductance GP=1/RP. The other elements
of the equivalent circuit are as in Fig. 1
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Fig. 3.
Equivalent circuit for cell attached patch capacitance measurements. CP is the capacitance of
the membrane patch in the pipette tip. The other elements of the equivalent circuit are as in
Fig. 2.
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Fig. 4.
Example for a high resolution recording of exocytotic events from a bovine chromaffin cell.
(A) The cell with sealed patch pipette in the cell attached configuration, the micrometer
scale calibration is 25 μm for 1 unit. (B) Section of the recording from the cell shown in
panel A reporting 3 subsequent exocytotic events labeled c–e. (C–E) The exocytotic events
labeled c–e in panel B and their analysis on expanded time scales; traces from top to bottom
are YR, YC, GP, and CV.
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