
The introduction of electrochemical detection of trans-
mitters1 and the development of the carbon fiber micro-
electrode2 have provided a means to directly measure 
vesicular release of neurotransmitters and hormones 
from presynaptic neurons and other secretory cells. 
After the initial work by Wightman’s group on chromaf-
fin cells3,4, several laboratories adapted amperometry to 
study exocytosis of large dense core vesicles (LDCV) 
and small synaptic vesicles (SSV) containing various 
chemical messengers, including catecholamines (pheo-
chromocytoma (PC12) cells5, midbrain dopaminergic 
neurons6, sympathetic ganglion neurons7, snail neu-
rons8), serotonin (mast cells9, leech neurons10) and 
peptides (pancreatic β-cells11, pituitary melanotrophs12). 
These studies have provided valuable information about 
the operation of vesicle fusion machinery, shaping our 
present understanding of the mechanisms underlying 
secretory neurotransmission.

During amperometric recordings, a carbon fiber 
electrode held at a positive potential is placed against 
the surface of a secretory cell (see refs. 13 and 14 for 
electrode fabrication techniques). Exocytotic activity 
is observed as amperometric ‘spikes’⎯electrochemical 
current caused by the transfer of electrons after 

monoamine oxidation. The sensitivity of amperom-
etry permits quantification of the transmitter mol-
ecules released from individual vesicles, providing 
information about intracellular transmitter homeo-
stasis (synthesis, degradation, reuptake and other 
processes), whereas measurements of spike frequency 
provide information about the vesicle release prob-
ability. Furthermore, the excellent temporal resolution 
of amperometry allows  observation of the real-time 
kinetics of monoamine release during exocytosis. In 
particular, the properties of the initial ‘fusion pores’, 
narrow channels connecting vesicle lumen with the 
external medium, can be studied. Additionally, simul-
taneous amperometric detection of monoamine 
release and measurements of changes in plasma mem-
brane capacitance and pore conductance during the 
fusion of individual vesicles comprise one of the most 
advanced systems for studying various modes of exocy-
totic release to date15. Here we review algorithms used 
for acquisition, detection and analysis of amperomet-
ric events (Fig. 1) with emphasis on procedures that 
provide consistent determination of spike parameters 
on recordings with different sampling rates, signal-to-
noise levels, spike durations and surrounding signal.
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Analysis of exocytotic events recorded by 
amperometry
Eugene V Mosharov1 & David Sulzer1–3

Amperometry is widely used to study exocytosis of neurotransmitters and hormones 
in various cell types. Analysis of the shape of the amperometric spikes that originate 
from the oxidation of monoamine molecules released during the fusion of individual 
secretory vesicles provides information about molecular steps involved in stimulation-
dependent transmitter release. Here we present an overview of the methodology 
of amperometric signal processing, including (i) amperometric signal acquisition 
and filtering, (ii) detection of exocytotic events and determining spike shape 
characteristics, and (iii) data manipulation and statistical analysis. The purpose of 
this review is to provide practical guidelines for performing amperometric recordings 
of exocytotic activity and interpreting the results based on shape characteristics of 
individual release events.
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DISSECTING THE AMPEROMETRIC SIGNAL
Initiation of fusion
Fusion of a vesicle with the plasma membrane, which has been studied 
by amperometry primarily in LDCV cells, is thought to begin with 
the soluble N-ethylmaleimide–sensitive factor attachment protein 
receptor (SNARE) complex–coordinated formation of the fusion 
pore (reviewed in refs. 16–18). Amperometrically, the flux of mono-
amines through the pore is resolved as a prespike foot (PSF), a small 
current step that precedes many spikes, first reported by Chow and 
colleagues19,20. Work by several groups showed that pharmacological 
and genetic manipulations of various members of the fusion machin-
ery can modulate both monoamine flux through the fusion pore and 
pore stability. These parameters are estimated from PSF amplitude 
and duration, respectively (reviewed in refs. 18 and 21). Simultaneous 
amperometric and capacitance measurements demonstrate that the 
current during the foot originates from the release of free vesicular 
monoamine9,22, whereas the majority of transmitter is stored in a 
complex with a polyelectrolyte matrix (reviewed in ref. 23). PSF cur-
rent depends on several factors, including fusion pore geometry, free 
vesicular concentration of the transmitter9,22 and possibly the abil-
ity of counterions to dissipate the electrochemical gradient created 
within the catecholamine-containing vesicles24. Notably, the fraction 
of spikes with a foot and the proportion of total vesicular transmitter 
content released during PSF depend on vesicle size9,25,26, implying 
that physical properties of the fusing membranes (curvature, rigidity, 
and others) and the proportion of vesicular volume occupied by the 
matrix may also regulate fusion pore kinetics.

Different modes of exocytotic fusion
The initial fusion pore opening is followed by an exchange of ions 
and water between the extracellular medium and vesicular lumen, 
and swelling of the intravesicular polyelectrolyte matrix27–29. The 
interplay between the increasing internal swelling pressure and the 
edge energy of the pore, which are affected by vesicular and cellular 
membrane viscosities and tension, has been suggested to contribute 
to fusion pore instability23,30. Consequently, the thermodynamically 
unfavorable fusion pore conformation progresses into distinct modes 
of transmitter release that can be distinguished by combined ampero-
metric and capacitance measurements.

During full fusion, the predominant mode of exocytosis for LDCV-
releasing cells, the fusion pore expands abruptly, leading to a complete 
collapse of the vesicle into the plasma membrane and a massive release 
of stored monoamines. Full fusion is observed as a capacitance step 
and an amperometric spike with characteristic steep rising and slow 
decay kinetics9,13,19. Alternatively, the pore can reclose to produce 
a stand-alone foot, which is distinguished by a capacitance flicker. 
Although the amperometric signal accompanying such events has 
slow kinetics governed by monoamine extrusion through a narrow 
fusion pore, nearly the entire vesicle content can be exocytosed during 
stand-alone feet9,20,22. Yet another distinct mode of exocytosis occurs 
when pore closure is preceded by an abrupt and brief fusion pore 
expansion, allowing fast monoamine release amperometrically indis-
tinguishable from that during the full fusion, an event termed ‘kiss-
and-run’ exocytosis31. It is thought that vesicle membrane retrieval 
during kiss-and-run events is mediated by rapid endocytosis via 
non–clathrin-mediated mechanism (reviewed in refs. 32 and 33).

It is still a matter of debate whether the fusion pore size restricts 
the release of transmitter during the fast rising phase of the spikes, 
and whether fusion pore closure can regulate the quantal size of 
monoamine release during LDCV exocytosis. Although several stud-
ies support this possibility based on the effects of second messengers 
and fusion pore protein modifications on the shape of amperomet-
ric spikes (reviewed in ref. 18), measurements of the expanding pore 
conductance during the upstroke of amperometric current indicate 
that its size might be too large to limit monoamine diffusion from 
the vesicle34. Alternative explanations for these data may include 
the effects on transmitter loading into the vesicles35 or its dissocia-
tion from the matrix23; experiments combining amperometric and 
capacitance measurements are required to resolve this controversy. 
In contrast to LDCV exocytotic release, amperometric studies of 
exocytosis from midbrain neurons suggest that PKC-dependent 
flickering of the fusion pore between open and closed conforma-
tions may indeed regulate the quantal size of neurotransmitter 
release from SSVs by several fold, although the mechanism of such 
regulation remains unknown36.

After fusion
During the final, postfusion phase of an exocytotic event, diffu-
sion of transmitter molecules to the electrode affects the shape of 

Representative
spike parameters

True signal

Data acquisition
• Analog filters

• Sampling frequency

Statistical analysis
• Data pooling

Trace
preconditioning

• Digital filters
Applying cutoffs

Spike de ntectio Sp lysisike ana
Figure 1 | An overview of amperometric data acquisition and analysis. 
The original ‘true’ amperometric signal is ultimately represented by spike 
characteristics pooled and analyzed from several recordings. During the 
processing of individual traces, each analytical step may introduce some 
signal distortion, depending on the internal characteristics of the recording 
(signal frequencies, noise level and others) and on user-defined parameters 
of the analysis (digital filters, detection thresholds, cutoffs and others).
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amperometric spikes similarly to a low-pass 
filter⎯the spikes become smaller and wider 
as the diffusional distance increases13,37. 
Additionally, the apparent quantal size of 
such events may decrease because only a 
portion of transmitter molecules reaches the 
detection electrode14,38. Even when exocy-
totic activity is recorded with the electrode 
positioned to minimize diffusional distance, 
events from LDCV-containing cells are still 
wider than predicted for a process controlled 
only by diffusion23. Considerable evidence 
suggests that the kinetics of transmitter dis-
sociation from and diffusion through the 
expanding polyelectrolyte matrix are the 
rate limiting steps determining the shape of 
the amperometric spike’s ‘tail’, a slow decay 
of current to background levels39. Notably, 
whereas the latter can be fit by a single-
exponent in some amperometric events4,40, 
other spikes have decay kinetics that require 
double-exponential fit functions41. Further 
experiments are necessary to establish the 
determinants of these processes including 
possible involvement of SNARE proteins41.

Additional factors that affect various 
shape characteristics of amperometric 
events include drug treatments, stimulation 
frequency, intra- and extracellular [Ca2+], 
vesicular and external pH, temperature and 
many others (reviewed in refs. 13, 35 and 
39). Although analysis of each spike feature 
contributes to a comprehensive understand-
ing of the functioning of the vesicle cycle 
and fusion machinery, there has been no 
consensus regarding certain aspects of the analysis, complicating the 
comparison of data between various sources.

ACQUISITION AND ANALYSIS OF AMPEROMETRIC SPIKES
Data acquisition and filtering
A typical electrophysiology setup comprises an amplifier to control 
the voltage and measure the current at the electrode, and an analog-
to-digital converter (ADC) to transform the signal to a digital for-
mat. The design of the setup places a hardware limit on its frequency 
response so that its current output can be considered a filtered ver-
sion of the ‘true’ signal. The two major parameters that determine 
the degree of signal distortion during data acquisition are the corner 
frequency (cutoff) of an analog filter of the amplifier and the sam-
pling rate of the analog-to-digital converter. To avoid aliasing and to 
accurately reconstitute the waveform, the sampling rate should be at 
least twice the cutoff frequency of the filter and at least ten times the 
highest frequency component of the signal of interest42. The latter 
consideration is especially stringent during recordings from SSV cells, 
for which the data should be sampled at rates of at least 100 kHz to 
monitor amperometric spikes with an average duration of 100 µs35.

Amperometric traces stored on the computer are commonly digi-
tally filtered to enhance the sensitivity of spike detection42. Conversely, 
to preserve the signal of interest, overfiltering should be avoided 
as it distorts spike shapes by reducing amplitude and increasing 

duration. The choice of appropriate filters becomes especially critical 
when analyzing the slope of the spike rising phase, as this parameter, 
representing the highest frequency present in the signal, is most sen-
sitive to low-pass filtering applied to the data. Different laboratories 
use filters with response characteristics (type, cutoff, steepness, group 
delay and others) intended to provide the most consistent representa-
tion of the ‘true’ signal. The two most often used filters are low-pass 
filters (Bessel, Gaussian, rolling-off and others) that attenuate high-
frequency ‘white’ noise, and notch filters that eliminate line frequency 
noise at 50/60 Hz. Preference should be given to filters that are better-
suited for time domain analysis and therefore have constant group 
delay and do not produce rippling of the current (Gibbs phenom-
enon). Additionally, a combination of filters with different cutoffs 
often produces better spike detection efficiency and signal preserva-
tion (Box 1).

Detection of amperometric spikes
Two approaches are used to detect spikes in amperometric traces⎯a 
spike is identified when either the current (I) or its time derivative 
(dI/dt) exceeds a user-defined threshold (Fig. 2). As the threshold is 
usually a multiple of the standard deviation of the noise (SDI) or its 
derivative (SDdI/dt) calculated on a spike-free segment of a trace, the 
number of detected spikes depends on the noise level, which may 
vary several fold between the recordings. An alternative to only ana-

Choosing a filter for a particular type 
of recording to achieve maximal noise 
reduction without significant signal 
distortion is a complicated task58. Borges’ 
group developed an alternative to the 
single ‘optimal’ filter, which includes using 
different filters depending on the signal 
frequencies present in each trace segment59. 
An alternative approach involves filtering 
the nondifferentiated trace in two steps. 
A filter with a corner frequency higher 
than the frequency of the signal is used to 
reduce the noise for spike analysis (arrow 
1), whereas a separate coarser filter with a 
corner frequency lower than the frequency 
of the signal is used to enhance the signal-
to-noise ratio (arrow 2; see Supplementary 
Methods for guidelines on choosing the 
cutoffs). This method can be used for spike 
detection using either nondifferentiated (#) 
or differentiated (##) traces. The advantage 
of this design is that although additional 
current filtering improves the sensitivity of 
spike detection, the trace that is ultimately 
analyzed (*) is filtered only once, making it 
easier to account for possible signal distortion.

If dI/dt is used, a third digital filter is used to counter the decrease of signal-to-
noise during differentiation (arrow 3), and a lightly-filtered copy of the differential is 
generated (**) to be used when analyzing the spike rising phase (see Box 2).

BOX 1  RECOMMENDATION: FILTERING TECHNIQUES

dI/dt

*

1

3

2

3

**

#

##

Three low-pass Gaussian filters are: 
1–600 Hz (Fc1), 2–150 Hz (Fc2), and 
3–300 Hz (Fc3). Arrowheads in the 
bottom panels indicate spikes that 
exceed 5 × SDdI/dt (dotted lines). Scale 
bars, 20 pA for the current, 10 pA/ms 
for dI/dt and 100 ms for the timescale.
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lyzing traces that have the same noise level, which can be experimen-
tally challenging, is to use an amplitude cutoff function, which makes 
detection procedures less dependent on the noise present in individual 
recordings (see below).

Detection protocols that identify amperometric spikes using SDI 
threshold were originally designed in the Wightman laboratory4,43 
and have been used by many researchers to analyze amperometric 
traces from various cell types. For recordings with a stable baseline or 
during manual spike detection, this protocol is somewhat more reli-
able as it provides more straightforward definitions of spike beginning 
and end (Supplementary Methods online). It may, however, become 
unstable during automated spike analysis in the presence of low-
frequency noise introduced by application of drugs or secretagogues, 
caged Ca2+ pulses or other baseline drifts (Fig. 2a). Commonly used 
methods to counter this include trace conditioning either by high-
pass filtering4 or by subtracting a ‘secretion envelope’ generated by 
recording the current under the same experimental conditions but in 
the absence of exocytotic activity44. These methods, however, are not 
very precise in correcting the baseline, which still needs to be manu-
ally readjusted. Additionally, high-pass filtering may affect spike feet, 
which are often in the same frequency range as the noise.

In contrast, because differentiation discriminates against low fre-
quencies, an approach that uses a SDdI/dt threshold is more conve-
nient for computerized spike detection as dI/dt is stably positioned 
around zero45 (Fig. 2b). Two problems arise when dI/dt is used for 
event detection. First, in a typical amperometric trace, differentiation 
decreases the signal-to-noise ratio thereby demanding additional fil-
tering of the dI/dt (Box 1). Second, this method may perform poorly 
when determining the baseline of spikes that have PSF with very long 
steady-state signals (see next).

Calculation of spike parameters
As each consecutive step during the analysis of individual ampero-
metric events uses spike parameters determined in the preceding 
ones (Fig. 3), the first step, establishing spike baseline (Fig. 3a), can 
be considered as most critical because its outcome affects all other 
spike characteristics. It is, however, rather challenging to design an 
entirely user-independent algorithm that finds beginnings and ends 
for spikes of all possible shapes and arrangements in the trace (baseline 
drifts, spike overlaps and others). Additionally, the presence of high-
frequency noise complicates the search for the timepoint when the 
transmitter concentration declines to the initial levels. Although some 
procedures can improve proper baseline positioning (Supplementary 
Fig. 1 online and Supplementary Methods), visual trace examination 
and baseline readjustment are often necessary.

After the baseline and time at spike maximum (Tmax) are deter-
mined, basic peak characteristics⎯amplitude (Imax), half width 
(t1/2) and charge (Q)⎯can be calculated by straightforward proce-

*

a

b

Figure 2 | Detection of amperometric events. (a) Spike detection using 
nondifferentiated current. Because of a slight downward background 
drift, spike baselines and thus all other parameters will be calculated 
improperly, unless the background current is reestablished before each spike. 
Additionally, the first of the two overlapping spikes (*) will be identified as 
the foot of the second spike. (b) Spike detection using time derivative of the 
current. Dashed lines represent background current before the first spike in a 
and zero line in b. Arrowheads indicate spikes that exceed 5 × SDI or 
5 × SDdI/dt (dotted lines). Scale bars, 50 pA (a), 40 pA/ms (b) and 100 ms 
for the timescale.

a b c d e

Tmax

Tbkg2Tbkgl

trise

slope

tP

Imax

t1/2

Q
Qfoot

tfoot

Ifoot

Figure 3 | Calculation of spike parameters. (a) Establishing spike baseline (dashed line). Tmax is time at spike maximum; Tbkg1 and Tbkg2 are spike beginning 
and end, respectively (see Supplementary Methods for algorithms). (b) Spike amplitude, Imax (A), is measured between the current at Tmax and the baseline 
current under the spike maximum. Spike width, t1/2 (s), is evaluated at 50% of Imax. The amount of transmitter released during an exocytotic event, Q (A × s, 
Coulomb; C), is estimated from spike area above the baseline (gray). For catecholamine release, the number of transmitter molecules, N, is calculated as 
N = Q ÷ (n × F) = Q × 3.121 × 106 (molecules/pC), where F is Faraday’s constant (96,480 C/mole) and n is the number of electrons donated by each oxidized 
molecule, which for catechols equals two1,57 (see Supplementary Methods). (c) Rising phase parameters, slope (A/s), risetime (trise, s), and time to peak 
(tP, s), are calculated using linear fit of the current between two points on the ascending segment of the spike (Box 2). (d) Spike falling phase is represented 
by the time constants of single- or double-exponential fits of the current between 75% of Imax and Tbkg2. (e) PSF parameters, Ifoot, tfoot and Qfoot, are 
calculated on the spike segment that precedes the extrapolated linear fit of the rising phase (Box 3). Scale bars, 20 pA and 2.5 ms.
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dures that, to our knowledge, have not significantly changed since 
the introduction of the first multipass algorithms for spike detection 
and analysis43,46 (Fig. 3b). Unfortunately, as discussed below, there has 
been no consensus concerning the approaches to analyze other spike 
features. We attempt to provide recommendations on how to analyze 
these troublesome spike characteristics with the aim of simplifying 
comparison of data from different laboratories (Boxes 2 and 3).

Risetime (trise) and slope of the rising phase are derived from the 
linear fit of the current between two points on the ascending seg-
ment of the spike (Fig. 3c and Box 2). The upper point is usually at 
less than 90% of Imax to prevent including the topmost portion of 
the spike, which is often flattened by filtering. For the lower point, 
levels from 20% to 50% of Imax have been used to avoid including 
the foot13,40, the size of which is variable relative to the main spike. 
Time to peak (tP), the duration from the beginning of spike exclud-
ing the foot to Tmax

45, is essentially a trise from zero to 100% of Imax. 
Although it is simple to normalize trise to some arbitrary, commonly 
used value (for example, 25–75% of Imax), no such standardization 
currently exists.

As mentioned, the falling phases of amperometric events 
from LDCV recordings are fitted with either single- or double-
exponential functions (Fig. 3d). Using the ratio of χ2 values for the 
fits of the current between 75% of Imax and spike end as a cutoff 
(see Supplementary Table 1 online), we estimated that 45% of the 
spikes from chromaffin cell recordings have falling phases that are 
better-fit with a double-exponential function, similar to results 
by Wang and coauthors on PC12 cells41. Notably, amperometric 
spikes with single-exponential falling phases were on average con-
siderably shorter, wider and had less charge and longer risetimes 
(Fig. 4). Taken together, these changes are characteristic of release 
events that originate far away from the electrode and undergo ‘dif-
fusional filtering’, similar to the subpopulation of spikes that have 
longer trise values13. Supporting this idea, the incidence of observing 
a foot was higher for spikes that had shorter trise or double-expo-
nential falling phases (Supplementary Table 1). Nevertheless, spikes 
with and without the PSF had similar durations and risetimes, argu-
ing against a possibility that the foot can be observed exclusively 
within the subpopulation of release events occurring closest to the 
electrode (Supplementary Fig. 2 online).

PSF parameters
The variability of sizes and shapes of PSF complicates the design of uni-
form algorithms that identify the parameters of the foot⎯amplitude 
(Ifoot), duration (tfoot) and charge (Qfoot) (Fig. 3e and Box 3). Although 
50–80% of the amperometric events have some kind of pre-spike 

transitional current that precedes the fast upstroke of the spike13,30 
(Supplementary Fig. 2), sometimes this current reaches a plateau 
representing an equilibrium between the rates of monoamine release 
from the vesicle and consumption by the electrode. Whereas Ifoot can 
be determined with higher accuracy on feet with steady states, the 
interpretation of this parameter itself is not trivial.

Foot current is proportional to the flux j of catecholamines through 
a cylindrical fusion pore37:

where Rpore is the radius and Lpore is the length of the pore, Cν and 
Cex are the concentration of transmitter inside and outside of the 
vesicle, and D is the diffusion coefficient. It has been demonstrated 
that for PSF recorded from individual cells, Ifoot is linearly pro-
portional to fusion pore conductance9,22, implying that geometric 
parameters of individual pores control the flux of the transmitter, 

BOX 2  RECOMMENDATION: SPIKE 
RISING PHASE PARAMETERS
A robust method of finding the 
middle of the linear segment 
of the rising phase uses the 
maximum of the differentiated 
trace, T(dI/dt)max. Two points 
used to perform the linear fit 
and to calculate rising phase 
slope (filled circles) are found as 
(current at T(dI/dt)max) ± (1/2 of 
∆I between currents at Tmax and 
T(dI/dt)max). For a spike without 
PSF, these points correspond 
to 25% and 75% of Imax. The 
interception of the extrapolated 
linear fit to spike baseline 
(solid line) is used to find the 
end of the spike foot (Box 3) 
and to derive trise. The latter is 
estimated as percentage of tP, 
which is calculated between the 
extrapolated fit interception 
and Tmax. As trise becomes 
independent of the relative PSF 
height and the length of the 
linear segment, its value can be recalculated for any arbitrary 
percentage of spike rising phase, simplifying data comparison 
between different experimental groups or cell types.

T(dI/dt)max

tP

T

I

max

Amperometric current 
(top) and its time 
derivative (bottom); 
dashed lines represent 
the spike baseline on the 
current trace or zero line 
on the differential trace. 
Scale bars, 20 pA for the 
current, 40 pA/ms for 
dI/dt and 1 ms for the 
timescale.

Figure 4 | Spikes with different falling phase kinetics. Examples of spikes 
with falling phases that were better fit with single- (upper row) or double-
exponential (lower row) decay functions. All amperometric events belong to 
the same experimental trace. Dotted line on the leftmost spike represents a 
single-exponential fit of current between 75% Imax and Tbkg2. Scale bars, 
50 pA and 10 ms.

lfoot ∝ j =                    × (Cv – Cex) × D 
π × R2

pore

Lpore
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whereas monoamine concentration in the vesicles of a given cell is 
constant. This relationship, however, seemed not to hold when PSF 
characteristics from several cells were analyzed, as transmitter flux 
through the pores of similar sizes may vary several fold from cell to 
cell9,22. In agreement with these findings, we observed a skewedness 
in the distributions of pooled (Ifoot)

1/2 values (Supplementary 
Fig. 2) suggesting that Rpore is not the only variable that determines 
the flux of molecules through the pore. Foot current thus appears to 
be a function of at least two parameters⎯fusion pore conductance 
and free vesicular monoamine concentration⎯and the contribution 
of each variable is unknown.

DATA MANIPULATION AND ANALYSIS
Rejection of spikes using cutoff criteria
The threshold for any cutoff criterion should be carefully evaluated, 
particularly if the cutoff parameter itself is influenced by treatments 
used in a study. For example, because many pharmacological and 
genetic manipulations affect trise of the spikes, using it as a cutoff in 
such studies may bias the populations of spike characteristics in some 
experimental groups. Hence the distribution of spike characteristics 
before and after a cutoff is introduced should be examined to check 
for possible population distortions.

Guidelines for using some common cutoffs are listed in Table 1. 
Among them, Imax is probably the most popular⎯to our know-
ledge, most researchers disregard LDCV amperometric events 
with Imax < 3–5 pA. First, this cutoff eliminates very small spikes 
that are buried in the noise and are difficult to analyze reliably. 
Second, when the Imax cutoff is higher than the detection thresh-
old, spike detection becomes less dependent on the level of noise 
present in each individual recording⎯small spikes that will be 
detected on recordings with lower noise will be rejected during the 
analysis anyway. Similarly, it simplifies the comparison of data from 
studies that utilize different detection or filtering protocols by 
decreasing the number of hard-to-detect events that would be 
found by a more sensitive method. Clearly, using Imax as a cutoff 
requires some preliminary analysis of the noise present in all 
experimental traces.

As discussed, spike parameters can be distorted by ‘diffusional fil-
tering’, and thus maximal t1/2 or trise are sometimes used as cutoffs to 
eliminate ‘slow’ spikes13,22 (Supplementary Table 1). Our data also 
suggest that the shape of the spike falling phase might be indicative 
of the proximity of the release site to the electrode surface, although 
alternative explanations, such as the presence of different vesicle pop-
ulations cannot be excluded. Surprisingly, the slope of the spike rising 

Table 1 | Guidelines for applying cutoffs
Cutoff When appropriate When inappropriate

Minimal
Imax, Ifoot

To discard events that are difficult to analyze. (Analysis 
becomes less dependent on the noise of individual recordings.)

When the cutoff severely distorts parameter distributions.

Maximal
trise, t1/2

To discard events that originate far away from the electrode. When the cutoff severely distorts parameter distributions.

Discard overlaps To restrict the analysis to well-resolved spikes. When analyzing release probability or when the occurrence of overlaps 
is significantly higher than the probability of random overlaps.

BOX 3  RECOMMENDATION: FOOT PARAMETERS
In the original method described by Chow and colleagues13,19, the beginning of PSF 
is defined as the time when the amperometric signal exceeds the baseline noise by 
2 × SDI (a). This, however, creates a problem that fewer PSFs with smaller durations 
are found on traces with higher noise. We therefore use the beginning of the spike 
as PSF start, whereas a multiple of SDI and minimal Ifoot are used as cutoffs to 
remove feet that are buried in the noise, which is similar to using an Imax cutoff 
for spike detection. Foot end is found by extrapolating the linear fit of the rising 
slope (dotted straight lines) to the baseline of the spike13 (point 1 in a; see also Box 
2). Alternatively, it can be found at the maximum of the second derivative of the 
current25, although this is only applicable for spikes with high signal-to-noise ratio. 
Foot duration, tfoot, is measured between Tbkg1 and PSF end, and foot charge, Qfoot, 
is the area of the region that precedes the linear rising phase of the spike. Foot 
current can be determined differently depending on the PSF shape. If all feet are 
analyzed, the amplitude of PSFs that do not reach steady state cannot be measured 
directly and therefore is resolved as an average current within tfoot (b, horizontal 
solid line). If only PSFs with steady states are analyzed (see Supplementary Fig. 1 
for the methodology of finding the steady state), Ifoot can be determined with better precision using an averaged current on the PSF 
plateau (c) or an exponential fit of the trace from Tbkg1 to the end of the foot22 (a, dotted curved line).

b

c

a

tfoot

Ifoot
2×SDI

1Tbkg1

Characterization of foot parameters (a) and 
examples of PSF without (b) and with (c) 
detectable steady states. Scale bars, 10 pA and 
5 ms for the panels, and 100 pA and 50 ms for 
the insets in b and c.
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phase, the parameter most sensitive to diffusional distortion, has never 
been used as a cutoff.

Another cutoff sometimes used during PSF analysis is intended 
to only consider the feet originating from transmitter release via a 
restricting fusion pore. The duration of ‘native’ PSF that are pres-
ent even during instantaneous transmitter release13 are estimated as 
0.33 × trise(50–90%). On chromaffin cell recordings, discarding these 
‘native’ feet has only a minor effect on the averaged spike and PSF 
values (Supplementary Fig. 2).

Finally, the quality of the rising and falling phases fits can be 
used as a marker for the validity of a spike’s shape4,13. For example, 
amperometric events that have zero correlation with an exponentially 
modified Gaussian40,47 or have negative values for any parameter are 
obviously deleted.

Analysis of overlapping spikes
There have been no established guidelines regarding the exclusion of 
overlaps from the analysis. Although it seems reasonable to eliminate 
the overlaps when studying the fine kinetics of amperometric events 
(PSF, falling phase)13, other spike parameters (t1/2, Imax, Q, trise) can 
often be approximated within 15% accuracy even in extreme overlap 
cases (Supplementary Fig. 3 online). There may also be additional 
reasons against discarding overlapping spikes that are dictated by the 
aims of a study. Deleting overlaps may substantially reduce the sub-
population of wider spikes, which have higher probability of over-
lap. Moreover, as pointed out by Sorensen and colleagues48, a similar 
problem arises when analyzing two spike populations from cells that 
have different release probabilities, as a higher release probability leads 
to an increased incidence of random overlap. Finally, some overlaps 
are not random but are due to clustered vesicles, compound exocyto-
sis49,50 or flickering of the fusion pore of neuronal vesicles36, and thus 
have important information that would be lost.

The probability of random overlap after stimulated secretion can 
be evaluated as P = 1 – e(–t/τ), where t is the average t1/2 of ampero-
metric spikes and τ is the time constant of the exponential fit of inter-
spike interval distribution35. One often desirable way of reducing the 
number of random spike overlaps is to choose experimental condi-
tions that induce fewer exocytotic events13. This can be achieved by 
changing the length or degree of cell depolarization, by altering the 
type or reducing the concentration of secretagogues (high K+, Ba2+, 
nicotine, α-latrotoxin and others) or by lowering the extracellular 
Ca2+ concentration.

Statistics
As the distributions of spike characteristics are often skewed4,51 and 
may contain several subpopulations26,52, statistical tests that assume 
normal distribution of data samples (ANOVA, t test among others) 
usually cannot be used. Moreover, as discussed in detail by Colliver 
and colleagues53, analysis of individual parameter values pooled from 
several cells using nonparametric statistics or data resampling54 may 
produce inconsistent results as pooled samples could be biased by 
recordings with a large number of events. Only in cases when the 
parameter distribution can be ‘normalized’ by taking a cube root or 
a logarithm of their values, does a nested (hierarchic) ANOVA test55 
yield a reliable outcome when comparing pooled spike characteris-
tics from two cell populations53. For other spike characteristics, an 
alternative method should be used, which consists of calculating a 
mean parameter value for spikes recorded from one cell or release site 
and then comparing the samples of mean values from two groups of 

cells53. In case of heavily skewed distributions, the median or mode of 
values from individual recordings should be used as a more appropri-
ate representation of population center55. This approach is particular-
ly useful when comparing quantal sizes between experimental groups, 
as the distribution of average Q1/3 or log(Q) values from several cells 
is normal52,56, and parametric tests can be used. Similarly, parametric 
statistics can be used to analyze pooled PSF parameters that seem to 
follow lognormal distributions (Supplementary Fig. 2).

If a sample of spike characteristics is normally distributed, and 
the data are analyzed using parametric tests, the presence of occa-
sional outliers may significantly bias the mean of the population. The 
outliers can be easily detected using normal probability plots, in which 
a Gaussian distribution of the data is represented by a straight line, 
and outliers are seen as datapoints that do not follow this line on the 
lower and upper sides of the graph55. These values are usually 2.5–3 
standard deviations from the sample’s mean and represent less than 
1% of the population35. The presence of extreme values is less of a 
concern if nonparametric tests are used55. Finally, because recordings 
having different numbers of spikes have the same statistical ‘weight’, 
only cells that produce substantial number of release events, usually 
more that 10–20, are included in the analysis53.

CONCLUSIONS
Amperometric recordings have vastly influenced the contemporary 
view of secretory neurotransmission by providing valuable informa-
tion about the fine kinetics of transmitter release during vesicular 
exocytosis. The purpose of this review is to give practical guidelines 
for a nonspecialist who is interested in amperometric data acquisition 
and interpretation with the focus on the methodology of analysis of 
individual quanta events. We have paid particular attention to spike 
characteristics that can be derived or interpreted differently, as under-
standing these differences should help to standardize representation 
and comparison of data between various sources.

We incorporated the procedures that have been the most reliable 
in our experience into an open-source program written in Igor Pro 
that is available online (http://cumc.columbia.edu/dept/neurology/
sulzer/download.html). Although several steps during the analysis 
are user-dependent (data filtering, using the cutoffs and others.), 
the majority of algorithms that identify the spikes and calculate their 
shape characteristics are independent of sampling rate and signal fre-
quency, and have provided consistent results on amperometric traces 
from neurons (spikes are microseconds in duration), chromaffin cells 
(milliseconds) and even HPLC recordings (seconds).

Note: Supplementary information is available on the Nature Methods website.
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