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Abstract: Previously used methods of comparing am-
perometric spike characteristics from two separate
groups of cells have entailed pooling all the values for a
spike characteristic from each group of cells and then
statistically comparing the two samples. Although this
approach has indicated that there are significant differ-
ences between the spike characteristics from coloboma
and control mouse chromaffin cells, the results are not
consistent between experiments. We have reexamined
the assumptions of the statistical tests used as well as
the variability inherent in amperometric data measured
from two groups of cells. Our findings indicate that when
comparing amperometric spike characteristics between
groups of cells, it is more appropriate to compare sam-
ples of mean spike values. This method consistently in-
dicates that there is no difference between coloboma and
control amperometric spikes. These results have been
validated by using samples of mean spike characteristics
to detect changes in the shape of amperometric spikes
from both mouse chromaffin cells at 37°C and PC12 cells
previously exposed to 50 mM L-3,4-dihydroxyphenylala-
nine and by the use of an additional analysis method, the
nested ANOVA. Together, these results indicate that
pooled samples of amperometric spike characteristics
can give results that may confound the interpretation of
amperometric data. Key Words: Amperometry—Single
cell—Exocytosis—Mouse chromaffin cells—PC12 cells—
Statistics.
J. Neurochem. 74, 1086–1097 (2000).

In the last few years, amperometry has proven to be a
very powerful method for investigating exocytosis at the
level of a single cell. Single-cell amperometric measure-
ments are performed by placing a small carbon fiber
electrode (held at constant potential) in close proximity
to an isolated cell. Following cell stimulation, brief cur-
rent spikes can be observed as electroactive transmitters
released from the cell are oxidized at the surface of the
carbon fiber electrode. These individual current spikes
have been attributed to the detection of electroactive
neurotransmitters released from single vesicles within
the cell (Wightman et al., 1991; Chow et al., 1992).

In this study we have focused on developing a useful
cell model of exocytosis to be used in combination with
amperometry, for investigating how genetic factors af-
fect exocytosis at the single-cell level. Toward this goal
we have used cultures of isolated mouse chromaffin
cells. Although other studies have used amperometry to
measure neurotransmitter release from single mouse
mast cells (Alvarez de Toledo et al., 1993) and pancre-
atic b-cells (Smith et al., 1995), we have chosen to use
the chromaffin cell as a model system because these cells
do not require preloading with electroactive neurotrans-
mitters and are developmentally and biochemically sim-
ilar to sympathetic neurons (Douglas, 1968). Also,
mouse chromaffin cells can be readily identified in cul-
ture (Moser and Neher, 1997a), and it is possible to
obtain a reasonably large number of easily detectable
amperometric events from a single mouse chromaffin
cell (Moser and Neher, 1997b).

In developing this mouse model, we have chosen to
investigate exocytosis at single chromaffin cells from the
mouse mutant coloboma. The coloboma mouse has a
deletion mutation that encompasses genes for the presyn-
aptic protein SNAP-25 (Hess et al., 1992), and it has
recently been shown that there are deficiencies in neu-
rotransmitter release within selected brain regions of the
coloboma mouse (Raber et al., 1997). Because SNAP-25
is present in chromaffin cells (Roth and Burgoyne, 1994;
Gutierrez et al., 1995), we have used amperometry to
determine if the coloboma mutation affects the quantal
release of neurotransmitters from this cell type.
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Several experimental designs have been used in am-
perometric experiments to investigate how exocytosis at
a single cell can be modulated. Two of the most common
experimental protocols consist of recording from a single
cell before and after an experimental manipulation
(Jankowski et al., 1994; Pihel et al., 1996; Borges et al.,
1997; Pothos et al., 1998a) or recording from two sepa-
rate populations of cells (Jankowski et al., 1994; Pihel
et al., 1996; Pothos et al., 1996, 1998b; Walker et al.,
1996a). When investigating cells from animals with two
different genetic backgrounds, the protocol is limited to
recording from two separate populations of cells.

To investigate the effect of an experimental manipu-
lation, several properties of amperometric data can be
analyzed. One particular area of interest is the shape of
the amperometric spikes. The most commonly measured
spike characteristics include the spike area, the spike
maximal height (imax), and spike width at half its height
(t1/2). The area of individual amperometric spikes is
directly related to the number of molecules of neuro-
transmitter released from a single vesicle (Wightman
et al., 1991). The values ofimaxandt1/2 have been shown
to be dependent on several factors, including the number
of molecules released (Pothos et al., 1996, 1998a), the
degranulation and extrusion of transmitter from the ves-
icle lumen (Wightman et al., 1995; Pihel et al., 1996;
Borges et al., 1997), and the type and magnitude of
filtering used during the recording.

In previous studies using two separate populations of
cells, samples for each spike characteristic have been
pooled from each group of cells and compared statisti-
cally to draw conclusions about how a given manipula-
tion affects release at the vesicular level (Jankowski
et al., 1994; Pihel et al., 1996; Pothos et al., 1996, 1998b;
Jaffe et al., 1998). To test for possible differences be-
tween control and coloboma mouse chromaffin cells,
exocytosis was measured at groups of both cell types and
pooled samples of area,t1/2, and imax values were com-
pared statistically. As will be shown, this method indi-
cates that there are statistically significant differences in
the shape of amperometric spikes recorded from control
and coloboma chromaffin cells. However, the results
from this approach are inconsistent, making it difficult to
determine if the coloboma mutation affects release from
chromaffin cells at the vesicular level.

In this article, we propose the use of an alternative
statistical method for comparing the shape of ampero-
metric spikes measured from two populations of cells.
This method consists of creating samples from each
group of cells by taking one value (the mean) for a spike
characteristic from each cell in a group and then com-
paring the two samples of mean values. Unlike compar-
ing samples created by pooling all of the data, this
method meets the assumptions of statistical tests for two
unrelated samples, takes into account the variability in
the number of events observed at individual cells, and
gives consistent results from experiment to experiment.
Using this method, we show that there are not significant
differences in the shape of amperometric spikes mea-

sured from wild-type and coloboma chromaffin cells. To
verify that means of spike characteristics can be used to
detect changes in the shape of amperometric spikes from
two separate groups of cells, this method has also been
used to identify changes in the characteristics of spikes
measured from mouse chromaffin cells at 37°C and
PC12 cells following exposure to 50mM L-3,4-dihy-
droxyphenylalanine (L-DOPA). Here we compare statis-
tical results obtained using pooled samples and samples
containing mean spike characteristics and describe po-
tentially confounding factors associated with pooled
samples of amperometric data that have not been previ-
ously identified.

MATERIALS AND METHODS

Cell culturing
Mouse chromaffin cells were obtained from 9–18-week-old

coloboma (Cm/1) mice on a C3H/HeSnJ background.
Coloboma mutants were originally purchased from Jackson
Laboratory (Bar Harbor, ME, U.S.A.) and subsequently bred at
Pennsylvania State University College of Medicine. Mutant
(Cm/1) mice were identified at weaning primarily by head
bobbing, but also by the presence of sunken, small eyes. The
coloboma mutants can also be distinguished at this time by
their hyperactivity and smaller size (Hess et al., 1992).

The methods used for isolating and preparing primary cul-
tures of mouse chromaffin cells have been adapted from those
described elsewhere (Guo et al., 1996; Moser and Neher,
1997b). Adrenal glands were removed from mice and placed
directly into chilled dissection medium [M199 medium (Life
Technologies, Gaithersburg, MD, U.S.A.) supplemented with
penicillin/streptomycin]. Excess fat was removed from each
gland, and medullary fragments were isolated from cortical
tissue in chilled dissection medium with the aid of a dissection
microscope. All medullary fragments were pooled and stored
on ice before enzymatic digestion. Dissection medium was
removed by gentle centrifugation (100g, 10 min), and medul-
lary fragments were resuspended in Hanks’ balanced salt solu-
tion (Life Technologies) containing collagenase (collagenase
A; catalytic activity,;0.15 U/mg; Boehringer Mannheim, In-
dianapolis, IN, U.S.A.) at a concentration of 20 mg/ml and
DNase I (Sigma, St. Louis, MO, U.S.A.) at a concentration of
0.1 mg/ml, for a total of 1 h in a 37°C water bath. Thirty
minutes into the digestion, trypsin with EDTA (Life Technol-
ogies) was added (diluted from a 103 stock), and throughout
the course of the digestion, medullary fragments were triturated
approximately every 15 min. At the end of the digestion,
enzymes were removed, and cells were resuspended in warm
culture medium [M199 medium supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT, U.S.A.), 1 mg/ml bovine
serum albumin, and penicillin/streptomycin]. Cells were plated
with 4 ml of culture medium onto poly-D-lysine-coated culture
dishes (Becton Dickinson, Bedford, MA, U.S.A.) and incu-
bated at 37°C with 5% CO2. Cells were used for experiments
24–48 h after plating. Cultures were generated using four to six
animals (eight to 12 adrenal glands) for each genotype. Tech-
niques used to prepare mouse chromaffin cultures were ap-
proved by the Penn State University Institutional Animal Care
and Use Committee.

Electrode preparation and experimental setup
Carbon fiber microelectrodes (5mm in diameter) were con-

structed as described previously (Pothos et al., 1998b) and

J. Neurochem., Vol. 74, No. 3, 2000

1087ANALYSIS OF AMPEROMETRIC SPIKES



back-filled with 3M KCl. Electrode tips were polished at a 45°
angle on a diamond dust-embedded micropipette beveling
wheel (model BV-10; Sutter Instrument Co., Novato, CA,
U.S.A.). Before an experiment, electrodes were soaked in
2-propanol for 15 min. Cyclic voltammograms were generated
for each electrode in a nitrogen-saturated 0.1 mM dopamine
solution (in 0.1M phosphate-buffered saline, pH 7.4), and only
electrodes with stableI–E curves were used.

Cells were prepared for an experiment by removing the
culture medium and adding physiological saline (150 mM
NaCl, 5 mM KCl, 1.2 mM MgCl2, 5 mM glucose, 10 mM
HEPES, and 2 mM CaCl2, pH 7.4) and then placing them onto
the stage of an inverted microscope (IM-35; Carl Zeiss, Thorn-
wood, NY, U.S.A.). The working electrode was gently lowered
onto a single cell using a piezomicropositioner (PCS-750/1000;
Burleigh Instruments, Fishers, NY, U.S.A.). The close proxim-
ity of the electrode to the cell surface was confirmed by a slight
deformation in the outline of the cell.

Exocytosis was stimulated approximately every 30 s using a
5-s pressure (20 psi) pulse (Picospritzer II; General Valve,
Fairfield, NJ, U.S.A.) of physiological saline with 60 or 100
mM K1 from a micropipette cut to;10 mm and positioned
55–70mm from a cell. The concentration of NaCl was adjusted
for each K1 solution to maintain isotonicity. All cells were
visually inspected after recording to verify that the cell had not
been damaged. For experiments at 37°C, culture dishes were
warmed using a solid-state Peltier heating device (Bionomic
System; 20/20 Technology, Wilmington, NC, U.S.A.). All
other recordings were carried out at room temperature (24–
25°C).

Data acquisition
Electrodes were held at 0.650 V versus a locally constructed

sodium-saturated calomel reference electrode using a commer-
cially available patch-clamp instrument (Axopatch 200B; Axon
Instruments, Foster City, CA, U.S.A.) configured as described
previously (Borges et al., 1997). The output was digitized at 5
kHz and filtered at 2 kHz using an internal four-pole lowpass
Bessel filter. Data were displayed in real time (Axoscope
1.1.1.14; Axon Instruments) and stored to computer with no
subsequent filtering. To control for changes in the release
properties of our chromaffin cells over time, recordings from
both control and experimental cells were carried out during the
same day. During the day of an experiment the same K1

solution was used.

Data analysis
Exocytotic spikes were identified, and area (pC),t1/2 (ms),

and imax (pA) values for each spike were determined using a
multipass algorithm described previously (Schroeder et al.,
1992). Signals were designated as spikes if theirimax values
were eight times the SD (typically 0.6 pA) of a 1-s portion of
stable baseline recorded before the first stimulation. Using
these criteria, the smallest spikes detected hadimax values of
;4–5 pA (Moser and Neher, 1997b). All peaks identified by
the program were visually inspected, and overlapping peaks
were manually excluded from the data sets. Also, if a spike had
a zero correlation with an exponentially modified Gaussian
function, it was excluded (Jankowski et al., 1994; Schroeder
et al., 1996). For the data presented in this article, this was on
average;2% of the well-resolved spikes. Only cells that
released a minimum of 15 well-resolved events following six or
seven stimulations were included for analysis.

Data were tested for statistically significant differences using
the Mann–Whitney rank sum test (SigmaStat, version 2.03;

SPSS, Chicago, IL, U.S.A.), the unpairedt test (SigmaStat), or
the Kolmogorov–Smirnov two-sample test (GB STAT, version
6.5.4; Dynamic Microsystems, Silver Spring, MD, U.S.A.). For
statistical comparisons using the nested ANOVA, the general
linear model function in Minitab (version 12.2; Minitab, State
College, PA, U.S.A.) was used with the factors groups and cells
set as fixed and random, respectively. Resampling (Van der
Kloot, 1996) was performed in Microsoft Excel; the worksheet
for performing resampling is available by e-mail (ds43@
columbia.edu) and can be easily reformulated for other resam-
pling analyses. Results for all tests were considered significant
if associatedp values were,0.05. Correlation coefficients
were calculated using Excel (version SR-1), and all box plots
were created using SigmaPlot (version 4.00; SPSS). For the
box plots shown, the ends of the boxes define the 25th and 75th
percentiles, whereas error bars define the 10th and 90th per-
centiles of the data. All outliers (values outside of the 10th and
90th percentiles) are shown as black circles when present. For
the PC12 data presented, cell culturing, data acquisition, and
spike analysis were performed as described previously (Pothos
et al., 1998b). All values are reported as mean6 SD.

RESULTS

Comparing pooled samples of spike characteristics
from mouse chromaffin cells gives inconsistent
statistical results

To investigate if the coloboma mutation disrupts ve-
sicular release at the single-cell level, three experiments
were performed in which amperometry was used to
record from separate groups of coloboma and control
cells. Amperometric spikes from both types of cells can
be characterized by a fast rise and slow decay and are
similar in shape to those previously reported for bovine
and mouse chromaffin cells (Jankowski et al., 1994;
Moser and Neher, 1997b) (Fig. 1). To compare coloboma
and control spikes, samples of area,t1/2, andimax values

FIG. 1. Representative amperometric traces from a control (top)
and coloboma (bottom) chromaffin cell. Left: Arrows under each
trace denote when cells were stimulated with 60 mM K1. Right:
Individual current spikes from the first stimulation of each cell
shown on a smaller time and current scale. Associated scale
bars are shown on the left and the right. imax and t1/2 values are
defined for the single coloboma spike. The area of an individual
spike is defined as the time integral of the current measure-
ments.
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were created from both groups of cells by pooling all the
values of each spike characteristic from all cells in a
group. The two pooled samples for each characteristic
were then compared statistically using the Mann–
Whitney rank sum test (see Discussion for an explana-
tion of this test). Although the method of comparing
pooled samples indicated that there were statistically
significant differences between the shape of coloboma
and control amperometric spikes, the differences were
not consistent from experiment to experiment. When
comparing pooledt1/2 values for three separate experi-
ments for example, coloboma spikes were found to be
statistically equal to, faster than, and slower than those
measured from control cells (statistical trends for these
experiments are summarized numerically and schemati-
cally in Table 1). These results made it difficult to
determine if the coloboma mutation disrupted vesicular
release.

Spike characteristics from mouse chromaffin cells
are cell-dependent

An underlying assumption of the statistical test used to
compare characteristics of spikes recorded from control
and coloboma cells is that independent random samples
have been generated from the two populations (Ott,
1993). According to the definition of a random sample,
every member of a population must have an equal chance
of being included in the sample, and each measurement
should have no effect on or relationship with any other
measurement, that is, each measurement within a random
sample should be mutually independent from the next
(Leach, 1979; Casella and Berger, 1990).

However, pooled samples of a spike characteristic
contain values from several cells. To investigate if spike
characteristics within a cell were related, area,imax, and
t1/2 values from individual cells were ranked in order of
their increasing mean values and separately plotted. An
example of this type of analysis is shown in Fig. 2, where
spike area values from 13 control cells have been sepa-
rately plotted as box plots and ranked from left to right in
terms of their increasing mean area value. Clearly, cells

TABLE 1. Statistical analysis of pooled spike characteristics from mouse chromaffin cells

Mouse line

T Statistical trends1/1 Cm/1

Experiment 1
Area (pC) 0.266 0.39 0.436 0.56 58,173.5 Cm/1 . 1/1a

t1/2 (ms) 4.896 5.77 5.116 5.72 61,064.0 Cm/1 5 1/1
imax (pA) 49.96 79.9 68.86 98.4 58,844.5 Cm/1 . 1/1b

Events (no.) 249 266
Cells (no.) 6 6

Experiment 2
Area (pC) 0.396 0.61 0.276 0.27 59,873.0 Cm/1 5 1/1
t1/2 (ms) 7.276 4.47 4.686 3.88 48,272.5 Cm/1 , 1/1a

imax (pA) 32.46 36.1 38.06 39.1 64,191.0 Cm/1 5 1/1
Events (no.) 253 249
Cells (no.) 6 6

Experiment 3
Area (pC) 0.546 0.70 0.566 0.91 24,935.0 Cm/1 5 1/1
t1/2 (ms) 5.836 4.93 7.926 6.17 29,032.0 Cm/1 . 1/1b

imax (pA) 77.86 102 41.56 57.1 21,827.5 Cm/1 , 1/1a

Events (no.) 291 123
Cells (no.) 7 5

Data are mean6 SD values for pooled samples of area (pC),t1/2 (ms), andimax (pA) from groups of control (1/1) and coloboma (Cm/1) cells
from three separate experiments. In columnT are the sum of the ranks for the sample with the smaller number of events. Drawings to the right of
each set of data represent statistical trends for the spike characteristics. Spikes represented by a dashed line indicate the relative mean change for
coloboma values when the samples are significantly different.

a p , 0.001,b p , 0.01, significant difference by Mann–Whitney rank sum test.

FIG. 2. Relationship between spike area values and the number
of events detected at individual mouse chromaffin cells. Area
values for 13 cells are ordered from left to right in terms of their
increasing mean values. Mean and median values are shown in
each box plot as horizontal lines. The mean of each data set is
represented by the thicker line. Values were taken from the
control cells used in experiments 2 and 3 (Table 1), and numbers
under each box plot represent the number of events analyzed at
each cell. All cells were stimulated with 100 mM K1.
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with smaller mean area values have a small deviation in
measurements, whereas cells with larger mean area val-
ues possess a proportionately larger deviation in their
measurements. Similar trends were observed when val-
ues fort1/2 and imax were plotted for individual cells in
terms of their increasing mean value (data not shown).

Analysis of the relationship between the mean and SD
of area, t1/2, and imax values within individual mouse
chromaffin cells can be quantitatively assessed by calcu-
lating the coefficient of variation (CV) for each spike
characteristic from each cell. When the CV is calculated
for all coloboma and control cell spike characteristics
measured at room temperature, the average CV values
are 1.0466 0.299, 0.7066 0.207, and 1.1106 0.297 for
area, t1/2, and imax, respectively (n5 47 cells). The
combined average for these three CV values is 0.954
6 0.217. These results demonstrate that when the mean
of a spike characteristic changes between cells, there is a
proportional change in the SD. Therefore, spike charac-
teristics from single mouse chromaffin cells are related in
magnitude and are cell-dependent.

The number of events recorded from a mouse
chromaffin cell is not correlated with the mean of
the spike characteristics measured at that cell

In addition to the variability in the mean area,t1/2, and
imax measurements observed at individual mouse chro-
maffin cells, there is also a wide variability in the number
of events. For the 13 cells used for Fig. 2, for example,
the number of events recorded and analyzed per cell
ranged from 16 to 92. A cursory examination of the data
in Fig. 2 suggests that within a cell there is no relation-
ship between the number of events and the mean of spike
area values. To investigate quantitatively the relationship
between the number of events and the mean of spike
characteristics measured from individual cells,R2 values
were calculated for these variables. Because it was pos-
sible that experimental manipulations could mask the
true relationship between these variables, only values
from control cells obtained at room temperature with 100
mM K1 were used. For this analysis,R2 values were
0.0577, 0.0863, and 0.0272 for mean area,t1/2, andimax
values, respectively (n5 24 cells). Clearly, there is no
relationship between the mean of a spike characteristic
and the number of events recorded from a mouse chro-
maffin cell.

Inconsistent statistical results comparing pooled
samples are due to an unequal representation of
different cells within the sample

The results presented above suggest that the inconsis-
tent statistical results observed when comparing pooled
samples of spike characteristics are due to an over- or
underrepresentation of different cells within a group.
Specifically, by pooling all the values of a spike charac-
teristic from cells in a group, the sample from that group
could be biased toward cells with a larger number of
events. Likewise, cells with fewer events could be un-
derrepresented in the sample.

To test this hypothesis, data sets in which pooled
samples gave statistically significant differences were
plotted as shown in Fig. 3. In Fig. 3, spike area values
from six control cells are individually plotted on the left
in order of their decreasing mean area value, and area
values from six coloboma cells, obtained the same day,
are plotted on the right in terms of their increasing mean
area values. The middle two box plots represent all of the
combined area values taken from each group of control
(left) and coloboma (right) cells.

For both the coloboma and control cells shown in Fig.
3, there is a wide variability in the number of events
detected from each cell. In this particular experiment,
two control cells that have relatively smaller mean area
values (those with 64 and 69 events) make up;53% of
the total number of control area measurements. Simi-
larly, two coloboma cells with relatively larger mean
area values (those with 80 and 66 events) make up;55%
of the total number of coloboma area values. The appar-
ent difference between pooled samples of coloboma and
control area values results from the fact that cells with
smaller area values are overrepresented in the control
sample, whereas cells with larger area values are over-
represented in the coloboma sample.

Because there is no correlation between the mean of a
spike characteristic and the number of events recorded
from a cell, pooled samples of spike characteristics can
be biased from experiment to experiment in an unpre-
dictable manner. Indeed, in every instance where the use
of pooled samples indicated a statistically significant
difference and the data were plotted as shown in Fig. 3,
differences could be attributed to an overrepresentation
(or equally an underrepresentation) of cells within each
group (data not shown).

FIG. 3. Comparison of pooled and mean area values from con-
trol and coloboma chromaffin cells. Area values from six control
(left) and six coloboma (right) cells are shown. The middle two
box plots represent combined area values taken from all control
(1/1) and coloboma (Cm/1) cells. Numbers under each box plot
represent the number of events analyzed at each cell, and the
numbers at the bottom of the graph indicate the total number of
spikes analyzed for each group of cells. Mean and median
values are shown in each box plot as horizontal lines. The mean
of each data set is represented by the thicker line.
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Samples created from the means of spike
characteristics

Once the problems with comparing pooled samples of
spike data were realized, alternative methods for analyz-
ing spike characteristics using statistical tests for two
unrelated samples were considered. Ideally, an alterna-
tive method would generate samples from each group of
cells in such a way that measurements within each sam-
ple are independent from each other and so that cells
within a group are not over- or underrepresented within
the sample. One alternative that meets these require-
ments is to create a sample from each group of cells by
taking the mean for a spike characteristic from each cell
in a group.

Unlike the results obtained comparing pooled samples,
comparisons of mean spike characteristics consistently
indicate that coloboma and control amperometric spikes
do not significantly differ in their area,t1/2, and imax
values. Results from these tests are summarized in Fig. 4.
It should be noted that samples of mean values are
created by “pooling” all of the mean values of a spike

characteristic from a group of cells. However, we will
refer to this method as the method of comparing means
for clarity.

The method of comparing means can be used to
detect changes in the shape of amperometric spikes
recorded from mouse chromaffin cells

One of the main disadvantages of comparing samples
of mean spike characteristics is that there is a lower
number of measurements within each sample. To deter-
mine if the method of comparing means could be used to
detect differences in spike characteristics from two
groups of mouse chromaffin cells, two experiments were
performed in which release was measured from a group
of cells at room temperature and at 37°C. The results
from these two experiments are summarized in Fig. 5. At

FIG. 5. Effect of elevated temperature on the means of spike
characteristics measured from separate groups of mouse chro-
maffin cells. Box plots summarize mean area, t1/2, and imax
values measured from individual mouse chromaffin cells at room
temperature (solid box plots) and at 37°C (open box plots) for
two separate experiments. For experiment 1, values were taken
from six cells at room temperature and at 37°C. For experiment
2, values were taken from five and six cells at room temperature
and 37°C, respectively. The sum of the ranks for mean values
from room temperature cells are 49.0 and 33.0, 53.0 and 41.0,
and 50.0 and 32.0 for area, t1/2, and imax values in experiments 1
and 2, respectively. In experiment 1, 320 events were measured
from cells at room temperature, and 1,312 events were mea-
sured from cells at 37°C. In experiment 2, 263 and 635 events
were measured from cells at room temperature and at 37°C,
respectively. When shown, the thin horizontal line in the box
plots represents the median of the mean values. Mean values
that are significantly different (by Mann–Whitney rank sum test)
from those measured at room temperature are marked: * p
, 0.05 for experiment 1; p 5 0.052 for experiment 2 (see text).

FIG. 4. Comparison of mean coloboma and control spike char-
acteristics. Box plots summarize mean area, t1/2, and imax values
measured from individual control and coloboma mouse chro-
maffin cells for three separate experiments. Solid and open box
plots represent control and coloboma values, respectively. The
number of cells used to create each box plot can be found in
Table 1. The sum of the ranks for mean coloboma area values
are 42.0, 30.0, and 31.0 for experiments 1, 2, and 3, respectively.
The sum of the ranks for mean coloboma t1/2 and imax values are
36.0, 27.0, and 37.0 and 42.0, 36.0, and 22.0 for experiments 1,
2, and 3, respectively. When shown, the thin horizontal line in the
box plots represents the median of the mean values. For all
comparisons of mean values, p values were .0.05 by Mann–
Whitney rank sum test.
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37°C, the only consistent difference in spike shape ap-
pears to be a decrease in the meant1/2 values, although
when comparing meant1/2 values in experiment 2 the
associatedp value is 0.052. This value is slightly greater
than the traditionally accepted value of 0.05.

Because the variability in mean spike characteristics at
different cells could mask effects due to an increase in
temperature, a separate set of experiments was per-
formed in which release was measured at the same
mouse chromaffin cell before and after the temperature
of the culture dish was changed. For these experiments,
a single mouse chromaffin cell was stimulated repeatedly
both before and after the temperature of the culture dish
was raised to 37°C. Mean values for area,t1/2, and imax
were calculated from a cell both before (preelevation)
and after (postelevation) the temperature was elevated.
Ratio values for each characteristic were then created for
a cell by dividing the postelevation mean value of a
characteristic by its corresponding preelevation mean
value (mean postelevation/mean preelevation). Ideally, if
there was no change in a spike characteristic, the ratio
value(s) should be close to 1. To account for variability
in the technique, ratio values of spike characteristics
were also created from control cells in which the tem-
perature was not changed. Ratio values for each charac-
teristic from these two types of cells were compared
statistically. Results from these experiments are summa-
rized in Fig. 6 and also indicate that an increase in
temperature decreases amperometric spiket1/2 values
from mouse chromaffin cells.

Spike characteristics from PC12 cells are
cell-dependent

To investigate if the properties of mouse chromaffin
cell spike characteristics were present in other cell types,
amperometric spikes recorded from individual PC12
cells were also examined. Shown in Fig. 7 are theimax
values recorded from 13 PC12 cells. These data have
been adapted from results reported previously (Pothos
et al., 1998b) and plotted in the same manner as the
mouse chromaffin spike area values shown in Fig. 2. The
imax values from PC12 cells also appear to be cell-
dependent. To assess quantitatively the relationship be-
tween the mean and SD of spike characteristics at indi-
vidual PC12 cells, the CV for these characteristics has
been calculated from several cells. The average CV for
untreated PC12 cells is 1.0916 0.498, 0.8836 0.404,
and 1.0266 0.457 for area,t1/2, andimax values, respec-
tively (n 5 34 cells). The combined average for these
three CV values is 1.0006 0.106. These results demon-
strate that spike characteristics for single PC12 cells are
also related in magnitude and are cell-dependent.

The number of events recorded from a PC12 cell is
not correlated with the mean of the spike
characteristics measured at that cell

As with mouse chromaffin cells, there is a significant
variability in the number of events detected at different
PC12 cells (see numbers below box plots in Fig. 7). On
examining the data in Fig. 7, there again appears to be no
relationship between the number of events and the mean
of a spike characteristic measured at a single PC12 cell.
To determine quantitatively the relationship between the
number of events and the mean of spike characteristics
measured from individual cells, correlation coefficients
were calculated for these variables. To prevent an un-
equal number of stimulations at different cells from
confounding the relationship between these variables,

FIG. 7. Relationship between spike imax values and the number
of events detected at individual PC12 cells. The imax values from
13 PC12 cells are separately plotted and ordered from left to
right in terms of their increasing mean values. The mean of each
data set is represented by the thicker line. Numbers under each
box plot represent the number of spikes analyzed from each cell.
Only spikes within the first 25 s of the first stimulation were
counted (see text).

FIG. 6. Effect of elevated temperature on spike characteristics
measured from the same mouse chromaffin cell. Ratios of mean
spike characteristics (post/pre) were created from individual
cells in which the temperature had been elevated to 37°C during
the recording (open box plots) and from control cells in which the
temperature was not changed (solid box plots; see text for
further explanation of the method). Only control cells that had a
total number of events similar to the total measured from cells in
which the temperature had been elevated were used. Ratios
were created from these cells by calculating mean values for
each half of the data set. The thin horizontal line in the box plots
represents the median of the ratio values. Data were taken from
five control and experimental cells. The sum of the ranks for
room temperature ratios are 36.0, 40.0, and 22.0 for area, t1/2,
and imax, respectively. The average number of events used to
calculate post/pre ratio values is 43/39 and 83/35 for room
temperature and 37°C cells, respectively. Ratios that are signif-
icantly different (by Mann–Whitney rank sum test) than those
measured from cells with no change in temperature are marked:
** p , 0.01.
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only data from the first 25 s of the first stimulation were
used. Also, only values from untreated PC12 cells were
considered.R2 values for the relationship between mean
area, t1/2, and imax values and the number of events
measured from single PC12 cells are 0.1206, 0.0676, and
0.0003, respectively (n5 34 cells). From these results it
can be concluded that there is no relationship between
the mean of a spike characteristic and the number of
events recorded from a single PC12 cell.

The method of comparing means can detect
changes in the shape of amperometric spikes
measured from two groups of PC12 cells

To determine if the method of comparing means can
detect changes in spike characteristics measured from
two groups of PC12 cells, mean area,t1/2, andimaxvalues
were compared from control cells and cells treated with
50 mM L-DOPA for 30 min before recording. Mean area,
t1/2, and imax values are summarized in Table 2along
with relevant statistical values. Statistical comparison of
mean spike characteristics indicates that treatment with
50 mM L-DOPA for 30 min significantly increases the
imax and area values of amperometric spikes recorded
from PC12 cells. For comparison (see Discussion), sta-
tistical results using the pooling method and the method
of comparing means are both shown in Table 2.

DISCUSSION

We have used amperometry to investigate alterations
in individual quantal characteristics from separate groups
of mouse chromaffin and PC12 cells. Previously used
methods for comparing amperometric spike characteris-
tics between two separate groups of cells have entailed
pooling all of the values for a spike characteristic from
one group of cells and comparing this sample statistically
to a pooled sample created from the other group of cells
(Jankowski et al., 1994; Pihel et al., 1996; Pothos et al.,
1996, 1998b). As a first step in comparing area,t1/2, and

imax values between coloboma and control mouse chro-
maffin cells, pooled samples for each characteristic have
been compared statistically using the Mann–Whitney
rank sum test. For this test, measurements from both
samples are combined, and all observations are jointly
ranked from lowest to highest. A test statistic,T, is then
created by summing the ranks for one of the samples
(generally the sample with the smaller number of obser-
vations), and this value is used to test the null hypothesis
that the two samples were drawn from identical popula-
tions. The Mann–Whitney rank sum test is sometimes
referred to as the Wilcoxon rank sum test (Leach, 1979)
and is equivalent to the statistical test used previously to
compare pooled samples of amperometric spike charac-
teristics measured from two separate groups of cells (Ott,
1993; Jankowski et al., 1994; Pihel et al., 1996). The
Mann–Whitney rank sum test is a nonparametric, or
distribution-free, test that does not assume that the pop-
ulations from which the samples are drawn are normally
distributed (for a more detailed discussion of this test, see
Ott, 1993). Nonparametric tests have consistently been
used to compare nontransformed spike characteristics
because these measurements are severely skewed to the
right (Jankowski et al., 1994; Pihel et al., 1996; Jaffe
et al., 1998; Pothos et al., 1998b).

As shown in Table 1, the use of pooled samples gives
inconsistent statistical results from experiment to exper-
iment, making it difficult to determine if the coloboma
mutation disrupts release at the vesicular level. In an
effort to draw more reliable statistical and experimental
conclusions, the underlying assumptions of the statistical
tests used as well as the structure of amperometric data
recorded from two populations of cells have been reex-
amined.

When spike characteristics are pooled from two
groups of sampled cells, there are only two samples to
compare for each characteristic. One of the underlying
assumptions of the Mann–Whitney rank sum test is that

TABLE 2. Statistical analysis of pooled and mean spike values from PC12 cells

PC12 cells

T Statistical trendsControl L-DOPA

Pooled values
Area (pC) 0.066 0.14 (2,262) 0.146 0.26 (1,329) 3,123,260.5 L-DOPA . controla

t1/2 (ms) 6.626 8.27 (2,010) 6.916 6.61 (1,230) 2,014,981.0 L-DOPA 5 control
imax (pA) 5.366 8.62 (2,266) 9.806 19.0 (1,337) 3,036,905.5 L-DOPA . controla

Mean values
Area (pC) 0.066 0.06 (34) 0.096 0.07 (25) 948.0 L-DOPA . controlb

t1/2 (ms) 6.586 2.19 (34) 7.006 1.78 (25) 798.0 L-DOPA 5 control
imax (pA) 6.466 4.88 (34) 8.726 4.55 (25) 905.0 L-DOPA . controlc

Data are mean6 SD values of samples created using the means of (bottom) or all (top) area (pC),t1/2 (ms), andimax (pA)
values measured from PC12 cells either with or without prior exposure to 50mM L-DOPA. For the program used to analyze
these data, some area and/ort1/2 values were difficult to define owing to the complex nature of the signal, and spurious, i.e.,
negative, values were discarded. The numbers of measurements used to compare spike characteristics from control and
L-DOPA-treated cells are given in parentheses. In columnT is the sum of the ranks for the sample with the smaller number of
measurements.

a p , 0.001,b p , 0.01,c p , 0.05, significant difference by Mann–Whitney rank sum test.
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independent random samples have been created from
coloboma and control chromaffin cells (Ott, 1993). The
nature of creating samples from two distinct groups of
cells insures that the two samples are independent. Ac-
cording to the definition of a random sample, spike
characteristics from a group of cells can be pooled to
create a random sample provided the measurements
within the sample are not related (Leach, 1979; Casella
and Berger, 1990). Intuitively, one would not expect
spike characteristics from one cell to be related to those
from the next. However, CV values of spike character-
istics from individual mouse chromaffin cells have val-
ues close to unity. This demonstrates that as the mean of
a spike characteristic changes from individual cells, there
is a proportional change in the SD. Therefore, spike
characteristics from single mouse chromaffin cells are
related in magnitude and are cell-dependent. Thus, when
values of a spike characteristic are combined from a
group of mouse chromaffin cells to create a pooled
sample, measurements within the sample are not inde-
pendent from each other but depend on the cell from
which they were recorded, and the assumptions of a
random sample are not met. Although we have referred
to spike characteristics as being “cell-dependent,” it is
important to note that spike characteristics could be
site-dependent, varying systematically with different po-
sitions of the electrode on the same cell. This hypothesis,
however, was not tested in this study.

Another factor that can account for the inconsistent
statistical results observed when pooled samples of spike
characteristics are compared is that the number of events
recorded from individual mouse chromaffin cells is
highly variable. Also, there is no correlation between the
mean of a spike characteristic and the number of events
recorded from a cell. As a result, pooled samples of these
values are subject to unpredictable bias between exper-
iments.

To circumvent both the problems of independence and
over- and underrepresenting different cells, an alternative
statistical method has been used to compare spike char-
acteristics from two separate groups of cells. This
method consists of creating a sample for a spike charac-
teristic by combining all the mean values for that char-
acteristic from all the cells in a group. Although the
mode and the median of spike characteristics from indi-
vidual cells in a group could have been used to create
samples, only the means of subsets can be combined to
determine the mean of the complete data set (Ott, 1993).
The two samples of means for each spike characteristic
are compared statistically using the Mann–Whitney rank
sum test. We continue to use this test (as opposed to the
t test) when comparing samples of mean values because
samples of means are generally small and assumptions of
normality cannot be reliably tested.

The method of comparing means is more ideal than
comparing samples of pooled spike values for several
reasons. First, by taking only one value from each cell in
a group, the measurements within the sample are inde-
pendent. Also, by taking one value from each cell in a

group, the characteristics of amperometric spikes re-
corded from any cell are not under- or overrepresented
within the sample. Unlike the method of comparing
pooled samples, the method of comparing mean values
of spike characteristics recorded from coloboma and
control chromaffin cells gives consistent results from
experiment to experiment. The overall advantage of cre-
ating a sample from a group of cells using the mean of a
spike characteristic from each cell can be seen in Fig. 3.
Although samples created by pooling the data indicate
that control cells have smaller area values (see results for
experiment 1 in Table 1), the mean area values between
these two groups of cells are essentially identical.

To demonstrate that the method of comparing means
can detect changes in spike characteristics measured
from mouse chromaffin cells, two experiments have been
performed in which release was measured from separate
groups of cells at room temperature and at 37°C. For
these experiments, there was a significant decrease in the
meant1/2 values of spikes measured from cells at 37°C.
These results were confirmed by also analyzing how an
increase in temperature affects release at the same cell.
Experiments at the same cell should be more sensitive to
the effects of an increase in temperature because changes
are less likely to be masked by cell-to-cell variability.

For experiments at the same cell, postelevation/preel-
evation mean ratio values (see above) were calculated for
each spike characteristic from individual cells in which
the temperature was either kept constant or elevated to
37°C during the recording. Ratio values for each char-
acteristic from both types of cells were compared statis-
tically. Results from experiments at the same cell also
indicate that an increase in temperatures decreasest1/2
values at mouse chromaffin cells (Fig. 6). These results
support the conclusions drawn from comparing samples
of mean spike characteristics and confirm that the
method of comparing means can be used to detect dif-
ferences in spike values when they are measured from
two separate groups of mouse chromaffin cells.

Recently, two studies have independently examined
how temperature affects the characteristics of ampero-
metric spikes detected at individual cells (Pihel et al.,
1996; Walker et al., 1996b). Our results are consistent
with these studies in that both reported a significant
decrease in the widths of amperometric spikes when
release was measured at 37°C. These two reports, how-
ever, differ significantly in other aspects. Specifically,
results reported by Pihel et al. (1996) indicate that an
elevation in temperature also increases the area of indi-
vidual current spikes and the number of events detected
at single bovine chromaffin and mast cells. These results
apparently conflict with those reported by Walker et al.
(1996b), who found that elevated temperatures only de-
crease the rise and decay times of amperometric spikes
recorded from bovine chromaffin cells. Our results par-
tially agree with both of these studies. Although none of
the measurements made from mouse chromaffin cells at
37°C suggests that an increase in temperature increases
the area of amperometric events detected from these
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cells, we did consistently notice an increase in the num-
ber of events (see legends to Figs. 5 and 6).

To investigate if comparing pooled samples of am-
perometric spike characteristics could be problematic for
other cell types, the properties of amperometric spikes
recorded from single PC12 cells were also examined.
Like those from mouse chromaffin cells, amperometric
spike characteristics from PC12 cells are cell- (or possi-
bly site-) dependent, and the number of events detected
at a single PC12 cell is unrelated to the mean of spike
characteristics measured at that cell. These results sug-
gest that pooled samples of PC12 spike characteristics
can also vary unpredictably from experiment to experi-
ment and that the method of comparing mean values of
spike characteristics may also be more appropriate for
this cell type. To illustrate that the method of comparing
means can detect changes in PC12 spike characteristics,
samples of mean area,t1/2, and imax values have been
compared from a group of control PC12 cells and a
group of PC12 cells exposed to 50mM L-DOPA. As
shown in Table 2, differences in spike characteristics
from two groups of PC12 cells can be detected using this
method.

In past studies comparing amperometric spike charac-
teristics between two groups of cells, the Mann–Whitney
rank sum test has not been the only statistical test used to
compare pooled samples. Some investigators have taken
the cubed root of area values and then compared pooled
samples of these values from two groups of cells using
the t test for unrelated samples (Pihel et al., 1996).
Likewise, others have used the Kolmogorov–Smirnov
two-sample test to compare untransformed pooled spike
characteristics (Jaffe et al., 1998; Pothos et al., 1998a,b).
Both of these methods also give inconsistent results
when comparing coloboma and control spike character-
istics from experiment to experiment (data not shown).
These results can be explained by the fact that both of
these tests also assume that two independent random
samples have been generated from each population (Ott,
1993; Daniel, 1995) and that pooled samples of even
transformed values are subject to bias. It should also be
noted that although most studies have compared the
shape of amperometric spikes from two groups of cells
by comparing pooled data, one study has compared sam-
ples of mean values (Walker et al., 1996a).

Recently it has been shown that different statistical
methods can also lead to different experimental conclu-
sions when analyzing two pooled samples of quantal
release events derived from postsynaptic recordings at
the neuromuscular junction (Van der Kloot, 1996). To
overcome the inconsistencies obtained using previous
tests, it was proposed that an alternative statistical
method, resampling (see Materials and Methods), be
used. Unfortunately, this approach also yielded inconsis-
tent statistical results for the mouse chromaffin cell data
presented here. Presumably these inconsistencies re-
sulted from the fact that pooled samples were also used
for these comparisons (Van der Kloot, 1987).

When the means of spike characteristics are compared
from two groups of cells, the power of the statistical test
is decreased simply owing to the smaller size of the
sample taken from the two populations of cells. An
alternative statistical method that can be used to compare
the characteristics of spikes recorded from two popula-
tions of cells is the nested or hierarchic ANOVA test.
One advantage of this statistical test is that it allows all
the spike characteristics from two groups of cells to be
compared without pooling the data from each group. As
a result, this test is more powerful than comparing sam-
ples of mean spike values (for a more detailed descrip-
tion of the nested ANOVA method, see Sokal and Rohlf,
1969; Ott, 1993).

To examine if the nested ANOVA test gives statistical
results similar to those found when comparing the means
of spike characteristics, amperometric spike values from
mouse chromaffin cells have also been analyzed using
this method. Unlike the Mann–Whitney rank sum test,
there are normality and equal variance assumptions as-
sociated with the nested ANOVA (Sokal and Rohlf,
1969; Ott, 1993). Amperometric spike characteristics are
extremely skewed to the right, and to meet the assump-
tions of the ANOVA method some type of transforma-
tion of the data is required. Because there is a direct
correlation between the mean and SD of spike charac-
teristics within each cell (see Fig. 2), spike values have
been transformed using the log function (Sokal and
Rohlf, 1969; Ott, 1993), and tests for significant differ-
ences have been performed using these transformed val-
ues. Results using the nested ANOVA agree with those
found by comparing means of spike values. This test
consistently indicates that there is no significant differ-
ence between coloboma and control spike characteristics
and consistently detects a decrease int1/2 values for cells
analyzed at 37°C (data not shown).

For one of the comparisons of area values and two
comparisons ofimax values between coloboma and con-
trol chromaffin cells, normal probability plots of the
residuals indicated that the assumptions of the ANOVA
method were, for reasons unknown, not being met. Re-
sults from these three comparisons would have been
more reliable if an appropriate transformation could have
been found. Although the nested ANOVA is undoubt-
edly the more powerful test to compare spike character-
istics measured from two groups of cells, one disadvan-
tage to this approach is that spike values have to be
transformed to meet the assumptions of the test. One
major advantage to using the Mann–Whitney rank sum
test to compare mean values of spike characteristics is
that this test has no underlying assumptions about the
structure of the data. Although this method may be more
conservative than the nested ANOVA, results from this
test can also be more easily interpreted because the
analysis is based on ranks.

When a significant difference in a spike characteristic
between two groups of cells is found using the method of
comparing means, the same statistical difference is also
found using the pooling method. Compare, for example,
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the statistical results when both methods were used to
compareimax and area values from control andL-DOPA-
treated PC12 cells (Table 2). These methods are also in
agreement when they are used to comparet1/2 values
from separate groups of mouse chromaffin cells analyzed
at room temperature and at 37°C (pooled results not
shown). These results indicate that when the change is
large enough to overcome the cell-to-cell variability,
both the pooling method and the method of comparing
means can be used to detect a change in a spike charac-
teristic. However, as has been shown in this study,
pooled samples of spike values can give highly signifi-
cant statistical results that are not found when more
appropriate methods such as the method of comparing
means or the nested ANOVA are used. Therefore, the
major disadvantage of comparing pooled samples is that
there is an increased probability of finding a difference
between two groups of cells when it is not present, i.e.,
committing a type one error.

Conclusion
In conclusion, results presented here demonstrate that

comparing samples of pooled spike characteristics from
separate groups of cells may lead to inconsistent statis-
tical results that make it difficult to interpret amperomet-
ric data. The main difficulty with comparing pooled
samples is that the variability between cells is over-
looked. Furthermore, pooled samples do not meet the
requirements of two-sample statistical tests. We propose
alternative methods for comparing amperometric spike
measurements made at two separate groups of cells.
These methods are more appropriate as they take into
account cell-to-cell variability and the assumptions of the
statistical tests being used and give consistent results
from experiment to experiment.
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