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Chapter3

Abstract

Adrenal chromaffin cells are a widely used model system to study regulated exocytosis
and other membrane-associated processes. Alterations in the amount and localization
of the proteins involved in these processes can be visualized with fluorescent probes
that report the effect of different stimuli or genetic modifications. However, the quan-
titative analysis of such images remains difficult, especially when focused on specific
locations, such as the plasma membrane. We developed an image analysis algorithm,
named Plasma Membrane Analysis in Chromaffin Cells (PlasMACC). PlasMACC en-
ables automatic detection of the plasma membrane region and quantitative analysis of
multi-fluorescent signals from spherical cells. PlasMACC runs in the image analysis
software ImageJ environment, it is user-friendly and freely available. PlasMACC de-
livers detailed information about intensity, thickness and density of fluorescent signals
at the plasma membrane of both living and fixed cells. Individual signals can be com-
pared between cells and different signals within one cell can be correlated. PlasMACC
can process conventional laser-scanning confocal images as well as data obtained using
super-resolution methods such as Structured Illumination Microscopy. By comparing
PlasMACC to methods currently used in the field, we show more consistent quantitative
data due to the fully automated algorithm. PlasMACC also provides an expanded set
of novel analysis parameters. PlasMACC enables a detailed quantification of fluorescent
signals at the plasma membrane of spherical cells in an unbiased and reliable fashion.
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3. New image analysis tool: PlasMACC

Introduction

Intercellular communication is highly dependent on fusion of secretory vesicles with the
plasma membrane, a biological process referred to as regulated exocytosis. Neuroen-
docrine cells such as adrenal chromaffin cells (CCs) are an established model system
to study regulated secretion of neurotransmitters (Morgan and Burgoyne, 1997). To
ensure neurotransmitter exocytosis, the SNARE-complex (Söllner et al., 1993b,a) and a
multitude of regulatory proteins (for review see (Rizo and Rosenmund, 2008; Mohrmann
and Sørensen, 2012; Südhof, 2013)) need to be transported to the PM, where they are
localized in defined domains. Figure 3.1 shows a typical embryonic mouse chromaffin
cell (MCC) in primary culture labeled for essential membrane-localized components.
Besides regulated exocytosis, a multitude of different essential processes such as en-
docytosis (Milosevic et al., 2011) occur at the PM. Therefore, biological mechanisms
localized at the PM and its adjacent regions need to be studied extensively in order to
understand cellular functions.

Our research is focused on the involvement and regulation of the cortical F-actin
network in neuroendocrine secretion. The quantification of this network in bovine CCs
has been subject to a great number of publications, focusing on (de-) polymerization
mechanisms (Cheek and Burgoyne, 1986; Vitale et al., 1995; Berberian et al., 2009).
Intactness of the cortical network was used as a measure to determine the influence of
proteins on regulated exocytosis. Hereby the structural integrity of the actin network
was analysed qualitatively. Previously, we have used a quantitative approach, whereby
we manually detected the region of interest (ROI) and used a custom written algo-
rithm to study the intactness of the F-actin network, as well as the absolute number
of holes in individual cells (Toonen et al., 2006). To avoid any user-based error due
to manual ROI detection, we decided to automate the analysis method. Furthermore,
we expanded the set of quantitative parameters to answer additional research questions
(e.g., co-localization of proteins and cellular organelles with F-actin and alterations in
the filamentous network due to stimulation).

Using immunocytochemical methods or genetic tagging approaches in combination
with advanced microscopy techniques, the distribution of proteins, lipids and cellular
components can be easily visualized. However, a reliable quantification of the fluorescent
signals remains difficult, especially when focused on specific subcellular structures such
as the PM. One way to quantify fluorescent signals at the PM is applying linear line scans
(de Wit et al., 2006; Rajan et al., 2012; Solis et al., 2012). The measured intensities along
the line give an estimation of the ratio of cytosolic and membrane-associated signals.
This is a valuable method, but has limitations: Since the line intersects the PM at only
two points, a large area of membrane-associated signal is not quantified. The placement
of a single line can introduce information bias. In earlier publications, we circumvented
those limitations by using a circular scan instead of a linear line scan (Toonen et al.,
2006). The circular line scan enabled us to quantify fluorescent signals along the entire
cell outline. However, with this method we only analyzed the pixels along the manually
determined line and still missed valuable information, e.g., the thickness of the signal
at the PM or in subplasmalemmal regions.

Plasma sheets can be used as a reduced model system to selectively analyze plasma
membrane-localized processes (Avery et al., 2000). The removal of a major part of the
cell in these preparations leaves only a part of the PM attached to the coverslip. This
PM-fraction, also known as the ”footprint” of a cell, can then be analyzed.
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Figure 3.1: Equatorial image of a wild type embryonal (E18) mouse CC obtained
with confocal microscopy and visualizing components of regulated exocytosis A.
membrane-anchored cortical F-actin network stained with rhodamine-phalloidin. B. LDCVs
visualized by staining with a chromograninA antibody. C. Syntaxin1a antibody staining to
illustrate the localization of a core player of the exocytosis-machinery. D. merge of the stainings;
Scale bars: 2 µm.

Those studies delivered valuable information about the composition of the PM and
tightly bound components (Lang et al., 2002; Milosevic et al., 2005). Another approach
to study membrane-localized mechanisms is total internal reflection fluorescence (TIRF)
microscopy (Oheim et al., 1999). An evanescent wave is generated by positioning the
excitation laser at a specific incident angle to the coverslip. Thereby only the fluo-
rophores within 200 nm distance from the coverslip are excited and can be observed.
One advantage of TIRF microscopy is that the cell is still intact. Another advantage is
the increased signal-to-noise ratio of this image acquisition method compared to conven-
tional epi-fluorescence and confocal microscopy. However, TIRF imaging and plasma
membrane sheets are limited to the plasma membrane area of the footprint and this
area might have a specialized organization. For example, the combination of TIRF mi-
croscopy with simultaneous membrane capacitance measurements showed that secretion
at the footprint correlates well with the vesicle release of the entire cell, although to a
lower extent (10 times lower at the footprint) (Becherer et al., 2007; Hugo et al., 2013).
In order to complete our understanding of PM-localized cellular processes, the results
obtained by plasma membrane sheet studies and TIRF microscopy should therefore be
accompanied by quantitative information of processes on the plasma membrane of the
entire cell.

We set out to develop a user-friendly plugin named Plasma Membrane Analysis
in Chromaffin Cells that enables a detailed quantification of fluorescent signals at the
plasma membrane in an unbiased and reliable fashion and runs in the image analysis
software ImageJ environment (http://rsb.info.nih.gov/ij/). We have briefly described
an earlier version of this method (Kurps and de Wit, 2012). Now, after testing and
improving our algorithm thoroughly and extending its applications, we make it available
for a wider community.
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3. New image analysis tool: PlasMACC

PlasMACC is compatible with data acquired by a wide variety of fluorescence mi-
croscopy techniques and permits an objective, highly reproducible and quantitative
study of fluorescent signals at the PM of neuroendocrine cells. Furthermore, PlasMACC
enables the user to address more complex research questions regarding co-localization
of cellular components and stimulation dependent changes.

Results

Novel analysis algorithm

Our primary aim was the development of an accessible tool for the quantification of
fluorescent signals of cellular components in spherical chromaffin cells, focussing on the
plasma membrane and subplasmalemmal areas. Therefore, we developed PlasMACC
as a plugin for ImageJ (http://imageJ.net). After loading a 16-bit image of the equa-
torial plane of a MCC in ImageJ, PlasMACC performs four consecutive steps to quan-
tify fluorescent signals in the plasma membrane region of MCCs: (a) Threshold-based
determination of the dimensions of the cell and its centre point, (b) polar transforma-
tion, in order to transform the circular membrane signal into a straight line (devel-
oped by Edwin Donnelly and Frederic Mothe (http://rsbweb.nih.gov/ij/plugins/polar-
transformer.html)), (c) automatic, threshold-based ROI detection and (d) calculation
of intensity, thickness and density.

The determination of the bounding box and the centre point of the cell serve two
purposes: first, the bounding box ensures that the analysis is specifically performed
on the cellular staining and does not include nonspecific background staining artefacts
(fig3.2A). Second, it centres the cell for the polar transformation process, ensuring that
the transformation creates a straight line. The bounding box is determined by the
edges of the thresholded image. Here, we used the ”MaxEntropy” thresholding method
(implemented in ImageJ) to locate the outermost pixels to the left, right, top and
bottom. Maximized inter-class entropy of the histogram of the image was the basis for
this automated threshold method (developed by Jerek Sacha; for further information
see: http://rsbweb.nih.gov/ij/plugins/entropy.html, (Sahoo et al., 1988)). 5 pixels were
added on all sides to prevent clipping of the cell. The centre point of the cell is then
defined as half the length of the height and width of the rectangle. Both the bounding
box and centre point are necessary requirements for the following polar transformation.

The polar transformation plugin from Donelly and Mothe converts images from polar
to Cartesian coordinates. The earlier defined centre point of the cell serves as the origin
of the polar coordinates (0,0). Starting from the centre point, the plugin generates a line
with the radius r, covering all pixels from the centre till the border of the image. This
process is repeated 360 times, to cover the 360 degrees of the original images (fig3.2B).
The resulting lines are stacked sequentially in order to generate the transformed image.
In the final 16-bit images with Cartesian coordinates, the y-coordinate refers to the
angle, while the x-coordinate defines the radius r (fig3.2C). We used artificial images to
test the distortion introduced by the polar transformation (fig3.10A-Jii). We used line
scans according to the shortest and the longest distance from the centre of the cell to
the edges of the image and overlaid the resulting fluorescent profiles with a line scan of
the polar transformed image.
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This resulted in a maximal shift of 2 between profiles (fig3.10F). Since this distance is
smaller than the average variation in images of real cells, we conclude that the distortion
resulting from the polar transformation will have negligible effects on the data analysis.

The automatic ROI detection that defines the plasma membrane region as a rect-
angular area is based on the ”MaxEntropy” thresholding method. To detect the ex-
tracellular edge of the ROI (corresponding to the extracellular border of the cell), the
algorithm loops through all 360 lines of pixels, starting on the right border of the trans-
formed image. The position of the first pixel with an intensity value above the threshold
is detected for each line. The global, rightmost pixel defines the extracellular border
of the ROI. The intracellular border is set 40 pixels towards the cell centre from the
extracellular border. This value was chosen based on earlier observations and manual
determination of plasma membrane region width. This distance will differ depending
on the resolution of the microscope system used, and can be easily modified in the
user interface. Due to the fixed delineation of the left border the resulting ROIs have
identical dimensions (width: 40 pixels, length: 360 pixels), which ensure comparability
between cells.

For each line in the defined ROI, three signal parameters are calculated to char-
acterize the fluorescent signals originating from the plasma membrane area: (i) signal
intensity, (ii) signal thickness and (iii) signal density. The signal intensity is calculated
as the sum of all pixel intensity values above threshold (see above), ranging from 0 to
16.38 ka.u. (1000 arbitrary units), corresponding to zero pixels with an intensity value
above threshold to all 40 pixels above threshold and showing the saturated intensity
of 4096 a.u.. The thickness of the signal is defined as the absolute number of pixels
in every given line in the ROI which display an intensity value above the threshold.
The minimum is 0, given that the intensity of none of the pixels in a line exceeds the
threshold and the maximum value is 40, when all 40 pixels have intensity values above
the threshold. The signal density per line is calculated by dividing the signal intensity
by the corresponding thickness.

Verification of the new analysis method

We validated our newly developed analysis algorithm, PlasMACC, by quantification
of Munc18-1-dependent alterations in the cortical F-actin in comparison to methods
currently used in the field. The data set contained 79 confocal microscopy pictures of
actin-labelled MCCs ofwild type and munc18-1 null mice from two independent exper-
iments.

Using the circular line scan method that was applied to analyse the Munc18-1 pheno-
type (Toonen et al., 2006), we described Munc18-1-dependent alterations in the cortical
F-actin network by two parameters: (i) the absolute number of holes in the meshwork
and (ii) the percent intactness. The analysis was performed on the equatorial plane
of the z -stack of each MCC from both genotypes. In those 2-dimensional images, the
fluorescent signal of rhodamine-phalloidin (which was used to visualize the cortical F-
actin network) appeared as a ring-like shape. The ROI was manually determined by
marking the ring-shape with a segmented line (fig3.3Ai top row, left: wild type, right:
munc18-1 null). All signal intensities along this line were measured and an intensity
profile containing the distance measurements and corresponding intensity values was
generated (fig3.3Ai bottom row, left: wild type, right: munc18-1 null).
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Figure 3.2: Representation of stepwise algorithm to determine thickness, intensity
and density of fluorescent signal localized underneath the plasma membrane A.
Bounding box (square ROI) around the equatorial image of a CC from a Munc18 deficient
mouse, stained with rhodamine-phalloidin to visualize cortical F-actin. B. 16-bit gray scale
image of A, including a schematic illustration of the process during the execution of the polar
transformation algorithm; starting at the automatically determined centre point of the plane
(red arrow), generating lines from the centre point to the edges of the bounding box (beige
lines, length = r) and thereby covering all 360 degrees (yellow line). C. 16-bit gray-scale
image resulting from polar transformation of circular signal and representation of one of the
generated lines (starting point = centre point of the plane, length = r) from B. D. automatically
detected ROI (width = 40 pixels, height = 360 pixels). E. Thickness-measurements (light green
graph, normalized to the maximal number of pixels (40 per line). F. Intensity-measurement
(yellow graph, normalized to the maximum value). G. Density-measurement (dark green graph,
normalized to the maximum value) along all 360 lines; background: segment of the transformed
image, rotated 90◦ clockwise and displaying all pixels with an intensity value above threshold
in red, Scale bars: 2 µm.
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In order to determine the absolute number of holes in the cortical F-actin network
and its overall intactness, we used the custom written program described in the original
study (Toonen et al., 2006). A hole was hereby defined as three or more subsequent
pixels on the previously marked line with corresponding intensity values below the fixed
threshold, roughly corresponding to the size of a large dense core vesicle. The output file
contained the absolute numbers of holes as well as the percentage of holes, from which
the percent intactness was calculated. fig3.3Aii shows the average number of holes in
the cortical F-actin network in wild type and munc18-1 null MCCs from 2 independent
experiments and the average number of holes after the results from both experiments
were pooled. On average, the F-actin network in wild type MCCs contained 18.6 (±
1.4) holes, with 18.1 (± 1.7) and 19.5 (± 2.5) holes respectively for experiment 1 and
2. In MCCs from munc18-1 null mice, the overall number of holes was 23.4 (± 2.2).
In contrast to the wild type situation, the results of experiment 1 and 2 displayed a
bigger variation, with 25.5 (± 2.7) and 16.3 (± 1.7) holes respectively. Even though
the absence of Munc18-1 in MCCs seemed to correlate with an increased number of
holes when all cells are pooled, the independent experiments showed opposing results,
with an increased number of holes in the munc18-1 null MCCs in experiment 1 and a
decreased number in experiment 2. The second parameter, used for the description of
cytoskeletal alterations due to the absence of Munc18-1, is the percent intactness of the
cortical F-actin network, which was calculated from the percentage of holes, disrupting
the network. Both experiments showed the same trend, an increased intactness in MCC
from munc18-1 null mice. In wild type MCCs, the intactness was 44.1 %(± 6.0 %) and
36.0 % (± 5.8 %) for experiment 1 and 2 and 41.0 % (± 4.3 %) for both experiments
together, whereas the intactness in munc18-1 null cells were 55.2 % (± 5.5 %) and 56.6
% (± 6.9 %) in the independent experiments and 55.5 % (± 4.5 %) in the pooled sample
(fig3.3Aiii).

Since the described F-actin quantification method is rather specific and not available
to other scientists, we also analysed the data set with a widely used approach, referred
to as ”3 ROIs method” (fig3.3B). Here, we used an outer circular ROI, including the
whole cell, and an inner circular ROI to measure the intensity in the cytosol. To
compare the results from this method with the results obtained by PlasMACC, the
radius of the inner ROI was defined to be 40 pixels less than the radius of the outer
ROI (fig3.3Bii, left: wild type, right: munc18-1 null). The intensity measurement from
the inner circular ROI was subtracted from the intensity of the outer circular ROI.
To subtract the background intensity, we defined an additional ROI in the background
(fig3.3Bi, left: wild type, right: munc18-1 null). The rhodamine-phalloidin signal of the
wild type MCCs was 345.98 (± 16.62) a.u. in experiment 1 and 399.94 (± 25.44) a.u. in
experiment 2. In themunc18-1 null condition the average intensity was 506.63 (± 26.09)
a.u. in experiment 1 and 564.86 (± 24.95) a.u. in experiment 2. In the pooled sample,
the average intensity of the rhodamine-phalloidin signal in wild type MCCs was 366.36
(± 14.49) a.u., whereas the munc18-1 null MCC showed an average intensity of 520.13
(± 21.07) a.u. (fig3.3Biii), indicating a 40% increase in F-actin intensity in munc18-1
null MCCs compared to wild type MCCs. This method gives consistent results in terms
of total labelling intensity. However, from this data it can not be inferred whether this
increase is the result of an overall increase of cortical F-actin thickness or a decrease in
the number of holes in the F-actin network.
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3. New image analysis tool: PlasMACC

We tested the performance of PlasMACC, especially concerning consistency and spa-
tial resolution, on the cortical F-actin network in wild type (fig3.4Ci, left) and munc18-1
null (fig3.4Ci, right) MCCs and compared the outcome to the two methods described
above. In contrast to the previous approaches, the ROI was determined automatically
(fig3.4Cii top row: wild type MCC and fig3.4Cii bottom row: munc18-1 null MCC),
based on intrinsic properties of the image and the threshold method described above.

In consideration of the complex constitution of the cortical F-actin network in MCCs,
we decided to expand the parameters to describe the Munc18-1 dependent alterations
in the cortical F-actin and focus on three parameters: (i) signal intensity, (ii) thickness
and (iii) density. Quantifying the intensities of the F-actin signal in wild type and
munc18-1 null MCCs clearly showed an increase in the MCCs from Munc18-1 deficient
animals, in which the intensity measurements were almost doubled compared to wild
type MCCs (fig3.4Ciii). This result was consistent in both the independent experiments
and in the pooled sample. In the wild type condition the average intensities were 22.01
(± 1.30) ka.u. in experiment 1 and 25.47 (± 1.79) ka.u. in experiment 2. In MCCs from
munc18-1 null animals the values were 43.34 (± 2.15) ka.u. and 41.57 (± 2.54) ka.u.
respectively (fig3.4Civ). In the overall sample, the average intensity was determined to
be 23.32 (± 1.07) ka.u. in wild type MCCs and 42.92 (± 1.74) ka.u. in the munc18-
1 null MCCs, indicating an 80% increase in F-actin intensity in munc18-1 null MCCs
compared to wild type. A similar increase emerged when we quantified the thickness and
the density of the cortical F-actin network in both genotypes (fig3.4Cv, 3.4Cvi). These
results show that the increased F-actin labelling intensity in munc18-1 null MCCs is
resulting from a thicker F-actin mesh with an increased actin filament density.

Although all three methods show the established Munc18-dependent cortical F-actin
phenotype (Toonen et al., 2006), PlasMACC has certain advantages over both other
methods. The foremost argument for the usage of our novel analysis tool is the reduced
analysis time, mainly due to the automated ROI detection. Furthermore, PlasMACC
is more sensitive to pick up changes in plasma membrane signal compared to the 3
ROIs method since the cytosolic signal is not taken into account and threshold-based
analysis excludes nonspecific sub-threshold signal automatically from each individual
image. Finally, PlasMACC runs in a highly automated fashion and reduces user bias
resulting from manual ROI placing.

In the sample, a wide variety of signal strength was observed (signal-to-noise ratio
ranging from 2.27 to 141.27). We compared signal-to-noise-dependent performances
of the manual ROI approach with the automated PlasMACC method and found that
PlasMACC was as effective in analyzing poor signal-to-noise data as conventional meth-
ods, indicating that automatic ROI detection was not affected by poor signal quality
(fig3.11). We found similar variations in both methods (low signal/noise: ROI ap-
proach: average intensity = 304.16 a.u. ± 28.13 a.u., PlasMACC: average intensity
=20.39 ka.u. ± 3.09 ka.u.; high signal/noise: ROI: average intensity = 537.52 a.u. ±
57.47 a.u., PlasMACC: average intensity = 41.33 ka.u. ± 53.39 ka.u.). This indicates
that PlasMACC is a suitable method for a wide quality range of imaging data in an
unbiased fashion.
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Figure 3.3: Comparison of the existing methods (Ai - Biii) and PlasMACC
(Ci-Cvi) part1 Ai. top row: wild type MCC (left) and munc18-1 null MCC (right) with
rhodamine-phalloidin staining and manual line scan (green arrow), bottom row: intensity pro-
files of manually determined ROI (green arrow) along the cortical F-actin network from wild
type MCC (left) and munc18-1 null MCC (right). Aii. Quantification of the number of holes
in the cortical F-actin network in wild type and munc18-1 null MCCs from 2 independent ex-
periments (transparent, red: wild type, grey: munc18-1 null) and from the combined sample
(opaque bars, red: wild type, grey: munc18-1 null). Aiii. Quantification of the percentage of
intact cortical F-actin in wild type and munc18-1 null MCCs from 2 independent experiments
(transparent bars, red: wild type, grey: munc18-1 null) and from the combined sample (opaque
bars, red: wild type, grey: munc18-1 null). Bi. Confocal microscopy image with rhodamine-
phalloidin staining, showing 3 ROIs (background, outer ROI and inner ROI), left: wild type
MCC, right: munc18-1 null MCC. Bii. zooms of (Bi), visualization of outer and inner ROI,
left: wild type MCC, right: munc18-1 null MCC. Biii. quantification of the average rhodamine-
phalloidin intensity in 2 independent experiments (transparent, red: wild type, grey: munc18-1
null) and in the pooled sample (opaque bars, red: wild type, grey: munc18-1 null), Scale bars:
2 µm, all values are mean ± SEM, Student’s t-test comparingwild type and munc18-1 null ***p
< 0.001, **p < 0.01, *p < 0.5.
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phalloidin staining. Cii top row: wild type, bottom row: munc18-1 null, left: polar transformed
images of (Ci) with automatically detected ROI (blue lines), right: Visualization of pixels with
intensity values above the MaxEntropy threshold in red. Ciii. average intensity of the cortical
F-actin along all 360 lines, covering the whole network (red: wild type, grey: munc18-1 null).
Civ-Cvi. Quantification of averaged (Civ) intensity, (Cv) thickness and (Cvi) density of the
cortical F-actin network in wild type and munc18-1 null MCCs from 2 independent experiments
(transparent bars, red: wild type, grey: munc18-1 null) and from the combined sample (opaque
bars, red: wild type, grey: munc18-1 null), scale bars: 2 µm, all values are mean ± SEM,
Student’s t-test comparing wild type and munc18-1 null ***p < 0.001, **p < 0.01, *p < 0.5.
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Correlation Analysis

PlasMACC retains the spatial information of the quantified fluorescent signals, which
enables the user to correlate signals from different channels. Thereby it is possible
to investigate how proteins, lipids or cell organelles at the plasma membrane and the
subplasmalemmal region are localized relatively to each other.

We demonstrate this feature by analyzing the signal of cortical F-actin respective to
the LDCVs in the PlasMACC ROI. We find that the localization of LDCVs and cortical
F-actin in the subplasmalemmal region is clearly negatively correlated (R= -0.2546),
i.e., on plasma membrane regions, where an increased thickness of the cortical F-actin
network is detected, the thickness of the chromogranin A signal is reduced and vice
versa (fig3.5A-F). The output can be easily exported to other programs (e.g. SPSS,
R), in order to quantify correlation coefficients (fig3.5G). To illustrate the advantages
of specifically measuring co-localization on the membrane region (as automatically de-
tected with PlasMACC), we performed a correlation analysis on artificial images with
known signal overlap (fig3.12). We calculated the Pearson correlation coefficient with
an ImageJ plugin called ”JACoP” (Bolte and Cordeliéres, 2006) on the entire image or
only in the PM-region with PlasMACC. When both signals show 100% overlap in the
PM region as well as in the cytosolic region, both methods showed a Pearson correla-
tion coefficient of 0.999. However, if we included signal in the cytosolic region which did
not totally overlap, PlasMACC calculated a correlation coefficient of 0.999 for the PM
region. However, ”JACoP” determined a correlation coefficient of 0.539, since the en-
tire image was used for the co-localization analysis. By only calculating the correlation
coefficient of the ROI region, it is possible to ignore nonspecific staining (background
staining or signal from the Golgi complex of synthesized fluorescent proteins) which
results in a more stringent analysis.

More detailed colocalization information can be obtained by the use of higher (super-
) resolution microscopy techniques (e.g., Structured Illumination Microscopy (SIM)), for
which PlasMACC quantification would be well-suited. We acquired z -stacks of MCCs,
using SIM and analyzed the spatial correlation between the cortical F-actin network and
LDCVs in the equatorial plane. The automated analysis of SIM images was equally
well performed by PlasMACC, showing a negative correlation between both cellular
components (R= -0.0829) (fig3.6Ai-Gi). Due to the superior resolution of SIM, the
amount of overlap can be calculated more accurately (fig3.6Fi).

Membrane vs cytosolic localization

The quantification of fluorescent signals and their alterations at the plasma membrane
region allows the user to express these data relative to the signal detected in the cytosol
of the spherical cell. Due to the polar transformation algorithm used in PlasMACC, it
should be noted that the signal of the cell-cytosol is overestimated (for more detailed
discussion, see below and fig3.13). We used synthetic images to estimate the overrep-
resentation of the cytosol in comparison to the membrane region. To test a possible
influence of the cell radius on this effect, we performed the PlasMACC analysis on
artificial images with circular shapes of different sizes. All quantifications showed an
overrepresentation of the cytosol by a factor 2 to 3. In the cell with the smallest ra-
dius, the strongest overestimation was observed. Therefore, this demonstrates that the
described overrepresentation is inversely proportional to the cell radius.
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Figure 3.5: Spatial correlation of F-actin and LDCVs in wild type MCCs obtained
with confocal microscopy (A-G) and structured illumination microscopy (Ai-Gi) part1:
A/Ai. Rhodamine-phalloidin signal visualizing the cortical F-actin network. B/Bi. chro-
mograninA signal illustrating LDCV distribution. C/Ci. merge of the stainings above. D/Di.
normalized thickness of the cortical F-actin along the cell, including the image resulting from
the polar transformation with pixels displaying an intensity value above threshold indicated
in red and the line graph to illustrate PlasMACC results. E/Ei. normalized thickness of the
chromograninA staining along the cell, showing the polar transformed image with pixels dis-
playing an intensity value above threshold indicated in green and the line graph to visualize
PlasMACC results. F/Fi. merge of the line graphs from (E and F, Ei and Fi respectively),
including white dashed lines to indicated regions of increased F-actin thickness and decreased
chromograninA thickness and vice versa, emphasizing the negative correlation between both
fluorescent signals. G/Gi. Visualization of negative correlation between the thickness of the
cortical F-actin network and LDCVs, excluding zero values (white line showing fit ), Scale bars:
2 µm.
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Figure 3.6: Spatial correlation of F-actin and LDCVs in wild type MCCs obtained
with confocal microscopy (A-G) and structured illumination microscopy (Ai-Gi) part2:
A/Ai. Rhodamine-phalloidin signal visualizing the cortical F-actin network. B/Bi. chro-
mograninA signal illustrating LDCV distribution. C/Ci. merge of the stainings above. D/Di.
normalized thickness of the cortical F-actin along the cell, including the image resulting from
the polar transformation with pixels displaying an intensity value above threshold indicated
in red and the line graph to illustrate PlasMACC results. E/Ei. normalized thickness of the
chromograninA staining along the cell, showing the polar transformed image with pixels dis-
playing an intensity value above threshold indicated in green and the line graph to visualize
PlasMACC results. F/Fi. merge of the line graphs from (E and F, Ei and Fi respectively),
including white dashed lines to indicated regions of increased F-actin thickness and decreased
chromograninA thickness and vice versa, emphasizing the negative correlation between both
fluorescent signals. G/Gi. Visualization of negative correlation between the thickness of the
cortical F-actin network and LDCVs, excluding zero values (white line showing fit ), Scale bars:
2 µm.
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However, overestimation of the cytosol relative to the membrane compartment is
only dependent on the resolution and magnification of the imaging system used, there-
fore data that is acquired under identical imaging settings can be compared. For these
datasets, the ratio of signals (cytosolic or at the PM) can be insightful when studying
translocation mechanisms, due to e.g., stimulation or genetic manipulation.

We tested the redistribution of plasma membrane protein Syntaxin1a, which can
be removed from the plasma membrane by botulinum toxin C (BoNT/c) digestion
and is mistargeted in absence of Munc18-1 (Schiavo et al., 1995; de Wit et al., 2006).
Embryonal mouse chromaffin cells from two different genotypes (wild type and munc18-
1 null) and wild type cells expressing botulinum toxin (BoNT/c) were analysed using
PlasMACC (fig3.7A-C). Consistent with earlier publications (Schiavo et al., 1995), Syn-
taxin1a was localized in clusters at the PM in wild type MCCs, whereas it appeared
mislocated in munc18-1 null CCs, showing a much higher cytosolic distribution. A
similar signal was observed when BoNT/c was expressed in wild type MCCs, since the
toxin is known to cleave Syntaxin1a just above its transmembrane domain and our Syn-
taxin1a antibody bound specifically to its luminal component (de Wit et al., 2006). We
analyzed 60 MCCs and we determined the ratio of membrane-anchored syx1a/cytosolic
syx1a (Rsyx1a) (fig3.7D). In wild type MCCs this ratio Rsyx1a was 1.66 ± 0.09, repre-
senting a higher amount of syx1a at the PM compared to the cytosol. In munc18-1 null
MCCs and when expressing BoNT/c in wild type MCCs, Syntaxin1a was found to be
uniformly distributed in the PM and the cytosol (Rsyx1a = 0.85 ± 0.05 and Rsyx1a =
1.0 ± 0.13 respectively). Although the cytosol area is overrepresented in the quantifica-
tion of all conditions, these results indicate that signal redistribution from the plasma
membrane can be effectively analysed in PlasMACC with high consistency.
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Figure 3.7: Determination of the ratio between membrane-bound and cytosolic
protein A. Antibody staining against Syntaxin1a in equatorial image of wild type MCC (top)
and polar transformed image (bottom) illustrating the PM ROI (blue arrow) and the cytosolic
region (white arrow). B. Syntaxin1a signal in equatorial image of wild type MCC, expressing
the neurotoxin BoNT/c which cleaves Syntaxin1a (top) and polar transformed image (bottom)
illustrating the PM ROI (blue arrow) and the cytosolic region (white arrow). C. Syntaxin1a
signal in equatorial plane of munc18-1null MCC (top) and polar transformed image (bottom).
D. Quantification of the ratio between PM/cytosolic-localized Syntaxin1a in wild type MCCs
(red), wild type MCCs expressing BoNT/c (green) and munc18-1 null MCCs (grey), Scale bars:
2 µm, all values are mean ± SEM, Student’s t-test comparing wild type and munc18-1 null or
wild type with overexpression of BoNT/c ***p < 0.001, **p < 0.01, *p < 0.5.
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Figure 3.8: Quantification of changes in the cortical F-actin network in MCCs
of adult mice upon depolarization A-C. MCC from adultwild type mouse, stimulated
with high K+ Ringer solution and fixed 0S (A), 20s (B) and 40s (C) after application of
the stimulating solution, stained with rhodamine-phalloidin. D. Quantification of the average
intensity of the cortical F-actin network, Scale bars: 2 µm, all values are mean ± SEM, Student’s
t-test comparing the effects of 0 s stimulation with 20 s stimulation and 20 s stimulation with
40 s stimulation ***p < 0.001, **p < 0.01, *p < 0.5.

Subtle changes during high K+ stimulation of adult adrenal
chromaffin cells

Alterations in the cortical F-actin network in MCCs and translocation mechanisms, in-
volved in exocytotic processes, are stimulation-dependent and highly dynamic. There-
fore, we tested whether our novel analysis algorithm is able to detect rather subtle
changes in the cortical F-actin network of MCCs upon stimulation. The first experi-
ments that showed a reducing effect of high K+ stimulation on cortical F-actin were
performed in bovine CCs (Trifaró et al., 2000). We used MCCs from adult mice, since
they have a more developed cortical F-actin network and therefore resemble bovine CCs
more closely than embryonic MCCs. MCCs from adult wild type mice were stimulated
with high (60 mM) K+ Ringer buffer and fixed directly, after 20s or after 40s. The
cortical F-actin network was decreased during the stimulation period (fig3.8A-C) and
our method was able to detect those changes (fig3.8D), showing an average intensity of
30.6 ka.u. under non-stimulating conditions. After a 20s stimulation the intensity was
significantly reduced to 22.3 ka.u. and after 40s in high K+ Ringer buffer the average
intensity was 19.5 ka.u. These data show that PlasMACC is well-suited to detect subtle
changes in fluorescent signals at the PM.
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Live cell imaging

Dynamic changes of the cortical actin network were studied using fluorescence imaging
of live cells. In order to visualize the cortical F-actin network without immunocytochem-
istry methods, we used MCCs from genetically modified mice, in which actin was tagged
with GFP. The MCCs were imaged for 10s (2Hz) before stimulation, during 10s of stim-
ulation with high K+ Ringer solution and 10s after the stimulation (fig3.9A-E). The
linear representation of the cortical F-actin network shows that the reduction is not due
to a global decrease in the whole subplasmalemmal region, but to alterations of specific
localizations (indicated by arrowheads in fig3.9A-E). Using PlasMACC, we were able to
pinpoint those locations and clearly show that the actin network de-polymerized under
stimulated conditions (fig3.9D) and re-appeared shortly after, almost exactly mimicking
the pre-stimulation situation (fig3.9E).

Taken together, PlasMACC differs in three fundamental ways from previous meth-
ods. The initial adjustment is the conversion from a fixed, rigid threshold value to a
more flexible method, which takes the intrinsic properties of each individual image into
account. This alteration leads to analysis improvements compared to previous methods;
the results are highly consistent between independent experiments and the PlasMACC
analysis automatically adjusts the threshold settings to variability in labelling efficiency.
Besides the threshold modification, the ROI detection was thoroughly optimized, pri-
marily through its automation. This resulted in faster and more efficient analysis process
and also limits user bias. Since the ROIs for all images are identical, better comparabil-
ity between cells is provided. In contrast to the circular line scan detection, the newly
defined ROI covers the entire plasma membrane area. Finally, the output parameters
provide a more accurate description of biological properties and processes.
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Figure 3.9: Quantification of dynamic F-actin alterations during live cell imaging
A. left: Epi-fluorescence image of cortical F-actin network in MCC from actin-GFP Knock-
In mice, imaged live in Ringer solution, right: polar transformed image. B. left: F-actin
network during 10s stimulation with high K+ Ringer solution, right: polar transformed image.
C. left: cortical F-actin network after 10s stimulation, right: polar transformed image; The
images in (A-C) are averaged images of 10 consecutive frames (red: pixels with intensity values
above threshold, blue lines: ROI borders, white arrows: specific regions in the cortical F-
actin network in which show decreased intensity during 10s stimulation and increase in the
first 10s directly after the stimulation). D. Comparison of F-actin thickness along the cortical
network between pre-stimulation (grey) and stimulation (red) conditions. E. Comparison of F-
actin thickness along the network between pre-stimulation (grey) and post-stimulation (green)
conditions, (D,E) black arrows correspond to white arrows in (A-C).
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Discussion

We developed an automated image analysis algorithm to quantitatively analyze alter-
ations in the plasma membrane localization of fluorescent signals in spherical cells. This
new tool will facilitate the study of mechanisms involved in essential biological processes
such as exocytosis and endocytosis.

PlasMACC is a plugin for the freely available and widely used image analysis soft-
ware ImageJ. This software is easily applicable to all image analysis approaches and
does not require extensive programming skills. The algorithm was mainly tested with
images obtained by conventional confocal microscopy and epi-flourescence microscopy,
which are two of the most prevalent fluorescence microscopy techniques. However, Plas-
MACC has no limitations concerning the image acquisition method and is, as we have
shown here, also applicable to higher resolution images obtained by super-resolution
microscopy techniques such as SIM.

PlasMACC provides the user with both global parameters that describe the overall
appearance of membrane-localized cellular components and detailed spatial information
of the signal. When PlasMACC is applied to analyze live cell imaging data, the extracted
spatial information is accompanied by temporal information. Additional benefits are
increased reproducibility and consistent, unbiased results due to the substitution of
manual, user-dependent ROI detection by an automated algorithm. Applying a thresh-
old method based on intrinsic properties of each individual image, rather than using a
single fixed threshold value for all images, avoids quantification errors and undesired
variation due to nonspecific effects that can influence signal intensities, e.g., cell culture
variations and/or staining irregularities.

PlasMACC enables the user to determine correlations of several signals specifically
in the plasmalemmal area and thereby characterize the spatial relation of numerous
cellular components at the plasma membrane. The negative correlation between the
cortical F-actin network and LDCVs in the plasmalemmal region (fig3.5 and 3.6) serves
as an example to illustrate this feature of PlasMACC. Furthermore, the incorpora-
tion of signal quantifications from membrane-localized components as well as cytosolic-
distributed constituents, yields valuable information about redistribution of molecules
due to stimulation or genetic modifications. Using this algorithm in combination with
live-cell-imaging can add a temporal component to the otherwise predominantly spatial
analysis.

Even though the algorithm we developed offers a multitude of tools to investigate
plasma membrane- localized processes in more detail, it is limited concerning cell mor-
phology. The polar transformation step in the method makes PlasMACC well-suited for
spherical cells such as cultured MCCs and other circular structures (e.g., liposomes and
non adherent/dissociated cells), but performance will be affected for cells of a different
shape. However, the open-source script can be adapted and customized specifically
according to the requested cell morphology. As discussed above (section 3.4), the quan-
tification of cytosolic signals is not optimal as the polar transformation results in an
overrepresentation of pixels near the center of the cell. The transformed rectangular
image is build up from 360 lines as described above. Based on the transformation al-
gorithm, each line originates from the centre point of the original image. Therefore,
the intensity value of the centre point in the original image equals the intensity value
of the starting point of each line. The closer the proximity from pixels to the centre,
the more they will be overrepresented. Hence, the PM region is not affected by this
methodological artefact.
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Therefore the strength of PlasMACC lies in the quantification of PM-localized flu-
orescent signals in MCCs and for those conditions it offers a multitude of analysis
possibilities.

The technical improvements and the biological implementations of our approach of-
fer a standardized and automatic quantification method to characterize the localization
of cellular components at the plasma membrane. The understanding of plasmalemmal
processes in one of the most widely studied model systems for exocytosis and endocy-
tosis, adrenal chromaffin cells, will be facilitated and expanded to generate new leads
in neuronal research.
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Material and Methods

Laboratory animals
Generation of munc18-1 null mice was described earlier (de Vries et al., 2000). Embryos
(E18) were obtained by caesarean section of pregnant females from timed breeding of
heterozygotes. Actin-GFP mice were generated as previously described (Fischer et al.,
2000). Laboratory animals were bred and housed according to Dutch governmental
guidelines for animal welfare.

Chromaffin cell primary culture
Adrenal chromaffin cells from embryonic wild type, munc18-1 null and actin-GFP mice
(E18) were isolated as described elsewhere ((Sørensen et al., 2003b)). For the isolation
of CCs from adult mice (P30-P60) the cortex of the adrenal glands was removed from
the medulla before the cells were suspended in DMEM and centrifuged for 6 min at 1000
rpm. Subsequent preparation was identical to the E18 MCC procedure. The isolated
chromaffin cells (E18, P30-P60) were cultured on glass coverslips coated with rat tail
collagen.

Immunocytochemistry
Chromaffin cells were fixed with 4% paraformaldehyde (PFA) at DIV3. The cells were
permeabilized by 5 min incubation in phosphate buffered saline (PBS) containing 0.5%
Triton X-100. To block nonspecific binding, the cells were incubated for 30 min in PBS
containing 0.1% Triton X-100 and 2% normal goat serum. All antibodies were diluted
in this solution. The cells were incubated in the primary antibody solution for 1 h at
room temperature (RT). After 3 washes with PBS for 10 min, the cells were incubated
in the secondary antibody solution for 1 h at RT. The cells were washed 3 times in
PBS and mounted on microscopy slides with Mowiol in preparation for the confocal
microscopy and glycerol for the structured illumination microscopy, respectively.

Antibodies
Specific primary antibodies were used against chromograninA (rabbit polyclonal ab45138,
Abcam, 1:1000, Syntaxin1a (rabbit polyclonal, I379 (gift from Südhof lab), 1:1000),
SNAP-25 (mouse monoclonal, SMI81, Sternberger, 1:5000). As secondary antibod-
ies goat α-mouse and goat α-rabbit Alexa Fluor 488 and 647 were used (all Molecu-
lar Probes, 1:1000).The F-actin network was stained with the conjugate rhodamine-
phalloidin (R415, Molecular Probes), which does not require a secondary antibody.

Image Acquisition
Images of fixed and mounted samples were acquired using confocal microscopy and
structured illumination microscopy. For confocal microscopy, the microscopy slides were
imaged with a 63x plan-neofluor lens (numerical aperture 1.4, Carl Zeiss) on a Zeiss 510
Meta Confocal Microscope. An additional zoom factor of 5 was applied and the images
were acquired with a frame size of 1024x1024 pixels. A single image of the equatorial
plane of the MCCs was acquired. Structured illumination microscopy was performed
with the Elyra PS.1 platform (Carl Zeiss), equipped with a 63x plan-apochromat lens
(numerical aperture 1.46, Carl Zeiss). Here a z -stack covering the entire cell was ac-
quired.
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Live Cell Imaging
Coverslips were transferred to an imaging chamber and equilibrated in Ringer solution
(2 mM CaCl2, 1 mM MgCl2, 147 mM NaCl, 2.8 mM KCl, 10 mM HEPES, 10 mM Glu-
cose). The cells were imaged on an Olympus 1X81 microscope (Olympus), equipped
with a Hamamatsu C9100 EM-CCD camera and a MT20 illumination unit (Olympus).
Images were acquired with a 60x oil lens (NA 1.49) at a frequency of 2 Hz. After a
10s imaging sequence (baseline) the cells were stimulated with high K+ Ringer solution
(7 mM CaCl2, 5.57 mM MgCl2, 90 mM NaCl, 60 mM KCl, 0 mM HEPES, 11.3 mM
Glucose) for 10s. Afterwards, the stimulation solution was replaced by standard Ringer
solution and the cells were imaged for additional 10s.

Image Analysis
The analysis of the images was primarily executed with PlasMACC, which is imple-
mented as a plugin in the image analysis software ImageJ. We determined intensity,
thickness and density of fluorescent signals at the PM and in subplasmalemmal regions.
We performed Students t-tests to compare the described parameters between wild type
and munc18-1 null CCs. In order to determine the ratio between signal concentration
at the plasma membrane and the cytosol, pixel intensities on the intracellular side of
the ROI were measured and averaged. This mean cytosolic signal intensity was then
divided by the mean intensity of the signal at the PM. Correlation coefficients between
F-actin and chromograninA stainings were calculated by SPSS. The thickness values
of all 360 lines of both channels were imported into SPSS and the Pearson Correlation
co-efficient was calculated.
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Figure 3.10: Analysis of signal distortion due to polar transformation A. Artificial
image based on the dimensions of a confocal microscopy image of an adrenal CC on our micro-
scope (height/width 390 pixels with pixel-height and pixel-length of 0.028 µum) with line scans
illustrating the longest (blue) and the shortest (red) distance from the centre to the edges of the
drawing. B. Intensity plot of the line scan referring to the longest distance. C. Intensity plot of
the line scan referring to the shortest distance. D. Polar transformed image of (A) with a line
scan (green). E. Intensity profile of the line scan on the polar transformed image. F. overlay of
all three (blue, red, green) intensity profiles and an observed maximal shift of 2 pixels. Gi/Gii.
Artificial images, showing examples with signal located on the longest distance (Gi) and the
shortest distance (Gii). H. Intensity profile of Gi and Gii. I. Average intensities of Gi and Gii.
Ji/Jii. Artificial images, showing examples with holes located on the longest distance (Ji) and
the shortest distance (Jii). K. Intensity profile of Ji and Jii. L. Average intensities of Ji and
Jii.
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Figure 3.11: Comparison of performance dependent on the signal-to-noise ratio
Analysis of cells with the lowest and highest signal-to-noise ratio from the dataset which was
described in section 3.2, blue: 10% of cells with the lowest ratio and red: 10% of cells with the
highest ratio, Intensity measured with (A) the 3 ROIs method and (B) PlasMACC.
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Figure 3.12: Signal correlation analysis of artificial images A-B. Artificial images with
known signal overlap (100%) in the membrane region and in the cytosol (A: 100%, B: 30%). C.
Table showing Pearsons Correlation Coefficient R, determined with the ImageJ plugin ”JACoP”
and based on PlasMACC.
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A small cell B medium cell C large cellPT PT PT

original image polar transformationradius radius 
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small cell 79 2,3 1 3,14

medium cell 131 3,7 1 2,49
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Figure 3.13: Estimation of the overrepresentation of the cytosol in comparison to
the membrane area including size dependency A-C. Artificial images with circular shapes
of different sizes, scale bars: 2µm (pixel height/width: 0.028 µm). Ai-Ci. polar transformation
of A-C. D. Table showing the overrepresentation of the cytosol due to the polar transformation
algorithm.
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