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Abstract Extensive evidence supports the notion that the
cytoskeleton participates in the immobilization and mem-
brane clustering of the nicotinic acetylcholine receptor
(AChR) at the neuromuscular junction. Stimulated emission
depletion fluorescence microscopy has revealed the supra-
molecular organization of AChR nanoclusters at the surface
of CHO-K1/AS5 cells with subdiffraction resolution (Kellner
et al., Neuroscience 144:135-143 2007). We studied the
effect of two cytoskeletal-disrupting drugs (cytochalasin D
and jasplakinolide) on the nanoscale distribution of muscle-
type AChR expressed in these cells by means of mathe-
matical and statistical analysis of images obtained with the
same high-resolution microscopy. AChR nanoclusters were
found to be randomly distributed in both controls and cells
treated with either drug for distances larger than 500 nm.
Treatments altered the distribution of AChR nanoclusters
according to their brightness/size. Cytochalasin D and jas-
plakinolide produced a statistically significant increase in the
proportion of medium-size nanoclusters and a diminution of
small nanoclusters, indicating higher disrupting activity on
the latter. This was further corroborated by the diminution of
the brightness/diameter ratio of nanoclusters (a measure of
the intracluster density of AChR molecules) and by Ripley’s
analysis applied to simulated patterns with intracluster
aggregation of AChR molecules. The combined analytical
tools bring out subtle changes in the two-dimensional
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organization of the AChR nanoaggregates on disruption of
the cytoskeletal network and throw light on the possible link
between the cytoskeleton and the distribution of the AChR at
the cell surface.
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Increasing evidence supports the view that many mem-
brane proteins are clustered at the cell surface, and that
such clustering plays an important role in their function-
ality (Choquet and Triller 2003; Sieber et al. 2007). At the
neuromuscular junction, fast and accurate synaptic trans-
mission requires clustering of nicotinic acetylcholine
receptors (AChRs), at concentrations ~ 1000-fold higher
(i.e., 15,000-20,000 umz) than that at the contiguous
extrasynaptic membrane (Barrantes 1983). The mainte-
nance of this high density of receptors results from a bal-
ance between various mechanisms: increased local
synthesis of new receptors, redistribution of existing sur-
face receptors, decreased turnover and limitation of diffu-
sion of aggregated receptors (Kummer et al. 2006), and
trapping within corrals and fences provided by the extra-
cellular matrix and the subcortical cytoskeleton.

Receptor clustering also involves interactions between
postsynaptic proteins, among which agrin plays a key role
(Kummer et al. 2006, and references therein). Agrin has been
associated with elevated expression and targeting of rapsyn
to the postsynaptic membrane, thereby packing more AChRs
into stable, functionally AChR aggregates (Brockhausen
et al. 2008). Reciprocally, the presence of AChR was
reported to be required for agrin to induce clusters of other
postsynaptic components, such as a- and fS-dystroglycan,
syntrophin isoforms, and rapsyn (Marangi et al. 2001).
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Another important factor in stabilizing AChR clusters at the
neuromuscular junction is the cortical cytoskeletal network.
Association of the AChR with the cytoskeleton involves
phosphorylation of the f-subunit concurrently with the
presence of agrin and rapsyn (Fuhrer et al. 1999; Marangi
et al. 2001; Marchand et al. 2002; Sadasivam et al. 2005;
Willman et al. 2006; Borges et al. 2008). AChR—cytoskeletal
interactions are also operative in central nervous synapses:
the neuronal o7 AChR colocalizes with the cytoskeletal
protein F actin, and dispersion of F actin patches and
o7-AChR clusters into smaller aggregates was observed after
the cytoskeleton was selectively depolymerized (Brusés
et al. 2001).

We have recently studied the cell surface organization of
AChR in the mammalian CHO-K1/A5 cell line, which sta-
bly expresses adult muscle-type receptors. We have found
that in this cell line AChR is organized as subdiffraction
aggregates with sizes in the order of nanometers (Kellner
et al. 2007). The organization of these aggregates is cho-
lesterol sensitive; cholesterol depletion reduces the number
of aggregates by accelerating their internalization and
increases the size of the remaining ones (Borroni et al. 2007;
Kellner et al. 2007) by a mechanism possibly involving the
cytoskeleton (Kumari et al. 2008). In this work, we inves-
tigated the connection between the spatial distribution of the
AChHR and the cytoskeleton in CHO-K1/AS cells. The effect
of the cytoskeleton-disrupting drugs cytochalasin D (Cooper
1987) and jasplakinolide (Bubb et al. 1994) on the clustering
behavior of the AChR macromolecule was assessed by
stimulated emission depletion (STED) microscopy, a
nanoscopy technique (see Hell and Wichmann 1994; Klar
and Hell 1999) enabling imaging of AChR aggregates with
subdiffraction resolution (reviewed in Barrantes 2007). In
the present work, the light microscopy images were sub-
jected to statistical and mathematical analyses, bringing out
subtle changes in the 2-D organization of the nanoaggre-
gates on disruption of the cytoskeletal network that are not
revealed by simple observation of images.

Materials and Methods

Cell Culture

CHO-K1/A5 cells were grown in Ham’s FI12 medium
supplemented with 10% fetal bovine serum for 2-3 days at

37°C before experiments as in Roccamo et al. (1999).

Labeling of CHO-K1/A5 Cells for Confocal and STED
Microscopy

CHO-K1/AS cells were labeled for 1 h with mAb210, a
monoclonal antibody against the AChR « subunit, followed by
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staining for 1 h with a secondary antibody coupled to the
fluorophore Atto®"N, Cells were then washed, fixed with 2%
paraformaldehyde for 30 min at room temperature, and imaged
in confocal and STED modes using a Leica TCS STED
microscope at the microscopy facility of the Department of
Nanobiophotonics (Prof. S. W. Hell, Max-Planck-Institute for
Biophysical Chemistry, Gottingen) using excitation at 635 nm
provided by a broadband Spectra-Physics MaiTai laser line.
The nominal XY resolution (full-width half-maximum) in the
STED mode was ~70 nm as compared to the approximately
250-nm lateral resolution in the confocal mode, whereas the
resolution along the z-axis in the confocal and STED modes
was ~ 550 nm full-width half-maximum.

Treatment of CHO-K1/A5 Cells with the Cytoskeleton-
Disrupting Drugs Cytochalasin D and Jasplakinolide

CHO-K1/AS5 cells were incubated for 30 min at 37°C with
complete medium only (control), cytochalasin D (2.5 pmol/L),
or jasplakinolide (1 pmol/L). At the end of the incubation
period cells were labeled with monoclonal antibody mab210
as described above. Cells were subsequently imaged using
the confocal and STED microscopy modes, respectively.

Processing of STED Images

The background fluorescence for each image was calcu-
lated as the average intensity +3 SD in cell-free regions
and subtracted from each image. Before further analysis of
AChHR spots, addition of 3 SD to the average background
ensured that no artefactual spots were taken into account.
Regions of 5 x 5 um were selected from each image
excluding edges of cell membranes and cell-free zones
(substrate cover glass). Depending on the size of the cells,
regions were selected from the same or different cells in the
same image. The number of processed images and AChR
spots is listed in Supplementary Table 1. AChR spots were
manually selected in each selected region using a custom-
written MatLab routine, as in Kellner et al. (2007). Those
spots having a brightness distribution that could not be
adequately fitted by the Lorentz distribution (3> > 0.03)
were not included in the analysis. The coordinate (X,y) of
the spot was determined by the central point of the region
of interest (ROI) using the same custom-written software.

Analysis of STED Images
Use of Three-Dimensional Euclidean Distances
for Determining the Spatial Organization of AChR

Nanoclusters According to Brightness

To investigate whether the spatial organization of AChR
nanoclusters in the cell membrane depends on the
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brightness of spots, and assuming that brightness is pro-
portional to the number of particles in a spot, Euclidean
distances (D) between each pair of spots were represented
in a 3-D matrix (x,y, brightness). Supplementary Fig. 1
shows a selected 5 x 5-um region on the plane of the
membrane (x,y) with the average number of spots (25) per
region, and their corresponding measured fluorescence
intensity (brightness) in arbitrary units (AU). In order to
equilibrate the weight of the variables x,y and brightness
when computing the 3-D Euclidean distances, the values of
these variables were normalized and placed in a box of
100 x 100 x 250 AU. The raw 2-D coordinates, or each
spot in the plane of the membrane (X,y), originally in the
interval of 0-5 um, were normalized by the highest value
for each series of experiments, and next confined to the
interval 0-100 AU [(raw value/highest value) x 100].
Because brightness exhibits different absolute values (see
Supplementary Table 2) and units relative to x and vy, it
was normalized by the mean [norm = (raw value/mean) x
50)] for each series of experiments (i.e., control, and
cytochalasin D- or jasplakinolide-treated cells).

Because of the asymmetric distribution of the frequen-
cies of this variable, with a long tail to the right side of the
plot (see, e.g., Fig. 4 below), a small number of spots
(<1%) with brightness higher than 250 AU was discarded
from the analysis. From the transformed variables the 3-D
Euclidean distances (amounting to ~64,000) were next
computed by applying trigonometric criteria (Supplemen-
tary Fig. 1) between all pairs of spots within each set of

samples (control, cytochalasin D, and jasplakinolide). The
obtained frequencies were summed and binned in a general
plot. It is worth noting that if normalization of brightness
had been accomplished by dividing each element by the
maximum value, confining all the elements in the 0-100
interval, most of them would be crowded at the lower limit
of the interval, thus reducing the weight of the variable
brightness in comparison to the other two variables (X,y),
and hence lowering the sensitivity of this method. The
same would occur if normalization of brightness were
performed at higher values (i.e., norm (raw value/
mean) X 100). The large number of spots with brightness
higher than 100 would reduce sensibility of the method by
overweighting this variable. Because they are computed
from variables having different units and then normalized,
Euclidean distances are unitless.

To interpret changes in the frequency plots resulting
from the treatment of cells with cytoskeleton-disrupting
drugs, the frequency distribution of Euclidean distances
was next analyzed in simulated patterns having the same
box size (5 x 5 um) and average number of spots (25) as
the actual STED micrographs of AChR particles (Fig. 1).

One hundred patterns of 25 points each were first gen-
erated with a random distribution of each variable (x,y,
brightness). Variables x and y ranged from 0-100 AU,
whereas brightness was set to vary between 0 and 250 AU.
Accordingly, points were randomly distributed in a
100 x 100 x 250 AU box. An example of a simulated
pattern of spots in a bidimensional x,y surface is illustrated
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Fig. 1 Schematic depiction of simulated patterns of random and
nonrandom distribution of 3-D Euclidean distances. a Scheme of an
idealized image with the average number of nanoclusters (25) and
random coordinates (x,y, brightness). The third coordinate (bright-
ness) is represented by the area of the gray circle. Values of x,y vary
from O to 100 and brightness between 0 and 250 (arbitrary units).
b Keeping the same spatial distribution of nanoclusters in the X,y
plane, brightness was redistributed by placing the lower values on the

left side and the higher ones on the right side of the image. This
redistribution of the brightness over identical x,y coordinates was
used to estimate clustering of spots according to the brightness,
independently of the 2-D distribution in the plane of the membrane
(see Fig. 3). After generating hundreds of such patterns, Euclidean
distances were calculated and binned in general frequency plots (see
also Fig. 3)
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in Fig. la, where the coordinates of each spot correspond
to the center of each circle and the third variable (bright-
ness) is represented by the area of the circles. Second, the
hundred patterns of 25 points each were arranged accord-
ing to their brightness, thus segregating larger spots (e.g.,
higher intensities to the right in Fig. 1b) from the smaller
ones while keeping their x,y coordinates constant (Fig. 1b).
Next the Euclidean distances were calculated for all pairs
of points within all patterns. A total of 60,000 distances
were computed for the 100 random and nonrandom pat-
terns, a number similar to that observed in the experimental
data (Supplementary Table 3), and were then summed and
binned in an overall frequency plot.

Frequency Distribution of Brightness, Diameter,
and Brightness/Diameter Ratio of AChR Nanoclusters

With respect to 3-D Euclidean distances, the mean nor-
malized brightness (norm = (raw value/mean) x 50) was
used next for constructing frequency histograms of
brightness, instead of the raw values. The brightness of
nanoclusters within each set of samples (control and trea-
ted) was binned into a general histogram that could be
fitted by a log-normal type distribution. Analogously,
diameters (averaged from the full-width half-maximum in
the x and y coordinates) of nanoclusters within each set of
samples were also binned and plotted. The brightness/
diameter ratio was used as a measure of the intranano-
cluster density of particles. The ratio was computed for
each spot, summed within each set of samples and plotted
in an overall frequency histogram that could be fitted with a
log-normal distribution.

The median was used as a measure of central tendency
for these asymmetric frequency distributions because it is
less sensitive to extreme values than the mean. For com-
parison of the frequency distribution between control and
treated samples, the Wilcoxon test was performed (Statis-
tica, version 6.0). This median- and dispersion-based
method can be applied without the requirement of normal
(needed for the t-test) and/or symmetrical frequency
distributions.

Distribution of AChR Nanoclusters in the Plane
of the Membrane

Ripley’s Test

The spatial distribution of AChR clusters in the x,y plane
was investigated by applying Ripley’s analysis (Ripley
1977, 1979; Appleyard et al. 1985), which measures the
number of particles within a given radius r of any given
particle (Eq. 1):
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where N(r) is the number of particles within a distance r of
a given particle, and D is the average particle density per
unit area. Positive values of the function indicate clustering
of particles, whereas values close to zero (1) are expected
for a random distribution. Ripley’s function was calculated
using the Spatial Point Pattern Analysis (SPAA) software,
version 2.0.3, and restricted to lengths (r) up to half the size
of the selected regions (i.e., 2.5 pm). The central point of
the ROI was used as the coordinate of the spot and L(r) — r
was calculated separately on each selected 5 x 5-pum
region, followed by normalization by the 99% confidence
interval (99% CI) for each r. Finally, the values of the
function were averaged within each treatment. The 99% CI
corresponds to the maximum value of Ripley’s function
obtained from 99 randomly simulated patterns having the
same size and number of particles (i.e., equal density).

Poisson Distribution Analysis

The bidimensional distribution of AChR clusters in the
plane of the membrane was also subjected to Poisson
analysis. The field of the selected regions (5 x 5 pum)
within images was divided uniformly into square boxes of
500 x 500, 1000 x 1000, and 2500 x 2500 nm, and
clusters in each box were counted by subroutine written in
Excel. Boxes with the same size and a given number of
clusters (0, 1, 2, etc.) were counted and binned next into an
overall frequency plot within each set of samples. The
observed frequency distribution was compared with the
Poisson (random) distribution (Eq. 2):

eiﬂ;uk

P(k,2) =

(2)

where £ is the number of clusters per box and / is the mean
number of nanocluster per box. The goodness of fit of the
Poisson distribution to the observed frequencies was tested
by the y* statistic (Eq. 3):

o Zw 5)

i—0 F exp

where Fg,s and Fgy, correspond to the observed and the
expected frequencies (Poisson), respectively, and n corre-
sponds to the number of bins with a frequency higher than
5 (a bin is a box with a given number of clusters—0, 1, 2,
etc.). The y* statistics were calculated for each individual
bin and those bins having a frequency of >5 were next
summed to obtain a general y” for the entire frequency
distribution. Differences between the observed frequency
distribution and that for a random distribution were
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meaningful at the corresponding level of significance (P)
whenever the general y” statistics was higher than a critical
value (Chi.;; see Fig. 6). A large value of 12 indicates a
vanishing probability (P) that the observed distribution of
spots in the membrane is consistent with a random distri-
bution. The degrees of freedom used to compare between
distributions were computed as (n — 1).

Results

Organization of AChR Nanoclusters in CHO-K1/AS5
Cells Revealed by STED Images

Confocal and STED microscopy images of CHO-K1/AS5
cells double-labeled with monoclonal antibody mab210
against the AChR o subunit followed by a secondary
antibody coupled to Atto®’N are shown in Fig. 2. Binding
of antibodies promotes the cross-linking of AChR macro-
molecules and this results in the spotty appearance of the
particles close to the resolution limit of the confocal
microscope.

As stated in the Introduction, the cytoskeleton is an
important regulator of protein organization at the cell
membrane. In order to study the effect of the cytoskeleton
on AChR cell-surface organization, CHO-K1/AS5 cells
were treated with drugs (cytochalasin D and jasplakinolide)
that disrupt the organization of actin filaments (Supple-
mentary Fig. 2). CHO-K1/A5 cells were incubated for
30 min at 37°C with cytochalasin D (2.5 pmol/l) or jas-
plakinolide (1 pmol/l), labeled as above and imaged. This
relatively short incubation time allows these drugs to pro-
duce their effect on the cytoskeleton without altering the
AChR cell-surface levels (Supplementary Figs. 2 and 3).
Longer incubation periods (e.g., 2 h) with cytochalasin D
inhibit AChR endocytosis in the CHO-KI1/AS cell line
(Kumari et al. 2008). Furthermore, we have found that

control

Fig. 2 Organization of the AChR at the cell surface of CHO-K1/A5
cells. STED images of CHO-K1/A5 cells incubated for 30 min at
37°C with complete medium only (control), cytochalasin D
(2.5 pmol/l) or jasplakinolide (1 pmol/l). At the end of the incubation
period cells were stained with mAb-210, an antibody against the

cytochalasin D, .

endocytic internalization of the AChR does not occur
within this period (Kumari et al. 2008).

Spatial Organization of AChR Nanoclusters According
to Their Brightness/Size

The frequency distribution of the 3-D Euclidean distances
for the experimental data and for the simulated random and
nonrandom patterns is shown in Fig. 3. We introduce this
mathematical procedure to examine the spatial organization
of the AChR nanoclusters according to their brightness/size.
Treatment of CHO-K1/A5 cells with cytochalasin D or
jasplakinolide (Fig. 3a) produced statistically significant
changes in the relative frequency of Euclidean distances.
Higher frequencies of distances around 30-70 AU were
observed, and lower frequencies of distances larger than
~ 100 AU. It is worth noticing that the total area below the
curves amounts to 100, and high values at certain distances
must be counterbalanced by equivalent low values at other
distances.

To interpret the experimentally observed changes, fre-
quency distributions corresponding to the simulated ran-
dom and nonrandom patterns were compared (Fig. 3b).
The curve corresponding to simulated data shows differ-
ences between clustered (nonrandom) and random distri-
bution of spots. The observed changes in the distribution of
the Euclidean distances reports only on changes in the
distribution of brightness because positional (x,y) infor-
mation was kept constant. Relative to control samples,
treatment of cells with either cytochalasin D or jasplaki-
nolide shifted the curves of accumulated frequencies, as
was observed with the simulated patterns.

Independently of the 2-D organization of the AChR in
the plane of the membrane in the control samples (see
below), treatments affected the arrangement of AChR
nanoclusters as a function of their brightness. This
finding suggests that disruption of the actin cytoskeletal

jasplakinolide

AChR « subunit followed by Atto®*’N secondary antibody, and
fixation with 2% paraformaldehyde. Image analysis of the particles
was performed on 5 x 5-um regions of the cells (central square).
Lower right panels: higher magnification of region of the cell
membranes outlined by the rectangles. Scale bar = 2 pum
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meshwork affects the spatial organization of the AChR
nanoclusters according to their brightness/size, supporting
the notion that receptor anchoring and distribution at the
cell surface is coupled to the integrity of the cortical
cytoskeleton.

Cytoskeletal-Disrupting Drugs Affect the Size
and the Intrananocluster Density of AChRs

No differences were found in the brightness between
control and treated samples either by direct examination of
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Distance (A.U.)

Distance (A.U.)

the median of brightness (35.4, 35.6, and 36.0) or applying
Wilcoxon’s test for comparison of the frequencies distri-
bution (Fig. 4, left column). The lack of affectation of the
brightness distribution after treatment of cells with cyto-
skeletal-disrupting drugs does not contradict the previous
finding indicating that nanoclusters segregate according to
their brightness/size. The latter involves spatial distribution
of AChR nanoclusters according to their brightness,
whereas the former involves the frequency distribution of
brightness only, irrespective of their position in the plane
of the membrane.
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Fig. 4 Frequency distribution of brightness, diameter and brightness/
diameter ratio in control and treated cells. When feasible, a log-
normal distribution was fitted to the experimental data (lines). Arrows

statistically not significant; * significant at the correspondent level of

significance (P)

brightness/diameter ratio can be used as an approximate

the diameter of the

nanoclusters was not significantly affected by treatment

with cytochalasin D (Wilcoxon’s test, NS). On the

>

Relative to control samples

measure of the intrananocluster density of AChR mole-

cules.

The brightness/diameter ratio diminished after

treatment with both cytochalasin D and jasplakinolide

(Wilcoxon’s test, P < 0.05 and P < 0.01,

contrary, jasplakinolide treatment produced a significant

respectively,

increase (P < 0.01) in the diameter of clusters (Fig. 4,
middle column). Careful examination of the histograms

Fig. 4, right column), indicating a dispersion of particles
within clusters. Because the brightness did not vary in a

statistically significant manner after treatments (Fig. 4, left

column),

shows that the shift of the predominant frequencies to
larger diameters (from 156 £ 72.7 to 206 £ 74.2 nm) in
jasplakinolide-treated samples is mainly due to the dimi-

it follows that the reduction in the brightness/

diameter ratio stems from the increase of the diameter of

nution of the smaller diameters, i.e., below ~200 nm (left

clusters (Fig. 4, middle column), but not to changes in

region of the histogram). This suggests that the drug acts

brightness. Together, these findings reveal that both treat-

mostly by dispersing small clusters and thereby increasing

their diameter up to a medium value.

ments—but more markedly in the case of jasplakinolide—

cause an increase in the proportion of medium-

size clusters

Assuming that the brightness of a fluorescent spot in
the STED images is proportional to the amount of anti-

at the expense of a reduction in the intrananocluster density

of AChR molecules.

mouse Atto®"N-labeled antibody bound to the AChR, the
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Spatial Organization of AChR Clusters According
to Their Position in the Membrane

Ripley’s Test

As shown in Fig. 5, the Ripley’s L(r) — r curve for the
control samples fell within the interval for a random dis-
tribution. The minimum observed near the lower limit of
the interval (i.e., —1) suggests, however, fewer distances
around 200 nm (Fig. 5a). The curves for cytochalasin D
and jasplakinolide fell outside the lower limit of confidence
for a random distribution with minima at ~200 and
~300 nm, respectively, indicating fewer occurrences
of these distances than those expected for a random
distribution.

Ripley’s analysis (Ripley 1977, 1979) is usually used to
detect clustering of particles, in which case L(r) — r is
expected to be higher than the upper limit of the 99% CI at
the typical distances of clustering, which indicates fre-
quencies higher than those expected for a random pattern.
Occasionally, particle clustering may yield curves above
the upper 99% CI for most of the assayed distances (see,

Fig. 5 a Ripley’s analysis of 2

e.g., Fig. 7c). Patterns for which the L(r) — r curve falls
below the lower limit of the 99% CI implies shorter dis-
tances than expected for a random pattern. In a simulated
arrangement, the distance between two simulated points (d)
can range from zero to the value of the diagonal of the
square box of size £ (i.e., 0 < d < /2 £) because points are
dimensionless. However, in real images, any pair of par-
ticles cannot be separated by a distance shorter than the
sum of their radii (see Supplementary Fig. 4). It can be
inferred that this sum of radii corresponds to the prevailing
diameter of the particles analyzed, and thus the portion of
the L(r) — r curve that falls below the 99% CI will be close
to the prevailing particle diameter. Distances shorter than
the mean diameter of the particles are less frequent than
those expected for a simulated random distribution, and the
minimum of the L(r) — r curve will be located at distances
(r) close to such size. Although the L(r) — r function for
treated samples fell below the lower 99% CI, experimental
constraints made it impossible to establish whether the
spatial distribution of AChR clusters (i.e., the central point
of the ROIs) is random or not at distances below 500 nm
for the control or treated samples. At larger distances

the distribution of AChR
clusters. Bars represent SD of
the mean calculated from more

than 60 STED images (see L

Supplementary Table 1). b The
t-test comparing means of the control
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(above ~500 nm), however, the distribution of AChR
spots was random in all samples analyzed (Fig. 5a), as
reported previously for control CHO-K1/A5 cells (Kellner
et al. 2007). Thus, the randomness in the distribution of
AChR nanoclusters in the membrane, at distances beyond
~500 nm, was not affected by disrupting the cytoskeleton
with cytochalasin D or jasplakinolide (Fig. 5a).

The large number of replicates (more than 1400 clusters
analyzed for each treatment; see Supplementary Table 1)
compensates for the relatively large standard deviations in
the Ripley’s curves, enabling the application of the Student
t-test. After corroboration of the normal distribution of the
L(r) — r values for each set of samples (control, cytocha-
lasin D, and jasplakinolide), a requisite of applicability of
the #-test, each experimental curve was compared with the
control curve for all distances analyzed (Fig. 5b). Statisti-
cally significant differences (P < 0.001) were found
between control and cytochalasin D-treated samples for
distances below ~300 nm, and between control and jas-
plakinolide-treated samples for distances between ~ 250
and 500 nm. This comparison between Ripley’s functions
suggests that cytochalasin D and jasplakinolide affect the
organization of AChR clusters, increasing the size of the
AChHR particles. Furthermore, although all samples exhib-
ited a random distribution of clusters for distances above
~500 nm, the Ripley’s function for cytochalasin D at
distances above ~900 nm was significantly different in
statistical terms from that of the control (Fig. 5b), indi-
cating the occurrence of changes in the internanocluster
distances.

Poisson Analysis

The organization of AChR clusters according to their
position in the plane of the membrane was also investigated
by means of Poisson analysis. For this purpose, the 5 x
5-um selected regions in STED images were divided into
square boxes of different sizes, and the clusters inside them
were counted. The frequencies of boxes with a given
number of clusters were then compared with the expected
(random) frequencies. The z* statistics were higher than the
Chig; (P < 0.01) for control and treated samples in boxes
of 500 x 500 nm (Fig. 6, left column), indicating statisti-
cally significant differences between the overall frequency
distributions and the random distributions. The frequency
of boxes with 1 and 0, 2, or 3 clusters was higher and
lower, respectively, than expected for a random distribu-
tion. Upon increasing the box size to 1000 x 1000 nm
(Fig. 6, right column), the ¥* statistics were higher than the
Chiy; (P < 0.01) for control and jasplakinolide-treated
cells, with a higher frequency of boxes with 1 particle. No
statistically significant differences relative to a random
distribution were found for cytochalasin D-treated samples
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Fig. 6 Poisson analysis. First and second columns indicate frequencies
of 500 x 500 nm and 1000 x 1000 nm boxes, respectively, as a
function of the number of clusters per box. Dotted lines, observed
frequencies; solid lines, expected frequencies for a random distribution
(Poisson). Third and fourth rows indicate residuals and Xz statistics for
each bin (a bin is a box with a given number of clusters—0, 1, 2, etc.)

at this box size, nor for either drug at the largest boxes
evaluated (2500 x 2500 nm and 5000 x 5000 nm; data
not shown).
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The nonrandom distribution of AChR nanoclusters dis-
closed by the Poisson analysis brings into consideration
the influence of nanocluster size. The fact that in 500 x
500-nm squares the Poisson analysis reveals more boxes
with one nanocluster and fewer with two clusters than
expected for a random distribution is consistent with
nanocluster size in Ripley’s analysis. The predominant
diameter of clusters (Fig. 4, middle column) falls within
this distance, and thus fewer clusters would fit within the
500 x 500-nm boxes. The frequency of boxes with two or
more nanoclusters is thus lower than expected for a random
distribution. The Poisson analysis (as also Ripley’s) is
conceived for the study of dimensionless particles, and its
output must be carefully interpreted when applied to actual
objects having a finite physical size. The nonrandomness of
the AChR nanocluster distribution revealed here by the
analysis provides information on the prevailing diameter of
the nanoclusters.

Simulation of Intrananocluster Aggregation of AChR

The brightness of the AChR nanoclusters should depend on
both the size and the number of AChR molecules within
the nanocluster. To investigate the intrananocluster density
of receptors in the experimental STED images, the
expected number of receptors within each nanocluster was
simulated. A “nanocluster brightness unit” was defined as
the average brightness of the five nanoclusters with
the lowest intensity in each image. The brightness of the
remaining nanoclusters was next normalized relative to the
brightness unit in each image and represented by a number
(1, 2, 3, etc.) denoting the expected number of receptors
(Fig. 7a). Because the resolution in STED images
(~75 nm) was not sufficient to dissect individual AChR
macromolecules and their distribution within nanoclusters,
the simulated molecules were distributed randomly inside
the corresponding ROI of a nanocluster by custom-written
software (crosses in Fig. 7b).

When Ripley’s analysis was performed on the simulated
patterns, the nonrandom distribution of the generated
AChR molecules was apparent for all samples for distances
as large as 2000 nm (Fig. 7c). This is not unexpected
because the central point of each ROI (spot) is now sur-
rounded by a number of simulated points representing the
AChR molecules. The number of simulated AChR mole-
cules within each nanocluster depends on the overall
brightness of the nanocluster. Any pair of the simulated
molecules could be separated by any distance (i.e.,
0<d< \/2 £), and no L(r) — r values below —1 should be
expected. The highest degree of clustering occurs within
the range 100-300 nm, matching the predominant diameter
of the nanoclusters (see Fig. 4, middle column). This
interval matches that in Ripley’s analysis of STED images

@ Springer

exhibiting a minimum (Fig. 5a) because the generated
molecules are distributed within an ROI that initially had
one “molecule” only.

When the L(r) — r function of control and treated
samples was compared in terms of the #-test for each dis-
tance, no statistically significant differences were found for
samples treated with cytochalasin D (Fig. 7d). The L(r)
— r curve for jasplakinolide fell below the control values
for a wide range of distances (<~ 1500 nm), and the #-test
revealed significant differences (P < 0.01) for distances
shorter than ~300 nm. This is consistent with the current
hypothesis that the degree of aggregation of the intra-
nanocluster AChR molecules diminishes after treatment
with jasplakinolide, mainly in smaller clusters. The
brightness, the intrananocluster density of particles and the
area of a nanocluster (ROI) are closely related and mutu-
ally dependent, in agreement with the previous finding that
drugs affect small clusters more strongly than larger ones.
The range of distances concurs with the increase in the
prevailing diameters of clusters and the decrease in the
brightness/diameter ratio found after treatment with jas-
plakinolide (see Fig. 4, middle and right columns).
Because treatments did not significantly affect the bright-
ness (Fig. 4, left column), one may conclude that the
reduction in the degree of aggregation of the AChR mol-
ecules within clusters caused by the drug is mainly due to
the increase in the diameter of clusters and the subsequent
dispersion of molecules.

Discussion

A mathematical analysis was performed on STED images
of CHO-K1/A5 cells treated with drugs that disrupt the
integrity of the cytoskeleton to investigate the role of the
cortical cytoskeleton network on the spatial organization of
AChR macromolecular aggregates and individual AChR
molecules. The size-dependent output of the Ripley and
Poisson analyses used to disclose the spatial organization
of AChR clusters did not reveal whether their organization
was random or not at relatively short distances (i.e., below
500 nm). To be able to establish this latter using the cited
methods of spatial pattern analysis requires that the na-
noclusters be small so as to avoid misinterpretation when
contrasting the experimental data with the dimensionless
clusters of the simulated patterns. Neither the Ripley nor
the Poisson method is of use in cases where the particle
size is large enough to match the distance at which the
clusters occur. However, in agreement with previous
results (Kellner et al. 2007), Ripley’s analysis made it clear
that the AChR clusters are randomly distributed at dis-
tances larger than ~500 nm in all samples (Fig. 5a). The
randomness of AChR nanocluster distribution in the
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membrane between ~ 500 and 2500 nm was not altered
upon disrupting the cytoskeleton with cytochalasin D or
jasplakinolide (Fig. 5a). In contrast, cholesterol depletion
of CHO-K1/A5 cells by cyclodextrin treatment led to a
nonrandom distribution of AChR nanoclusters (Kellner
et al. 2007). Whether the distribution of spacings larger
than ~ 2500 nm is random or clustered is more difficult to
establish because for a faithful Ripley output the analysis
must be performed for distances smaller than half (i.e.,
2500 x 2500 nm) of the selected portions (5 x 5 pm) in
the microscope images. Given the nominal size (especially

the width) of the CHO-K1/AS5 cells, enlarging the regions
under study is not advisable because this would include
substrate cover glass and cell-free zones, potentially
yielding fictitious clustering.

By means of different mathematical approaches, both
cytochalasin D and jasplakinolide were found to alter the
spatial organization of nanoclusters and AChR molecules,
indicating that the cytoskeleton meshwork is involved in
the anchoring and organization of the receptor in the
membrane. Treatment with both drugs caused an increase
in the prevailing size of clusters, whereas it did not
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significantly affect the main brightness. Because the
brightness can be assumed to be proportional to the number
of AChR molecules within a nanocluster computed as the
sum of the pixel intensities within the ROI, these findings
can be explained in terms of a distribution of roughly the
same number of AChR molecules within nanoclusters.
Drugs may act by attacking the cytoskeleton network at
multiple points in the anchoring system in the membrane,
scattering the AChR aggregates and generating larger
nanoclusters but with a similar number of particles. The
increase in frequencies of medium-size nanoclusters and
the reduction of small ones (less than ~ 150 nm; see
Fig. 4), especially in the case of jasplakinolide, can be
accounted for by the stronger dispersing effects of the
drugs on smaller clusters at the assayed concentration and
exposure time.

On the basis of the present results, a possible size-
dependent mechanism for the cytoskeleton-disrupting
capability of the drugs can be hypothesized. The upper row
in Fig. 8 shows a series of nanoclusters having the same
number of AChR particles per unit area (i.e., density) but
varying size, before being treated with the cytoskeleton-
disrupting drugs. After treatment, AChR molecules are
dispersed; the increase in area of the nanocluster is
depicted as a gray ring. The smaller the original nano-
cluster size, the larger the relative area of the dispersion
ring. Thus, smaller nanoclusters are more affected than
larger ones. The reduction in the frequencies of the smaller
nanoclusters in jasplakinolide-treated cells (Fig. 4, middle

original original

diameter brightness

A

higher equal
diameter brightness

Fig. 8 Diagram illustrating the hypothetical mode of action of the
two cytoskeletal-disrupting drugs cytochalasin D and jasplakinolide
on nanocluster organization and their dependence on AChR nano-
cluster size. Six sizes of nanoclusters are schematically depicted in
the top row, all having the same density of randomly distributed
particles. The drugs disperse intrananocluster particles more effec-
tively on smaller nanoclusters (<~ 150 nm), generating larger,
medium-size nanoclusters with a similar number of particles. These
changes are reflected in lower intrananocluster density, unchanged
brightness, and lower brightness/diameter ratio. The model provides a
reasonable explanation for the observed lack of variation in bright-
ness, the increase in frequencies of middle-size clusters, and the
decrease in the brightness/diameter ratios after treatments with the
cytoskeletal-disrupting drugs, jasplakinolide in particular

cluster partlcle

@‘

@ treatment
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column) can thus be explained in terms of the dispersion of
AChR molecules within the nanocluster, yielding medium-
size clusters with lower density. The hypothetical mecha-
nism of nanocluster disruption also explains why the
frequencies of large nanoclusters did not vary significantly
(Fig. 4, middle column). This size-dependent effect of the
cytoskeleton-disrupting drugs could reflect the effective
concentration of drugs at the site of action. For a given
analytical concentration during treatments, the effective
concentration of the drug at the site of action in the cells
will depend on the ratio between the drug and the cyto-
skeletal proteins: the larger the size of the nanocluster, the
lower the effective concentration of the drugs.
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