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Measurement of caveolin-1
“densities in the cellmembrane
for quantification of caveolar
e deformation after exposure to
e hypotonic membrane tension
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. Caveolae are abundant flask-shaped invaginations of plasma membranes that buffer membrane

. tension through their deformation. Few quantitative studies on the deformation of caveolae have been

. reported. Each caveola contains approximately 150 caveolin-1 proteins. In this study, we estimated

. the extent of caveolar deformation by measuring the density of caveolin-1 projected onto a two-
dimensional (2D) plane. The caveolin-1in a flattened caveola is assumed to have approximately one-
quarter of the density of the caveolin-1in a flask-shaped caveola. The proportion of one-quarter-density

. caveolin-1increased after increasing the tension of the plasma membrane through hypo-osmotic

. treatment. The one-quarter-density caveolin-1 was soluble in detergent and formed a continuous
population with the caveolin-1in the caveolae of cells under isotonic culture. The distinct, dispersed
lower-density caveolin-1 was soluble in detergent and increased after the application of tension,
suggesting that the hypo-osmotic tension induced the dispersion of caveolin-1 from the caveolae,
possibly through flattened caveolar intermediates.

. The plasma membrane, composed of amphipathic lipid molecules, exhibits two-dimensional fluidic properties
. that allow for flexible responses against tension without breakage. The mechanisms involved in the plasma mem-
© brane response to tension are not fully understood. The increase in cell surface area is mediated, at least in part, by
. the disassembly of membrane reservoirs, which are areas of folded membrane that can be flattened' . Caveolae
. function as membrane reservoirs that can be flattened after an increase in membrane tension. In the resting
state, caveolae are stable flask- or cup-shaped plasma membrane invaginations with diameters of approximately
100nm®’.
: There are approximately 150 caveolin-1 molecules associated with the flask- or cup-shaped caveola mem-
. brane*®. A typical caveola has an approximate depth of 100 nm and diameter of 100 nm; thus, a caveola can be
represented as a cylinder of 50 nm length with a hemispheric cap radius of 50 nm (Fig. 1). If we set the radius as r
- and the length of the cylinder as , then the calculated surface area of the cylinder is 277 x r+ 0.5 x 4772 = 4772, If
: this cylinder with its cap is flattened by tension, then the diameter projected onto the plane would increase 4-fold
© because the area of the original projection is 772, Therefore, although the density of caveolin-1 on the membrane
© is not expected to change during caveolar flattening, the projection density, which is the density of caveolin-1
. projected onto the plane parallel to the plasma membrane, is assumed to decrease. Here, a flattened caveola has
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Figure 1. The expected density of caveolin-1 in a two-dimensional projection of a flattened caveola. A caveola
typically has a 100 nm diameter and a 100 nm depth. We approximated a caveola as a cylinder with a 50 nm
depth and a 100 nm diameter, capped with a 100 nm diameter hemisphere. The entire area of this structure is
unfolded into a flat membrane and the two-dimensional, projected area is calculated to be increased 4-fold.
Therefore, the density of molecules associated with the two-dimensionally projected caveola, such as caveolin-1,
is expected to be decreased to 25% of the density of molecules associated with the folded caveola.

a 200 nm diameter (Fig. 1), and therefore the appearance of one-quarter-density caveolin-1 is expected after the
application of tension if caveolin-1 remains in the caveola.

In this study, we labelled caveolin-1 using antibody staining or Dendra2, a photoswitchable fluorescent pro-
tein'?. The antibody staining requires the solubilization of the membrane by detergent, i.e., partial disruption
of the membrane, to allow the antibody access to caveolin-1. By contrast, Dendra2 can be visualized without
solubilization of the membrane. We determined the precise localization of caveolin-1 by stochastic localization
methods: stochastic optical reconstruction microscopy (STORM) for antibody labelling and photoactivated local-
ization microscopy (PALM) for Dendra2. Both methods determined the coordinates of caveolin-1 localization.
We then evaluated the projection density of caveolin-1 using neighbour distance measurements. Using these
densities, we quantitatively analysed the populations of caveolin-1 in density ranges corresponding to the shapes
of the caveolae. When using antibody labelling, we did not detect any increase in the population of caveolin-1
corresponding to flattened caveolae after hypo-osmotic treatment, which are expected to have one-quarter the
projection density of typical caveolae under isotonic conditions. However, we detected an increase in the popu-
lation of the one-quarter-density caveolin-1 using caveolin-1-Dendra2. The one-quarter-density caveolin-1 was
not a distinct population from the typical density caveolin-1. In both the observations using antibody and the
observations using Dendra2, we detected an increase in the dispersed caveolin-1 population with lower density
than the population with one-quarter density. Therefore, hypo-osmotic tension induced caveolar deformation
and dispersion, and the deformed caveolae contained caveolin-1 that is more soluble in detergent.

Results

Observation of caveolin-1 by super resolution microscopy using antibody labelling.  First, we
observed individual endogenous caveolin-1 molecules by antibody-based STORM observation (Fig. 2a,b). After
fixation of the cells, the plasma membrane was solubilized using detergent to allow the antibody to access the
caveolin-1 proteins. Then, we labelled endogenous caveolin-1 with an anti-caveolin-1 antibody followed by a
secondary antibody double-labelled with Alexa 405 and Alexa 647, to obtain the laser-induced activation of the
Alexa 647 dye necessary for single-molecule resolution'" 2. Because the Alexa 647 dye emits multiple signals,
we recorded the first frame by using a 405 nm laser for activation, followed by three frames using a 633 nm laser
for observation. Only the signals that appeared in both the 1 and 2™ frames were considered to represent the
activation-induced signals from the antibodies.
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Figure 2. The k'™ nearest neighbouring distance (NND) measurement using a typical caveolin-1 observation
from a cell. (a,b) Representative STORM images of a whole cell (a) and a caveola (b) with caveolin-1 staining
obtained by indirect immunofluorescence with an anti-caveolin-1 antibody. Each dot corresponds to one
STORM signal. (c) Schematic diagram of the k™ NND for the signal density estimation of caveolin-1. (d) The
representative density distributions of the STORM signals calculated from the X NND in a cell under isotonic
conditions, for k= 1-7 on a logarithmic scale. In the table, the geometric means (4) and geometric variances
(o) are shown after fitting with a single log-normal distribution, because of their unimodal distribution. (e) A
schematic diagram showing the maximum calculations of the 4" NND using the 5 (44 1) signals generated by a
Monte-Carlo simulation in a 100 nm diameter circle, determined from the typical diameter of a caveola. (f)
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The maximum distances for the k" NND values (T [nm]) for given k values, estimated with Monte-Carlo
simulations (R,) as in (e), are shown in black. Without the simulation, the maximum value was hypothesized

to be the caveolar diameter of 100 nm and is shown in grey. (g) A plot of STORM signal percentages that did
not have k signals within the range T} for each k value. Calculations with maximums, which were a caveolar
diameter of 100 nm and the maximum estimated by Monte-Carlo simulations (Ry), are shown in grey and
black, respectively. The plots of percentages on k were approximated well within linear equations (grey and
black lines). The intercepts of these lines (k=0) were assumed to be the percentages of caveolin-1 outside the
caveolin-1 assembly regions and were —2.45% (grey-filled diamond) and 8.53% (black-filled circle), with the
assumption of uniform observation efficiency. (h) Averages of k" NND (r, [nm]) after the elimination of signals
with R or 100 nm maximum values, shown in black and grey, respectively. (i) Estimated signal densities inside
caveolae, calculated using equation (1) and the averages of the kX NND within caveolae in (h). (j) Observation
efficiency estimations of caveolin-1 with the k" NND plotted against k, after the elimination of signals as in
(e.f,g), with R, or 100 nm maximum distances. To examine the robustness of the estimation, the observation
efficiencies calculated from the data, in which 10 or 20% of the signals were further randomly eliminated from
the original data, were also calculated after dividing by 0.9 or 0.8 for normalization to the observation efficiency
from the original data. The increase in k exceeds the assumed number of signals per caveola, and thus the
observation efficiency is underestimated.

We first evaluated the STORM signals resulting from caveolin-1 staining. The STORM data obtained without
the anti-caveolin-1 antibody or from the cells treated with siRNA for caveolin-1 had almost no STORM signal
(Figure S1), thus suggesting that our observations by STORM represented the distribution of caveolin-1. The
accuracy of the STORM signal in the x-y dimension is within the range of approximately 20 nm, whereas that
of the z dimension is in the range of approximately 50 nm'2. Thus, the depth of each caveola, which is approxi-
mately 100 nm, could not be observed by STORM. Therefore, we analysed the x and y coordinates to calculate the
two-dimensional projection density (Fig. 2).

We calculated the projection density of caveolin-1 signals and attempted to identify the populations of free,
disassembled caveolin-1 outside caveolae and the population of the assembled caveolin-1 within caveolae. We
converted the coordinates of the caveolin-1 signals by STORM to the projection density of each caveolin-1 mol-
ecule. There were two challenges to estimating the actual projection density of caveolin-1 from the observed
STORM coordinates. First, the calculation of the observed density depended on the setting of the area used to
calculate the density. Second, the observed signals represented only a portion of the caveolin-1 molecules, and the
observation efficiency of the caveolin-1 molecules, i.e., the number of observed caveolin-1 signals as a ratio of the
total caveolin-1 molecules, was not known.

For coordinate distribution analysis, Ripley’s K function is widely used to examine the randomness in signal
distribution'; however, it is difficult to convert to signal densities. Cluster analysis and location-adaptive density
estimation have also been used to examine signal distribution'* '*. However, we found that these two methods
were ineffective when two caveolae were close to each other. Therefore, we developed a method to estimate the
labelling efficiency and density of caveolin-1 based on the k™ nearest neighbour distance (k" NND). From a given
caveolin-1 signal, we measured the distance to its neighbouring caveolin-1 signals (Fig. 2¢c)'%; we then converted
the distances to the projection densities.

The k" NND analysis for density measurement. The two-dimensional distance, in this case, k™ NND,
reflected the projection density of the signals. We selected a cell in isotonic culture medium, Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 10% serum, to evaluate the NND measurement for density estima-
tion. We selected an area of 8,262 nm X 7,160 nm, in which the signal density was high and caveolae were thought
to be densely distributed. Assuming that the local signal distribution was random and approximated by a Poisson
point process, we estimated the local projection density (pki) around the signal i from its X" NND 7,

2

pi—L 'k + 1)
¢ 7rr,i2 F(k + %)

(1

where ['(-) is the gamma function'®. We then calculated the 1%, 2, 31, 4, 5 6t and 7th (k= 1-7) NNDs for all
observed signals. The frequency distributions of pki (equation (1)) for k= 1-7 were plotted on a logarithmic scale
with the geometric means (p) and geometric variances (o) (Fig. 2d). The similar distributions of the k' NND
from k=1-7 implied that equation (1) provided a robust measurement of the local signal densities.

Estimation of observation efficiency and optimal k value for k™ NND.  In general, the estimation
of the molecule density by the k™ NND with a smaller k is influenced strongly by spatial randomness and shows
large fluctuations. Thus, the larger k is thought to result in accurate estimation of the density. However, when we
considered the density of the molecules in specific subcellular organelles, then the distance between the molecules
has the maximum distance that is determined by the shape of the subcellular organelles and by the observation
efficiency. If the observation efficiency is low, then the average number of signals in the subcellular structure is
small, and a k™ NND with a large k would have resulted in the measurement of the distance between signals in
two distant subcellular structures, which would not reflect the signal density for the subcellular structure. Having
the maximum distance shorter than the k™ NND could occur, especially if a large k value is used. Therefore, we
estimated the observation efficiency and the optimal k value.
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First, we considered a typical caveola as having a 100 nm diameter and 150 membrane-associated caveolin-1
molecules. The projection density of caveolin-1 in this assembly was 0.019 [1/nm?]. Second, we considered the
maximum distance, which is the possible largest k™ NND within a caveola, to avoid the usage of signals outside
of the caveola for k" NND estimation. The maximum distance (T}) for the k" NND data are defined as the largest
distance between two signals within one caveola that has k + 1 signals because more than k signals are necessary
to measure the k™ NND within one caveola, and because an increase in the number of signals in a limited area
(a caveola) decreases the expected value of the largest k™ NND. There were two candidates for the maximum
distance values. One candidate was the hypothesized caveolar diameter, T, = 100 nm, which is shown in grey in
Fig. 2f-j. Another candidate was a typical value of the largest distance estimated by a Monte-Carlo simulation
(Ty=Ry), which is shown in black in Fig. 2f-j. In a Monte-Carlo trial, we randomly generated k + I dots (signals)
inside a circle with a diameter of 100 nm and took the largest k" NND (Fig. 2e). We repeated the trial 10,000 times
and took the average of the largest k™ NND as a typical value of the largest distance, R, (Fig. 2f). The estimations
of the maximum values are shown in Fig. 2f, and the percentages of eliminated k™ NND data with both maximum
values are shown in Fig. 2g.

After the elimination of the k™ NND larger than the maximum distance, the average of the k™ NND (%)
(Fig. 2h) was substituted into equation (1), and the projection density (p;) of signals within a caveola was
obtained. The signal density within a caveola was calculated from the observation efficiency p, by using the fol-

lowing equation:
1 150 (ISOPk)”e*ISOPk
P = s o n |
w507, 55, « - nl ()
150p, )"e 1507k
where o = 310, +1% is the normalization factor. Here, we assumed that the number of labelled

caveolin-1 molecules was represented by a Poisson distribution with X\ = 150p, with a caveolar radius of 50 nm.
Solving this equation numerically, we obtained an observation efficiency p; for the two kinds of maximum dis-
tances (T}) (Fig. 2j). The maximum distance determined by the Monte-Carlo simulation (T, = R;) gave a stable
estimation of approximately 6% for broader k values (k=2-6). In contrast, the maximum distance of 100 nm
(T,=100nm) did not provide a robust estimation of the observation efficiency (Fig. 2j). Because the k" NND
with different k values reflects the signal density independently of k values under R;, the estimation of NND by R,
is a more robust estimation than that using a maximum distance of 100 nm.

We then assessed the difference between the two maximum distances, 100 nm and R, using a Monte-Carlo
simulation. If our assumptions that the typical distance between caveolae was more than 100 nm and that there
are few caveolin-1 molecules outside of caveolae were correct, then the maximum distances by both 100 nm and
the Monte-Carlo simulation would eliminate the k" NND data that did not belong to caveolae, where both esti-
mations of the observation efficiency would be accurate. Apparently, the maximum distance simply set to 100 nm
did not give a more robust estimation of labelling than that of the Monte-Carlo simulation. Thus, either one or
both of the two assumptions were incorrect. In fact, several electron micrographs revealed caveola-rich plasma
membrane compartments within which the distances between caveolae were less than 100 nm, thus challenging
the first assumption. For the second assumption, the caveolin-1 signal at the plasma membrane outside of cav-
eolae was considered to be a background signal using conventional microscopy analyses. However, the second
assumption was apparently incorrect based on STORM analyses. Moreover, our method estimated the percentage
of caveolin-1 outside of caveolae by the intercept (k =0) of the linear fitting of eliminated signals (Fig. 2g). The
estimated percentage of caveolin-1 outside of caveolae with T, = 100 nm gave a negative value (—2.45%), which is
impossible and thus suggested the inaccuracy of this estimation. In contrast, the estimation with T} = R, provided
a reasonable value of 8.53%, consistent with fractionation data showing a small fraction of caveolin-1 outside of
the caveolar coat protein complex’. Because the maximum value calculated by the Monte-Carlo method was less
than 100 nm, the maximum value eliminated many k™ NND data, and we assumed that the remaining data after
elimination were more reliable for the density estimation.

To further confirm the validity of this method, we estimated the dependency of the k" neighbouring method
on the spatial pattern of the signal distribution. We randomly eliminated 10 or 20% of the signals to evaluate
the fluctuation of the labelling by the antibody and performed the same calculations. The calculated labelling
efficiencies were divided by 0.9 or 0.8 to compensate for the decrease in the signals and plotted in Fig. 2j. The esti-
mation of the labelling efficiencies was not significantly different across k = 1-5, thereby suggesting the validity
of this method. Thus, we assumed that k =4 or 5 would be optimal for the estimation of the caveolin-1 projection
density.

The estimation of the observation efficiency of caveolin-1 was ~6% for this cell (k=4). Approximately 9
caveolin-1 antibody molecules per typical caveola (150 caveolin-1 molecules) were estimated to be observed
by STORM, which is equivalent to a projection density of 1.1-1073 [1/nm?]. This estimation was consistent
with previously published data demonstrating that each caveola was labelled with 5-10 caveolin-1 antibod-
ies, as determined by an immuno-electron-microscopy after freeze-fracture procedures!’. With the assump-
tion of a Poisson distribution, 95.7% of caveolae were estimated to be observed with 4-15 antibody molecules.
Interestingly, the mode density of the frequency distribution of the signals under isotonic conditions varied by
1.240.33-107%[1/nm?] among 8 cells (k=4), a result supporting similar labelling of caveolin-1 between exper-
iments. However, the variation in the mode-density values (0.3/1.12-100 ~28%) is notably large for the detec-
tion of the density-dependent responses of caveolin-1 distribution to hypotonic treatment, which is expected to
decrease the density to 25%.
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Figure 3. Local density estimation from STORM signals of caveolin-1. (a) A schematic representation of
caveolin-1 density and expected shapes of caveolae by a 4-times density scale. Under isotonic conditions,
typical caveolae had a mode density of 12 x 10™*/nm? and flattened caveolae were expected to have a density
of 3 x 10~*/nm? Therefore, we analysed the percentages of caveolin-1 molecules by densities ranging from
1.5 to 6 and from 6 to 24 x 10~*/nm? as “flattened” and “typical” caveolae, respectively. The percentages of
caveolin-1 below 1.5 (dispersed caveolin-1) and above 24 (high-density caveolin) were also analysed. (b-e) The
average density distributions of the STORM signals by the 4" NND in cells treated with (b) isotonic culture
medium, (c) hypotonic conditions for 3 min and (d) hypotonic conditions for 5 min. The distribution of each
cell was analysed using relative densities to the mode density and then plotted using the averaged mode. The
dashed line indicates the standard deviation. The density ranges in (a) are also indicated by colour. In (e), the
superposition of (b—d) is shown. (f) Percentages of caveolin-1 by the density ranges as in (a) in each cell. The
average percentages (black bars) between cells in isotonic medium and hypotonic treatments for 3 and 5 min
were significantly different. Indicated p-values were obtained using the Student’s t-test.

The density of caveolin-1 in cells under hypo-osmolarity conditions. To examine the changes in
caveolin-1 density during hypotonic treatment, we analysed the signal densities of caveolin-1 from sets of 6 cells
placed in hypotonic medium for either 3 or 5min in comparison with the aforementioned 8 cells that were placed
in isotonic medium. Assuming the mode of caveolin-1 density in each similarly treated cell is the same, i.e., the
caveolin-1 density in typical caveolae, we calculated the geometric mean of the mode densities of the signals
among cells under the same treatment (g wat® where treat =iso, 3min, 5min). Then, we adjusted the density scale
of each cell by multlplymg the ratio of the geometric mean of the mode densities of the signals and the mode
density of each cell (g /o, . whereiis the index of each cell). This method compensated for the experimental
reat treat
fluctuation among the cells we observed. These adjusted density distributions precisely described the relative
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density distributions of caveolin-1. This made it possible to detect the change in the distribution, which was oth-
erwise concealed by the experimental variation, i.e., 28% variation in the observed density.

Our objective was to detect the behaviours of the caveolin-1 population with one-quarter-density compared
with the mode density, which was considered the typical caveolar density. Therefore, we configured four ranges of
projection densities: the first range (p < 7_/8), second range (g /8 < p < g, /2), third range
(7,2 < p < 27, ), and fourth range (27, < p). The representative densities of the second and the third range
areg /4 ~ 3[10°"/ nm’]and 2, ~ 12[1077/ nm’], respectively (Fig. 3a). Therefore, the first through to the fourth
range were designed to detect the caveolin-1 scattered over the plasma membrane (dispersed caveolin-1), the
caveolin-1 at one-quarter-density (flattened caveolar density), the caveolin-1 at the mode density (the typical
caveolar density), and the caveolin-1 at a higher density, respectively. The signals were then apportioned to the
four ranges based on their surrounding signal densities calculated with the 4" NND and the percentages of sig-
nals in these ranges were calculated.

The averaged density distributions of caveolin-1 detected by antibody labelling are shown in Fig. 3b-e. After
hypotonic treatment, the percentages of caveolin-1 at the typical caveolar density (in the third range) decreased
and, surprisingly, the percentage of caveolin-1 at the flattened caveolar density (in the second range) did not
increase but decreased. Interestingly, the percentage of dispersed caveolin-1 (in the first range) significantly
increased (Fig. 3f). These changes were more evident with the 5-min hypo-osmotic treatment than with the
3-min hypo-osmotic treatment. The percentage of the high-density caveolin-1 (in the fourth range) was not
significantly changed.

Ripley’s L function analysis to examine the correlation between caveolin-1 populations.  Next,
we evaluated the localization of caveolin-1 associated with the four ranges. We plotted the caveolin-1 coordinates
coloured by range (Fig. 4a). The spatial relationships between caveolin-1 signals in the four ranges were then
analysed by the multivariate Ripley’s L function!® (Figs 4b,c and S1). These graphs represent spatial correlation
between the signals from the ith and jth range (i and j are 1-4). First, autocorrelations (bold lines) are positive
and larger than any other cross-correlations (thin lines) for the signals from all four ranges, indicating that the
observed area can be decomposed into patches in which signals from one of the four ranges are dominant. In
particular, the localization signals of the first range were mutually exclusive with the signals in other ranges
(cross-correlations are almost zero or negative) (Fig. 4a,b,c). By contrast, the caveolin-1 in the three ranges (the
second, third and fourth ranges) localized close to each other (cross-correlations are positive), which indicated
that the caveolin-1 in these densities formed a continuous structure in cells under both isotonic conditions and
hypotonic treatment (Fig. 4b,c). Therefore, the caveolae deform and the density of caveolin-1 changes, but the
change is continuous instead of stepwise. Thus, the dispersed caveolin-1 (in the first density range) is thought to
be outside the caveolae because of the mutually exclusive localizations.

The density distribution of caveolin-1 upon methyl-3-cyclodextrin and dynasore treat-
ment. Caveolae are also considered to be cholesterol-dependent structures, such that the depletion of choles-
terol is known to flatten caveolar structures®’. However, the dispersion of caveolin-1 upon cholesterol-depletion
has not been examined by super-resolution microscopy. In cells treated with methyl-3-cyclodextrin (M3CD),
the percentage at the dispersed caveolin-1 density (in the first range) significantly increased (Figs 5a,b,d and S2).
However, the percentage at the flattened caveolar density (in the second range) was not increased.

To further verify the method described here for the detection of protein densities of small structures on cell
plasma membranes, we labelled the clathrin heavy chain with an antibody and evaluated its protein density.
Clathrin-coated pits have a diameter of approximately 150 nm and contain approximately 100 clathrin triskel-
ions, i.e., 300 clathrin heavy chain proteins'®. Approximately 4% of clathrin heavy chain proteins were labelled
in a selected cell (Fig. 6a). We then labelled the clathrin heavy chain proteins in dynasore-treated cells. The
high-density population of the clathrin heavy chain proteins (in the fourth range) increased upon dynasore treat-
ment (Figs 6b,c and S3), which suggested that our method was valid for the measurement of protein assembly on
the plasma membrane. By contrast, we could not detect any change in the density distribution of caveolin-1 after
dynasore treatment (Figs 5a,c,d and S2).

The density distribution of caveolin-1-Dendra2. Antibody labelling detects endogenous protein but
requires solubilization of the plasma membrane for incorporation of the antibody into the cells, a procedure
called ‘permeabilization’. By contrast, proteins with a genetically coded tag, such as Dendra2, do not need per-
meabilization of the plasma membrane for their visualization. The other conditions for the observations were
similar between the antibody labelling method and the fluorescent protein observation. We observed HeLa
cells expressing low levels of caveolin-1-Dendra2, a photoswitchable protein, as previously performed for
caveolin-1-mCherry®. Because the expression of caveolin-1-Dendra2 varied cell-to-cell, we averaged the density
distribution of caveolin-1 under the same treatment using the mode as the standard, as in Fig. 3 (Figs 7 and S4).
As shown in Fig. 7a, the density distribution of caveolin-1-Dendra2 under the isotonic condition was similar to
the density distribution of caveolin-1 determined by antibody labelling in Fig. 3; however, the averaged mode
density was less than that observed by antibody labelling, presumably due to exogenous expression and the lesser
efficiency of photon emission of photoswitchable proteins compared with fluorescent antibodies?" 2.

The peak density of caveolin-1-Dendra2 decreased greatly in cells under hypo-osmotic treatment, with
an increase of dispersed caveolin-1 (in the first range) (Fig. 7b,d,e). Moreover, the one-quarter-density
caveolin-1 (in the second range) was increased in the observations using Dendra2 (Fig. 7b,d,e). High-density
caveolin-1-Dendra2 structures were detected (Fig. 7b), but their population was decreased. Because
caveolin-1-Dendra2 was visualized without solubilization of the plasma membrane (permeabilization), the
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Figure 4. Ripley L function analysis to examine correlation between caveolin-1 populations, showing district
dispersed caveolin-1 population from the others. (a) Typical representation of STORM signals from cells under
isotonic and hypo-osmotic conditions for 5min in Fig. 3. Density ranges are distinguished by colour: red,
green, blue and magenta dots represent signals in the first, second, third and fourth range, respectively. (b,c)
Multivariate Ripley’s L function analysis to examine the correlation between caveolin-1 from cells under (b)
isotonic and (c) hypo-osmotic conditions in the four ranges in Fig. 3a. The leftmost panels show L function
analysis with signals in the first range; a bold red line indicates autocorrelation among signals in the first range,
and thin lines show cross-correlations among signals in the first range and in the second (green), third (blue)
and fourth (magenta) ranges. The second, third and fourth panel shows L function analysis with signals in the
second, third and fourth range, respectively. The analysis of the other cells in Fig. 3 is on Figure S1.
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Figure 5. Local density estimation from STORM signals of caveolin-1 upon MBCD or dynasore treatment.
(a—c) The average density distributions of the STORM signals by the 4" NND of caveolin-1 under (a) control
DMSO treatment, (b) 10-mM MBCD treatment for 10 min, and (¢) 80-uM dynasore treatment in isotonic
medium for 10 min, as analysed in Fig. 3. (d) Percentages of caveolin-1 by the density ranges in each cell as in
Fig. 3f. The average percentages at the dispersed caveolin-1 range between cells treated with DMSO and MBCD
were significantly different. Indicated p-values were obtained using the Student’s t-test.

non-increase in the one-quarter-density caveolin-1 by antibody staining (Fig. 3f) presumably resulted from the
solubilization and removal of caveolin-1 from the cells during the antibody staining procedure.

Disassembled caveolae have been reported to recover after cells were replenished with an isotonic medium?®.
After recovery from the hypo-osmotic treatment, the distribution of caveolin-1-Dendra2 was recovered to the
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Figure 6. Local density estimation from STORM signals of clathrin heavy chain. (a) Observation efficiency
estimations of clathrin heavy chain with the k' NND plotted against k. (b) The average density distributions of
the STORM signals by the 8" NND of clathrin heavy chain in cells under isotonic culture medium (blue), and
80 M dynasore treatment for 10 min (magenta), as analysed in Fig. 3. The dashed line indicates the standard
deviation. (c) Percentages of clathrin heavy chain by the density ranges in each cell allocated as in Fig. 3f. The
average percentages at the flattened range (second range) and the high-density range (fourth range) between
cells treated with DMSO and dynasore were significantly different. Indicated p-values were obtained using the
Student’s t-test.

high density (Fig. 7c,f). We next calculated the geometric means of the density distribution. The geometric means
of the hypo-osmotic treated cells and the recovered cells were significantly different from the geometric mean of
the cells in the isotonic medium (Fig. 7f). Thus, these data suggested that our measurement of caveolin-1 density
by caveolin-1-Dendra2 clearly detected the deformation and the recovery of caveolae.

Discussion

Membrane tension induced by hypotonic conditions mechanically disassembles caveolae, which buffer mem-
brane tension by their disassembly* ?*. The detailed behaviour of caveola deformation has not been statistically
described. In this study, we used the coordinates of caveolin-1, obtained with STORM and PALM, to deter-
mine the two-dimensional projection density of caveolin-1 in both hypo-osmotic treated cells and cells under
normal isotonic culture conditions; as such, we quantitatively measured the deformation of caveolae. Using a
nearest-neighbour distance (NND)-based density measurement, we detected the disassembly of caveolin-1.
Surprisingly, the antibody labelling method revealed that the percentage of one-quarter-density caveolin-1, i.e.,
caveolin-1 at the flattened caveolar density, was not increased after hypo-osmotic treatment. In contrast, the
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Figure 7. Local density estimation from PALM signals of caveolin-1-Dendra2. (a-d) The average density
distributions of the PALM signals by the 4" NND of caveolin-1-Dendra2-expressing cells under (a) isotonic
medium (iso), (b) hypotonic treatments of 5min (hypo), and (c) hypotonic treatments of 5min followed

by isotonic medium for 5 min recovery (rec), as analysed in Fig. 3. The dashed line indicates the standard
deviation. The dotted line indicates the peak in (a). In (d), the superposition of (a—c) is shown. (e) Percentages
of caveolin-1 by the density ranges in each cell as in Fig. 3f. The average percentages at the dispersed caveolin-1
range between cells under isotonic medium and cells treated with hypotonic medium or recovered cells were
significantly different. Indicated p-values were obtained using the Student’s t-test. (f) The geometric means of
the density distribution in each cell in (a-c). The average geometric means between cells in isotonic medium
and the treated cells were significantly different (*) with p=0.02 (hypo) and 0.002 (rec) obtained using the
Student’s t-test.

percentage of one-quarter-density caveolin-1 was increased when we observed caveolin-1 fused with Dendra2
without antibody labelling. The difference in procedures included the presence or absence of solubilization of
the plasma membrane. Therefore, upon hypo-osmotic treatment, caveolin-1 is suggested to rapidly disassemble,
which increases its propensity for detergent solubilization.

The multivariate Ripley’s L function analysis indicated that only the dispersed caveolin-1 (first range in Figs 3
and 7) forms a distinct population from the caveolin-1 in the typical, high-density, and flattened caveolae (sec-
ond, third, and fourth ranges in Figs 3 and 7). However, the increase in caveolin-1 in the first and second density
ranges in Fig. 7 suggested that the caveolin-1 in the caveolae dispersed into the sparsely distributed caveolin-1
after hypo-osmotic treatment possibly through flattened caveolar intermediates.

We compared our observations with those from previous studies. In previous studies, the decrease of
caveolin-1 from the caveolar invagination and the increase of caveolin-1 on the flat membrane area have been
demonstrated in mouse lung endothelial cells (MLEC) by thin-section electron microscopy, which could not dis-
tinguish the flattened caveolae from the flat, non-caveolar plasma membrane®. The increase in flattened caveolae
in MLEC was consistent with detailed observations of the plasma membrane using the rapid-freeze deep-etch
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electron microscopy, in which caveolae were assessed based on their characteristic surface striations*. However,
sparsely distributed plasma membrane-associated caveolin-1 could not be visualized by rapid-freeze deep-etch
electron microscopy. In contrast, the freeze-fracture immuno-electron microscopy method can observe
membrane-embedded molecules including proteins and lipids, that were immobilized by platinum-coating
from the inner hydrophobic faces of the bilayer membrane** **. With this method, the caveolin-1 outside of the
invaginated membrane structures, which appeared to be equivalent to dispersed caveolin-1 in our observations,
was observed in human fibroblast cells'”. However, this freeze fracture method had not been applied for the
hypo-osmotic treated cells. Decreased caveolin-1 in the plasma membrane after hypo-osmotic treatment was
previously observed in HeLa cells using conventional microscopy*; however, dispersed caveolin-1 would be con-
cealed by background fluorescence. In all these studies, there was no clear characteristics to distinguish flattened
and typical caveolae. Therefore, our observations by density estimation do not contradict previous reports.

The high-density caveolin-1 existed after hypo-osmotic treatment, and therefore, some caveolin-1 popula-
tion remained in high density after membrane tension. The high-density caveolin-1 revealed by the projection
density measurement may represent the assembly of caveolin-1 perpendicular to the plasma membrane. Thus,
the high-density caveolin-1 may be achieved by the constriction of caveolae. The constriction may occur during
endocytosis. Caveolae and clathrin-mediated endocytosis are known to be mediated by the GTPase dynamin’.
However, the treatment of the cells with the dynamin-inhibitor, dynasore, did not increase the amount of
high-density caveolin-1 (Fig. 5). Because we detected an increase in high-density clathrin following dynasore
treatment (Fig. 6), it is possible that the small deformation in caveolae caused by dynasore treatment would be
undetectable due to the smaller size of caveolae compared to clathrin-coated pits. The absence of an increase in
high-density caveolin-1 following dynasore treatment could also result from less-frequent endocytosis of cave-
olae than clathrin-coated pits or from the difference in the steps before scission by dynamin. Clathrin-coated
pits are thought to undergo several maturation steps before dynamin-mediated scission'. The increase in the
high-density population of clathrin upon dynamin inhibition is consistent with multiple steps of clathrin-coated
pit maturation. By contrast, caveolae do not appear to have such multiple steps of maturation before
dynamin-mediated scission’. Thus, dynamin inhibition is not thought to increase the high-density caveolin-1
population. Alternatively, the high-density caveolin-1 may have resulted from the dynamin-independent physical
behaviour of caveolae under tension. This concept was previously discussed by Sens and Turner using a theoreti-
cal model that may explain the condensed caveolin-1 and the increase in free caveolin-1%.

The responses of caveolae to hypo-osmotic tension may also be specific to cell type, i.e., caveolae have
cell-type-specific characteristics. Cavin proteins are important structural components of caveolae as the removal
of Cavin proteins leads to the disassembly of caveolae’. Cavin proteins have several family members and different
functions that are dependent on cell type. Cavin proteins from different tissues and cells have been differentially
fractionated by density gradient centrifugation analysis?® ?. Caveolin isoforms are also suggested to be differen-
tially localized dependent on the deepness of caveolae'”. Thus, the responses of caveolae after the application of
tension by hypo-osmotic treatment included flattening of the caveolae and the dispersion of caveolin-1 through-
out the plasma membrane, and these responses are thought to depend on the cell-specific protein composition of
the caveolae. The hypo-osmotic tension activates PKC, which induces the removal of PACSIN2, an F-BAR protein
known to stabilize caveolae and bind to dynamin, by PKC-mediated phosphorylation under both hypotonic
and isotonic conditions®® *°. The molecular details of caveola disassembly upon hypo-osmotic treatment will be
further examined. Dysfunctions in caveolae have been found in various diseases, such as muscular dystrophy”.
Our detailed analysis of caveolin-1 distribution after membrane tension provides fundamental insights for under-
standing the behaviour of caveolae.

Materials and Methods

Immunofluorescence for STORM. HelLa cells were cultured as described previously®'. For the hypotonic
treatment, Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% foetal calf serum (FCS), was
diluted with sterile water in a 1:10 ratio*. The three-dimensional STORM setup was purchased from Nikon, and
a protocol was developed based on previous reports'! 2. Dye preparation, secondary antibody labelling and cell
staining for STORM imaging (Nikon) were performed according to the manufacturer’s protocol, using combina-
tions of Alexa 405 and Alexa 647'"12. Cells were cultured on Lab-Tek IT chambered cover glass slides that were
precleaned with 1 M KOH for 1 hr. The cultured cells were fixed in 3% paraformaldehyde and 0.1% glutaraldehyde
(electron microscopy grade) in HEPES-buffered saline for 10 min, reduced with 0.1% NaBH, in HEPES-buffered
saline for 7 min, blocked in blocking buffer (3% BSA + 0.2% Triton X-100 in PBS) for 1 hr, and then stained with
a 1:100 dilution of the primary antibody, anti-caveolin-1 (7C8) mouse monoclonal antibody (sc-53564, Santa
Cruz Biotechnology) or anti-clathrin heavy chain (TD.1) mouse monoclonal antibody (sc-12734, Santa Cruz
Biotechnology), in blocking buffer for 1 hr. After being washed, the cells were incubated with the secondary anti-
body and then washed again. Finally, the cells were post-fixed with 4% paraformaldehyde + 1% glutaraldehyde
and stored in PBS at 4 °C. For image acquisition, the cells were soaked in 50 mM Tris-HCl (pH 8.0), 10 mM NaCl,
and 10% glucose supplemented with cysteamine (MEA), glucose oxidase and catalase for caveolin-1 or, for clath-
rin staining, in the modified buffer described previously®, and imaged using an N-STORM setup with a Piezo
stage and an iXon DU-897E electron-multiplying charge-coupled device (EMCCD) camera (Andor) according
to the manufacturer’s instructions. One image for the activation laser (405nm) and three sequential images for
the reporter laser (647 nm) were obtained for 10,000 cycles (a total of 40,000 images). Only the signals identified
by the activation laser within 25 nm in both images and the first images by the reporter laser were considered for
the analysis. The cylindrical lens was inserted into the light path to obtain the z-axis coordinates and was used to
reject ambiguous signals. The signals were analysed with the manufacturer’s software (NIS-elements, Nikon). The
coordinates of the signals identified by the software were exported into a text file and then analysed. In all figures,
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each dot represented one molecule. The illumination depth did not exceed 500 nm from the coverslip and was
considered on or within close vicinity of the plasma membrane.

The multivariate Ripley’s L function. STORM signals were classified into four ranges based on the signal
density surrounding the focal signals (kth nearest neighbour distances for the focal signals are used to estimate
the signal density). Let x;, be the position of the nth signals in ith ranges. We first defined the multivariate K func-
tion as

1 NN ) )
(d) = — P I |
K,](d) N En gm H(d — |x, — x]|) 3)

where d is the length (in nanometres), N; is the number of signals in the ith range, and H is the Heaviside func-
tion. Then, we calculated the multivariate Ripley’s L function as

Kld)
K;(5000) 5000 (4)

This function is normalized to take L;(5000) =0 by assuming the correlations of spatial signal patterns disap-
pear at the length scale of 5000 nm.

PALM imaging of Dendra2. Flp-in T-REx HeLa cells were cultured in DMEM supplemented with 10%
FCS, and caveolin-1-Dendra2 was expressed using the Flp-In T-REx Core Kit (Thermo Fisher Scientific) as
described previously?® 334, Cells fixed as above without permeabilization were reduced with PBS 4-0.1% NaBH,
for 7 min, washed, and then stored in PBS with 1% polyvinyl alcohol and 10 mM cysteamine (MEA). Cells with
weak expression of caveolin-1 were selected based on fluorescence intensity. Then, the cells were imaged using
the N-STORM setup. Data recording was performed using NIS-elements software. Forty thousand images were
continuously acquired using a 30 mW 543 nm laser with continuous activation by a 405 nm laser. The coordinates
of the signals, identified by the software, were exported into a text file and then analysed.

References
1. Groulx, N., Boudreault, E, Orlov, S. N. & Grygorczyk, R. Membrane reserves and hypotonic cell swelling. ] Membr Biol 214, 43-56,
doi:10.1007/500232-006-0080-8 (2006).
2. Dai, J., Sheetz, M. P., Wan, X. & Morris, C. E. Membrane tension in swelling and shrinking molluscan neurons. ] Neurosci 18,
6681-6692 (1998).
3. Morris, C. E. & Homann, U. Cell surface area regulation and membrane tension. ] Membr Biol 179, 79-102 (2001).
4. Sinha, B. et al. Cells respond to mechanical stress by rapid disassembly of caveolae. Cell 144, 402-413, d0i:10.1016/j.cell.2010.12.031
(2011).
5. Dulhunty, A. & Franzini-Armstrong, C. The relative contributions of the folds and caveolae to the surface membrane of frog skeletal
muscle fibres at different sarcomere lengths. J Physiol 250, 513-539 (1975).
6. Rothberg, K. G. et al. Caveolin, a protein component of caveolae membrane coats. Cell 68, 673-682 (1992).
7. Parton, R. G. & del Pozo, M. A. Caveolae as plasma membrane sensors, protectors and organizers. Nat Rev Mol Cell Biol 14, 98-112,
doi:10.1038/nrm3512 (2013).
8. Walser, P. J. et al. Constitutive formation of caveolae in a bacterium. Cell 150, 752-763, d0i:10.1016/j.cell.2012.06.042 (2012).
9. Ludwig, A. et al. Molecular composition and ultrastructure of the caveolar coat complex. PLoS Biol 11, 1001640, doi:10.1371/
journal.pbio.1001640 (2013).
10. McKinney, S. A., Murphy, C. S., Hazelwood, K. L., Davidson, M. W. & Looger, L. L. A bright and photostable photoconvertible
fluorescent protein for fusion tags. Nat Methods 6, 131-133, doi:10.1038/nmeth.1296 (2009).
11. Bates, M., Huang, B., Dempsey, G. T. & Zhuang, X. Multicolor super-resolution imaging with photo-switchable fluorescent probes.
Science 317, 1749-1753, doi:10.1126/science.1146598 (2007).
12. Huang, B., Wang, W., Bates, M. & Zhuang, X. Three-dimensional super-resolution imaging by stochastic optical reconstruction
microscopy. Science 319, 810-813, doi:10.1126/science.1153529 (2008).
13. Prior, I. A., Muncke, C., Parton, R. G. & Hancock, J. . Direct visualization of Ras proteins in spatially distinct cell surface
microdomains. The Journal of cell biology 160, 165-170 (2003).
14. Burman, P. & Nolan, D. Location-adaptive density estimation and nearest-neighbor distance. Journal of multivariate analysis 40,
132-157 (1992).
15. Everitt, B. S., Landau, S., Leese, M. & Stahl, D. In Cluster Analysis 71-110 (John Wiley & Sons, Ltd, 2011).
16. Moltchanov, D. Distance distributions in random networks. Ad Hoc Networks 10, 1146-1166 (2012).
17. Fujimoto, T., Kogo, H., Nomura, R. & Une, T. Isoforms of caveolin-1 and caveolar structure. Journal of cell science 113, 3509-3517
(2000).
18. Dixon, P. M. Ripley’s K function. Encyclopedia of Environmetrics.
19. McMahon, H. T. & Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat Rev Mol
Cell Biol 12, 517-533, d0i:10.1038/nrm3151 (2011).
20. Senju, Y. et al. Phosphorylation of PACSIN2 by protein kinase C triggers the removal of caveolae from the plasma membrane.
Journal of cell science 128, 2766-2780, doi:10.1242/jcs. 167775 (2015).
21. Dempsey, G. T., Vaughan, J. C., Chen, K. H., Bates, M. & Zhuang, X. Evaluation of fluorophores for optimal performance in
localization-based super-resolution imaging. Nat Methods 8, 1027-1036, doi:10.1038/nmeth.1768 (2011).
22. Berardozzi, R, Adam, V., Martins, A. & Bourgeois, D. Arginine 66 Controls Dark-State Formation in Green-to-Red Photoconvertible
Fluorescent Proteins. Journal of the American Chemical Society 138, 558-565, d0i:10.1021/jacs.5b09923 (2016).
23. Cheng, J. P. et al. Caveolae protect endothelial cells from membrane rupture during increased cardiac output. The Journal of cell
biology 211, 53-61, doi:10.1083/jcb.201504042 (2015).
24. Fujita, A., Cheng, J. & Fujimoto, T. Quantitative electron microscopy for the nanoscale analysis of membrane lipid distribution.
Nature protocols 5, 661-669, doi:10.1038/nprot.2010.20 (2010).
25. Severs, N. J. Freeze-fracture electron microscopy. Nature protocols 2, 547-576, doi:10.1038/nprot.2007.55 (2007).
26. Pelkmans, L., Burli, T., Zerial, M. & Helenius, A. Caveolin-stabilized membrane domains as multifunctional transport and sorting
devices in endocytic membrane traffic. Cell 118, 767-780, doi:10.1016/j.cell.2004.09.003 (2004).

SCIENTIFICREPORTS |7: 7794 | DOI:10.1038/s41598-017-08259-5 13


http://dx.doi.org/10.1007/s00232-006-0080-8
http://dx.doi.org/10.1016/j.cell.2010.12.031
http://dx.doi.org/10.1038/nrm3512
http://dx.doi.org/10.1016/j.cell.2012.06.042
http://dx.doi.org/10.1371/journal.pbio.1001640
http://dx.doi.org/10.1371/journal.pbio.1001640
http://dx.doi.org/10.1038/nmeth.1296
http://dx.doi.org/10.1126/science.1146598
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1038/nrm3151
http://dx.doi.org/10.1242/jcs.167775
http://dx.doi.org/10.1038/nmeth.1768
http://dx.doi.org/10.1021/jacs.5b09923
http://dx.doi.org/10.1083/jcb.201504042
http://dx.doi.org/10.1038/nprot.2010.20
http://dx.doi.org/10.1038/nprot.2007.55
http://dx.doi.org/10.1016/j.cell.2004.09.003

www.nature.com/scientificreports/

27. Sens, P. & Turner, M. S. Theoretical Model for the Formation of Caveolae and Similar Membrane Invaginations. Biophys ] 86,
2049-2057 (2004).

28. Hansen, C. G., Shvets, E., Howard, G., Riento, K. & Nichols, B. J. Deletion of cavin genes reveals tissue-specific mechanisms for
morphogenesis of endothelial caveolae. Nature communications 4, 1831, doi:10.1038/ncomms2808 (2013).

29. Hayer, A, Stoeber, M., Bissig, C. & Helenius, A. Biogenesis of caveolae: stepwise assembly of large caveolin and cavin complexes.
Traffic (Copenhagen, Denmark) 11, 361-382, doi:10.1111/j.1600-0854.2009.01023.x (2010).

30. Senju, Y. & Suetsugu, S. Possible regulation of caveolar endocytosis and flattening by phosphorylation of F-BAR domain protein
PACSIN2/Syndapin II. Bioarchitecture 5, 70-77, doi:10.1080/19490992.2015.1128604 (2015).

31. Senju, Y, Itoh, Y., Takano, K., Hamada, S. & Suetsugu, S. Essential role of PACSIN2/syndapin-II in caveolae membrane sculpting.
Journal of cell science 124, 2032-2040, doi:10.1242/jcs.086264 (2011).

32. Olivier, N., Keller, D., Gonczy, P. & Manley, S. Resolution doubling in 3D-STORM imaging through improved buffers. PloS one 8,
€69004, doi:10.1371/journal.pone.0069004 (2013).

33. Ditchfield, C. et al. Aurora B couples chromosome alignment with anaphase by targeting BubR1, Mad2, and Cenp-E to kinetochores.
The Journal of cell biology 161, 267-280, doi:10.1083/jcb.200208091 (2003).

34. Mohan, J., Moren, B., Larsson, E., Holst, M. R. & Lundmark, R. Cavin3 interacts with cavinl and caveolin] to increase surface
dynamics of caveolae. Journal of cell science 128, 979-991, do0i:10.1242/jcs.161463 (2015).

Acknowledgements

We thank our laboratory members for discussions and technical support. We thank John Hancock at the
University of Texas at Houston and Toyoshi Fujimoto at Nagoya University for the Ripley’s K function macro. This
work was supported by grants from the Funding Programme for Next-Generation World-Leading Researchers
(NEXT programme, LS031), JSPS Grants-in-Aid for Scientific Research (26291037, 15H0164, 15H05902,
17H03674, 17H06006) for S.S., JSPS Grants-in-Aid for Scientific Research (16H01454) for M.T., JSPS Grants-
in-Aid for Scientific Research (26286027) for N.M., and JSPS Grants-in-Aid for Scientific Research (16K07351)
for K.H.-S. This work was also supported by grants from the Mitsubishi Foundation, the Osaka Cancer Research
Foundation, the Naito Foundation, the Sumitomo Foundation, the Sagawa Foundation for Promotion of Cancer
Research, the NAIST Interdisciplinary Frontier Research Project, and the Astellas Foundation for Research on
Metabolic Disorders for S.S., the RIKEN iTHES project for M.T.

Author Contributions

N.M,, Y.S., KK, T.D., K.H.-S., and S.S. collected the experimental data. M.T. and S.S. analysed the STORM data.
M.T., N.M.,, and S.S. designed the research experiments and supervised the project. M.T., N.M., A.M. and S.S.
wrote the manuscript with input from all the other authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08259-5

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 7794 | DOI:10.1038/s41598-017-08259-5 14


http://dx.doi.org/10.1038/ncomms2808
http://dx.doi.org/10.1111/j.1600-0854.2009.01023.x
http://dx.doi.org/10.1080/19490992.2015.1128604
http://dx.doi.org/10.1242/jcs.086264
http://dx.doi.org/10.1371/journal.pone.0069004
http://dx.doi.org/10.1083/jcb.200208091
http://dx.doi.org/10.1242/jcs.161463
http://dx.doi.org/10.1038/s41598-017-08259-5
http://creativecommons.org/licenses/by/4.0/

	Measurement of caveolin-1 densities in the cell membrane for quantification of caveolar deformation after exposure to hypot ...
	Results

	Observation of caveolin-1 by super resolution microscopy using antibody labelling. 
	The kth NND analysis for density measurement. 
	Estimation of observation efficiency and optimal k value for kth NND. 
	The density of caveolin-1 in cells under hypo-osmolarity conditions. 
	Ripley’s L function analysis to examine the correlation between caveolin-1 populations. 
	The density distribution of caveolin-1 upon methyl-β-cyclodextrin and dynasore treatment. 
	The density distribution of caveolin-1-Dendra2. 

	Discussion

	Materials and Methods

	Immunofluorescence for STORM. 
	The multivariate Ripley’s L function. 
	PALM imaging of Dendra2. 

	Acknowledgements

	Figure 1 The expected density of caveolin-1 in a two-dimensional projection of a flattened caveola.
	Figure 2 The kth nearest neighbouring distance (NND) measurement using a typical caveolin-1 observation from a cell.
	Figure 3 Local density estimation from STORM signals of caveolin-1.
	Figure 4 Ripley L function analysis to examine correlation between caveolin-1 populations, showing district dispersed caveolin-1 population from the others.
	Figure 5 Local density estimation from STORM signals of caveolin-1 upon MβCD or dynasore treatment.
	Figure 6 Local density estimation from STORM signals of clathrin heavy chain.
	Figure 7 Local density estimation from PALM signals of caveolin-1-Dendra2.




