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Abstract We introduce a novel high resolution scanning
surface confocal microscopy technique that enables imag-
ing of endocytic pits in apical membranes of live cells for
the first time. The improved topographical resolution of the
microscope together with simultaneous fluorescence confo-
cal detection produces pairs of images of cell surfaces
sufficient to identify single endocytic pits. Whilst the
precise position and size of the pit is detected by the ion
conductance microscope, the molecular nature of the pit,
e.g. clathrin coated or caveolae, is determined by the
corresponding green fluorescent protein fluorescence. Also,
for the first time, we showed that flotillin 1 and 2 can be
found co-localising with ~200-nm indentations in the cell
membrane that supports involvement of this protein in
endocytosis.
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Introduction

The role of biological cell plasma membrane endocytic pits,
e.g. clathrin-coated pits [19] and caveolae [15], has been
extensively studied over the last decades and still remains a
hot topic. They not only provide cells with a means of
transport across the membrane but also work as signal-
osomes aggregating receptors and ion channels [4, 17].
More recently, another membrane-microdomain-associated
protein flotillin (1 and 2), traditionally thought to be
associated with various receptors such as insulin receptor
[1], has been shown to be responsible for clathrin- and
caveolins-independent endocytosis [6], providing an alter-
native route of trafficking through the cell membrane.
Whilst it is well known that clathrin and caveolin form
basket-shaped pits in cell membranes [17, 25], the surface
structures created by flotillin remain unknown.

Current methods for endocytic pit function and dynamics
studies include confocal microscopy, total internal reflec-
tion (TIR) microscopy [6, 20, 26], scanning and transmis-
sion electron microscopy [25] and atomic force microscopy
[5]. Although fluorescence confocal microscopy is the one
of the most commonly used microscopy techniques in cell
biology, it provides limited information about single
endocytic pit due to its lack of resolution. TIR has better
vertical resolution and signal-to-noise ratio and has been
used for single endocytic event following [2]. However,
TIR is limited to observation of events that occur on the
basal cell membrane only since it relies on imaging to a
depth of about 100 nm from the glass surface and is not
applicable to studying apical cell surfaces. In addition,
using fluorescence-based microscopy techniques, it is
impossible to determine the precise location of the endo-
cytic pit relative to the cell membrane since the membrane
position is hard to define.
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On the other hand, electron microscopy techniques have
more than sufficient resolution and provide much more
detailed information about the surface topography than
optical images since the cell membrane can be imaged.
However, these require fixation and specialised treatments
of the cells, which potentially can alter the structure of
interest and are thus incompatible with live studies.

Scanning probe microscopy techniques may address a
number of these issues by providing topographical data of
surfaces. Atomic force microscopy has been used to study
cell surfaces but, due to the direct interaction of its probe
with the sample, imaging soft and mobile cell surfaces is
difficult, limiting most studies to fixed cells or isolated
membrane leaflets which are more rigid [5]. Scanning ion
conductance microscopy (SICM), which uses a glass
micropipette as an imaging probe [9], has no such
disadvantage and allows non-contact visualisation of the
topography of living cells [13, 14]. This has recently been
combined with simultaneous confocal fluorescence imag-
ing, resulting in a new technique—scanning surface
confocal microscopy (SSCM) [7]. Also, since its inception,
the resolution of the technique has been significantly
improved, making it possible to visualise structures as
small as protein complexes on surfaces of live cells [23].
This novel technique allows us to identify fluorescence
located on the surface of the cell and localise it with

Fig. 1 Topographical imaging of endocytic pits in living cells by
SICM. a Schematic diagram of the scanning ion conductance
microscope. b SICM topographical image of live Cos-7 cell. ¢ High
resolution topographical SICM image of live Cos-7 cell membrane
revealing numerous pits. d High resolution topographical SICM image
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topographically observed nanometre-scale structures (un-
published results).

Materials and methods
SSCM

SSCM is based on a combination of SCM and SICM.
SICM is a scanning probe microscopy technique[14, 23] in
which the ion current flowing into a nanopipette is used to
control the vertical (z axis) position of the cell relative to
the pipette tip. As shown diagrammatically in Fig. la (not
to scale), in SSCM, the cell is moved up and down in the z
direction while scanning in the x and y directions, so its
surface is always the same distance from the nanopipette. A
laser is passed up a high numerical aperture objective so
that it is focused just at the tip of the nanopipette, and a
pinhole is positioned at the image plane so that the confocal
volume is just below the pipette, as described [22]. Thus, a
fluorescence image of the cell surface is obtained in a single
scan, as well as a simultaneously captured image of the cell
topography.

The SCIM scanning head was developed in collabora-
tion with Ionscope Limited, UK and mounted on a Nikon
TE2000-U Inverted Microscope (Nikon Co., Japan). The
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sample holder was attached to a 100-um HERA XY
Nanopositioning System (Physik Instrumente (PI) GmbH
& Co., Germany) used for lateral scanning. Vertical
measurement and modulation was provided by 12-pm LISA
XY Nanopositioning System (Physik Instrumente (PI)
GmbH & Co., Germany). Both piezo stages were mounted
on 25-mm translation stage DC motors (Physik Instrumente
(PI) GmbH & Co., Germany) to provide coarse lateral and
vertical approach. The setups were controlled via a computer
with a SBC6711 DSP board equipped with A4D4 ADC/
DAC modules (Innovative Integration, USA) using SICM
software v. 1.2.00 (Ionscope Limited). The time to acquire a
512x512 pixel image was approximately 10 min.

Two types of nanopipettes were used for the experi-
ments. For low resolution images, nanopipettes with
internal diameters ~150 nm were pulled from borosilicate
glass capillaries. High resolution imaging was made using
quartz nanopipettes with internal diameters ~70 nm. The
nanopipettes were made from 1.00-mm outer diameter by
0.5-mm inner diameter capillaries with inner filament
(Sutter Instrument, USA) using a laser-based Brown-—
Flaming puller (model P-2000, Sutter Instrument, San
Rafael, CA, USA).

The nanopipettes, backfilled with phosphate-buffered
saline (PBS) and lowered in PBS, produced a resistance
of approximately 300 M2 for quartz and 100 M) for
borosilicate pipettes. The maximum ion current measured
using an Axopatch 200B (Axon Instruments, USA) was
~0.7 nA for quartz and ~1.5 nA for borosilicate pipettes.
The set-point for imaging was 1% of the maximum of
modulated ion current.

The excitation light source was provided by a GPNT-02
laser diode (532-nm wavelength, IQ1A 635-nm laser;
Power Technology Inc., USA). The optical recording
system consisted of a Nikon TE2000-U Inverted Micro-
scope equipped with a x100 1.3-N.A. oil-immersion
objective. The excitation light was fed through an epi-
fluorescent filter block and emitted light was collected by a
photomultiplier with a pinhole (model D-104-814; Photon
Technology International, UK).

Image processing and data analysis

Matching VLP topographical structure to its corresponding
fluorescent signal was done as follows: fluorescent confocal
images were threshold to subtract the background, and the
positions of individual fluorescent spots were marked by
arrowheads and the multiple spots (where individual signals
could not be resolved) circled. All positional markers were
then grouped into one template and placed over the
simultaneously recorded topographical image. As the result
of this procedure, those topographical features having
corresponding fluorescent signals were marked.

Image contrast enhancement included slope correction
and high-pass filtration performed similarly as previously
described [10, 18]. The slope was calculated and subtracted
from images by least squares algorithm [21] resulting in
image flattening. A high-pass filter is a filter that passes
high frequencies efficiently but reduces frequencies lower
than the certain specified (cutoff) frequency. When applied
to a 3D image, high-pass filtering results in finer, i.e. high
frequency, details to stand out because larger features are
eliminated.

Cell culture and plasmids

Monkey Cos-7 cells were routinely maintained at 37°C
in 5% CO,, using DMEM (GIBCO/BRL) containing 5%
(vol./vol.) FCS. The plasmid DNA used in the experiments
were in pCi (Promega) containing either caveolin-green
fluorescent protein (GFP), clathrin-GFP, flotillin-1-GFP or
flotillin-2-GFP.

Transfection procedure

Cos-7 cells (1x10° cells per flask) were plated into a T25
flask and incubated overnight at 37°C in DMEM containing
5% FCS. Cells were washed prior to transfection with PBS,
and complexes of Lipofectamine (Invitrogen) and plasmid
DNA at a ratio of 1 pl to 1 pg were added in Optimem
(Invitrogen) without FCS to the cells. For flotillin trans-
fections, a mixture of flotillin-1- and flotillin-2-GFP plasmids
were complexed together and added to the cells. After 2 h,
the media was replaced with DMEM containing 5% FCS.
After 24 h, the cells were trypsinised and plated onto
coverslips (5x10% per well) and incubated at 37°C over-
night. Cells where then either used for live imaging or fixed
for 20 min with 3% formaldehyde containing 5% sucrose.

Results
Imaging of the cell surface using SICM

In order to access the apical surface of Cos-7 cells, we used
a basic arrangement of the SICM. A schematic diagram of
the microscope is presented in Fig. 1a (not to scale), while a
detailed description of the instrument can be found in
“Materials and methods” section. SICM [9, 13, 14] is a type
of scanning probe microscopy that uses a glass nanopipette
as a sensitive probe to acquire a topographical image of the
surface. Distance feedback-control is based on the ion
current that flows between electrodes in the nanopipette and
the bath, and this current is reduced as the pipette
approaches the surface. This allows non-contact imaging
of live cells in a physiological buffer.
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Using the SICM technique, we are able to either
examine the morphology of the whole cell or achieve high
resolution images of the cell surface. Scanning the complete
cell surface gives insight into the number of macro-
structures present on the cell surface, for example micro-
villi, and can be used to probe cell surface dynamics [8].
The morphology of the cell also has an impact on the
resolution of SICM images, since large structures and steep
slopes make small features difficult to resolve. A typical
SICM image of live untransfected (control) Cos-7 cell in
physiological conditions is presented in Fig. 1b. Cos-7 cells
have very few macrostructures visible on the surface, and
although the highest part of the cell membrane above the
nucleus (light area, Fig. 1b) generates a steep slope, there
are also flat peripheral areas. High resolution scans of these
peripheral areas generate images containing a number of
indentations of the cell surface (Fig. lc). Observed
indentations range from 50- to 160-nm diameters (see an
example in Fig. le) and could present endocytic pits formed
by clathrin and/or caveolin. The mobility of these inden-
tations was relatively high compared to the present scan
rate of our SICM as shown later in the paper; therefore, we
used fixed cells to identify particular endocytic pits and
imaged them at a higher resolution. A high resolution

image of a fixed Cos-7 cell presented in Fig. 1d reveals
similar indentations as seen in Fig. 1c but at higher clarity
and contrast. A digitally zoomed image is presented in
Fig. 1f and shows two pits (top) with the corresponding
topographical profiles (bottom).

Scanning surface confocal microscopy

In order to identify what pit indentations detected topo-
graphically by SICM corresponded to what endocytic pits,
clathrin or caveolin, we transfected Cos-7 cells with
corresponding GFP construct and then used scanning
surface confocal microscopy to study the transfected cells.
A schematic diagram of the microscope is presented in
Fig. 2a (not to scale). Basically, SSCM is a combination of
SICM and scanning confocal microscope [7]. SSCM also
uses a glass nanopipette to acquire a true topographical
image of the surface and a combination of a laser, pinhole
and photomultiplier to gather fluorescent information from
the cell surface, removing any out-of-focus fluorescence.
Because the laser beam is always focused on the very tip of
the nanopipette, topographical and fluorescent data are
spatially aligned, thus enabling correlation between topo-
graphical features and fluorescent signals to be found.
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Fig. 2 Topographical and fluorescent imaging of clathrin coated pits
in fixed clathrin-GFP transfected Cos-7 cells by scanning surface
confocal microscope. a Schematic diagram of SSCM. b Topographical
image of cell. ¢ Fluorescent image of the clathrin-GFP transfected cell
shown in b. d 3D representation of overlaid topographical and
fluorescent images shown in b and ¢, respectively. e High resolution
topographical image of cell surface revealing numerous clathrin-
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Clathrin pit width (um)
coated pits. f Same topographical image as in e but inverted and
presented in a red palette. g Overlaid inverted topographical and
fluorescent images shown in f and g, respectively. The image reveals
that the pit topography matches the clathrin-GFP fluorescence. h The
distribution of clathrin-coated pit width calculated from the SICM
topographical images
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Imaging clathrin-coated pits in membranes of fixed cells
using SSCM

Cells transfected with clathrin-GFP were scanned, at low
and high resolution, to examine the distribution of clathrin-
coated pits on the cell surface. A typical topographical
image of clathrin-FGP transfected fixed Cos-7 cell, together
with its fluorescent image, is presented in Fig. 2b and c,
respectively. An overlay of topographical and fluorescent
images is shown in Fig. 2d. Peripheral areas of the cell
contain punctated GFP fluorescence and had a flat topogra-
phy. A high resolution topographical scan of these cell
surfaces at a 7x7-um scan (Fig. 2e) reveals numerous
indentations ranging from 58 to 159 nm with an average
depth of 102 nm (see distribution in Fig. 2h).

In order to identify what proportion of the imaged pits
were real clathrin-coated pits, we overlaid the topographical
and fluorescent data. To make pit indentations that appear

22x2.2pm 0.00 pm

Fig. 3 Topographical and fluorescent imaging of caveolin pits in
fixed caveolin-GFP transfected Cos-7 cells by SSCM. a Topograph-
ical image of cell. b. Fluorescent image of caveolin-GFP transfected
cell shown in a. ¢ 3D representation of overlaid topographical and
fluorescent images shown in a and b, respectively. d High resolution
topographical image of cell surface. e High resolution fluorescent
image of caveolin-GFP transfected cell shown in d. f Caveolin pit

22%x22pm

as dark spots in topographical images, visible when
overlaid with the fluorescence image, the topographical
image was inverted and red palette was applied (Fig. 2f).
An overlaid, inverted topography red palette and clathrin-
GFP fluorescence image is presented in Fig. 2g. As can be
seen, there is a ‘cloud’ of green fluorescent signal around
almost every single red spot that corresponds to inden-
tations in the topography, giving a high degree of co-
localisation between these structures and fluorescent
puncta. Therefore, we can conclude that the majority of
observed indentations are clathrin-coated pits. Analysis of
the images revealed that 102 out of 115 (88.7%) detected
endocytic pits co-localised with clathrin-GFP fluorescent
spots. Presumably, this is because we are also detecting
other types of pits that are not clathrin-coated. Reverse
analysis showed that 11 out of 113 (9.7%) detected clathrin-
GFP fluorescence spots did not match pit indentations. This
could reflect the fact that clathrin-coated pits become highly
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width distribution histogram calculated from SICM topographical
images. g Digital zoom of the topographical image shown in d (dotted
square) revealing numerous caveolin pits. h Same zoomed topograph-
ical image as in g but inverted and presented in a red palette. i
Overlaid inverted topographical image shown in h and digitally
zoomed fluorescent image from the area shown in e (dotted square).
The image reveals that pits match the caveolin-GFP fluorescence
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mobile and move away from the surface inside the cell as
soon as they bud off the cell membrane [16]. At higher
magnification, we could also see clustering of the clathrin-
coated pits in round patches (data not shown) that is similar
to observations made by Frankel et al. [5].

Imaging caveolae in membranes of fixed cells using SSCM

Using SSCM, the surface of caveolin-GFP transiently
transfected cells was then examined. Low resolution
topographical, fluorescent and overlaid images are presented
in Fig. 3a,b and c, respectively. Higher resolution studies
(Fig. 3d and e) revealed indentations in the cell membrane.
These pits were slightly smaller than the clathrin-coated
pits, ranging between 52 and 90 nm and giving a mean
depth of 69 nm (see distribution in Fig. 3f).

On closer examination using digitally zoomed images
[topographical (Fig. 3g), topographical inverted and in red
palette (similar to one described for clathrin) (Fig. 3h) and
an overlay of the topography and fluorescence image
(Fig. 31)], it could be seen that the indentations in the cell
surface co-localise with fluorescent signal. However, com-
pared to clathrin-coated pits, identification of caveolae is
more problematic. In all experiments conducted, the fluores-
cent images have a punctate appearance. However, in only
two out of 26 experiments did fluorescence and structure co-
localise. In those experiments, 139 pits were observed on the
cell surface and only 13 of them (9.35%) were identified as
matching caveolin-GFP fluorescent signal. This is in good
agreement with the previous measurement that 90% of the
pits identified in the topographic image on the cell surface are
clathrin-coated and indicates that the other 10% are caveolae.
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Fig. 4 Topographical and fluorescent imaging of fixed flotillin-GFP
transfected Cos-7 cells by SSCM. a Topographical image of cell. b.
Fluorescent image of flotillin-GFP transfected cell shown in a. ¢ 3D
representation of overlaid topographical and fluorescent images shown
in a and b, respectively. d High resolution topographical image of the
cell surface revealing numerous indentations. e Same topographical
image as in d but inverted and presented in red palette. f Overlaid
inverted topographical image shown in e and high resolution
fluorescent image of flotillin-GFP acquired from the same area. The
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image reveals that some indentations on the cell surface match
flotillin-GFP fluorescence (white arrows). g High resolution topo-
graphical image of cell surface revealing numerous indentations (solid
arrows) as well as two protrusions (hollow arrows). h Same
topographical image as in g but high-pass filtered. i High resolution
fluorescent image of caveolin-GFP transfected cell shown in g. The
arrows point to indentations that match flotillin-GFP fluorescence.
Hollow arrows point to protrusions that match flotillin-GFP fluorescence
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Our observation that we detect many fluorescence spots
from caveolin-GFP that do not correspond to pits in the
SICM image suggests that many caveolae are below the cell
surface or present on the surface but not resolvable. By
transmission electron microscopy, they have been identified
as 50—100 nm in size [15]; however, this is often the size of
the whole structure, with the neck being much smaller [25].
It has even been suggested that there is a proteinaceous cap
covering the neck of the caveolae [25]. If this is the case,
and the cap could influence the flow of ions, then we would
not be able to image caveolae structures on the cell surface
unless the cap is open.

Imaging flotillin in membranes of fixed cells using SSCM

To our knowledge, flotillin 1 and 2 has not been yet
associated with cell membrane structure that could be
detected topographically by any microscopy technique.
However, it has been shown that this protein is present in
lipid rafts [1] and is responsible for clathrin- and caveolin-
independent endocytosis [6]. Here, we examined Cos-7
cells transfected with flotillin 1 and 2 by SSCM for the
presence of topographically detectable membrane features
that could potentially co-localise with flotillin-GFP fluores-
cent signal.

Low resolution topographical and confocal images
together with overlaid image of flotillin-GFP-transfected
Cos-7 cells are presented in Fig. 4a,b and c, respectively.
Higher-resolution topographical images of the cell surface
(Fig. 4d and g) revealed 200+20-nm indentations. Figure 4e
presents inverted red palette topographical image of
Fig. 4d. Inverted red palette topography and fluorescence
overly reveals that some indentations co-localise with the
flotillin-GFP fluorescent signal (Fig. 4f, arrows). Remark-
ably, we have found that larger and higher-intensity
fluorescent spots correlated with smooth protrusions from
the cell surface (Fig. 4g,h and i, hollow arrows). The image
presented in Fig. 4h is a high-pass filtered topographical
image of the same data as in Fig. 4g.

Imaging endocytic pits in membranes of living cells
using SSCM

In order to test whether SSCM can identify particular
endocytic pits in membranes of live cells, we performed a
series of experiments with live clathrin-GFP transfected
Cos-7 cells. Figure 5a and b presents normal and inverted
red palette topographical images of a live cell. When
overlaid with fluorescence, the inverted red palette topog-
raphy shows that almost all topographically detected pits
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Fig. 5 Live topographical and fluorescent imaging of clathrin coated
pits in clathrin-GFP transfected Cos-7 cells by SSCM. a High
resolution topographical image of live cell membrane revealing
numerous clathrin-coated pits. b. Same topographical image as in a
but inverted and presented in red palette. ¢ Overlaid inverted

topographical image shown in a and fluorescent image of the same
area. The image reveals that, on live cells, we can detect that the pits’
topography match clathrin-GFP fluorescence. d Sequence of topo-
graphical images of live cell membrane revealing dynamics of the
clathrin-coated pits. The images are separated by 10 min
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co-localise with clathrin-GFP fluorescence. There are
fluorescence spots that are not round, but elongated in
shape that do not match pit indentations on the surface.
These spots of fluorescence probably reflect fast-moving
clathrin vesicles right under the cell membrane.

Figure 5d shows a sequence of three topographical
images acquired from the same area of a cell with 10-min
intervals. As can be seen, the indentations that correspond
to endocytic pits are highly mobile and appear on or
disappear from the surface of the cell membrane. It is
beyond the current time resolution of our SSCM to follow
the dynamics of these pits. However, this is the first time
that endocytic pits are resolved topographically on the
surface of live cell.

Discussion

By combining high resolution ion conductance imaging of
the cell surface topography with fluorescence confocal
imaging, we can identify the molecular nature of endocytic
pits on the surface of living cells and measure the
topography of the pits. For the first time, we showed that
flotillin 1 and 2 is involved in the formation of ~200-nm-
size indentations in the cell membrane. This observation is
important evidence in support of the involvement of this
protein in clathrin- and caveolin-independent endocytosis.

We have found on Cos-7 cells that about 89% of the
detected pits are clathrin-coated and 9% are caveolae,
leaving a small percentage to be presented by flotillin pits.
In each particular case, cell preparation transfection could
introduce some deviation of clathrin/caveolin/flotillin pro-
portion comparing to untransfected control. The fact that
clathrin-coated pit formation is dependent on multiple
factors [11, 24] provides indirect evidence that transfection
may not influence the amount of pit formation. In contrast,
it has been shown that expressing the caveolin in cells that
do not contain this protein is enough to form caveolae [3].
However, there are other studies indicating that, although in
caveolin transfected cells the total amount of produced
caveolin is increased, the concentration of caveolin in the
cell membrane remains unchanged [12]. The sizes of the
pits we have measured are in good agreement with those
obtained by electron microscopy.

We have also shown that it is possible to apply our
method to live cells. The clathrin-coated pits show fast
dynamics on the time scale of our current imaging but
suggest that improvements in the speed of imaging should
allow us to follow the dynamics of endocytic pits on living
cells with the intriguing possibility of directly imaging the
endocytic process in real time.
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