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Investigating the morphological dynamics of the plasma
membrane by high-speed atomic force microscopy
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ABSTRACT

Despite numerous recent developments in bioimaging techniques,
nanoscale and live-cell imaging of the plasma membrane has been
challenging because of the insufficient z-resolution of optical
microscopes, as well as the lack of fluorescent probes to
specifically label small membrane structures. High-speed atomic
force microscopy (HS-AFM) is a powerful tool for visualising the
dynamics of a specimen surface and is therefore suitable for
observing plasma membrane dynamics. Recent developments in
HS-AFM for live-cell imaging have enabled the visualisation of the
plasma membrane and the network of cortical actin underneath the
membrane in a living cell. Furthermore, correlative imaging with
fluorescence microscopy allows for the direct visualisation of
morphological changes of the plasma membrane together with the
dynamic assembly or disassembly of proteins during the entire
course of endocytosis in a living cell. Here, we review these recent
advances in HS-AFM in order to analyse various cellular events
occurring at the cell surface.

KEY WORDS: High-speed atomic force microscopy, Live-cell
imaging, Clathrin-mediated endocytosis, Cortical actin

Introduction

The plasma membrane separates the intracellular space from
the extracellular environment and prevents the free passage of
molecules between the two spaces. It also functions as an important
hub for the transducing of cellular information by a large variety of
membrane proteins, such as receptors and channels, as well as
through dynamic morphological changes of the membrane, such as
endocytosis and exocytosis. Various endocytic pathways, such
as clathrin-mediated endocytosis (CME), caveolae-mediated
trafficking and pinocytosis, facilitate the incorporation of
extracellular molecules into the cytoplasm, while exocytosis and
exosomes release intracellular molecules into the extracellular
space. A global understanding of such a complex web of
information networks requires elucidating individual mechanisms
of how distinct sets of proteins coordinate a series of membrane-
reshaping processes. Recent advancements in fluorescence imaging
techniques (fluorescent probes and microscopic observation
techniques) have revealed the spatiotemporal dynamics of
individual proteins involved in these processes (Arasada et al.,
2018; McMahon and Boucrot, 2011; Taylor et al., 2011; Weinberg
and Drubin, 2012). By contrast, morphological analyses of the
plasma membrane during these processes largely relied on electron
microscopy (EM), which yields high-resolution images of small
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membrane architectures, such as clathrin-coated vesicles (CCVs)
(Higgins and McMahon, 2002; Royle and Lagnado, 2003). Despite
these imaging techniques, following the morphological dynamics of
the plasma membrane during endocytosis has been a difficult task
because of the lack of a labelling method for the membrane.

Atomic force microscopy (AFM), which was originally developed
to visualise the surface topography of metal specimens, has been used
to visualise biomolecules, such as proteins, chromatin, nuclear pores
and biomembranes (Binnig et al., 1986; Edstrom et al., 1990; Leuba
et al., 1994; Oberleithner et al., 1995; Wang and Clapham, 1999;
Weisenhorn et al., 1990). One of the biggest advantages of AFM in
biology is that it can obtain topographic information of biomolecules
at nanometre resolution without fixation, staining or labelling of the
specimen, which is generally required for the optical microscopy and
electron microscopy. In AFM, the surface of a specimen is scanned
with a sharp probe (typically made of silicon or silicon nitride)
attached to one end of'a long cantilever (~100 um length). Therefore,
the spatial and temporal resolutions of AFM imaging depend on the
sharpness of the probe and the scanning speed, respectively. In more
than 20 years of AFM history in biology, various technical
developments have been made to improve spatiotemporal
resolution (Akita et al., 1999; Ando et al., 2001). In particular, the
development of high-speed AFM (HS-AFM) has made enormous
contributions to visualising the structural dynamics of biomolecules
and cellular structures.

To date, HS-AFM has been used to explore DNA nanostructures
(Endo et al., 2012; Sannohe et al., 2010), conformational changes in
proteins (Casuso et al., 2012; Kodera et al., 2010; Yokokawa et al.,
2006), enzyme activity (Igarashi et al., 2011; Uchihashi et al.,
2011), and protein—nucleic acid interactions (Gilmore et al., 2009;
Sanchez et al., 2011; Suzuki et al., 2011). However, despite its high
spatiotemporal resolution, the application of HS-AFM to living
cells has been challenging and requires overcoming technical
limitations, such as broadening of the scanning area, precise
positioning of cantilevers and avoidance of potential damage to the
cell surface caused by the probe. Here, we review the technical
advances in HS-AFM for live-cell imaging and highlight how it has
been utilised to understand the morphological and molecular
dynamics of a living cell surface.

Principles of AFM imaging

In AFM, a scanning-probe microscope with a sharp probe is used to
visualise the surface of the specimen. Most AFM setups use a probe
(a few nanometres in tip radius) attached to the end of a flat cantilever
to obtain topographical information with sub-nanometre resolution.
The deflection of the cantilever during scanning is amplified by a
mechanism called ‘light lever’, in which a laser beam is spotted on the
back of the cantilever, and the angle of the reflected beam is detected
by a position-sensitive detector placed far from the cantilever
(Hansma et al., 1988). There are three major operating modes in
AFM: contact, tapping and non-contact (Box 1). Although the

1

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://journals.biologists.com/jcs/collection/50/Imaging
mailto:yoshimura@lif.kyoto-u.ac.jp
http://orcid.org/0000-0001-7193-9080
http://orcid.org/0000-0001-6033-1301

REVIEW Journal of Cell Science (2021) 134, jcs243584. doi:10.1242/jcs.243584

Box 1. Operating principles of AFM

AFM visualises the morphology of a specimen by using a sharp probe that is attached to the end of a thin and flat cantilever. The deflection of the cantilever
induced by direct and indirect contact with the specimen surface is detected by an optical system called the ‘light-lever’, in which a laser beam spot is
focused on the back of the cantilever and the reflected light is captured by a position-sensitive detector placed in a distance. During scanning, the signal from
the position-sensitive detector is fed back to the piezo scanner that drives the stage to move in the z-direction to keep the deflection value the same as a
reference value (setpoint). Meanwhile, the cantilever moves in the x-y direction so that a two-dimensional map of height (z) information can be obtained.
Three major scanning modes are available: contact, tapping and non-contact (see figure). In the contact mode, the probe directly contacts and scans along
the specimen surface and the deflection of the cantilever is used for feedback control (Binnig et al., 1986). In the tapping mode, the cantilever is vibrated near
its resonance frequency by using a piezo, which is mounted on a cantilever holder (Zhong et al., 1993). The amplitude of the cantilever is monitored by the
detector and used for the feedback control; it keeps the amplitude constant by moving the stage in the z-direction. As the damage to the specimen is much
smaller than in the contact mode, this mode is most widely used in bio-imaging, including HS-AFM (Giessibl, 2003). In the non-contact mode, the cantilever
oscillates at its resonance frequency but does not physically contact the specimen surface (Martin et al., 1987). When the tip of the probe gets close to the
specimen surface, the amplitude or phase of the cantilever is affected by a long-range force (such as Van der Waals) between the probe and the surface.
The feedback system uses either amplitude or phase to control the stage. Although the non-contact mode does not damage the specimen, it has a low
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spatial resolution compared to the other two modes and is not frequently used in bio-imaging (Giessibl, 2003).
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contact mode is the fastest and most sensitive, it is not suitable for
biomolecules because the hard probe damages the specimen during
scanning. The tapping mode is most widely used in bio-imaging
owing to its relatively high resolution and small damage. The
disadvantages of the tapping mode are the mechanical requirement
for vibrating the cantilever (at its resonance frequency), and the effect
of'the cantilever vibration on the sample, especially when imaging the
sample in liquid (Putman et al., 1994).

One of the biggest advantages of AFM is that it visualises the shape
of biomolecules in liquid at nanometre resolution without fixation,
staining or labelling. This is in clear contrast to electron microscopy,
which requires fixation and staining of the sample and a vacuum
environment for imaging. Fluorescence-based imaging techniques
also contrast with AFM in this regard, as the molecule of interest
needs to be labelled either by a specific fluorescent dye or by fusion
with a fluorescent protein. Fluorescence microscopy provides the
‘location’ of the molecule of interest, whereas AFM provides the
shape of the molecule. Although the spatial resolution of fluorescence
microscopy has been greatly improved by the development of super-
resolution microscopy, AFM remains distinct from any of the
fluorescence-based techniques because it provides different types of
structural information. As described in later sections, AFM and
fluorescence microscopy are complementary to each other, and can
be combined to enable correlative imaging. As both techniques can
now handle living cells, live-cell correlative imaging is one of the
most powerful imaging techniques in cell biology.

Temporal resolution has also been an important subject for the
broader application of AFM in biology. In the early stage of AFM
development, the frame rate ranged from being greater than a few
seconds to tens of seconds (Giessibl, 2003); therefore, molecular

events that occurred at a faster pace than the frame speed had to be
slowed down by either reducing the substrate concentration,
decreasing the temperature, or interfering with the substrate
surface (Guthold et al., 1999; Kasas et al., 1997). Shortcomings
in the scanning speed led to the design of AFM devices with high-
speed scanning units. One early development in fast-scanning AFM
involved using a cantilever with a low resonant frequency and large
spring constant, which could easily damage biological samples
(Minne et al., 1998; Sulchek et al., 1999). The situation was
improved by the development of a small cantilever (~2 um in width,
~10 um in length), which resulted in a lower force (less than
~10 pN in the case of HS-AFM, and several tens to hundreds of pN
in conventional AFMs) and reduced damage to the specimen (Ando
et al., 2001; Viani et al., 1999; Walters et al., 1996).

In addition to the small cantilevers, a fast and stable scanner and
its control systems for HS-AFM were developed in 2008 (Ando
et al., 2008). This HS-AFM system achieved a video-rate time
resolution (30 frames/s) with nanometre spatial resolution, and
helped visualise a number of molecular events and structural
dynamics of biomolecules in the order of milliseconds (Ando, 2018;
Uchihashi et al., 2016). In recent years, the application of HS-AFM
has been directed toward the molecular dynamics in living cells,
which will be described in the following section.

Development of HS-AFM for live-cell imaging

Because the AFM probe directly ‘touches’ the specimen surface, the
resolution more-or-less depends on the strength of the touch;
touching with a larger force enables more detailed structural
information than that with a soft touch. This is similar to the
situation in which one attempts to recognise the shape of an object
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without seeing it and only using hands; when you touch the object
hard, you can recognise it in more detail. This is true for
biomolecules such as DNA that are directly attached to solid
surfaces like glass or mica. However, the situation becomes
completely different when one attempts to observe the molecular
action on the surface of a living cell. Cultured animal cells are much
softer and more fragile than a probe, even when they are grown on a
solid substrate (e.g. glass); this is similar to a piece of jelly on a flat
plate. Imaging the nanostructures on a living cell surface by AFM is
similar to touching a piece of jelly on a plate with a hard needle;
applying a strong force does not increase the spatial resolution, but
rather deforms the specimen. Therefore, imaging the plasma
membrane is a challenge that must resolve two incompatible
issues, minimising the deformation of the soft specimen and
achieving high spatial resolution.

In addition, the following issues need to be addressed for the
efficient imaging of the surface structures of the plasma membrane.
First, using an AFM system in combination with an optical
microscope is necessary for positioning the cantilever in the area of
interest. Although this method has been widely used in many
conventional AFM devices, it is difficult in HS-AFM because this
method requires a ‘tip-scan’ (and not a ‘stage-scan’) configuration
(see below). Second, a large scanning area of several micrometres is
required owing to the density and frequency of endocytic events
[0.04£0.01 pits/um? min; Yoshida et al., 2018]. Many HS-AFM
devices typically have a scanning area of ~1 um?. This means that
one can observe endocytosis only a few times in an hour, which is
unrealistic. Broadening the scanning area is not a simple task
because of the trade-off between the scanning area and temporal
resolution; to achieve a large scanning area with a constant velocity
of the cantilever, the temporal resolution has to be sacrificed. We
describe these two issues in the following sections.

Two typical scanning configurations that are widely used in current
HS-AFM systems are summarised in Fig. 1. In the ‘stage-scan’
configuration (Fig. 1A), the specimen is placed on a piezo scanner
which moves in the x-y-z directions. The position of the cantilever
with a light-lever system is fixed. During the imaging, the cantilever
vibrates at a fixed position and the stage moves in the x, y and z
directions. This configuration can achieve a high level of mechanical
stability during high-speed scanning (over 10 frames per second)
(Ando et al., 2001), and has been utilised in live-cell imaging of
bacterial cells to reveal the dynamic behaviour of nano-machineries
on the bacterial cell surface (Kobayashi et al., 2021; Yamashita et al.,
2012). However, it is not suitable for combination with an optical
microscope because the sample stage is not transparent. In contrast,
the ‘tip-scan’ configuration (Fig. 1B) has a cantilever with a light-
lever system, which moves in the x, y and z directions using a piezo
scanner. This all-in-one scanning system is mounted on the stage of
an inverted microscope so that it can image the specimen, such as a
living cell placed on the stage. This enables correlative imaging using
HS-AFM and fluorescence microscopy, which is a powerful imaging
system as it provides information on both the localisation of a protein
of interest and the morphological changes in the related cellular
structures. A disadvantage of the tip-scan configuration is its complex
all-in-one optical system; the laser spot needs to follow the scanning
cantilever, which reduces the signal stability rapidly as the scanning
speed increases (Suzuki et al., 2013).

The scanning area of live-cell HS-AFM has also been improved.
Many HS-AFM devices designed for single-molecule imaging have a
‘stage-scan’ configuration and a scanning area of less than 1x1 pm?
(Ando et al., 2001). This is suitable for stable high-speed scanning of
biological molecules, such as proteins and nucleic acids or frequently

A Stage-scan configuration
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« Fast scanning speed
(>10 frames/s)

 Not suitable for live-cell imaging
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« Poor signal stability

Fig. 1. Stage-scan and tip-scan configurations of HS-AFM. Schematic
illustrations of currently available stage-scan (A) and tip-scan

(B) configurations of HS-AFM. (A) In the stage-scan configuration, the
specimen is set on a stage on an x-y-z piezo scanner. The x-y position of
the cantilever probe is fixed, and it vibrates to tap the specimen surface.
This enables a stable light-lever system of the cantilever and fast scanning
of the stage at the same time. However, as the stage on the piezo scanner
is not transparent, the specimen cannot be observed by an optical
microscope system. (B) In the tip-scan configuration, the specimen is placed
on the stage of an inverted microscope. A cantilever is controlled by an x-y-z
piezo scanner mounted on the stage and scans the specimen surface. This
configuration enables optical observation of the specimen (e.g. a living cell)
on the stage from the bottom and its AFM observation from above. As the
light-lever system has to move together with the scanning cantilever, the
fast-scanning operation is more difficult.

observed cellular structures such as synaptic vesicles (~200 vesicles/
pum?; Zhang et al., 1998); however, such an area is too small to
efficiently capture rare cellular events on the cell surface, such as
endocytosis, as we mentioned in the previous section. Because the
scanning area and scanning rate are a trade-off as noted above, live-
cell HS-AFM devices are equipped with a larger scanner with some
sacrifice of the scanning rate. For instance, a stage-scan type HS-
AFM equipped with a scanner with a scanning area of ~46x46 pm?
has successfully captured a bacteriolysis process of B. subtilis
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(20x20 pm? at 5 s per frame) and endocytosis on the surface of HeLa
cells (5x5 um? at 5 s per frame) (Watanabe et al., 2013). The scanning
area of the tip-scan HS-AFM set-up was also improved and enabled
the scanning of an area of ~3.5x4.5 um? every 10 s (Suzuki et al.,
2013). More recently, we were able to expand the scanning area of the
tip-scan HS-AFM device to 4.5x6.0 um?, which allowed us to
visualise various endocytic structures, including clathrin-coated pits
(CCPs) and caveolae (Yoshida et al., 2018).

Impact of live-cell HS-AFM on endocytosis research

Different endocytic pathways are mediated by different proteins.
Small membrane invaginations are mediated by coat proteins, such
as clathrin in the case of CME and caveolin for caveolae; however,
several other endocytic pathways that do not involve coated
structures have been characterised, such as macropinocytosis,
phagocytosis and endocytosis mediated by other clathrin-
independent carriers (CLICs) (Flannagan et al., 2012; Howes
et al.,, 2010; Swanson and Watts, 1995). In addition, the
glycosylphosphotidylinositol-anchored protein (GPI-AP)-enriched
early endosomal compartment (GEEC), a tubulation of the plasma
membrane mediated by CLICs, has also been described
(Sabharanjak et al., 2002). Some of these pathways include a
unique ‘marker’ protein, which can distinguish a pathway or a
structure (e.g. clathrin for CME and caveolin for caveolae), while
others share factors, such as dynamin and actin. The entire process
of CME involves more than 30 different proteins, which induce a
series of morphological changes in the plasma membrane
(Kaksonen and Roux, 2018; McMahon and Boucrot, 2011).

The biggest advantage of live-cell HS-AFM to research
endocytosis is that it can visualise the morphological changes in
the plasma membrane of a living cell. Although many fluorescence-
based imaging techniques have revealed the spatiotemporal
assembly of related proteins in the CCP (Arasada et al., 2018;
Fujimoto et al., 2000; Grassart et al., 2014; Shimada et al., 2007),
they do not provide information on the ‘shape’ of the membrane.
Therefore, the use of correlative imaging using fluorescence
microscopy and HS-AFM has had a significant effect on this
field. The following are some examples of successful application of
correlative imaging to CME.

Mechanism of CME revealed by live-cell correlative imaging
using HS-AFM

The moment when the CCP is completely closed has been difficult
to determine from the fluorescence signal of clathrin because the
clathrin coat remains on the vesicle after scission from the plasma
membrane. The moment of CCP closing has been determined by
labelling CCPs with pH-sensitive fluorescent proteins (transferrin
receptor fused with phluorin) and rapidly exchanging the pH of the
external medium between 7.4 and 5.5, which turns the fluorescence
on and off (Merrifield et al., 2005). In contrast, live-cell HS-AFM
has allowed the visualisation of the entire process of CME, from the
initial membrane invagination to the complete closure of the pit
(Yoshida et al., 2018). Furthermore, correlative imaging with
confocal laser-scanning microscopy (CLSM) has been able to
reveal the spatiotemporal correlation between protein assembly and
pit closing; in COS7 cells, the CCP closed ~2 s after the peak of
dynamin (the moment when the fluorescence intensity of dynamin
reaches the maximum value) and at ~3 s before the clathrin signal
disappeared (Yoshida et al., 2018). Similarly, the existence of a so-
called ‘hot spot’, where a CCP is successively generated at the same
position (Nunez et al., 2011; Saffarian et al., 2009), has also been
probed with live-cell HS-AFM (Yoshida et al., 2018) (see the next

section for details). In addition to providing insights into the closing
step, HS-AFM has been used to correlate the initiation of membrane
invagination with the assembly of epsin (Yoshida et al., 2018),
which is known to be associated with clathrin to promote membrane
bending in the early stages of CME (Chen et al., 1998).

Another new insight concerns the process by which polymerisation
of clathrin curves the plasma membrane into a spherical pit. Two
models have been proposed based on EM images — the ‘constant
radius’ model, in which the diameter of the CCP remains the same
with the growth of the clathrin-coated area, and the ‘constant area’
model in which the clathrin lattice remains flat until the coated area
reaches a certain size, with the membrane then gradually
invaginating into a spherical shape (Kaksonen and Roux, 2018).
Correlative live-cell HS-AFM and CLSM imaging revealed a good
correlation between the amount of clathrin and invagination of the
membrane (Yoshida et al., 2018); in the initial stage of CME (also
defined as the ‘growing phase’), the diameter and depth of the
invagination increased as the signal intensity of clathrin increased
(Fig. 2). Notably, both the clathrin signal and the pit diameter
remained constant for a certain period (defined as the ‘stable phase’)
after the initial growth (Fig. 2). These observations clearly fit the
‘constant radius’ model, rather than the ‘constant area’ model.

Furthermore, the use of HS-AFM has allowed us to identify and
distinguish the different endocytic pathways, such as through
clathrin, caveolae and CLICs. For instance, live-cell HS-AFM
imaging of COS7 cells revealed a number of small invaginations or
pits with an aperture varying from 80 nm to 400 nm and with
varying persistence from a few seconds to minutes (Yoshida et al.,
2018), which represent different endocytic structures or pathways.
The correlative imaging (HS-AFM and CLSM) of COS7 cells
simultaneously expressing clathrin and caveolin fused to fluorescent
proteins successfully distinguished between these two different
pathways, and revealed that CCPs had apertures ranging between
150 and 400 nm with an average duration of 81 s, whereas caveolae
were smaller (between 80 and 120 nm in aperture) and longer
lasting (more than 400 s) (Yoshida et al., 2018). By combining use
of the technique with use of marker proteins for individual
endocytic pathways, live-cell HS-AFM correlative imaging can
specifically characterise the morphological changes in the plasma
membrane for the pathway of interest.

Inhomogeneity of membrane morphologies at the
closing step of CME
Recent applications of various fluorescence imaging techniques,
including super-resolution microscopy (Arasada et al., 2018; Huang
etal.,2008; Jones et al., 2011), as well as live-cell HS-AFM (Suzuki
et al.,, 2013; Yoshida et al., 2015, 2018), have unveiled the
molecular mechanisms of ‘pit closing’, which are different from
what had been expected based on electron microscope images. The
scission step proceeds with a deformation of the lipid bilayer at the
neck of the pit, such that the two membranes are close to each other,
followed by the fusion of the membranes (Higgins and McMahon,
2002). This complex process is thought to be mediated by dynamin,
which binds to the neck of the pit and constricts the membrane until
it fuses (Antonny et al., 2016; Kaksonen and Roux, 2018).
However, knockout and knockdown experiments with dynamin 1
and -2 have demonstrated that they are not necessary for pit closing
(Ferguson et al., 2009; Hinshaw, 2000; Park et al., 2013), suggesting
an alternative mechanism for scission.

A study using ion conductance microscopy identified a unique
membrane protrusion near the CCP that was present before the
complete closing of the pit and that gradually covered the pit area
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Fig. 2. Correlative live-cell imaging of CME using HS-AFM and CLSM.
(A) Correlative imaging of CME with live-cell HS-AFM and CLSM. The
fluorescence images (top) of EGFP—clathrin and AFM images (bottom) were
obtained from a live COS7 cell every 10 s and shown here every 30 s, with

0 s representing the moment when the CCP could be clearly visualised by
HS-AFM imaging. Image size: 1.2x1.2 um2. In the graph shown, the
fluorescence intensity (green) and diameter of the membrane invagination in
the AFM image (dotted black) are plotted against time. In the beginning, both
the clathrin signal and the membrane invagination increased with time
(‘growing phase’). Eventually, both signals reached a plateau and remained
constant for another period (10-120 s) (‘stable phase’). Thereafter, the
membrane invagination disappeared within 10 s, and the clathrin signal also
vanished (‘closing phase’). (B,C) Morphological variations of CME process
observed by correlative HS-AFM. Correlative images obtained from CLSM
and HS-AFM (top) and a schematic illustration (bottom) are shown.
Fluorescence images of EGFP—clathrin and HS-AFM images were obtained
from a live COS7 cell every 10 s. Image size: 1.2x1.2 ym?. The graphs on the
top right illustrates the change in fluorescence intensity (green) and diameter
of the membrane invagination in the AFM image (dotted black) over time.

(B) Time-lapse series illustrating actin-driven pit closing. Actin polymerises
besides the pit and induces a local membrane protrusion, which drives an
asymmetric closing motion of the pit. This is different from a previously
accepted model of closing that involves a symmetric constriction of the
membrane, mainly mediated by dynamin (Antonny et al., 2016; Kaksonen and
Roux, 2018). Arrowheads in image highlight the position of membrane
protrusion. (C) Time-lapse series supporting the ‘hot-spot’ model of CME. Two
or more CCPs successively appear at the same position; after the first pit
closed, a second pit appears at the same position within 10-70 s. The ‘hot-
spot’ of CME could be observed in COS7 cells together with actin-driven pit
closing but with lower frequency. A proportion of the clathrin and other related
proteins, such as SNX9 (Nunez et al., 2011), remain on the plasma
membrane after the scission of the CCP from the plasma membrane, which
recruits clathrin and other proteins to the same location and gives rise to
another CCP. Images and graphs shown are reproduced from Yoshida et al.
(2018) where they were published under a CC-BY 4.0 license.

(Shevchuk et al., 2012). The generation of a membrane protrusion
during the ‘closing phase’ of CME (defined by the gradual decrease
of clathrin signal) was later confirmed by our correlative HS-AFM
and CLSM approach (Fig. 2B) (Yoshida et al., 2018). Notably, this
membrane protrusion occurred in more than 50% of the total CME
events (Yoshida et al., 2018). These morphological observations
suggest that this asymmetric membrane protrusion plays a dominant
role in the closing process, which is distinct from the previously
proposed symmetric ‘constriction’ mediated by dynamin (Antonny
et al., 2016; Kaksonen and Roux, 2018). In addition, correlative
imaging with GFP—Lifeact (fluorescently labelled actin), as well as
inhibition of the Arp2/3 complex, which mediates branching of actin
filaments, with CK666, demonstrated that the asymmetric membrane
protrusion was induced by an accumulation of short branched actin
filaments near the CCP (Yoshida et al., 2018). This observation is
consistent with earlier EM images that found short and branched actin
filaments next to CCPs (Collins et al., 2011). It can be speculated that
an asymmetric closure might be more energetically favourable than
symmetric constriction when the stiffness and tension of the plasma
membrane are considered (Vasan et al., 2020). The involvement of
actin in CME will be discussed below.

Another intriguing observation made by HS-AFM regarding
CME is that two or more CCPs successively appear at the same
position (observed in ~15% of total CCPs); after the first pit closes,
a second pit appears at the same position within 10-70 s (Yoshida
et al., 2018) (Fig. 2C). This might be due to either re-fusion of the
released CCVs with the plasma membrane or the highly efficient
assembly of another CME machinery at the same position. The latter
is consistent with previously reported endocytic ‘hot-spots’, where
multiple rounds of CME were found to occur in a limited area of the

membrane owing to the local enrichment of CME-related proteins
(Nunez et al., 2011; Saffarian et al., 2009). Our correlative imaging
with HS-AFM also supports the existence of such ‘hot-spots’, as the
intensity of the clathrin signal is reduced after the pit closes and
increases again when the pit reopens (Fig. 2C) (Yoshida et al.,
2018); however, these results do not completely exclude the
possibility of refusion of the released CCP and the plasma
membrane. Further analysis using an imaging technique with
higher z-resolution (e.g. super-resolution microscopy) may
contribute to clarify the underlying mechanism behind the
formation of ‘hot-spots’.

Role of actin dynamics in CME

Several studies have demonstrated the involvement of actin in CME
(Fujimoto et al., 2000; Grassart et al., 2014; Yarar et al., 2005).
Indeed, the inhibition of actin dynamics with specific inhibitors
(cytochalasin B, cytochalasin D, jasplakinolide and CK666)
affected the progression of CME (Akamatsu et al., 2020;
Fujimoto et al., 2000). As various membrane structures and
cellular processes with membrane deformation, such as filopodia,
lamellipodia and micropinocytosis, are mediated by actin-based
structures, it is reasonable to assume that actin also regulates CME.
However, the role of actin in the CME has remained controversial
because the inhibition of actin dynamics by inhibitors cannot
completely block endocytosis in animal cells (Fujimoto et al.,
2000). Furthermore, the inhibition of actin dynamics in the cell
cortex affects the tension of the plasma membrane and thus may
indirectly alter the kinetics of membrane deformation (Diz-Mufioz
et al., 2013). Here, we briefly summarise the role of actin in CME
and the contribution of HS-AFM in addressing it.

Actin has been shown to participate in CME by bending the
plasma membrane to promote the initiation of CCPs (Kukulski
et al.,, 2012), by counteracting membrane tension to drive the
invagination of the pit (Boulant et al., 2011) and by coordinating
with other CCP-related proteins to assist the scission of the vesicle
(Tsujita et al., 2006). Recent studies using super-resolution
microscopy have revealed that actin nucleation at the CCP largely
depends on a circular ‘nano-template’ formed by WASP proteins,
which is necessary for highly efficient endocytosis (Mund et al.,
2018). However, actin polymerisation from such a circular template
is not sufficient to explain the actin-driven asymmetric membrane
protrusions, implicating a more complex actin architecture in the
area surrounding the CCP.

Moreover, cortical actin dynamics may play an important role in
driving CCVs into the cytoplasm by either interacting with myosin,
which is highly abundant in the cell cortex (Chandrasekar et al.,
2014), or by accumulating between the plasma membrane and the
vesicles to physically prevent the refusion of CCVs back to the
membrane. Notably, our group revealed, by using live-cell
HS-AFM, that actin polymerisation occurs mainly on the
cytoplasmic surface of the plasma membrane, and the newly
synthesised actin filaments descend into the interior of the cell,
which generates an inward movement of the cortical filament
network (Zhang et al., 2017). This mechanism may also contribute
to the force driving CCPs into the cytoplasm.

Dynamics of the cortical actin network

Cortical actin filaments form a random skeletal network beneath the
plasma membrane and play pivotal roles in various cellular events at
the cell surface, including endocytosis, as well as in cell and tissue
morphogenesis (Chalut and Paluch, 2016; Chikina et al., 2019;
Chugh et al., 2017; Sekiya-Kawasaki et al., 2003). A number of
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Fig. 3. Live-cell imaging of the plasma membrane and cortical actin using HS-AFM. (A) Schematic illustration of the experimental setup used to
visualise either the plasma membrane (right) or cortical actin (left) using HS-AFM, with the relative position of the cantilever and plasma membrane.
Representative HS-AFM images of COS7 cells are shown below. The positions of endocytosis events are indicated with arrowheads. Image size:

6.0x4.5 pm?. Scale bars: 1 um. (B) HS-AFM images of various cortical actin architectures in different cell lines. NIH-3T3 mouse embryonic fibroblast cells,
C2C12 mouse myoblast cells, ST2 mouse bone marrow-derived stromal cells and XTC frog fibroblast cells are shown. Clear differences can be observed in
the density, orientation, length, and polymerization rate of the filaments. See Zhang et al. (2017) for a detailed analysis of the respective structures. Image
size: 6.0x4.5 pym?. Scale bar: 1 ym. Images reproduced from Zhang et al. (2017) by permission of Oxford University Press and The Japanese Society of

Microscopy.

previous studies using various fluorescence imaging techniques
have revealed the dynamics of actin in lamellipodia, filopodia and
stress fibres (Aroush et al., 2017; Medalia et al., 2007; Peterson
etal., 2004). However, in contrast to stress fibers and filopodia, both
of which are composed of a thick bundle of actin filaments, the
morphological observation of individual filaments of cortical actin
in a living cell has been a difficult task because of the dense and
random arrangement of actin filaments, and rapid polymerization/
depolymerization dynamics (Aroush et al., 2017; Svitkina, 2020;
Tobacman and Korn, 1983). Although tapping mode AFM has been
applied to quantify the density of cortical actin (Eghiaian et al.,
2015; Kronlage et al., 2015), imaging of individual actin filaments
in the living cell cortex by conventional AFM has not been
successful because of its slow scanning rate and the large force that
generated by a large cantilever probe.

We successfully observed individual actin filaments in the cell
cortex by live-cell HS-AFM by indenting the cantilever probe
slightly deeper into the cell than during the imaging of the plasma
membrane (Fig. 3A), which allowed the visualisation of actin
filaments, which are stiffer than the lipid bilayer, with high
contrast (Zhang et al., 2017). The process of ‘filament elongation’
(190 nm/s) was successfully captured, supporting the fact that the
filament observed here is indeed a single actin filament (Zhang
etal., 2017), although the apparent width of the filament was wider
than that of a single actin filament (~7 nm) owing to it being
observed through the lipid bilayer. Treatment with cytochalasin B,
which binds to the barbed end of F-actin and blocks actin
polymerisation (Theodoropoulos et al., 1994), markedly decreased
the polymerisation rate and the density of the filaments (Zhang et al.,
2017). In contrast, jasplakinolide can be used to inhibit actin
depolymerisation and stabilise F-actin (Bubb et al., 2000). HS-AFM
imaging revealed that treatment with jasplakinolide decreased
the actin polymerisation rate without affecting the density of the
meshwork (Zhang et al., 2017).

Based on the observed polymerisation rate and the previously
reported rate constant (~110 s™!) (Pollard, 1986), the concentration
of free G-actin in the cell cortex has been estimated to be ~7 pM
(Zhang et al., 2017), which is lower than the previous estimates
obtained through biochemical approaches (~30 uM) (Goode and
Eck, 2007). These results point to several intriguing aspects of the
intracellular actin pool. First, the free G-actin pool may be different
in different parts of the cell. It can be speculated that the cell cortex,
where actin polymerisation actively occurs and is mediated by actin-
regulatory proteins (Bovellan et al., 2014), contains a relatively
small amount of free G-actin, whereas there are larger amounts of
G-actin in the cytoplasm. Alternatively, a large amount of G-actin
may be sequestered by thymosin 4 and not be actively involved
in turnover (Xue et al., 2014). The observation that overexpression
of thymosin B4 did not affect the turnover of cortical actin (Zhang
et al., 2017) might support this notion. Taken together, the insights
into actin dynamics in a living cell obtained from HS-AFM,
together with information from other single-molecule studies
in vitro and biochemical approaches, clearly contribute to our
understanding of the molecular dynamics and kinetics of actin
turnover in the intracellular milieu.

Spatiotemporal regulation of various actin-based
architectures

One of the most intriguing aspects of intracellular actin-based
structures is how such a variety of architectures is spatiotemporally
regulated by a variety of regulatory proteins (Blanchoin et al., 2014;
Bovellan et al, 2014; Roffers-Agarwal et al., 2005). The
polymerisation and depolymerisation of actin are regulated by a
large number of proteins that modulate nucleation, elongation and
severing (Pollard, 2016). In addition, the higher-order architectures
of actin filaments are also regulated by various crosslinkers and
bundlers (Tilney et al., 1998). Furthermore, the activities of these
regulatory proteins are controlled by complex signalling pathways,
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including kinases and small GTPases, such as RhoA, Racl and
Cdc42 (Lee and Dominguez, 2010; Moujaber and Stochaj, 2020).
For example, actin dynamics in lamellipodia, which are directly
coupled to cell motility and are regulated by actin nucleators and
small GTPases, can be visualised by various single-molecule
observation techniques, as well as HS-AFM (Higashida et al., 2013;
Ponti et al., 2004). Integrating information from fluorescence-based
techniques, EM and HS-AFM together with other molecular and
cellular biological techniques will contribute to the understanding
of such regulation.

A variety of cortical actin networks and their dynamics in
different cell lines can be visualised by using HS-AFM (Fig. 3B)
(Zhang et al., 2017). A clearly visible actin mesh was observed in
mouse bone-marrow-derived stromal cells (ST2), mouse myoblasts
(C2C12) cells and frog fibroblast (XTC) cells, whereas large actin
bundles along the long axis of the cell are found in mouse
embryonic fibroblast (NIH3T3) cells (Zhang et al., 2017). A
comparison of microscopic images obtained by EM and live-cell
HS-AFM implies that cortical actin structures are different in
different parts of the cell (Svitkina, 2020). For example, the actin
network at the basal surface of a cultured cell as determined by EM
(Morone et al., 2006; Svitkina, 2020) contains denser actin
filaments than at the apical surface as observed by AFM
(Eghiaian et al., 2015; Kronlage et al., 2015). This might be
because the basal surface contains a number of actin-based
structures, such as focal adhesions and stress fibres, in order to
adhere to the substrate (Burridge and Guilluy, 2016). Lamellipodia
also contain a denser actin network than the apical surface (Aroush
et al., 2017; Svitkina, 2018). Combination of microscopic imaging
with biochemical approaches will be required to elucidate how these
actin-based structures are constructed and regulated by various
actin-regulatory proteins in different parts of the cell.

A dynamic view of the cortical actin network is highly justified,
yet difficult to investigate owing to the lack of imaging techniques
with adequate spatiotemporal resolutions. In this context, live-cell
HS-AFM is clearly able to visualise the dynamics of a single
actin filament and describe the role of actin-related proteins in
mediating the morphological features of the actin cortex. We believe
that this approach will provide a valuable platform for resolving the
physical structure as well as the biological significance of cortical
actin.

Conclusions and perspectives

The application of HS-AFM in live-cell imaging provides us with
the possibility of directly visualising nanoscale structures and
events on and beneath the plasma membrane. Here, we have
summarised the brief history of HS-AFM and its application in live
mammalian cells, with special emphasis on the morphological
changes in the plasma membrane during CME and the dynamics of
cortical actin. In particular, live-cell correlative imaging with CLSM
is one of the most powerful applications of HS-AFM, which
compensates for the disadvantages of both microscopies and
produces morphological information as well as determining
protein localisation in a living cell. The spatiotemporal resolution
of HS-AFM continues to improve, and various applications are also
under development as outlined below.

One of the possible applications of correlative HS-AFM imaging
is the visualisation of viral infection and budding. The plasma
membrane is the place where viruses make the first contact with a
host cell and, in some enveloped viruses, viral proteins and genomes
are assembled and packaged into a virion using the plasma
membrane as a coating. It is well known that interactions between

the cell cortex (plasma membrane, membrane proteins and cortical
cytoskeleton) and viral proteins have crucial roles in viral infection
and budding processes (Barman and Nayak, 2007; Gladnikoff et al.,
2009; Harmon et al., 2010; Iliopoulou et al., 2018). Therefore,
HS-AFM together with fluorescence microscopy could be a feasible
technique to visualise the dynamic behaviour of viruses at the cell
surface and help to reveal the molecular mechanism of viral
infection and budding.

Although live-cell HS-AFM has provided new information
regarding membrane-related structures and cellular events, the
temporal resolution of the current HS-AFM system still limits
its broader application, such as in fast or ultrafast endocytic
processes that have a total lifetime of within a few seconds and
function more efficiently than CME in the internalisation of cargo
molecules (Watanabe and Boucrot, 2017). For this purpose, further
improvement in the temporal resolution without reducing the
scanning area is necessary. To improve the spatial resolution of
correlative imaging, HS-AFM can be combined with super-
resolution microscopy. Current super-resolution techniques can
provide spatial resolutions of up to ~10 nm in the lateral dimension
and 50 nm in the vertical dimension, which is comparable to that of
HS-AFM (~5 nm in the lateral dimension and <1 nm in the vertical
dimension). It is anticipated that the combination of these two
techniques will allow us to reconstruct the three-dimensional
structures of small membrane protrusions and invaginations, such as
caveolae or synaptic vesicles, as well as follow the assembly of
associated proteins at the corresponding location with high
precision. In that respect, combining correlative imaging with HS-
AFM, and perhaps other imaging techniques in the future has the
potential to elucidate molecular mechanisms in a way that is not
currently not attainable by other approaches.
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