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Abstract

This thesis describes the development of multifunctional high-resolution scanning

1on conductance microscopy (SICM) and 1ts application to the study of various living
cell properties.

High-resolution imaging of live biological samples, as an extreme example of soft
responsive materials, poses a significant technical challenge. A number of microscopy
techniques have been developed with the aim of visualizing small biological objects, but
few are suitable for live cell imaging. SICM is probably the best method developed to
date. Although, since 1its invention SICM has been adapted for biological experiments a
reliable distance control algorithm and methods to simultaneously obtain functional as
well as topographic information are still required.

In this study, the SICM scanning procedure was successfully improved with the
development of a distance modulated protocol that allowed long-term 1maging and the
measurement of fast and slow membrane dynamics in living cells. Furthermore, the new
robust SICM control system enabled the development of new hybrid techniques which
we have called: “scanning surface confocal microscopy” and *“scanning patch-clamp™
by combining SICM with confocal microscopy and patch-clamp respectively. These
new and powerful SICM-based techniques were applied to a wide range of biomedical
studies. Scanning surface confocal microscopy was used to study abnormal cardiac
myocyte contraction, and test potential anti-arrhythmic drugs. It was also used to image
the interaction between fluorescently-labelled virus-like particles and the cell
membrane, and follow the process of their internalisation. Scanning patch-clamp
enabled recording of ion channels in small cells such as sperm, and subcellular
structures such as epithelial microvilli and neural dendrites. In addition, 1t provided
means of mapping of different ion channel distribution in the cell membrane 1n relation
to cell surface topography and studying the role of their distribution in cell functioning.

The results obtained in this study provided new insights into cell function and

allowed us to propose potential models of cell behaviour.
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Introduction

Observation is the first stage of study; theretore the study of biological cells is
impossible with the naked eye due to their small dimensions. Optical microscopy,
especlally fluorescent microscopy, has proven to be an extremely versatile tool for cell
biologists to study live cells. However, its resolution 1s restricted to the diffraction limit
of light and also 1t provides limited possibilities to visualise cell surface structures and
to actively interrogate the sample. In principle, scanning probe microscopy (SPM)
techniques, such as atomic force microscopy (AFM) (Binning and Quate, 1986),
provide a means of imaging and manipulating objects down to an atomic scale.
Unfortunately, in practice their application in the field of biology has been Iimited to
studying various macromolecules deposited on hard surfaces, fixed cell preparations
and measurement of adhesion forces (Lesniewska et al., 1998;You and Yu, 1999). This
1s mainly because of the direct physical contact that scanning probe makes with the
sample, which 1s destructive to soft cell membranes. Scanning near-field optical
microscopy (SNOM) (Subramaniam et al., 1998) combines non-invasive imaging light
and the high resolution of scanning probe microscopy and potentially should provide a
universal 1maging tool. Nevertheless, this technique has ditficulties 1n reliably
regulating the distance between the scanning probe and the soft and responsive cell
surface. Scanning ion conductance microscopy (Hansma et al., 1989) i1s another
representative of the SPM group whose remarkable feature 1s a scanning algorithm,
which, in contrast with other SPM techniques, maintains the working distance between
the probe and the sample such that they do not make direct physical contact with each
other.

Although since its invention SICM has been adapted for biological experiments

(Korchev et al., 1997b;Korchev et al., 1997a) it still requires a reliable scanning
algorithm.

This thesis

The work presented in this thesis describes the development of two

multifunctional scanning ion conductance microscopes and their application to several

cellular studies.
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All experiments described in this thesis, except the early stages of modulated
control testing and a part of the scanning patch-clamp recordings, were performed on
the SICM stage that I have developed.

Most of the results described were published and presented on conferences, so the

references will be given where possible.

The first SICM I built was made on the basis of a prototype with the use of similar
control hardware and the same major mechanical components, so the home-built current
amplifier and general design were the only differences. Then this microscope was
equipped with a photomultiplier and two lasers that enabled fluorescent confocal
measurements 1n  combination with SICM 1maging. Later, for the purpose of
electrophysiological studies the home-built current amplifier was replaced with a
commercial patch-clamp amplifier. All these modifications made i1t possible the
combination of SICM with major microscopy and electrophysiology techniques to
perform exciting experiments such as the study of cardiac myocyte contraction
abnormalities caused by diseases and the testing of potential anti-arrhythmic drugs, the
mapping of different 1on channels distribution and studying the role of their distribution
in cell functioning, the imaging of fluorescently-labelled particles, such as virus-like
particles, their interaction with the cell membrane and process of particle internalisation

and finally the measurement of fast and slow cell membrane dynamics.

With time, partially because of the limitation of the existing microscope control
hardware, and partially because of increasing demands due to the expansion of our
laboratory, we needed a new microscope. Development and construction of the new
SICM was time consuming. It took half a year before the first image with the new
microscope was achieved. Since then, we have heavily exploited the new SICM, which
is faster because of the new hardware and more flexible because 1t i1s easily
programmable in comparison with the prototype. With the new microscope we have
measured fast microvillar dynamics in living epithelial cells and developed a technique
for molecule deposition with sub-micron resolution in an ink-jet printer fashion. Later, a

third microscope was built in our laboratory based on the control system that I

developed.

Nowadays, researchers around the world show great interest in SICM. As an

example, recently one SICM based on the control system that I have developed was
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built with our assistance in Department of Cell Physiology, National Institute for
Physiological Sciences, Okazaki, Aichi, Japan. Also, during my study we had many
visitors in our laboratory that interested in the SICM technique, often discussions
resulted in collaborative research projects. Some of our collaborators requested from me
a comprehensive description of the SICM setup and principles of its operation because
they are not fully described in papers. Because of these requests [ decided to dedicate a

substantial part of my thesis to the description of the SICM.

Overall structure and objectives of the thesis

This thesis starts with an introductory chapter to various microscopy techniques,
their principles of operation and a discussion of their strengths and weaknesses for live
cell imaging. As a result of this discussion the major requirements for a live cell
1imaging technique are determined.

In the second chapter scanning 1on conductance microscopy (SICM) 1s described.
This chapter 1s focused on the key features and the advantages of SICM 1n comparison
with the other microscopy techniques, explaining why SICM 1s preferable for
application to some biological tasks. The chapter 1s also dedicated to various
applications of the SICM with examples provided.

The third chapter presents the first SICM setup that I have developed during this
study. Also, a comprehensive description of its architecture 1s given followed by a
chapter on all modifications that I have done to the SICM hardware and software with
the aim of improving the scanning protocol and multifunctionality of the system.

The fifth chapter is dedicated to the study of the contracting cardiac myocytes.
Obtained results clearly demonstrate the improved scanning abilities of SICM that made
possible simultaneous high-resolution contraction amplitude and local calcium
transients measurements. The following chapter will show how the improved SICM can
be implemented to studying contraction abnormalities caused by diseases and to test
potential anti-arrhythmic drugs.

The seventh chapter describes a new Scanning Patch-Clamp technique developed
on a basis of combination of SICM and the patch-clamp and its application to the study
of ion channels 1n small cells and sub-cellular structures. The next chapter illustrates

how the Scanning Patch-Clamp was utilized to map the distribution of calcium and

chloride channels 1n the cardiac myocyte sarcolemma.
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The ninth chapter shows how the virus-like particle entry into a cell can be studied

with a new Scanning Surtace Confocal Microscopy technique - a combination of SICM

and laser scanning confocal microscopy.

The tenth chapter describes the development of the second SICM that I have built
in our laboratory. This microscope 1s equipped with completely new control hardware
that I have chosen and software that I have specially written.

The two following chapters present the experiments and results achieved with the
second SICM setup. The SICM was applied to the study of fast microvilli dynamics in
epithelial cells. The new, improved SICM made 1f possible to directly measure the
important parameters of microvilli such as growth and retraction rate, lifetime etc. for
the first time. Also, controlled deposition and printing with different molecules using
the SICM scanning micropipette as a delivery tool 1s shown.

The final chapters summarize the study, making conclusions about the work and

suggest future directions.
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Chapter One Microscopy techniques overview

Chapter 1 Microscopy techniques overview towards imaging of

live biological samples

1.1 Introduction

In this chapter different types of microscopy techniques are introduced in the
context of their applicability to the study of biological samples. The history of their
development 1s also briefly described. Finally, in this chapter the strengths and
weaknesses of various i1maging methods are discussed, concluding with the

requirements with which the most suitable technique should comply.

1.2  Optical microscopy and its derivatives

The adaptation of an optical microscope and observations made by Leeuwenhoek
revolutionized the world of bio-related sciences. His lenses made it possible to study
living microorganisms that cannot be seen by the naked eye. Since that time, a large
number of different microscopy techniques have been developed. The majority of
modern microscopes are relatively complicated instruments with high resolution, and
the fact that the optical microscopy 1s still widely used by scientists demonstrates its
usefulness. Furthermore, the optical microscope even became a symbol of science for
many years.
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