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Abstract

This thesis explores the interactions of cells and particles brought into contact in
suspension in an ultrasound standing wave trap as aggregates or monolayers. The
influence of [CaCl;], and hence modulation of electrostatic particle interaction force,
on the growth and morphology of aggregates of 25 um latex spheres was initially
characterised by techniques including fractal dimension, and void analysis. At low
[CaCl;] additions highly hexagonally ordered structures were formed while with
increasing [CaCl,] additions the aggregate morphology gradually ‘crossed over’ from
being essentially closely packed to a dendritic, highly disordered one.

The physical environment of cells aggregating in the trap was then examined to
assess the extent to which ultrasound might influence cell viability and function. The
temperature rise was < 0.5 K. The drag due to acoustic streaming was smaller than the
stress imposed by gentle preparative cell centrifugation. The attractive acoustic force
between cells was small compared to the force required to reverse a single receptor-
receptor bond and to the attractive van der Waals force. Acoustic spectrum analysis
detected no cavitation activity in the suspensions. Fluorescent indicators showed that
the number of viable cells (99 %) did not change during 1 h in the trap.

The progression of cell-cell interactions i.e. length of membrane-membrane
contact, and the integral intensities of stained cadherin/catenin complex molecules,
the actin cytoskeleton and (for chondrocytes) gap junctions were examined over 60
min in primary chondrocytes, and in neural, prostate epithelial and prostate cancer cell
lines. The aggregate form changed concurrently from hexagonally ordered cells to a
continuous sheet of mostly quadrilateral and pentagonal cells. Rapid molecular
responses to cell contact in other systems are reviewed.

The cells in this work progressed from physical aggregation, through molecular
adhesion, to displaying the intracellular consequences of receptor interactions. The
ability to form mechanically strong confluent cell monolayers that can be monitored
in situ or harvested from the trap provides a technique with general potential for
monitoring the synchronous development of cell responses to receptor-triggered
adheston.
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Chapter 1

Introduction

1.1 General

Many of a cell’s responses to its environment are triggered by its interaction
with other cells or the extracellular matrix. It is therefore not surprising that cell-cell
and cell-matrix adhesion have a central place in virtually all major phenomena of
multicellular organisms from embryo development, organisation of organs and their
substructures, through diverse functions of the mature organism, including
angiogenesis, wound repair and defence against pathogens. In view of the broad array
of cell functions associated with cell adhesion, it is no wonder that this field is rapidly
diversifying; each new investigation emphasises the complexity of cell-cell and cell-
matrix adhesion events.

One clear general theme is that cells do not simply ‘stick’ together to form
tissues, but rather are organised into very diverse and highly distinctive patterns. A
variety of cell adhesion mechanisms are responsible for assembling cells together and
in association with their connections to the cytoskeleton, determine the overall
architecture of the tissue. Thus, cell adhesion systems should be regarded as
mechanisms that help translate basic genetic information into complex patterns of
cells in tissues (Gumbiner, 1996).

A number of specialised junctional complexes are at the heart of the cell-cell

and cell-matrix adhesion events. Focal contacts (or focal adhesions) are junctions

Cell-cell interactions in USWT . oy
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Figure 1.1: Molecular and cellular organisation of cell-cell junctions. The adhesion
(adherens, tight and desmosomes) and gap junction receptors, together with their

associated proteins, including cytoskeletal elements are identified (Giepmans, 2004).

observed at cell-matrix interactions, while intercellular adhesion complexes are
composed of 1) tight junctions, ii) adherens junctions, iii) desmosomes and iv) gap
junctions (Fig. 1.1). These junctions are not ‘static’ but dynamic, determining the

adhesive status of cells. The functional units ofthese junctions are the cell

Cell-cell interactions in USWT 2
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adhesion molecules (or adhesion receptors) that are linked to components of the
cytoskeleton, thereby establishing connections to other cell-cell or cell-matrix
adhesion sites. There are four major adhesion receptor families; the integrins, the
selectins, the immunoglobulin superfamily (IgSF) and the cadherin superfamily. The
present contribution concentrates on the topic of cell-cell adhesion, therefore focal
contacts will not be emphasised. Additionally, as integrins and selectins are not
directly involved in the processes examined in this work, they will be initially
discussed briefly. Attention will be directed here on IgSF and cadherins adhesion

mechanisms.

1.2 Cell adhesion molecules

1.2.1 Integrins

Integrins are calcium-dependent transmembrane heterodimeric glycoprotein
receptors primarily involved in cell-matrix interactions (Hynes, 1992). They are
produced by a wide variety of cells and most cells express several different types of
integrins (Hynes, 1992). Integrins are composed of a and P subunits non-covalently
bound to each other (Fig. 1.2); they have extracellular domains which bind to the
extracellular matrix (ECM) and cytoplasmic domains which associate with the actin
cytoskeleton and affiliated proteins, including vinculin, talin, paxillin and a-actinin
(this protein binds directly to the actin filaments) (Fig. 1.2) to lead to the formation of
stress fibers (described in Sec.1.4.1.2) (Fath ef al., 1989; Bourdeau and Jones, 1999;
Critchley, 2004). The interaction of integrins with the ECM, together with the

association of the cytoskeleton leads to the formation of focal contacts, junctions that

Cell-cell interactions in USWT ' 3
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Figure 1.2: Schematic representation of integrins and specific examples of [gCAMs

and Selectins together with their typical extracellular ligands and associated

cytoskeletal components are shown (Adapted from Juliano, 2002).

are clearly resolved when cells are cultured on an artificial substratum (it is noted that

structurally similar adhesions have been observed in smooth muscle cells and in the

Cell-cell interactions in USWT
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myotendinous junction of skeletal muscle) (Burridge er al., 1988; Fath ef al., 1989;
Schaller, 2001). The association of integrins with the ECM activates integrin-
regulated signalling pathways that in turn regulate cell survival and migration of

normal and tumour cells (Jin and Varner, 2004).

1.2.2 Selectins

The selectins are calcium-dependent transmembrane carbohydrate-binding
proteins (lectins) that mediate heterophilic cell-cell adhesion (Cohen et al., 1997,
Ehrhadt er al., 2004). Three structurally distinct selectins expressed at activated
endothelium (E-selectin), lymphocytes (L-selectin) and platelets (P-selectin) have
been identified (Gonzalez-Amaro and Sanchez-Madrid, 1999). Selectins have a lectin-
like domain at the N-terminus which is central to the binding properties of the protein,
an epidermal growth factor (EGF-) like domain and various numbers of a consensus
repeat domain (Fig. 1.2). The number of consensus repeat domains is the factor
accounting for their structural differences; P-selectin has nine consensus repeat
domains, E-selectin has six, whereas L-selectin has two (Ehrhadt ef al., 2004).

Selectins bind to a range of glycoconjugates containing a2,3-linked sialic acid
as well as to sialic acid deficient glycans such as sulphate glycans (heparin) (McEver,
2002). However, the best documented receptor for a selectin is the P-selectin
glycoprotein-1 (PSGL-1) (Fig. 1.2), a mucin-like transmembrane glycoprotein found
on leukocytes and lymphoid cells (Juliano, 2002). Anchorage in the plasma membrane
occurs through a single transmembrane domain. PSGL-1 also contains a small
cytoplasmic tail (McEver, 2002). Little has been reported on selectin association with
the cytoskeleton, however an interaction between the cytoplasmic domain of P-

selectin and a-actinin has been reported (Dwir et al., 2001) (Fig. 1.2). The role of

Cell-cell interactions in USWT 5
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selectins is to promote tethering and rolling (by rapid formation and breakage of the
selectin adhesive bonds) of circulating leukocytes on endothelial cells, platelets and
other leukocytes during inflammation (McEver, 1997). Inhibition of the interaction
between leukocytes and endothelial cells may result in a number of autoimmune

diseases, such as allergy, psoriasis, multiple sclerosis and rheumatoid arthritis.

1.2.3 The immunoglobulin superfamily (IgSF)

The IgSF is the largest protein superfamily, including more than 100
polypeptides (Williams and Barclay, 1988). Members of this family include: a) the Igs
themselves, b) Major Histocompatibility Complex (MHC) class I and IT molecules, ¢)
proteins of the T-cell receptor (TCR) complex, d) virus receptors and other
lymphocyte surface glycoproteins (Brummendorf and Rathjen, 1995). This functional
diversity of Ig-like proteins has arisen through varnation of amino acid residues of the
Ig repeats (Fig. 1.2) and their combination within one immunoglobulin polypeptide
(Brummendorf and Rathjen, 1995). Here, the focus is on the Ig molecules and in

particular on the neural cell adhesion molecule (NCAM).

1.2.3.1 Structure of NCAM

NCAM, onginally described by Jergensen and Bock (1974) as a synaptic
membrane glycoprotein termed D2, was the first vertebrate molecule to be identified
and characterised as a cell adhesion molecule (Thiery er al, 1977). NCAM is a
calcium-independent cell membrane glycoprotein, the extracellular part of which
contains five Ig-homology modules, followed by fibronectin type III, F3, -homology
modules, proximal to the membrane (Fig. 1.3). Individual Ig- and F3-homology

modules are typically composed of ~100 amino acid residues, which form a sandwich
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structure composed of two anti-parallel B-sheets; in addition, Ig-homology modules
contain an intramodule disulfide bond connecting the two B-sheets, whereas such a
bond is absent in F3-homology modules (Fig. 1.3) (Walmod ez al., 2004).

As a result of alternative splicing of the gene encoding NCAM, three main
isoforms known as NCAM-180, NCAM-140 and NCAM-120 (the numbers referring
to the relative molecular weight, M,, on a sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE)) are generated (Walmod ef al., 2004). Figure 1.3
schematically represents the different NCAM isoforms. NCAM-180 and NCAM-140
both attach to the plasma membrane through a transmembrane domain, whereas they
differ in the length of their cytoplasmic domain (NCAM-180 has a longer cytoplasmic
domain). NCAM-120 on the other hand, is attached to the plasma membrane through
a glucosylphosphatidylinositol (GPI) anchor (Kiselyov er al, 2005). There is
relatively little known about the interactions of NCAM with cytoskeletal proteins. A
proposed interaction is linkage of NCAM to the actin cytoskeleton via ankyrin and
spectrin (Fig. 1.2). Association of NCAM with a-actinin as well as a- and B-tubulin
has also been reported (Biuttner ef al., 2003). NCAM is the only mammalian protein
that carries the negatively charged sugar polysialic acid (PSA), which is post-
translationally attached to the fifth Ig domain (Povisen ef al., 2003). PSA is a long,
linear a-28-linked carbohydrate composed of N-acetylneuraminic acid (NeuSAc)
residues (Johnson et al., 2001). Expression of the polysialiated form of NCAM (PSA-

NCAM) peaks early in development and decreases with age (Johnson er al., 2005).

Cell-cell interactions in USWT ' ' 7
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FI- h
Modules Igl IgD IgmigTVIgV F3I F3H GFI-anchor
NCAM-120 Transmembrane domain
NCAM-140
Cytoplasmic domain
NCAM-180

Plasma
membrane

Figure 1.3: Schematic representation of NCAM isoforms, showing the
immunoglobulin homology modules (black) Igl-V, and the fibronectin type III
homology modules (blue) F3I and F3II. The disulphide bonds are indicated with S.
NCAM-120 is attached to the plasma membrane via a GPI anchor (red), while both
NCAM-140 and NCAM-180 attach to the plasma membrane through a
transmembrane domain (green), NCAM-140 and NCAM-180 differ in the length of

their cytoplasmic domain (purple) (Adapted from Walmod et a I, 2004).

1.2.3.2 NCAM and cell-cell adhesion

Intensive research on the mechanism of NCAM homophilic binding has led to
the development of a number of different models. The currently accepted idea
involves primarily the presence of NCAM on the cell surface in a c/s-dimeric form,
ie. NCAM molecules form dimers on the surface of the same cells. This cis-
dimerisation process is mediated by the first two Ig modules (Fig. 1.3). The trans-
homophilic interaction (i.e. interaction of NCAM dimers present on apposing cell

membranes) of the cis-dimers is probably mediated by an interaction either between
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the second and third modules, giving rise to the ‘flat zipper’ formation, or between all
three (Igl-Iglll) modules, leading to the formation of the ‘compact zipper’ (Walmod
et al., 2004; Kiselyov et al., 2005). Combination of both types of zippers may
subsequently lead to a two-dimensional zipper formation.

Cell-cell adhesion mediated by NCAM is also affected by the molecule’s
content of PSA. The main function of PSA appears to be to serve as a repulsive
contribution to the net negative charge of the cell surface (Toikka ef al., 1998). A
simple steric mechanism has been proposed by Fujimoto et al. (2001), by which
expression of PSA at the cell surface can hinder membrane-membrane and receptor-
receptor apposition, as the intercellular spacing has been shown in electron
microscopy images to be increased by 10-15 nm, keeping NCAM receptor molecules
on apposing membranes at a separation greater than that required for two NCAM

molecules to bridge with each other (Johnson er al., 2005).

1.2.4 The cadherin superfamily

The evolutionarily diverse cadherin protein superfamily in humans consists of
approximately 80 members (Yagi and Takeichi, 2000). Cadherins are calcium-
dependent proteins and are made up of an extracellular domain responsible for cell-
cell interactions, a transmembrane domain and a cytoplasmic domain that is usually
linked to the cytoskeleton (Wu and Maniatis, 1999). Based on domain composition,
genomic organisation and overall structure, the superfamily is divided into six
subgroups: (a) classical or Type I cadherins, (b) Type II cadherins (closely related to
type I), (c) desmosomal cadherins, (d) protocadherins, (¢) FAT-like cadherins and (f)
Flamingo cadherins (Gooding et al., 2004). The structural diversity of the cadherin

superfamily is represented in Fig. 1.4.

CQ”—C@” interactions in L/S;‘VTT - I S 9



(‘hapter 1: lmrodwtion

1.2.4.1 Structural diversity of cadherins

Members of the Type I classical cadherins include the: epithelial (E-), neural
(N-), placental (P-), retinal (R-), heart (H-) and EP- (a cadherin discovered in Xenopus
laevis having comparable homology to both E- and P- cadherins) cadherins. Type I
cadherins are composed of five tandem extracellular cadherin domains (EC1-ECS)
(comprising an approximately 110 amino acid peptide), that are connected by short
linker regions, each containing two to three calcium-binding sites (Haussinger ef al.,
2002), a single segment transmembrane domain and a distinct, highly conserved
cytoplasmic tail (Fig. 1.5) that specifically binds to catenins (Sec. 1.3.2; Fig. 1.5).
EC1 to EC4 are homologous cadherin repeats and include the His-Ala-Val (HAV)-
sequence, while ECS is a less-related membrane-proximal domain.

Type II cadherins (vascular-endothelial (VE-), kidney (K-), 7-12, 18, 19, and
20) differ in their structure to Type I cadherins in that the first of the EC domains
lacks the HAV sequence believed to play a role in Type I adhesion. These proteins are
expressed in loosely associated cells and are responsible for comparatively weaker
intercellular adhesion.

The third cadherin subgroup, the desmosomal cadherins, is further divided into
two subfamilies: the desmocollin (DSC) (90-100 kDa) and desmoglein (DSG, 130-
165 kDa) proteins. Both DSC and DSG consist of five cadherin domains in the
extracellular portion of the molecule (EC1-ECS), a transmembrane domain and a
cytoplasmic domain that associates with plakoglobin, plakophillins and desmoplakin
(Fig. 1.3), which in turn link the cadherins to the intermediate filament cytoskeleton

(Green and Gaudry, 2000). Desmosomal cadherins interact in a heterotypic manner
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Figure 14: Schematic representation of the structure of 5 of the 6 cadherin
subfamilies. A schematic for Type II classical cadherins is not shown, as the only
difference from Type I cadherins is that the first of the EC domains lacks the HAV
sequence. Representative protein members of each of the remaining five cadherin

subfamilies are shown (Adapted from Tepass et al., 2000).

(Garrod et al., 2002); i.e. desmoglein interacts with desmocollin, and cells must
express at least one desmoglein isoform and one desmocollin isoform to assemble a
desmosome (Wheelock and Johnson, 2003).

Protocadherins were identified by Sano et al. (1993). They consist of a large
subfamily of cadherin-like adhesion proteins highly expressed in the synapses of the
central nervous system (Gooding ef al., 2004) and have up to seven extracellular

domains (Fig 1.4) Moreover, there is little evidence that they bind to cytoskeleton-
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associated proteins (Fig. 1.4) (Nollet er al., 2000). However, association of the
cytoplasmic domain of protocadherins with the Fyn tyrosine kinase has been
suggested (Fig. 1.4) (Tepass et al., 2000).

The unusual subfamily of cadherins, referred to as the Flamingo cadherins,
was first identified as a group of proteins that regulates planar cell polarity in
Drosophila (Angst et al., 2001). Members of this group include: wingless (or wnt),
armadillo (the prototype of the family to which B-catenin and plakoglobin belong),
frizzled and disheveled. The extracellular portion of these proteins consists of eight or
nine cadherin domain repeats, as well as other structural motifs, such as the flamingo
box, cysteine-rich regions, laminin A globular domains and EGF-like motifs (Fig. 1.4)
(Usui et al., 1999). These proteins do not bind catenins or other known cytoskeleton-
associated proteins (Wheelock and Johnson, 2003). Additionally, the Flamingo
cadherins have a unique seven transmembrane segment, unlike the single
transmembrane segment observed in classical cadherins (Fig. 1.4).

FAT-like cadherins were first identified as tumour suppressor proteins in
Drosophila and they contain 34 extracellular repeats (Fig. 1.4) (Angst ef al., 2001).
Taking into account the large size of the extracellular portion, it has been suggested
that FAT cadherin plays a role outside of adhesion, and is possibly involved in cell
repulsion, acting as a sensor of cell to cell proximity and a brake on cell proliferation
(Cox et al., 2000).

Finally, in addition to the cadherins that fall within the defined subgroups
discussed earlier, numerous atypical cadherin proteins occupy unique, isolated
positions within the cadherin superfamily. The Truncated (T-) cadherin (or cadherin-
13) is such a member. T-cadherin shares its ectodomain organisation with classical

cadherins, but lacks both the transmembrane and cytoplasmic regions. T-cadherin is
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instead modified with a glycosyl-phosphatidylinositol (GPI) moiety that anchors it to
the plasma membrane (Angst e al., 2001).

Since Type I cadherins were the only class of cadherins investigated in the
present study, the term ‘cadherin’ refers in this work, unless otherwise stated, to Type

I cadherin.

1.3 Mechanisms of cadherin-based adhesion

A fundamental challenge in the research area of cadherin-based adhesion is to
understand how cells utilise the components of the cadherin adhesive system to
generate and regulate a dynamic range of adhesive strengths. For this reason, the
following discussion will distinguish between the cadherin interactions in the

extracellular and cytoplasmic domain.

1.3.1 Extracellular domain interactions

It is now realized that two types of cadherin interactions are distinguishable in
the cellular adhesion process: a) The occurrence of parallel binding to a neighbouring
cadherin on the same cell (a cis-interaction, also referred to as a ‘strand dimer’
interaction; and b) the interaction between two antiparallel oriented cadherin
molecules protruding from opposing cells (frans-interaction, also termed ‘adhesion
dimer’ interaction) (Shapiro et al., 1995).

An early model (Shapiro et al., 1995) of the organisation of cis-dimers
proposed that two cadherin molecules extending from the same cell surface interact
laterally through hydrophobic interactions. The most prominent feature of this
interaction is the reciprocal intercalation of a conserved tryptophan (Trp2) sidechain,

localised at the second domain in classic cadherins, into the hydrophobic cavity
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formed by the paired molecules. Another early model (Nagar ef al., 1996; Pertz et al.,
1999) proposed that lateral (or cis-interactions) cadherin dimers are stabilised by
mutually coordinating calcium ions. Trans-interactions have been shown by electron
microscopy studies to occur only after formation of cis contacts, thus demonstrating
the cooperativity of the two processes (Tomschy er al., 1996, Koch ef al., 1997,
Haussinger et al., 2002).

Identification of which of the five EC domains are involved in cadherin-
cadherin binding (or frans-interactions) and specificity sites has been attempted by
several investigators using experimental approaches such as mutational (Blaschuk er
al., 1990) or cell aggregation inhibition (Nose ef al., 1990) assays. N- and E-cadherin
transfectants sorted to form separate tissue-like cell-aggregates, but swapping domains
between N- and E-cadherin sometimes swapped the specificity of cell aggregation.
Notably, it was the EC1 domain that carried this property, providing strong evidence
in support of the idea that the adhesive binding site of cadherins is localised primarily
within the EC1 domain (Patel ef al., 2003). Additionally, a predomain (usually less
than 80 amino acids) between the signal sequence and the start of the EC1 domain
exists at the N-terminus. Correct cleavage of this predomain is absolutely essential for
cadherin function (Patel ef al., 2003). Finally, Tomschy and co-workers (1996) and
Pertz et al. (1999) have reported a variety of electron microscopy studies of cadherin
fusion proteins, which have uniformly shown interaction between cadherins at or near
the EC1.

Several models of homophilic cadherin frans-binding, which suggest multiple
adhesive interactions, have been proposed more recently. Sivasankar et al. (1999,
2001) demonstrated that the strongest interaction was detected when the antiparallel

proteins fully overlapped, leading to an extensive overlay of multiple EC domains.
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More specifically, by measuring the absolute distance at which opposed cadherin
fragments bind and by numerically calculating the changes in the interaction
potentials resulting from deletions of individual domains, it was shown that at least
two domains per molecule are required for homophilic cadherin binding. In another
model based on bead aggregation and laminar flow cell adhesion assays, Chappuis-
Flament and colleagues (2001) proposed that the homophilic interactions formed
between cadherins may arise from multiple interactions or different combinations of
interactions between EC domains.

Nevertheless, it is now well accepted that many, if not all, EC domains
contribute to the formation of the cadherin homophilic interaction, contrasting early
studies (Shapiro er al., 1995) where only ECI-EC1 interactions were identified.
However, it is still unclear whether the interactions involving the EC1 domain or
multiple EC domains occur under physiological conditions or are possible only in

some crystalline states (Gooding et al., 2004).

1.3.2 Cytoplasmic domain interactions

The cytoplasmic domain of cadherins plays a crucial role in cell adhesion
through cytoskeleton interaction and during extracellular lateral cadherin clustering
(Gooding et al., 2004). The highly conserved, serine-rich, cytoplasmic region of
cadherins consists of approximately 70 amino acids and is divided into two domains, a
conserved membrane proximal domain and a distal one. Key to adhesive activity is the
interaction between the cytoplasmic region of cadherins and proteins B-catenin or
plakoglobin (y-catenin), which form the link to the actin cytoskeleton via a-catenin

(Pokutta and Weiss, 2002) (Fig. 1.5).
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1.3.2.1 a-catenin

a-catenin has a molecular weight of 102 kDa and is homologous to the actin-
binding protein vinculin, a cytoplasmic protein located in focal contacts (Sec. 1.2.1)
(Rudiger, 1998). a-catenin is the protein that connects the E-cadherin/f- (or y-) catenin
complex and the actin cytoskeleton (Kobeliak and Fuchs, 2004) either through direct
interaction with filamentous (F-) actin or indirectly through association with the actin
binding proteins vinculin, a-actinin, zona occludens 1 and 2 (ZO-1, ZO-2) (Figs 1.1
and 1.5) (Pokutta and Weis, 2002; Wheelock and Johnson, 2003). Cells lacking a-
catenin or with mutations in a-catenin do not form the tight cell-cell contacts typical of
adherens junctions (Wheelock and Johnson, 2003). Additionally, loss or impairment of
the function of a-catenin is a marker for cancer development (Davies ef al., 2000,
Nakopoulou et al., 2002; Buda and Pignatelli, 2004). Finally, it has been suggested
that overexpression of a-catenin binds to cytoplasmic B-catenin disturbing in this way

the B-catenin mediated wnt signals (Nagafuchi, 2001) described in Section 1.5.1.

1.3.2.2 p-catenin

B-catenin is a 92 kDa protein that interacts directly with the cadherin
cytoplasmic domain (Figs. 1.1 and 1.5) (Dalseg et al., 1994) and shares about 68%
identity with y-catenin (Wheelock and Johnson, 2003). It has been suggested that -
and y-catenins can directly substitute for one another as structural components of the
adherens junction (Wheelock and Johnson, 2003). Dysfunction or loss of B-catenin
may result in cell-cell disengagement which contributes to subsequent cancer cell
invasiveness (Kawanishi er a/., 1995, Winjhoven er al., 2004). B-catenin as well as
being a component of adherens junctions, also serves as a transcriptional activator of

the wnt signalling pathway described in Section 1.5.1.
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Figure 1.5: The cadherin-catenin protein complex. The core universal-catenin
complex consists of pi20 catenin bound to the juxtamembrane region, P-catenin
bound to the distal region, which also binds to a-catenin. a-catenin then binds to actin
filaments and actin-binding proteins such as vinculin, a-actinin or formin-1. y-catenin

is not shown in the Figure, but it directly substitutes P-catenin in the adherens junction

complex (Gumbiner, 2005).

1.3. Z 3 y-catenin
y-catenin, an 83 kDa protein, is also known as plakoglobin (Dalseg et al.,
1994). a-catenin binds to y-catenin in adherens junctions (Fig. 1.1) but in

desmosomes, y-catenin binds to DSG and DSC and to desmoplakin that provide a link
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to the keratins of the intermediate filaments (Sec. 1.4.2) (Fig. 1.1) (Zhurinsky er al ,
2000). y-catenin can interact with the same transcriptional factors as B-catenin but its
precise role in cellular signaling pathways has not been clarified (Gooding et al., 2004,
Shiina er al., 2005). However, it has been suggested that overexpression of y-catenin
could dnive part of the endogenous B-catenin into the nucleus, most probably by
displacing it from cadherin or other cytoplasmic partners (Ohene-Abuakwa et al.,
2000), resulting in the nuclear accumulation of B-catenin that in turn may activate

oncogenes (Sec. 1.5.1) (Bremmes ef al., 2002).

1.3.2.4 p120 catenin

p120 is a member of the armadillo (ARM) supergene family (Anastasiadis and
Reynolds, 2000). p120 was originally identified as a substrate for receptor tyrosine
kinases, including src (Chen er al., 2003). Like B-catenin, p120 binds directly to the
cytoplasmic domain of cadherins, but p120 binds to the juxtamembrane (or proximal)
rather than the distal region (Figs. 1.1 and 1.5) (Peiper and Yap, 2003). The function
of p120 in cell-cell adhesion has not been resolved. It has been proposed that p120
might be required for clustering of cadherins and for strong cell-cell adhesion (Yap ef
al., 1998; Thoreson et al., 2000). Davis et al. (2003), alternatively, have suggested
that p120 might modulate cell adhesion through modulation of the Rho family of
small GTPases (actin cytoskeleton modulators described in Sec. 1.4.1.3). p120 may
then promote the local assembly and organisation of the actin cytoskeleton, supporting
cadherin-bound p120 involvement in actin driven cadherin clustering (Gooding er al.,
2004). It has been suggested that this positive adhesion regulation is the principal

function of p120 (Ireton et al., 2002). The armadillo family also includes d-catenin
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and ARVCF (armadillo repeat deleted in velocardiofacial syndrome), two proteins

that are less well studied but have similar functions to p120 (Gumbiner, 2005).

1.4 The cytoskeleton

The cytoskeleton of eukaryotic cells is a dynamic intracellular system
composed primarily of three different types of fibrous structures: a) actin
microfilaments, b) intermediate filaments and ¢) microtubules, which built a network
throughout the cell’s cytoplasm (Kimer ef al.,, 2004). These elements, while

composed of different proteins, are in constant interaction with each other.

1.4.1 Actin microfilaments

1.4.1.1 Actin dynamics

Actin is one of the most abundant and highly conserved proteins in all
eukaryotes and typically makes up 5% of all intracellular protein (Egelman and
Orvala, 1995; Pantaloni ef al., 2001). Actin serves not only in the maintenance of cell
shape and structure (Cramer et al., 1994), but also has roles in other fundamental
cellular functions including cell motility and spreading (Carlier and Pantaloni, 1997),
particle movement (i.e. transport of particles and receptors over the cell surface)
(Cramer et al., 1994) and phagocytosis (Pollard et al., 2003).

Actin occurs as globular (G-actin) monomer or as polymerised filaments (F-
actin) that are particularly concentrated just beneath the plasma membrane (cortical
actin) (Orlova et al., 2004). The polymerisation process of actin is briefly described
here. Actin filaments are structurally and kinetically polarised, i.e. the rapidly
growing end of a filament is called the barbed end, while the slowly growing end is

called the pointed end (Pollard ef al., 2000). G-actin monomers assemble rapidly at
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the barbed end, leading to the formation of helical double stranded actin filaments (F-
actin). This process is accompanied by hydrolysis of ATP to ADP. As filaments are
formed, the concentration of monomers falls until it reaches the critical concentration
at which monomers and filaments are at equilibrium (Revenu et al., 2004). At the
equilibrium state, the filament adds monomers at the barbed end and simultaneously
loses monomers from the pointed end, leading to the property of filament

‘treadmilling’ (Carlier, 1998).

1.4.1.2 Actin organisation

Alberts et al. (2003) has found it useful to charactense three different 3-D
arrays of filamentous actin, all formed by interaction of actin with different binding
proteins: 1) gel-like network, ii) contractile bundles (or stress fibers) and iii) tight
parallel bundles (the latter two being referred to as fibrous arrays). Gel-like networks
are formed by interactions of actin filaments with the flexible actin binding protein
molecule filamin; the latter promotes the formation of a highly viscous gel by linking
together two actin filaments roughly at right angles (Alberts er al., 2003). Tight
parallel bundles on the other hand, are formed by interaction of actin with binding
proteins such as villin, fibrin and fascin. Finally, contractile bundles or stress fibers
are arranged in an anti-parallel fashion, but are more widely spaced than actin bundles
(Furukawa and Fechheimer, 1997). The proteins associated with actin in stress fibers

are predominantly a-actinin and myosin Il (Alberts et al., 2003).

1.4.1.3 Cell-cell adhesion and the cytoskeleton

The actin cytoskeleton is closely associated with cadherin-mediated adhesion,

especially at the adherens junction, similar to the linkage of integrins to actin at focal
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adhesions (Perez-Moreno ef al., 2003). Gumbiner (2005) has suggested that the actin
cytoskeleton might be coupled to sites of adhesion at the adherens junctions so as to
generate changes in cell shape (for example flattening) and/or cell movements, to help
in the organisation of cell structure and to establish cell polarity.

A number of insights into the molecular mechanisms that couple cytoskeletal
and adhesive dynamics have been gained through in vitro studies that exploited the
ability to modulate intercellular junction formation through calcium stimulation or
inhibition and through cadherin-inactivating antibodies (Jamora and Fuchs, 2002).
Insights into actin dynamics and intercellular adhesion have also come from the use of
green fluorescent protein (GFP)-tagged E-cadherin and real time microscopy to study
the mechanism of adhesion in Madin Darby Canine Kidney (MDCK) epithelial cells
(Adams et al., 1998). At the imitial stages of intercellular adhesion, E-cadherin, B- and
a-catenin organise into distinct aggregates, referred to as ‘puncta’ (Yonemura et al.,
1995, Adams ef al., 1998). These cadherin-catenin complexes are linked to the
cytoskeleton through thin bundles of actin that forms a bridge between the puncta and
cortical F-actin belt. In the second ‘maturation’ step of intercellular adhesion, cortical
actin disappears and is replaced by a continuous line of actin fibres at the interface of
adhering cells, arranged in parallel with the plasma membrane (Jamora and Fuchs,
2002).

The actin rearrangements seen in cadherin-mediated cell-cell adhesion are
regulated by the Rho family of small GTPases (Braga 2000, Braga, 2002; Wheeler and
Ridley, 2004, Chu er al., 2004). These signalling proteins cycle between an activated
GTP-bound state and an inactive GDP-bound state (Kaibuchi ef al., 1999). This cycle
is regulated in vivo by GTPase activating proteins (GAPs) and guanine nucleotide

exchange (GDP for GTP) factors (GEFs) (Lambrechts ef al., 2004). The Rho family
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of small GTPases includes the Rho subfamily members that promote stress fiber
formation, Rac, that initiates lamellipodia (periphery of the cells) or ruffle (top of the
cell) formation and Cdc42 that can generate filopodia (Braga 2002).

However, while the above molecules have been found to localize at adherens
junctions in various studies (Braga ef al., 1997; Takaishi er al., 1997, Braga et al.,
1999), it has not been clearly established whether Rho family GTPases activation is a
direct consequence of cadherin tranms-interactions or involves cell membrane-
dependent signals that require cadherin adhesion of apposing cells, but are not
themselves directly activated by cadherins (Yap and Kovacs, 2003). In other words,
although cadherin inhibition activity, by cadherin-blocking antibodies, identifies some
necessity for cadherin adhesion, it cannot distinguish between primary and secondary
signaling events (Yap and Kovas, 2003). The current idea is that activation of Rho
GTPases plays a role, through interactions with p120 catenin, in the clustering of
cadherins, which is an early event in the formation of a junction (Wheelock and

Johnson, 2003).

1.4.2 Intermediate filaments

The name ‘intermediate filaments’ comes from their diameter, 10-12 nm, being
intermediate between that of microtubules (25 nm) and microfilaments (7-10 nm)
(Strelkov et al., 2003). Intermediate filaments exhibit unique structural features clearly
differentiating them from actin microfilaments and microtubules. Firstly, in contrast to
microtubules and microfilaments, which are assembled from highly conserved
globular proteins, the elementary unit of an intermediate filament is a very elongated
(~45 nm) and thin (~2-3 nm) rod-like dimer (a so called ‘coiled-coil’ structure)

(Chang and Goldman, 2004), formed by alignment of two intermediate filament
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monomers alongside one another in the same orientation (DePianto and Coulombe,
2004). Subsequently, two dimers are assembled into an anti-parallel tetramer, which in
turn associates with an intermediate filament growing laterally and longitudinally,
resulting in the formation of a 10-12 nm filament (DePianto and Coulombe, 2004).
Secondly, both actin microfilaments and microtubules are polarized, a feature that
allows them to actively transport along them associated motor proteins such as
myosins and kinesins. Intermediate filaments on the other hand, have no polarity, as
individual dimers are oriented both ‘up’ and ‘down’ along the filament (Strelkov et al.,
2003). Thirdly, in vivo intermediate filaments appear to be the most dynamic of the
three filament types. In particular, association of intermediate filaments dimers can
occur along the entire filament length and not just at both ends as in microfilaments
and microtubules (Strelkov et al., 2003).

Intermediate-filament proteins have been divided in terms of their subcellular
localisation (cytoplasmic or nuclear) and assembly properties into three groups
(Hermann and Aebi, 2004). Assembly group 1 consists of the keratins, proteins that
form filaments composed of heterodimers and are the cytoplasmic intermediate
filaments. Assembly group 2 consists of vimentin, desmin, glial fibrillary associated
protein (GFAP) and peripherin, as well as neurofilament proteins. Assembly group 2
proteins are able to form heterodimer complexes with other proteins within their class
and are, like keratins, cytoplasmic intermediate filaments. Finally, assembly group 3 is
composed of the nuclear intermediate-filament proteins, the lamins (Hermann and
Aebi, 2004, Chang and Goldman, 2004).

Intermediate filaments are the cytoskeletal anchoring site for desmosomal
cadherins involved in the formation of desmosomes (Sec. 1.2.4.1; Fig. 1.1). The

resulting junction plays a key role in providing mechanical integrity to tissues such as
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the epidermis and heart which experience mechanical stress (Yin and Green, 2004;
DePianto and Coulombe, 2004). Furthermore, the importance of intermediate
filaments in the process of cell-substrate adhesion comes from reports where mutated
fibroblasts lacking the protein vimentin are considerably less adherent to a substratum
than normal fibroblasts (Chang and Goldman, 2004). Finally, upregulation of vimentin
and downregulation of keratins results in increased cell motility, an attribute that is a
characteristic of tumour progression and metastasis (Anguelow, 2000; DePianto and

Coulombe, 2004).

1.4.3 Microtubules

Microtubules are the largest structures of the cytoskeleton and consist of linear
tubular polymers of a globular protein called tubulin. There are three tubulin isomers:
a-, B- and y-. Microtubules are hollow tubes composed of a- and B-tubulin dimers
organized in a head to tail fashion, leading to the formation of heterodimers.
Heterodimers associate with other dimers to form oligomers, which then elongate and
produce the protofilaments (Amos and Baker, 1979). Similarly to actin
microfilaments, microtubules are polarised having a ‘plus’ and a ‘minus’ end
(Watanabe er al, 2005). Microtubules are nucleated from their minus ends that
localize predominantly at the microtubule-organising centre (MTOC) that is usually a
centrosome of which y-tubulin is a part (Job et al, 2003). The plus ends of
microtubules alternate between phases of growth and shrinkage (a state termed
‘dynamic instability’) similar to the ‘treadmilling’ dynamics shown for actin
microfilaments. During cell migration, stabilisation of the plus ends of microtubules at
target destinations, such as kinetochores on the mitotic spindle and cell cortex, enables

the microtubule-organising centre (MTOC) to reorient towards the leading edge,
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which results in a polarised microtubule array that facilitates cell migration (Watanabe
et al., 20095).

Microtubules function to provide intracellular tracks for the cell and transport
vesicles, granules and organelles around the cytoplasm (Gross, 2004; Dohner et al.,
2005). They play major role in the mitotic spindle in the separation of chromosomes
during anaphase in mitosis (Nasmyth, 2005). It has also been suggested that
microtubules and actin do not have distinct functions but participate together in most
cellular functions and in particular, cooperate to modify cell shape, cell motility and

cell polanity (Etienne-Manneville, 2004).

1.5 The cadherin-catenin complex in cell signalling

Cells obtain and process information from their environments to modulate
their behaviour during normal embryonic development and during abnormal processes
such as tumourigenesis. Such signals are activated by growth factors (Yap et al,,
1997), by interactions of cells with the extracellular matrix (Juliano, 2002) or by cell-
cell interactions (Juliano, 2002). Cadherin signalling through cell-cell interactions
involves: a) the wnt pathway, b) signalling through the Rho family of small GTPases

described in Section 1.4.1.3, and c) signalling through receptor tyrosine kinases.

1.5.1 The wnt pathway

The B-catenin/wnt pathway is probably the best studied signalling pathway
that involves cadherins (Wheelock and Johnson, 2003).

In the absence of a wnt signal, B-catenin is sequestered in a complex with the
adenomatous polyposis coli (APC) gene product, a serine threonine glycogen

synthetase kinase (GSK-3p), protein phosphatase 2A and the scaffolding protein axin,
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enabling phosphorylation and degradation of free B-catenin (Aplin and Juliano, 2001;
Ebert et al., 2003). This complex formation ensures low levels of free cytoplasmic f-
catenin. Residual catenins help maintain intercellular adhesion by binding to
cadherins. Stimulation of the wnt pathway, by association of the wnt family of
secreted glycoproteins and their membrane receptor ‘frizzled’, leads to activation of
the cytoplasmic dishevelled (Dsh) protein, which is recruited to the cell membrane
(Bremmes et al., 2002). The activated Dsh downregulates the APC, GSK-3f, axin
complex, so that it no longer can phosphorylate -catenin. This results in an increase
of free cytosolic B-catenin, which translocates to the nucleus, where it forms
complexes with transcriptional factors of the LEF/TCF (lymphocyte enhancing
factor/T cell factor) family, which in turn activate other genes that may act as
oncogenes (Chesire and Isaacs, 2003; Buda and Pignatelli, 2004). The wnt pathway, in
which B-catenin acts as a transcription coactivator, plays a key role in the control of

cell differentiation and development as well as tumourigenesis (Bremmes et al., 2002).

1.5.2 Signalling through receptor tyrosine kinases

Receptor tyrosine kinases can also interact with proteins of the adherens
junction. Receptor tyrosine kinases are situated in close proximity to, and can
physically interact with, E-cadherin (Brady-Kalnay et al., 1995). In general, tyrosine
kinases induce the phosphorylation of cell-cell adhesion proteins such as B-catenin,
thus ensuring low levels of free cytoplasmic B-catenin (Mauro and Surmacz, 2004).
Abnormal stimulation of tyrosine kinase signalling pathways leads to the development

of tumours (Mauro ez al., 2003).
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1.6 Gap junctions

1.6.1 Architecture of gap junctions

Gap junctions (Fig. 1.1) are specialised intercellular junctions at locations
characterised by a narrow 2-3 nm gap between the plasma membranes of apposing
cells (Wei et al., 2004). Gap junctions contain hydrophilic membrane channels that
allow diffusion of molecules of less than ~1000 Da (Giepmans, 2004). One gap
junction consists of a connexon tightly packed in a hexagonal array and each
connexon has a hemichannel made up of six protein subunits known as the connexins
(Kumar and Gilula, 1996) (Fig. 1.6). A connexin has two extracellular domains, four
hydrophobic membrane-spanning domains and three cytoplasmic domains including
an intracellular loop and amino and carboxyl termini (Wei et al., 2004). A gap
junction is thus formed when a connexon of one cell docks with a connexon of a
neighbouring cell (Wei ez al., 2004).

To date, around 20 connexin genes have been identified in humans (Willecke,
2002) and the respective proteins have been described using either their sequence
homology or their molecular mass, with the latter classification being the most widely
used (Evans and Martin, 2002). Hence, the 43 kDa connexin protein is referred to as
connexin 43 (Cx43). Most tissues express more than one connexin isotype.
Connexons may be composed of six identical connexin subunits (homomeric) or more
than one connexin isotype (heteromeric). Accordingly, two identical connexons can
form a homotypic channel whereas a heterotypic channel is generated by two

connexons having different connexin isotypes (Wei et al., 2004).
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Plasma membrane
of cell A

Hexameric connexons

Plasma membrane
of cell B

Channels connecting cytoplasm
of cells A and B

Figure 1.6: Model of a gap junction. The hexameric connexin subunits in each of'the
plasma membranes dock to generate the gap junction channel connecting the two

cytoplasmic compartments (Evans and Martin, 2002).

1.6.2 Physiologicalfunctions ofgapjunctions

The physiological importance of gap junctions is seen in: i) the rapid
transmission of action potentials in heart and in neuronal tissue via so-called electric
synapses (Simon ef a [/ 1998), ii) the diffusion of metabolites and nutrients such as
nucleotides and glucose, which depend on the channel type {i.e. Cx32 channels are
more permeable to adenosine than Cx43 channels, while ATP passes more readily
through Cx43 channels (Goldberg et al, 2002)), iii) the diffusion of second

messengers, such as Ca2tf; inositol tris phosphate (IP3) and cyclin nucleotides
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(Giepmans, 2004). In other words, cells are allowed through gap junctions to
electrically and metabolically communicate with each other (Kumar and Gilula,
1996).

Several factors regulate the differential gating of the gap junctions channel.
These factors include the intracellular pH (gap junction channels close upon
intracellular acidification), the voltage of the membrane of the cells (large
transjunctional voltages result in the closure of the gap junction channel), the
intracellular levels of Ca’" (upon intracellular Ca’" decrease, gap junctional
permeability increases) and the phosphorylation state of the connexins (gap junction
permeability increase (Saez er al., 1990) or decrease (Berthoud et al., 1997) upon

phosphorylation of the cytoplasmic domain of connexins have been reported).

1.6.3 Functional roles of gap junctions

Gap junction communication between cells plays a role in embryogenesis and
development as well as in disease (Levin, 2001; Evans and Martin, 2002; Vine and
Bertram, 2003; Wei et al., 2004).

The patterning of the heart during development (Mercola, 1999) is an example.
Several members of the connexin family are expressed in the mammalian heart,
including Cx37, Cx43 and Cx45 (Levin, 2001). Cx45 mutant mice exhibit an
endocardial cushion defect due to an impairment of the epithelial-mesenchymal
transformation of the cardiac endothelium (Kumai et al., 2000), while Cx43 mutant
mice exhibit a blockage of the right ventricular outflow tract (Ewart ef al., 1997). The
patterning of the vertebrate limb is another example; gap junction communication

serves an important role in the early events of the precartilaginous mesenchymal
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condensation process that determine the morphology of the limb (Hall and Miyake,
2000), as it will be in detail discussed in Chapter 5.

Connexin mutations account for a wide spectrum of human diseases.
Mutations in Cx32 are associated with Charcot Marie-Tooth-X disease, a disease
resulting in progressive degeneration of peripheral nerves caused by a defect in
Schwann cells (Bergoffen ef al., 1993). Mutations in Cx26 account for about half of
the cases of inherited deafness (Steel and Kros, 2001) as well as for many skin
disorders (Richard, 2003), while mutations in Cx46 and Cx50 are linked with cataract
abnormalities (Pal er al., 2000). Finally, low expression of connexins has been
postulated as an independent marker for breast cancer tumours (Laird ef al., 1999),
lung and renal carcinomas (Vine and Bertram, 2002), skin carcinoma (Stuhlmann ez

al., 2003) and prostate cancer tumours (Vidulescu ef al., 2004).

1.6.4 Gap junctions and cell-cell adhesion

Strong association between members of the cadherin-catenin complex and gap
junctions has been reported, as cadherin-mediated cell-cell adhesion has been reported
to be a prerequisite for formation of gap junctions (Zuppinger ef al., 2000; Giepmans,
2004). Hermandez-Blasquez et al. (2001) reported that gap junctional communication
in murine skin papilloma cells is dependent on E-cadherin that is in turn closely
associated with actin fibers. Similarly, blockage of N-cadherin with A-CAM
antibodies prevented adherens and gap junctions’ formation on Novikoff cells (Meyer
et al., 1992). E-cadherin and a-catenin are co-localised with newly formed junctions,
which might reflect an adherens junction focus that primes gap junction formation
(Fujimoto et al, 1997). Another study also suggests that a-catenin is important for

Cx43 trafficking and assembly (Govindarajan ez al., 2002). Given than N-cadherin and
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catenins are co-assembled in the endoplasmic reticulum/Golgi compartments (Wahl et
al., 2003), this raises the possibility that Cx43 is assembled as part of a multi-protein
complex that may coordinately regulate adherens and gap junction assembly in the

form of a dynamic cross talk (Wei er al., 2004).

1.7 Tight Junctions

Tight junctions (Sec. 1.1; Fig. 1.1) function to fuse the lateral margins of
contiguous epithelial and endothelial cell together and thereby form a continuous
selective permeability barrier between these cells and the extracellular space (Denker
and Nigam, 1998). In addition, tight junctions maintain the strict organisation of the
plasma membrane in an apical and basolateral compartment (Giepmans, 2004). The
major proteins of the tight junctions are occludin, zona occludens 1 and 2 (ZO-1, ZO-
2) and the claudin family of proteins (Schneeberger and Lynch, 2004) (Fig. 1.1).
However, tight junctions have not been examined in the present study, therefore

further reference will be omitted.

1.8 Methods for studying cell-cell interactions

A variety of methods reported in the literature have been used to study cell-cell
interactions. Biological methods have been more widely and traditionally used,
whereas recently, physical approaches have been developed. In the following, a
distinction between the biological methods and assays, and the physical techniques

will be made.
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1.8.1 Biological methods

The most widely used method for assaying cell-cell interactions involves the 2-
dimensional monolayer culture system. Cells plated in a tissue culture dish adhere to
the substratum, proliferate and finally cover the entire area of the dish. Each cell is
then in contact with adjacent cells and in many cases forms adhesive and
communicating junctions. A variation of the monolayer culture system is the ‘calcium-
switch’ approach, first presented by Hennings and Holbrook (1983), and subsequently
used by various investigators (Mary e al., 2002; Braga, 2002). This approach has
contributed significantly to the extraction of temporal information on cell-cell
adhesion, as cells are rapidly and synchronously stimulated to initiate cell-cell contact
upon transfer to complete growth medium; however, the cells are on coverslips when
undergoing the switch process (Freshney, 2000; Dihne et al., 2003) so that cell-cell
interactions are not free of the influence of the solid substratum.

The effect of the solid substratum on cell interactions is overcome, for one of
the partner cells, by the donor-acceptor (Ko et al., 2000) or cell settlement (Becker
and Green, 2002) methods. In this approach, a cell population (donor) is overlaid on
another one (acceptor) already grown as a monolayer on a substratum.

Micromass and pellet cultures, developed around 1977 (Ahrens ef al., 1977)
provide a scaffold-free 3-dimensional cell culture environment, a situation particularly
useful for the growth of cells whose differentiation status is lost when plated as 2-
dimensional monolayers, as for example, for chondrocytes, or for the mimicking of
developmental processes, such as chondrogenesis. Cells in micromass and pellet
cultures may not be disturbed for analysis within an hour of seeding, in the sense that
60 min is the period ‘allowed for adhesion to occur’ prior to initiating studies of

micromass properties (Coelho and Kosher, 1991).
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Other approaches to overcome the effects of rigid substrata include growth of
cells in agar, agarose or Methocell (agar and agarose are gels, while Methocell is a
high-viscocity sol) (Freshney, 2000). Growth of cells in microcarriers, such as
polystyrene, Sephadex, collagen, gelatine or alginate beads has also been used for the
propagation of cells in suspension. Difficulties associated with temporal monitoring of
cell-cell adhesion free in suspension include identifying cells that are about to interact
and maintaining those cells in focus for a significant period of time.

This work explores a technique that allows cells to interact freely in

suspension while remaining accessible to continuous microscopic monitoring,

1.8.2 Physical techniques

Physical methods of manipulating suspended cells (or microparticles) at
single-particle microscopic resolution include optical (Grier, 2003), dielectrophoretic
(Heida er al. 2002) and ultrasonic (Miller 1976; Wu 1991; Spengler and Coakley
2003; Coakley er al., 2004) traps.

Optical traps, with their unavoidably small focal-volumes, have contributed
significantly to single cell, subcellular organelle and molecular studies. A multiple
optical trap that increases the number of cells that can be manipulated at once has
been created by forming light intensity patterns in a sample (Grier, 2003). One such
approach, where optical tweezers trap a number of particles by dwelling briefly on
each one before moving on to the next (Mio ef al., 2001) is limited (Grier, 2003) by
the time required to reposition each of the multiple wandering objects. Holographic
optical tweezers can transfer arrays of particles along computer-controlled trajectories

(Grier, 2003). However, these optical fields do not act as sinks towards which many
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cells migrate and aggregate, nor can they simultaneously arrange a collection of cells
in close (ca. 50 nm proximity) for non-intrusive study of cell interactions.

In contrast, cells can move spontaneously into a microscope-focused
concentration region in acoustic or dielectrophoretic traps. Dielectrophoresis is the
phenomenon whereby neutral particles in a non-uniform electric field experience net
force directed towards (positive dielectrophoresis) or away (negative
dielectrophoresis) from locations of high field intensity according to the (frequency
dependent) physical properties of particles and medium. Neuronal cell clusters have
been formed on electrode surfaces by positive dielectrophoresis to provide an
interface between the cell network and an external electric circuit for sensing or for
stimulation (Heida et al., 2002). Single cells have been levitated and observed in a
3-D negative dielectrophoresis trap of electrode separation of the order of 100 um
(Muller et al., 1999). This small-scale constraint avoids undesirable temperature rises
that accompany electrolytic physiological cell suspending-phase exposure to
alternating current (a.c.) fields (Muller e al., 1999). Difficulties can also arise in
aligning electrodes in such small 3-D negative dielectrophoretic traps (Manaresi et al.,
2003). An 8x8 mm?’ chip has recently been described that offers over 10* individual
traps as part of an approach to the “essential manipulation requirement for the
investigation of complex interactions among cells” (Manaresi ef al., 2003). Single 50
um diameter latex particles were trapped in non-contacting arrays in this system while
discrete aggregates of the smaller (5 um) yeast, Saccharomyces cerevisiae, were
formed in adjacent traps (Manaresi ef al., 2003). It may be significant (in the context
of heating effect) that the exemplar cells were suspended in low-conductivity sugar
solution rather than in the physiological media that are more appropriate for animal

cell studies.
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An ultrasound trap on the other hand, can form and levitate aggregates of cells
as 2-D or 3-D structures in suspension, free of the substratum effects that are known
to influence cell properties (Redey ef al., 2000) and in the focal plane of a light
microscope (Spengler and Coakley, 2003; Coakley er al., 2004).

In the following, the experimental phenomena observed in an ultrasound trap

will be described followed by an overview of the state of research on ultrasound.

1.9 Phenomena and theoretical background

1.9.1 Principle phenomenon of particle aggregation in USW

The particle aggregation process in a USW is illustrated diagrammatically in
Fig. 1.7a (elevation view), b (plan view). A particle suspension is placed in a container
that has an ultrasound transducer at one end and a reflector at the opposite end to
produce a standing wave. Only one half wavelength is shown in Fig. 1.7a for reasons
of clarity. However, the following description also applies to each half wavelength of
multi-wavelength systems. Homogeneously distributed particles (Fig. 1.7a, 1) are first
driven into the pressure nodes within a time of the order of ~Is (Fig. 1.7a, 11),
depending on the particle properties and the operating conditions. Over a longer time
(of the order of a few seconds to minutes) the particles move within the nodal plane to
finally concentrate into aggregates (Fig. 1.7a, iii; b).

Multi-wavelength systems form aggregates at essentially the same lateral
position in each node plane so that the concentrated particle clumps appear as columns
of clumps punctuated at each half wavelength. In megahertz frequency systems
multiple columns are formed in the standing wave fields because of the local pressure
maxima that arise across the face of a transducer when its diameter is many times the

acoustic wavelength (Whitworth and Coakley, 1992).
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1.9.2 Theory of the direct acoustic radiation force

A discontinuity in the propagating phase, for example a particle, cell, droplet
or bubble, acquires a position-dependent acoustic potential energy by virtue of being
in the sound field (Whitworth and Coakley, 1992). Suspended particles tend therefore
to move towards and concentrate at positions of minimum acoustic potential energy.
Gor’kov (1962) formulated an expression for the acoustic potential energy of a particle
suspended in a sound field. The acoustic radiation force on the particle is derived from
this potential by determining its negative gradient. The approach is valid for arbitrary
acoustical fields, a non-viscous fluid and compressible spherical particles, which are
much smaller than the wavelength.

For a plane harmonic standing wave the axial radiation force DR/, that drives
spheres of volume V', density p, and compressibility £, in an axial direction, i.e. to a

node or antinode plane, in a liquid of density p,and compressibility f,, is given by

DRF, = ”leﬂ -8B, p) sm( p ] (1.1)

where P, is the sound pressure amplitude, z is distance from a pressure node, and /4 is
the wavelength at the driving frequency in the suspending phase. The contrast factor

¢(@.p)in Equation 1.1 is

(Spp - 2p0) ,BP

_ _Zr 2
W) 0] R 0
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Figure 1.7: Schematic diagram of the temporal progression a) elevation and b) plan
(from time zero (a, 1) to less than Is (a, ii) to 10s (a, iii) of seconds) of aggregation of

suspended particles in a single pressure node half-wavelength ultrasound trap.

DRFa is dependent on both the properties of the sound field (P0i and A), which are
established by the experimenter, and the properties of the particle, i.e. its volume and
its density and compressibility relative to those of the suspending medium. The lateral
component of the radiation force (DRFi) arising, in most practical non-ideal ‘plane’
wave situations, from inhomogeneities in the pressure distribution in the nominally
‘nodal’ pressure plane, is responsible for the concentration of particles and cells into

aggregates The lateral component of'the total radiation force on a particle is about 100
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times weaker than the axial component DRF, (Woodside et al., 1997). More recently
the influence of acoustic streaming vortices (Sec. 1.9.3) on particle movement in the
node plane has been identified and its dependence on microparticle size determined
(Spengler and Coakley, 2003). Ultrasonic frequencies of greater than 1 MHz (4 < 1.5
mm in water) are preferred for cell manipulation, so that high pressure amplitudes can
be employed without inducing ultrasonic cavitation, with its associated vigorous order-
disrupting bubble activity.

The contrast factor (Eqn. 1.2) determines the plane towards which particles are
driven. Particles are pushed into the pressure nodes, which is usually the case for
solids suspended in water, if the contrast factor is positive. A negative value is often
found for liquid dispersed particles, which are concentrated in the antinodes.
Biological cells typically have densities of about 1,100 kg m™ but the compressibility
of single cells has not been widely measured. Weiser and Apfel (1982) obtained a
value of 0.76 for B, B, for single erythrocytes. It follows from Equation 1.1 that a cell
in a 3 MHz standing wave of peak pressure amplitude 0.5 MPa will experience a
maximum force 40 times that of gravity as it travels the short distance (<i/4 = 0.12

mm) towards the nearest pressure node.

1.9.3 Acoustic and convective streaming

Flows that are either environmental or acoustic in origin will exert a drag on
particles suspended in a resonator. Grundy (1994) showed that background flow due to
environmental temperature gradients increases from about 5 to 250 pm/s when
container dimensions are increased from millimetre to centimetre scales. Acoustically
generated temperature gradients, due to transducer heating, can drive large scale

streaming in systems where the transducer and suspension are physically close
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(Hawkes et al., 1998b). Because of the above considerations, particular attention is
paid to minimising acoustic streaming and temperature-gradient flows in ultrasonic
particle/cell separation systems through attention to the quality of the acoustic
resonance (Spengler and Jekel, 2000; Gaida et al., 1996, Lee and Peng, 2005).

Acoustic streaming can manifest itself as container scale Eckart, wavelength
scale Rayleigh and boundary layer scale Schlichting streaming (Zarembo, 1971,
Spengler ef al., 2003). An overview of the different types of streaming is given in
Table 1.1. Real, as distinct from ideal, standing wave systems consist, because of
acoustic absorption in the sample, of travelling and standing wave components.
Energy deposition in the sample through attenuation of the travelling wave component
generates container scale flows that are known as Eckart or ‘quartz wind’ streaming.
The induction of order in a suspension (as in Fig. 1.6ii1) requires that DRF, (Eqn. 1.1)
be capable of holding particle/cells against such background streaming. Where the
drag is large it can influence particle aggregation by sweeping single particles away or
limiting the size of a growing aggregate by drawing particles off its perimeter.
However, at the operational conditions of a short pathlength acoustic trap employed in
the present study, large-scale streaming can be ruled out and will not be considered
further.

Rayleigh streaming occurs generally due to energy dissipation in the viscous
boundary layer of the waveguide and other solid surfaces present. Rayleigh (1945)
showed that where a plane standing wave is situated between parallel walls a
distribution of vortices of thickness A/4 in the direction normal to the nodal planes
results. Schlichting microstreaming is essentially a vortex flow inside the viscous
boundary. It has the same origin as outside-boundary Rayleigh streaming discussed

above and can be seen as a near-wall counter rotating flow to the Rayleigh vortices.
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The vortices extend about twice the boundary layer thickness, defined as J = [v/(zf)]**

where v is kinematic viscosity and f is frequency, from a wall. The value of 4, for
typical particle manipulation studies, e.g. 2 MHz in water, is about 0.27 um. Control
of the inhibitory influence of acoustically induced streaming on particle aggregate
formation in large sample volumes has been addressed by Spengler and Jekel (2000),
while the more complex roles of Rayleigh streaming on particle movement and
aggregation have been established for short, sub-wavelength, acoustic pathlength

chambers (Spengler ef al., 2003; Kuznetsova and Coakley, 2004).

Table 1.1: Types, wavelength scales, origins and effects on USW particle and cell

manipulation of the different streaming types (Spengler, 2002).

Streaming ~ Scale Origin Effect
type
Eckarv
Quartz Y Bulk energy Fluid circulation on container size
wind absorption scale throughout a poly-wavelength
system
Thermal .,
convection
Rayleigh Losses in viscous
=A boundary layers, Circulations between nodal planes
inhomogeneous
o acoustic velocity  High shear rate streaming in narrow
Schlichting <<\ distribution boundary layer

1.9.4 Particle-particle interaction forces

Particles present in the sound wave act as wave scattering obstacles, which

cause additional radiation force fields in their proximity. These density- and
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compressibility-dependent secondary acoustic interaction forces, known as Bjerknes
forces influence the attraction between particles that have been concentrated by the
radiation force and thus are of importance only when the particles are already close
together (usually less than one particle diameter separation) (Nyborg, 1978). Particles,
which are aligned perpendicular to the sound axis, are attracted to each other. Those
aligned on an axis parallel to the sound propagation direction experience a repulsive
force (Nyborg, 1978). The Bjerknes interaction forces increase with particle diameter.

The density-dependent interactive force between two rigid spheres of equal
size may be described (Thomas et al., 1999) by radial-coordinate components F,, and
F,p, in the direction of the line connecting the particle centre and in the direction of
the angle ¢ between the lines connecting the particle centre and the direction of fluid
movement in the absence of particles, respectively. The forces are given by (Nyborg,
1978) as:

) Zﬂ(pp—p(f£pp‘; ] r6(3c053(p—1)

o0

Bp.(2r+h)']

(1.3)

o o

s o)) o

1.4
o [B3p,(2r+h)'] 19

For two adjacent particles in the pressure node plane (¢ = n/2), I, is zero while F},, 1s
attractive and equal to -2 (p, — p(,)2 (Po/paco) 2r°/ [3po (2r + h) *]. For an exemplar
particle of diameter of 25 um, r is of the order of 10 um and A, for typical surface

separations, is taken to be of the order of 10 nm. F,, may then be approximated by:
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F,r is equal to 7.2 pN when 2r = 25 pym, P, = 1 MPa, p, = 1056 kg m™ and
co = 1480 m s™'. The attractive compressibility-dependent interparticle force Fp on
spherical particles suspended in a standing wave decreases to zero as particles reach
the pressure node (Doinikov and Zavtrak, 1997).

The extent to which ultrasonic interaction forces might modify the probability
that particles and cells will stick on contact is investigated in Chapter 2. The
ultrasonic interaction forces will be then compared with the influence of factors such
as the van der Waals interaction and electrostatic repulsion (Chap. 2; Sec. 2.1.1.1)

normally governing microparticle interactions.

1.10 An overview of the research on ultrasonic standing
waves (USW)

1.10.1 Fundamental studies on acoustic standing waves

Acoustic standing waves have been investigated since about 1868 (Kundt,
1868; Kundt and Lehmann, 1874). These authors exploited the principal effect of
acoustic standing waves in aerosols and aqueous suspensions; they first reported a
structuring effect on dispersions in an acoustic standing wave, established by the
interference of an emitted and a reflected wave. The same authors also observed that

particles could be brought into contact, when pushed into the pressure nodal planes
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(periodically located half a wavelength apart from each other) of the standing wave
(Kundt and Lehmann, 1874).

Early work on ultrasonic manipulation of particles in suspension was carried
out by Soliner and Bondy (1936). The authors reported sonication experiments with
an emulsion of toluene and a suspension of quartz. They observed that the quartz
particles (higher density than the dispersion medium) were driven into planes
separated by half a wavelength, whereas the toluene globules (lower density than the
suspending phase) were accumulated into planes separated by a quarter wavelength
from the bands formed by the quartz particles. This investigation also introduced the
influence of the particle diameter on the aggregation phenomenon (larger particles
moved considerably faster into the nodal planes than smaller ones), in line with the
theory of the axial acoustic radiation force (DRF,) presented by King (1935).
Fundamental studies on acoustic streaming (the major effect disturbing particle and
cell aggregation) were proceeding in parallel (Rayleigh, 1945; Schlichting, 1932;
Eckart, 1948).

However, it was in 1971 (Dyson ef al., 1971) that the ultrasonic manipulation
of cells was first reported. The authors were investigating the effects of low intensity
ultrasound on blood circulation in living tissues of chick embryos, as they were
primary concerned with safety issues of diagnostic and therapeutic ultrasound.
Aggregation and blood flow cessation was observed under a 3 MHz sonication.

Fundamental studies on aggregation and particle behaviour in USW,
stimulated by the work of Dyson et al. (1971), were carried out by a number of
authors (Gould and Coakley, 1974, ter Haar and Wyard, 1978; Coakley et al., 1993),
who demonstrated the banding phenomenon of particles and cells in megahertz

frequency ultrasonic standing wave fields. Theoretical contributions investigated the
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influence of the DRF, on suspended particles and considered the influence of
Brownian motion (Higashitani e al., 1981) and the DRF, distribution in USW fields
of different geometries (Barmatz and Collas, 1985). The ultrasonically induced
particle-particle interaction mechanisms, which contribute to particle aggregation,
have also been investigated (ter Haar and Wyard, 1978, Weiser ef al., 1984; Coakley
et al., 1989). The role of acoustically induced streaming on particle manipulation in
USW was also addressed (Coakley er al., 1989; Whitworth and Coakley, 1992). Many
recent contributions have brought further insights into the complex field of USSW
manipulation of disperse systems. Particle transportation and concentration in a
stationary field was reported by Whitworth and Coakley (1992), who were in
particular interested in the existence and position of particle columns, employing a
radiation force in the direction perpendicular to the sound beam axis. A theory for the
transport of particles in a pseudo-standing wave field was developed by Petersson
(1986) and Whitworth et al. (1991). Measurements of the DRF, (Yasuda, 1999) and
DRF; (Tuziuti et al., 1999, Woodside et al., 1997) have also been reported, while

Doinikov (1994) calculated the DRF, exerted by a spherical sound field.

1.10.2USW in phase separation application

Suspensions have been acoustically clarified in batch (Cousins ef al., 2000) and
flow (Groschl et al., 1998, Hwang and Koo, 2003) systems by sedimentation and by
electronic modulation of the sound field (Whitworth ef al., 1991). In sedimentation-
separation resonators the transducer, reflector planes, as well as the resulting pressure
nodal planes are usually vertical. The aggregates formed settle considerably faster than
would single cells or particles. In flow ultrasonic sedimentation filters the suspension

enters the filter below the standing wave field and the particles are trapped in the nodal
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planes as the suspension flows upwards between the transducer and reflector. Acoustic
aggregation proceeds until the clumps become too heavy and sediment within the
nodal planes, remaining essentially intact as they drop below the inlet level (Gaida et
al, 1996; Groschl et al., 1998; Benes et al., 2001).

Suspensions of interest have been a variety of particle model systems such as
latex particles (Hawkes er al., 1998a, b), microorganisms (Limaye and Coakley, 1998)
and blood (Cousins et al., 2000). Ultrasonic phase separations have found interest in
the area of water treatment and environmental protection (~150 I/h of particle
containing suspensions are treated) (Spengler et al., 2001), as well as in small scale
analytical separations, where small volume samples from e.g. ecological, clinical or
biotechnological environments are usually analysed. Approaches such as the use of
small standing wave filters (Mandralis and Feke, 1993), microfabricated microfluidic
systems (Harris et al,, 2004) and microchannels in conjunction with laminar flow
(Hawkes er al., 2004) have been developed.

Other applications of USSW for phase separation processes include the
development of an immunosensor for the detection of pathogenic bacteria such as
Bacillus anthracis (Hawkes et al., 2004; Martin et al., 2005) and large pore filters for
the retention of mammalian cells in an acoustically driven polymer mesh without
compromising cell viability (Gupta and Feke, 1998; Wang et al., 2004).

Calculations of the overall costs of standing wave processes in comparison to
established separation technologies have yet to be carried out. However, the cost issue
is of minor importance in biotechnology where sedimentation ultrasonic filters for
recovery of the high value molecular biology and pharmaceutical products from
perfusion cell cultures are now in commercial use (Durrschmid et al., 2003,

Shirgaonkar et al., 2004) and can operate at flow through rates of 200 I/day (Gorenflo
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et al., 2002). Cost is also not a central issue when small samples are processed for

assay and ‘information’ about a larger system is the high-value ‘product’.

1.10.3USW in molecular and cell diagnostics

The principal of destabilisation of particle suspensions by introducing an
attractive interparticle force (arising from macromolecular cross-linking) has long
been exploited in immuno-diagnostic assays. The general approach employs
commercially available stable suspensions of antibody-coated micron-scale latex
particles. Batches of the coating antibody (a molecule that interacts specifically with
the test molecule; the antigen) are initially isolated from the plasma of an animal that
had been injected with the antigen. The antigen can be in solution or can be a surface
molecule acting as a marker for the presence of a virus or bacterium in a clinical,
industnal or environmental sample. The basic latex agglutination test (LAT) is carried
out by mixing droplets of a test sample and the latex suspension on a solid surface, the
coated beads rapidly crosslink to give latex aggregates of a size visible to the unaided
eye in the presence of appropriate concentrations of test antigen. Latex beads from
samples free of or low in antigen content sediment without forming visible aggregates.
The LAT test is simple and rapid but is often limited in sensitivity. Grundy et al.
(1993) improved the rate (and therefore the sensitivity in a fixed time) of the
agglutination process by rapidly concentrating antibody-coated latex beads in a 30 pl
sample of test protein in a capillary on the axis of a cylindrical ultrasonic standing
wave system. Following sonication the sample was ejected onto a standard LAT test
card. The ultrasound had increased the sensitivity x256 compared to the test card
control. Ultrasound aggregation of test particles as above decreased the conventional

LAT technique concentration limit for antigen detection by factors ranging from 500-
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fold for fungal antigen, 64-fold for bacterial polysaccharide, 16-fold for viral antigen
(Ellis and Sobanski, 2000, Jenkins et al., 1997).

For the case where a bacterial cell is the test analyte, Bhaskar et al. (2002)
reported an increase from 94% to 97% in ultrasound-assisted detection of
Mycobacterium tuberculosis. Particular attention has been given to ultrasound
enhancement of the LAT detection of meningitis causative bacteria. It was shown that
the 10% positive identification of pathogens in clinically confirmed patient blood
samples was increased to 50% in the cylindrical transducer system described, for
molecular antigen detection, above (Gray ef al, 1999). A study of samples from
clinically-confirmed patients showed that the detected antigen level correlated with the
severity of the clinical outcome of infection (Gray et al., 1999). The technique has
been developed to a stage, where it is seen as a reliable, cheap and rapid test
complementing the timely and cost effective polymerase chain reaction (PCR)
technique (Gray et al, 1999). However, more recent work confirmed the high
detection rate of USELAT device but found that its positive identification was lower
than with PCR and did not give complementary support for samples that were in doubt
from PCR analysis (Porritt ef al., 2003). The authors concluded that, in the context of
meningococcal detection, the technique had application in environments without PCR
facilities and noted that a degree of technical expertise and familiarity was required to
apply the USELAT technique independently.

Ultrasound standing waves have also been combined with fluorescence
measurement in a bacterial detection format (Zhou et al., 1998). In this case, a 10-fold
increase in the detection level of Salmonella typhimurium was reported. More

recently, Wiklund et al. (2004) exploited the standing wave concentration of hormone-
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trapping coated latex with the contrast enhancement of confocal laser scanning

microscopy to increase the sensitivity of the hormone assay by 100 fold.

1.11 Aims of this study

The overall aim of the work described in this thesis is to determine the
temporal progression of cell-cell interactions from the early stages of receptor
engagement to cytoskeletal organisation in a range of cell systems using a 2-D
ultrasound standing wave trap. The specific objectives of the individual Chapters are
presented below.

Chapter 2 aims to characterise the morphology of 2-D polystyrene latex
particle aggregates formed out of suspensions with different stability in the ultrasound
trap. The objective is to set the framework for the establishment of the particle-
particle interaction parameters defining aggregate morphology. Additionally, the
suitability of various image analysis techniques for the characterisation of mammalian
cell aggregates described in the following chapters is determined.

Chapter 3 aims to examine how the ultrasound trap restrains a cell and how the
physical forces might influence the cell directly or through changing its environment.
The objective is to establish the suitability of the ultrasound trap as a non-invasive
technique for the study of cell-cell interactions.

Chapters 4 and S aim to determine the timing of appearance of the molecular
consequences following cell-cell interactions with particular reference to cell adhesion
and communication events, while the final experimental chapter (Chap. 6) seeks to

establish the potential of the ultrasound trap in the area of cancer biology.
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Further promising applications of the ultrasound trap as well as aspects of the
cell-cell adhesion processes that could be further clarified by means of ultrasound

facilitated cell adhesion are described in Chapter 7 and will end this report.
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Chapter 2

Characterisation of the morphology of 2-D particle
aggregates in different electrolyte concentrations in an
ultrasound trap

2.1 Introduction

Particle aggregation in colloidal suspensions is an important component of
many chemical, environmental, biotechnological, pharmaceutical and food industry
processes. The growth of 3-dimensional (3-D) aggregates is usually characterised by
population light scattering parameters (Gregory, 2004). The insights on coagulation
kinetics, internal dynamics and annealing processes, to be obtained from
2-dimensional (2-D) systems have been recognised for many years. Hurd and
Schaefer (1985) developed an optical microscopy approach for the aggregation of
microparticles trapped by surface tension at an air-water interface. The authors also
pointed out that the interpretation of image processing data from 2-D images was free
of the ambiguities, such as projection of a 3-D object onto a 2-D surface, inherent in
many other experiments. This optical microscopy interfacial layer approach has since
been applied extensively (Hidalgo-Alvarez er al., 1996; Ghezzi et al., 2001). It is
known that full description of 2-D aggregate formation at interfaces requires
modification of expressions for the inter-particle van der Waals, electrostatic and
structural forces compared to those for particles in bulk suspension (Hidalgo-Alvarez

etal., 1996).
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Spengler and Coakley (2003) introduced a new approach that produces 2-D
aggregates in the bulk phase rather than at an air-water interface. This technique
avoids any requirement for modification of interaction terms or consideration of
meniscus or capillary effects. The approach also opens up a method for study of
biological cell aggregation (Coakley et al., 2004). The technique (Spengler and
Coakley, 2003) employs an ultrasound standing wave trap that has a single half
wavelength acoustic pathlength at the transducer driving frequency and an epi-
fluorescence microscope to optically investigate aggregate formation. Spengler et al.
(2003) showed that aggregates of 25, 10 and 5 um diameter latex in distilled water
formed closely packed aggregates that reformed to give an orderly internal structure
when joined by new clusters, whereas 25 and 5 um latex particles in 10 mM CaCl,
formed open dendritic aggregates.

The present Chapter considers the fundamental properties of aggregate
development and aggregate morphology characterisation in an ultrasound trap from a
particle perspective to subsequently explore in the following Chapters (Chaps. 3-6)
the biological consequences of USW-facilitated cell-cell interactions. More
specifically, the effect of a wide range of CaCl, concentrations on the growth of
aggregates of 25 um latex particles is principally investigated with the purpose to
identify the transition phase from a highly ordered system to a disordered one.
Macroscopic observation of the aggregation of 25 um latex particles suspensions at
various ionic strengths has been compared with established theoretical models for
aggregate growth. It was seen that both aggregate structure and the behaviour of the
aggregates during sedimentation was significantly different. The findings were
qualitatively in agreement with various theoretical approaches to suspension stability,

aggregation kinetics and aggregate strength.
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The chapter also explored a range of microscope image analysis techniques to
quantify differences in aggregate structure with change in suspension stability
(microscopic analysis). A standard perimeter fractal dimension analysis characterised
the aggregates well. Fast Fourier Transform (Issa ef al., 2003) and void analysis
(Ashmawi and Zirky, 2003) have been employed previously to characterise 2-D
surfaces. The sensitivities of these techniques to morphology change at different
stages of the range of electrolyte concentration are compared here with that of the
perimeter fractal dimension approach. Attention was paid both to detecting early
transitions from the orderly pattern of the closely packed aggregates at low [CaCl,]
and the extent of ‘openness’ of the aggregates at high [CaCl,].

The effect of a number of physical mechanisms on aggregation, like the DRF
(axial and lateral) and acoustic micro-streaming, as well as the effect of inter-particle
(also called colloidal) forces like electrostatic repulsion and van der Waals interaction
will be introduced here to the degree necessary for discussion of the results presented

in this chapter.

2.1.1 Theory on suspension stability and particle aggregation

2.1.1.1The DLVO theory of colloidal stability

The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (initials
corresponding to its originators) states that the inter-particle potential contains two
contributions: i) the electro-static repulsion due to the negatively charged particle
surfaces and ii) the van der Waals attraction caused by dipole interaction of the
electron clouds surrounding the particle surface (Jones, 1975). The unequal
concentration of the positive and negative ions at the charged surface, is responsible

for the existence of a diffuse electrical double layer. This layer becomes thinner the
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higher the concentration of the counter ions in the suspension is. As a measure of the
thickness of the electrical double layer the factor k' (Debye length) is considered,
which according to the Goiiy-Chapman theory (Jones, 1975) is dependent on the ion
concentration in the solution (n) and the valence of the ions (u). The smaller n and u
are, the larger the electrical potential is and the greater the thickness of the electrical
double layer will be. It is the interaction between the double layers that prevents
particles from approaching each other; as a result the van der Waals can not
counterbalance the electric repulsion and particles keep apart.

Particle aggregation though, can be facilitated by means of double layer
compression (reduction of the double layer thickness). Increasing the concentration
(or the valence) of the counter ions will result in a reduction of the magnitude of the
electrical potential and the particles will be allowed to adhere.

The Schulze-Hardy rule of thumb is thus introduced; it is an extension of the
DLVO theory and states that the critical coagulation concentration (ccc) of particles
depends only on the concentration and valence of the ion with charge opposite that of
the surface charge (Caplan et al., 2000). The relation between the effectiveness of
mono-, di- and tri-valent ions is 1: 50: 10,000. This simply means that one Ca*? ion is
as affective as S0 Na®, whereas one Fe*> ion is as effective as 200 Ca*? ions.

The interaction of particles is also affected by short-range effects (non-DLVO
forces). These comprise hydration forces, hydrophobic interactions, steric repulsion
and polymer bridging. However, because electrostatic repulsion and van der Waals
attraction are the controlling parameters here, the above forces shall not be considered
further.

Particles or cells in order to be considered as colloidal should, by definition,

have at least one dimension in the size of 1 um or less. This condition is not met for
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the particles and cells investigated in this thesis; however, the principles underlying

the DLVO give good insight for the non-colloidal systems of interest here.

2.1.1.2Aggregation kinetics

The kinetics of the aggregation phenomenon and the evolution of the particle
distribution over time were introduced by von Smoluchowski (1918). The
Smoluchowski equation describes kinetics of irreversible aggregation in terms of the
reaction probability between clusters. The time evolution of the number concentration

n; of a particle of mass & can be expressed as:

d 1 .. .
% -2a > BG, nn —ad BG,k)nn, 2.1
' 1+ )=k '

The term dn/dr represents the rate of formation of mass k aggregates; a is the
collision efficiency, simply referring to the strength of ‘stickiness’ of the particles.
The terms B (i, j) and B (i, k) are called collision efficiency frequency kemnels or
collision probability factors. The three principal collision mechanisms related to the
collision frequencies are the Brownian diffusion, shear-induced collisions and
differential settling (Thill er al., 2001). DLVO aspects of aggregation (suspension
stability) are usually incorporated into Equation 2.1 with a collision efficiency (0< a
<1), representing the fraction of collisions that result in the attachment of the
particles. The Smoluchowski approach has been successfully used for computer
prediction of the time development of particle size distributions (Elimelech et al.,
1995). In the context of this study aggregation kinetics are of interest only at the

collision efficiency level and further reference will be omitted.
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However, the von Smoluchowski theory does not provide information on the
actual aggregate form or structure obtained, factors that are particularly important for
subsequent processing of the aggregates. A number of techniques for aggregate
structure characterisation have been used in the literature. Computer simulations have
played a significant role in understanding aggregate structure, simply because it is
difficult to devise real experiments that can isolate an aggregation mechanism as
precisely as do computer simulations. These computer simulations based on a number
of different principles have attempted to predict not only particle size distributions but
also aggregate structures (Meakin, 1988; Elimelech et al., 1995). The two
fundamental models underlying these simulations and describing the aggregation
process have been extensively studied by Meakin (1988). These can be distinguished
as: i) the so-called particle-cluster versus cluster-cluster aggregation model shown in
Figure 2.1a, b and ii) the Diffusion Limited Colloidal Aggregation (DLCA) versus
Reaction Limited Colloidal Aggregation (RLCA) model depicted in Figure 2.1c, d.

The particle-cluster and cluster-cluster regime simply predicts the different
aggregate structures that are obtained when single particles or small aggregates
respectively, are added to a growing aggregate. In particular, this type of simulation
allows particles or aggregates to move into close proximity with each other according
to specified trajectories (usually Brownian or linear) and stick irreversibly with no
reconstructuring at their point of contact.

Single particles, due to their size, are more capable of penetrating the formed
aggregate and thus fill gaps, than small aggregates (clusters). The particle-cluster and
cluster-cluster regimes assume a collision efficiency factor of 1.

The DLCA model describes the aggregation process when every contact

between two surfaces leads to a permanent attachment. As a result DLCA aggregates
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exhibit an open structure (so-called ‘dendritic’). This model also assumes a collision
efficiency factor of 1. On the other hand, the RLCA model predicts than in the
aggregation process the particles do not permanently attach at first contact, but they
are able to detach again. As a result the RLCA aggregates undergo structural
modifications (rearrangements) that finally lead to a closer packing of the particles in
the aggregate. The RLCA regime assumes a collision efficiency factor of 0.

It is therefore obvious that in the case of an unstable suspension (i.e. collision
efficiency factor of 1) DLCA will occur together with both particle-cluster and
cluster-cluster aggregation at the beginning of the aggregate growth. Single particles
will attach on first contact with each other, taking their final position in the aggregate
from the initial steps of the aggregate growth. With time, however, more and more
pre-formed clusters will be present so that cluster-cluster aggregation will govern.
The result will be an open, dendritic structure according to both theories, DLCA and
particle-cluster and cluster-cluster aggregation, respectively, due to the more likely
occurrence of cluster-cluster aggregation with time.

In the case of RLCA, particle-cluster and cluster-cluster aggregation will also
be present, but in this case all clusters joining the aggregate, single particles added

and significant parts of the growing aggregate itself will be able to rearrange.
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Figure 2.1: Model picture of (a) particle-cluster vs. (b) cluster-cluster aggregation
and (c) Diffusion Limited Colloidal Aggregation (DLCA) vs. (d) Reaction Limited

Colloidal Aggregation (RLCA) (Spengler, 2002).

The final aggregate will rearrange itself to accommodate incoming particles and
clusters, delivering a closely-packed aggregate structure.

In other words, in the absence of an electrolyte in the suspension, the dipole-
dipole repulsion is strong, so a sticking probability close to zero is expected; in
contrast, by adding electrolyte to the suspension the Debye screening length can be

reduced to such small magnitudes that the van der Waals attraction will dominate and
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a sticking probability closer to unity might be more appropriate (Robinson and
Earnshaw, 1992).

It has become clear that the aggregation mechanism and the final aggregate
structure (and so a main part of the aggregate properties) are governed by the stability
of the suspension. These theoretical considerations will be compared with the

experimental results presented in the following.

2.2 Materials and Methods

The principle method employed in this study for the observation of particle
movement in USW involved a ‘microscopy-acoustic trap’ assembly. Such an
assembly overcomes difficulties associated with previous set-ups where observation
perpendicular to the sound beam axis of an ultrasonic standing wave in a, for
example, vertical perspex cylinder (Coakley ef al., 1989; Whitworth and Coakley,
1992) or through a transparent container side wall (Tuziuti et al., 1999) is usually
restricted to multi-wavelength traps. Long pathlengths in muiti- wavelength systems
on the other hand, increase the likelihood of the development of large scale streaming,
making this way the tracing of individual particles particularly difficult (Spengler ef
al, 2001). A laser light sheet to illuminate only a ‘plane of interest’ for observation
has been applied (Spengler and Jekel, 2000) to overcome part of these problems.
Conditions for particle concentration into a single or multiple bands were identified
by Hawkes et al. (1998a, b) by downstream observations of the suspension in a
laminar flow expansion chamber, yet this approach does not allow monitoring of
particle behaviour in the USW field itself.

However, the ‘microscopy-acoustic trap’ assembly, proposed by the same

authors (Hawkes ez al., 1998 a, b), allows direct focusing on a banding plane through
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However, the ‘microscopy-acoustic trap’ assembly, proposed by the same
authors (Hawkes ef al., 1998 a, b), allows direct focusing on a banding plane through
a transparent glass reflector. A similar approach had been employed long before by
Harvey and Loomis (1928) and Miller (1976) to examine the biophysical effects of
ultrasound. The short acoustic pathlength (half wavelength) of the trap used in the
present study limits the number of the banding planes of suspended particles to one
and reduces the likelihood of large-scale streaming. Additionally, good optical
viewing conditions are achieved (Spengler et al., 2001). Figure 2.2 illustrates the

principal assembly of such an ‘acoustic trap’.

2.2.1 Acoustic trap

The three main components of the trap employed in this work were: the
transducer, the spacer and the reflector. Four screws, positioned at each corner of the
trap secured these three components, holding in place the top and the bottom part of
the trap. Two rubber gaskets ensured the water-tightness of the trap (Fig. 2.2). A lead
zirconate piezoelectric transducer is a ceramic of a defined shape and size, which has
both electrical and mechanical properties (Hueter and Bolt, 1955). When a voltage
alternating at a specific frequency is applied to the transducer, an alternating electric
field is produced across the transducer. The ceramic piezoelectric material expands
and contracts periodically in response to this alternating electric field. It is this
mechanical movement that generates the sound wave. Each individual transducer has
its own fundamental thickness resonance frequency. At this frequency the thickness
of the transducer is equal to half wavelength of sound in the ceramic. The mechanical

movement of the ceramic is at a maximum at this frequency.
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Figure 2.2: Schematic representation of the acoustic trap used for short pathlength

observation of particle aggregation (Adapted from Spengler er al.. 2001).
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The transducer described in this Chapter had a resonance frequency of 3 MHz.
The active radiation area of the transducer was generated by electrode etching
(Hawkes and Coakley, 2001). The quartz glass reflector allowed the direct focusing
on a ‘banding’ plane. Optimum reflection properties were achieved by manufacturing
its thickness on the basis of odd integer multiples of a quarter wavelength (Spengler
et al.,2001). A 10-mm-wide channel was formed by a fixed thickness spacer made of
PTFE matenal.

The distance between transducer and reflector resulted in the formation of a
single pressure node plane in the trap when driven at an appropriate frequency. This
operation is called ‘trap resonance’ in order to distinguish it from the nominal
transducer thickness resonance. The trap resonance was usually close to the
transducer thickness resonance. The characteristics of the acoustic trap used in this
Chapter are listed in Table 2.1.

The special feature of the acoustic trap was a circular back electrode with a
diameter of 6 mm. A similar electrode layout was successfully employed by
Whitworth and Coakley (1992) in an axial column in a multi-wavelength set-up. The
spacer’s thickness (0.25 mm) was one half wavelength in water (at the trap’s resonant
frequency). It was therefore expected to contain only one particle aggregation plane.

It is clear from the above that an ideal set-up should have radiation
characteristics which maintain only one potential well into which particles are drawn,
a characteristic that requires the excitation of the transducer in the lowest axially
symmetric mode. The acoustic trap presented fulfils these requirements: a single
clump in the centre of the trap was formed when the trap was driven at a frequency of
about (day to day variations in system resonance frequency were in the range of +100

kHz) 3.17 MHz.
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Table 2.1: Characteristics of the rectangular acoustic trap used in the present study

Geometry Vo,

Ceramic nominal thickness resonance frequency 3 MHz

Acoustic trap resonance 3.17 MHz
Top electrode area 10x10 mm?

Back electrode diameter 6 mm
Active radiation area 28.3 mm?>
Spacer thickness 0.25 mm
Reflector thickness 1.482 mm

2.2.2 Ultrasonic standing wave (USW) control unit

The basic experimental arrangement for ultrasound generation and
amplification has been previously described by Spengler (2002). The transducer was
driven by an ENI 2100 L (ENI, Rochester, NY) amplifier, with a sine wave generated
by a Hewlett Packard 33120A function synthesiser. An oscilloscope (WAVETEK
9020) monitored the voltage across the transducer. A computer, directly connected to
the control unit, provided a constant USW control. The software ‘STAND’,
developed at Cardiff University, programmed the computer to initially locate the
resonance frequency (through voltage-frequency spectra), and then maintain
resonance for the required time period (Hawkes and Coakley, 1996). This method
ensured reproducible and stable sonication conditions in the trap. The typical voltage
scan of the acoustic trap used here is shown in Figure 2.3. Three pairs of pronounced

maxima and minima can be seen. As already described a single clump at the centre of
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the trap is formed when the trap is driven at the second voltage maximum (drive

frequency of 3.17 MHz).

2.2.3 Optical system and video recording

A TV zoom lens (U-CMAD-2) and an Olympus BX40 epi-fluorescence
microscope (Appendix B) allowed observation in the direction of the sound
propagation (z-) axis. The former allowed observation of almost the whole active trap
area, while the latter achieved resolution of single cells. The light source was an
URFL-T Olympus mercury bummer. A standard PAL CCD Fujitsu camera was fitted
with the macroscopic TV zoom lens via a 0.5x Video Attachment Adaptor (U-
TV0.5x), that gave a field of view of about 1.3x1.0 mm?’. Microscope objectives with
x5, x10, x20 and x50 magnification were available. Their optical characteristics are
listed in Appendix B. The vernier scale of the microscope stage enabled reproducible
spatial positioning of the trap.

The video sequences at 25 Hz were recorded onto a Panasonic VCR system.
The individual video clips were saved with the .avi extension on the miroVIDEO
Capture DC30+ hardware (Advanced Mode). The data were compressed
(Compression Factor 3:50:1, Data Rate: 6169 Kb/s) into a MJPEG format, in order to
be imported (and exported) into the Adobe Premiere 5.1 (DC30 Editing Mode)
hardware, and further image analysis to be possible. The frame resolution chosen for
most of the individual video clips was 768 x 576 pixclsz. However, in some of the
video clips, the TV Cropping application was enabled, bringing the frame resolution

down to 720 x 540 pixels? (TV Cropping 48 x 36 pixels).
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Figure 2,3: Voltage scan of the acoustic trap; 3 MHz transducer, 0.075 Voltage,
deionised water, 0.5 MPa calculated sound pressure (Po). The trap was driven at the

2rdmax (3.17 MHz).

2.2,4 Suspensions and experimentalprocedure

25 pm diameter polystyrene latex particles (density 1,056 kg/m3) were
supplied as a 10 % suspension of solids by Polymer Laboratories (Church Stretton,
UK). Aliquots were diluted here to 20 ml to give 0.15 % solids in deionised water and
in 2,4, s, 10 and 20 mM CaCl: solutions. A Bright-Line haemocytometer (Sigma,
Dorset, UK) was used for particle concentration counts. These suspensions were
prepared in small concentrations (o.10 - 0.015 % suspension of solids) in order that a
single 2-D aggregate, occupying a reasonable area in the acoustic trap, be formed,
ensuring the accuracy of the image analysis techniques described in the following, as
high particle concentrations have been shown experimentally (data not shown) to

result in a multi-layering of particles predominantly at the centre ofthe aggregate.
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The general experimental procedure was as follows: A peristaltic pump
(Gilson minipuls3) was used to pump the sample into the trap. The microscope was
pre—focused at the central plane of the trap at the axial region. The ultrasound
exposure and the video recording began immediately after the pump was switched off
(batch mode). An initial frequency scan had identified a frequency maximum (2™
maximum in the present case, 3.17 MHz) that was applied immediately after the
pump was switched off. A straightforward method for estimating the sound pressure
in the sonicated volume from the voltage data is introduced in Section 2.2.5. The
video sequences recorded were for times in the range of 10 to 30 min. Each
experiment was repeated twice under the same experimental conditions. No
difference in results, which might be attributed to a drifting sonication system,

between these repetitions was identified during the study.

2.2.5 Acoustic pressure (Py) estimation

A single polystyrene latex particle (25 or 45 um in diameter) was introduced
into the trap, held in suspension when the sound was on and observed with the
microscope. Large particles were used as they are considerably more influenced by
the DRF, rather than the acoustic streaming drag (Spengler, 2002). The voltage across
the transducer was lowered to a threshold voltage, where the buoyancy-corrected

gravitational force (Eqn. 2.2) was just counterbalanced by the axial DRF, (Eqn. 1.1).

F,=lp,-p.) gV, 22)

Exploitation of this relationship allows the calculation of the acoustic pressure when

the latex particle is just held in suspension. With the material constants for water (co =
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1500 m s ~', p, = 1000 kg m ~*) and latex (c, =2350 m s ' and p, = 1050 kg m )
(Whitworth and Coakley, 1992) this approach delivered for the acoustic trap used
here a P, of about 50 kPa for the 0.27 V threshold transducer voltage. The values for
the sound pressure in the trap have been linearly extrapolated to operational voltage

levels employed in the experiments described in the following.

2.2.6 2-D image analysis of aggregates

Three different 2-D image analysis techniques were employed. However, the
following principal steps were carried out in all cases: a) Image Capturing refers to
the conversion of the image into a computer file suitable for image processing.
Captures images were imported as 32-bit RGB tif files into Adobe Photoshop 5.5. b)
Greyscale establishment whereby any colour information was discarded in all
captured images so as to simplify image processing (conversion to 16-bit grey .tif
files). ¢) Object detection involving the identification of the surface texture. This was
achieved by i) manual post—processing to whiten the areas very close to the object, as
well as the areas that were not part of it so as to reduce background noise and ii)

applying a black perimeter around the object and around the voids.

2.2.6.1 Perimeter fractal dimension analysis

Fractal geometry came to the fore in the mid 1970’s from work presented by
Mandelbrot (Mandelbrot, 1977). It refers to the geometry of roughness and is a
powerful tool for the characterisation of the structure of aggregates. Fractals are
characterized by a non-integer power law dependence of a measurable quantity upon

the length of the object. The fractals quantified in this study are called length fractals
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(2-D) because the volume of the aggregate is not taken into account. The Koch curve
illustrated by Russ (1998) is such an example.
The equation which fully describes the concept of the fractal structure of

aggregates can be expressed by the following proportionality

FalP (2.3)

where F denotes a certain feature of the aggregate or property of the aggregate and L
is the linear measure of size (length or diameter of the aggregate). The most widely
used feature embodied in the above equation is the mass of an aggregate (Lin ef al.,
1989; Kim and Berg, 1999; Bushell ef al., 2002). A comprehensive summary about
the most common fractal dimensions used in the literature has been given by Jiang
and Logan (1996).

It is though more straightforward in the interest pursued here to employ the
perimeter fractal dimension whose values will increase from 1 towards 2 as the
aggregate perimeter moves from a closely-packed form to an open, dendritic structure
(Skeljtrop, 1987). This direction of perimeter fractal dimension change is in contrast

to the decrease in mass fractal dimension (Bushell ef al., 2002).

2.2.6.2 Void analysis

Captured images were processed with the analySIS 3.1 software (Soft Imaging
System GmbH, Germany). The contrast was adjusted to enhance the quality of the
images, which were then converted into binary format. The total void area (A,) was

determined for the final images. The total area within the perimeter (including the
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void area) (Ap) was also determined. A void index (A./A;) was then calculated for

each aggregate. The area of the entire image was determined afer filling all the voids.

2.2.6.3 Fast Fourier Transformation

Pattern Recognition analysis of the images was performed with the Fast
Fourier Transformation (FFT) method. The analySIS 3.1 software allowed the
computation of the FFT method using a standard approach. All the Fourier images
were chosen to have 128 pixels per line and an information depth of 32 bit (128x128

x32).

2.3 Results

2.3.1 Macroscopic observation of the aggregation process of 25 um

particles

The 25 um particles were driven almost instantaneously (within two video
frames) into the pre-focused nodal plane as single particles on initiation of the
ultrasound exposure, under the action of the axial DRF,. Following this banding of
the particles, the lateral component of the DRF; moved the particles in-plane towards
the central area of the trap. Single particles and small clusters approached the central
aggregate that had developed by 10 s. Generally larger clusters (usually formed
outside the field of view and then moving into the central trap area) and a few single
particles were approaching the growing aggregate. The aggregation process was
almost complete after 40 s as no free particles were left in the field of view. This

behaviour was consistent across the range of the CaCl, solutions studied.
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2.3.2 Microscopic analysis of the 25um particle aggregates
2.3.2.1 Influence of ionic strength

Typical images of 25 um latex aggregates, reflecting the influence of ionic
strength upon aggregate shape are shown in Figure 2.4. The experiments were
conducted in an identical way for all ionic strengths.

Aggregation in the stable suspension (Fig. 2.4a; deionised water) was
associated with considerable rearrangement of the central aggregate. Video
observations showed that the single particles and clusters rolled, within the nodal
plane, about each other before taking up their final position in a closely-packed
aggregate. The aggregate therefore underwent structural modifications that led to a
highly ordered structure with only a few holes in the aggregate structure. However,
particlecluster and cluster-cluster aggregation was also observed. With time the
likelihood of cluster-cluster collision increased, which is in agreement with the theory
presented in Section 2.1.2. The stable suspension used in this study, produced closely-
packed, highly ordered but mechanically weak aggregates, an observation supported
by their sedimentation behaviour. The sound was switched off minutes after the
aggregate growth has reached an end point (as estimated by the absence of free
particles in the field of view) and the aggregate was allowed to settle. The aggregate
literally felt apart, resulting in its complete disintegration, indicating that few if any
permanent particle contacts were established.

Aggregation in an unstable suspension (Fig. 2.4f; 20 mM CaCly) is
significantly different. Every contact between two particles led to permanent
attachment. There was virtually no sign of rearrangement. The aggregates exhibited a
striking dendritic structure. Particle-cluster and clustercluster aggregation was

observed as well, with the cluster-cluster aggregation dominating as the aggregate
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growth time increased. It must be noted that as the ‘backbone’ of the dendritic
structure grew, some folding took place, as also was the situation when long clusters
joined the main aggregate. The unstable suspension yielded dendritic, highly
disordered but mechanically strong aggregates. When the sound was switched off, the
aggregate reached the bottom of the trap intact without disintegrating.

The aggregates formed with intermediate ionic strength suspensions (Fig. 2.4
(a) 2, (b) 4, (c) 8, (d) 10 mM CaCl,) lie between the two extremes presented. The
ability of particles to form permanent contacts increased with increasing calcium
concentration, resulting in aggregates with more and more evident dendritic
structures. Particle-particle and cluster-cluster aggregation was also observed. A
decrease in the ability of the aggregate to rearrange itself was also apparent; however,
the tendency for folding increased. As the stability of the suspensions increased, the

sedimentation behaviour and the disruption degree altered.

2.3.2.2 Perimeter fractal dimension analysis

The perimeter fractal dimensions of duplicate series of 25 um latex aggregates
formed in increasing electrolyte concentrations are shown in Figure 2.5. The analysis
was performed on the final aggregate images, as the perimeter-area of the aggregates
was of interest. The perimeter fractal dimension data are plotted against the square
root of [CaCl,], since the square root of the suspending phase ionic strength is

proportional to the reciprocal of the Debye length x"' (Jones, 1975).
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Figure 2.4: 25 pm latex aggregates suspended in 0 (a), 2 (b), 4 (c), s (d), 10 (e) and
20 (f) mM CaCh. These final aggregate forms were taken at the end of the aggregate
growth phase that is characterised by the absence of free particles in the field of view.
The details presented, that are representative of the aggregate structure (duplicate

experiments), include about 60% ofthe particles in each final aggregate.
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Figure 2.5: [CaCh] dependence of the fractal index of duplicates of 25 pm latex

aggregates. The trend is drawn through the mean values for each concentration of salt.

2.3.2.3 Void analysis

The dependence of the void index (AVAp) on salt concentration is shown in
Figure 2.6. The pattern of the void indices obtained with increasing salt
concentrations shows similarities to that obtained from the perimeter fractal
dimension analysis at low and intermediate salt concentrations.

However, the void index continues to increase from 10 to 20 mM salt
concentration while the perimeter fractal dimension is beginning to plateau. The
result is consistent with the video records of the aggregate growth where the shape of
clusters joining the aggregate changes from a grouped pattern (low calcium

concentration) to a short string array as the salt concentration increased.
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Figure 2.6: [CaCh] dependence of the void index (total void area/total image area)
for duplicates of25 pm latex aggregates. The trend is a third order polynomial best fit

to the data.

2.3.2.4 Fast Fourier Transformation method

The images of 25 pm latex aggregates formed in deionised water (Fig.
2.7a) show a high degree of hexagonal order. This order continues to be dominant at 2
and 4 mM but is essentially lost at s, 10 and 20 mM CaCb- The degree of order of the
25 pm latex aggregate suspended in deionised water as reflected in the FFT pattern is
shown in Figure 2.7a.

The sensitivity of the FFT method allowed, through loss of the punctate
pattern (Fig. 2.7a), the detection of differences between 2 and 4 mM CaCh (Fig. 2.7b,
c). Little change was detectable using this index at higher (8-20 mM CaCh) salt
concentrations. Significant differences from the control are apparent at s mM (Fig.

2.7d).
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Figure 2.7: Fourier images of 25 pm latex aggregates formed in (a) 0, (b) 2, (¢) 4, (d)
8,(e) 10 and (f) 20 mM CaCb- The punctate pattern is evident in (a-b), while it is lost

in (c¢). (d-f) show the progressive broadening of the intensity distribution.
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Less difference is observed between 10 and 20 mM CaCl, suspended aggregates (Fig.
2.7e-f). The images presented in these Figures are typical FFT images of these
specific series of experiments. Similar Fourier images were produced for the replicate

series.

2.4 Discussion

The results obtained from the macroscopic and microscopic analysis of the
particle aggregation were presented in Section 2.3. However, the contribution of a
number of different physical mechanisms on aggregation, as the direct acoustic force
and micro-streaming will be discussed here. The influence of CaCl, on the
aggregation behaviour of particles in the trap will be also discussed; this involves the
investigation of the inter-particle forces, like electrostatic repulsion and van der
Waals attraction, as described by the DLVO theory (Jones, 1975). The potentials and

pitfalls of the different image analysis techniques are also addressed.

2.4.1 Macroscopic observation of the aggregate growth of 25 um

particles

Video observations of the aggregation process showed that the 25 pm particles
were driven almost instantly into the nodal plane as single particles under the
influence of the axial DRF,. Spengler and Coakley (2003) used an analytical
expression (Limaye and Coakley, 1998) to predict the time ¢ required for all particles
of initial distance z; (z; < A/4) or less from the nodal plane to be moved, under the
influence of the DRF, only, within a distance z, from the nodal plane. The time ¢ is

given by:
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. (BXnr | m)[In(tan27zz/ A)F

PV, 8(B.p) @4

where, 7 is the viscosity of the water and r is the radius of the particle. The distance
from the pressure node to the reflector or transducer (4/4) is approximately 0.125 um.
Taking into account the fact that the centre of mass of a 25 um particle at the
transducer wall is 12.5 pm from that wall, an estimate of the time for some part of all
particles to lie in the node plane can be obtained. For that condition, since 12.5 um
equals 0.1 (4/4), the values of limits z; and z, for Equation 2.4 are 0.9 (4/4) and 0.1
(4/4), respectively. The resulting time estimate is 19 ms. The time is consistent with
the experimental observation of all 25 pum particles being clearly in the pre-focused
nodal plane within two video frames (< 80 ms).

Following this banding of the particles, the lateral component of the acoustic
radiation force (DRF;) concentrated the particles into aggregates. This is a much
slower process than the banding, because DRF; is expected to be much weaker than
the axial roughly by two orders of magnitude (Woodside et al., 1997; Tuziuti et al.,
1999).

The only knowledge to be exploited here is, as presented by Spengler et al.
(2001) that DRF (axial and lateral) and acoustic microstreaming drag on particles are
two opposing but simultaneously acting forces. DRF (axial and lateral) increases
linearly with particle volume, whereas the streaming Stokes drag shows a linear
dependence on diameter. Therefore, the DRF becomes more important the larger the
particles are, while acoustic microstreaming becomes dominant the smaller the

particles are. The 25 um particles’ behaviour, consistently with the ideas reported
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above, is dominated by the DRF, whereas they seem to be hardly affected by the
micro-streaming,. This pattern formation was reproducible and consistent with the
reference stable and unstable suspensions used in this study.

Acoustically induced particle-particle forces (Chap. 1; Sec. 1.9.4) do not
influence the general tendency to form an aggregate. It has been shown by Nyborg
(1978) that inter-particle interactions can be essentially neglected above particle

separations larger than a particle diameter.

2.4.2 Microscopic analysis of the 25 um particle aggregates

Particles with weak or zero net attractive interactions roll about each other
before taking up their final position in a ‘closely packed’ aggregate. These aggregates
therefore undergo structural modifications that lead to highly ordered structures. This
description applies to the mechanically weak aggregates formed at low calcium
additions (Fig. 2.4 (a) 0, (b) 2, (¢) 4 mM CaCl,), that were also observed to
disintegrate when they reached the bottom of the trap when the sound was off. The
aggregation pattern just presented, in agreement with the theoretical discussion in
Section 2.1.2, is largely, a RLCA condition with a low collision efficiency factor
(tending to zero).

Aggregation processes where every contact between two surfaces leads to a
permanent attachment exhibit an open structure. Such aggregates formed here at 8, 10
and 20 mM [CaCl,). (Fig. 2.4d-f). These aggregates were highly disordered but
mechanically strong. The DLCA model (of a high collision efficiency tending to 1)
lying behind the present description, theoretically supports the experimental

observations.
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However, the models just described, have to be considered simultaneously, as
a single approach cannot describe the real aggregation phenomenon extensively. The
difference in the suspension stability in relation to the collision efficiency factor, is of
great importance, as the reference samples lie in the collision efficiency range of
almost 0 (stable suspension-0 mM CaCl, Fig. 2.4a) to almost 1 (unstable suspension-
20 mM CaCl,, Fig. 2.4f) (Meakin, 1988).

It is therefore evident that the most crucial mechanism which determines the
final structure of an aggregate is obviously its ability to rearrange itself in the USW.
The morphologies arising from isolated particle-cluster and cluster-cluster
aggregation processes observed during the initial aggregate growth steps are
predictive of the different aggregate structures that characterise fully grown
aggregates. Single particles were more capable, than were small aggregates (clusters),
of penetrating the formed aggregate and thus filling gaps, in line with the more
general conclusion of Meakin (1988).

Collision efficiencies intermediate between 0 and 1 need to be considered to
describe the real aggregation phenomenon extensively and more importantly describe
the gradual crossover (Di Biasio et al., 1994; Asnaghi et al., 1995; Puertas et al.,
2001; Moncho-Jorda et al., 2002) from an ordered to an open structure that occurs in
our experiments between 4 and 8 mM CaCl,.

Here, the perimeter fractal dimension increased from 1.15 (deionised water)
with increasing salt concentration to reach 1.58 in 20 mM CaCl,.

The CaCl, concentration range (2- 20 mM) here includes part of the range
(13 mM - 30 mM) of MgCl, previously employed to monitor the dependence of 3-D
aggregation of 0.13 um latex on salt concentration (Asnaghi er al.,, 1992). Closely-

packed aggregates were formed at the lower range of salt concentration studied
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whereas open, dendritic aggregates at the upper limit. The long (> 48 h) time for an
aggregate to develop in salt concentrations less than 13 mM precluded their study.
(This temporal limitation does not apply to the present work.) The authors proposed
that the fractal dimensions they measured at intermediate concentration represented a
type of cross-over from packed to open structured aggregates and represented
‘effective’ rather than ideal fractal parameters. Figures 2.5 and 2.6 show similar
transition regions here. The transitions are centred around a CaCl, concentration of
6 mM (ionic strength = 0.018).

While fractal analysis clearly identified the limiting aggregate formation states
and the parameter reflects fundamental properties of aggregating systems, it can be
limited (Robinson and Earnshaw, 1992; Gardner et al., 1998) in its ability to detect
fine changes in an aggregation. This need might arise where one wishes to establish
the initial stage at which some clusters do not reorganise fully to give a well-ordered
system (compare Fig. 2.4a and Fig. 2.4c) or where the extent of ‘openness’ of an
aggregate might have implications for the mechanical strength and sedimentation rate
of that aggregate (Fig. 2.4e and Fig. 2.4f). Two operational indices of order have been
explored above. The first, void analysis, was investigated as a sensitive detector of
‘openness’ while the second, FFT, was chosen to detect early signs of loss of order.

The pattern of the void indices obtained with increasing salt concentrations
shows similarities to that obtained from the perimeter fractal dimension analysis at
low and intermediate salt concentrations. However, the void index continues to
increase from 10 to 20 mM salt concentration while the perimeter fractal dimension is
beginning to plateau. The result is consistent with the video records of the aggregate

growth where the shape of clusters joining the aggregate changes from a grouped
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pattern (low calcium concentration) to a short string array as the salt concentration
increased.

In two dimensions, the Fourier transform from a lattice of identical circular
particles is the product of the Fourier transform of a single particle (this is known as
an Airy pattern) and the Fourier transform of the lattice (a series of well defined
spots). The Fourier transform of such an assembly of particles normally consists of a
series of spots whose relative positions are related to those of the lattice points and
whose intensity is modulated by sampling the Airy pattern (Gagnet et al., 1962;
Harburmm et al., 1983). Aggregation of the latex particles in stable suspensions
(deionised water) resulted in ‘close-packed’ aggregates exhibiting hexagonal
structural order. In the FFT (Fig. 2.7a) this leads to a series of bright spots with 6-fold
rotational symmetry (in Fig. 2.7a note that the pattern of spots repeats itself every 60
degrees around each ring); the appearance of more than six spots around the rings
results from the presence of hexagonal domains with different orientations within the
sample). The presence of spots in the FFT is a direct indication that a high degree of
order exists in the packing of the particles.

Unstable suspensions resulted in ‘dendritic’ aggregates with little or no lattice
structure. This can be seen in the Fourier transforms by the broadening and reduced
intensity of the lattice-derived spots, and by the increased intensity of the central Airy
disc. The concept governing this approach is that, as the packing of the aggregates
gets poorer (due to the increased ionic strength), the interference effects due to the
regular packing diminish and we head towards the FFT of a disordered array of
particles, characterised by a broad Airy disc at the centre of the pattern (Fig. 2.7f). The
method is sensitive to small changes in the order in the particle packing and this is

demonstrated by the transition from the case where the lattice structure dominates the
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FFT to that where the Airy pattern dominates the FFT. Early signs of loss of order are

evident abruptly between Figure 2.7b and Figure 2.7¢, i.e. between 2 and 4 mM CaCl,.

2.5 Quantification of the forces acting on particles

The extent to which ultrasonic interaction forces might modify the probability
that particles will stick on contact is quantified in the following. The ultrasonic
interaction forces (Chap. 1. Sec. 1.9.4) are quantified and compared with the
influence of the van der Waals interaction and electrostatic repulsion normally
governing microparticle interactions (Sec. 2.1.1.1). The calculations will be
performed for an exemplar latex particle of diameter 25 pum.

The van der Waals interaction potential between two equal-sized spheres of
radius r and nearest centre to centre approach 2r + A may be approximated, for 7 »h,
by Ar/(12h) where A is the Hamaker constant (Heimenz, 1986). The resulting

attractive interaction force is:

F,=— 2.5)

The Hamaker constant for polystyrene is 2.2x10 *° J. The attractive acoustic force
(Chap. 1; Sec. 1.9.4; Eqn. 1.5) can be placed in the context of the van der Waals
attraction by noting that they are equal in magnitude, for 2r = 25 pm, when
h =57 nm. The van der Waals force then becomes increasingly more important than
the acoustic force for smaller values of A.

An expression for the electrostatic repulsive force between identical particles
with surface potential y, in a symmetrical monovalent electrolyte of counterion
concentration 1, ions m ° is given by Heimenz (1986) as
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F, = (6471, kTy])-(ax™")- exp(-xh) (2.6)

where £ is the Boltzmann’s constant, y, is given by Equation 2.8 and T the absolute
temperature. At a temperature of 25 C and an electrolyte ionic strength /, ¥ and y,

are given (Heimenz, 1986) by equations (2.7) and (2.8):

x'=431-10"@2n"°* 2.7
[CXp(eWS )— l}
2xT
and Yo = (2.8)
l:exp(—e Ys ) + 1:|
2T

The attractive acoustic force is placed in the context of the van der Waals force for
different experimental situations.

For the suspending phases considered later in this work, i.e. CaCl, solutions
(I = 006 at 20 mM) and physiological media (I = 0.15; Chaps. 3-6)
x ' equals 1.24 and 0.79 nm respectively. These distances are very small compared to
the separation of 57 nm above at which acoustic attraction becomes smaller than the
van der Waals force. It follows that, for the particles and cells considered in this
thesis, acoustic interaction does not make a significant contribution to the forces that
determine the surface-surface interactions controlling aggregate morphology and

collision efficiency.
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2.6 Preliminary conclusions

Investigation of the effect of ionic strength on particle interactions in USW
showed that the concentration of electrolyte (CaCl,) influences the aggregation
process (free rearrangements or direct attachment of the particles) and consequently
the final 2-D aggregate morphologies (orderly packed or ‘dendritic’ aggregates).
Particles with weak or zero net attractive interactions (collision efficiency tending to
zero) deliver ‘closely-packed’ hexagonally ordered aggregates with a low perimeter
fractal dimension. Mechanically weak aggregates (that dispersed during
sedimentation following sound termination) were formed at low calcium additions (0,
2, 4 mM [CaCl,)).

In contrast, aggregation processes where every contact between two surfaces
leads to a permanent attachment (collision efficiency factor of 1) exhibit an open
structure with higher fractal dimensions as it is the case for aggregates formed at 8, 10
and 20 mM [CaCl,]. These aggregates were mechanically strong, as when the sound
was switched off they reached the bottom of the trap intact.

‘Cross-over’ behaviours from packed to open structures, as clearly identified
by the fractal analysis, occurred here at a [CaCl;] of about 6 mM. FFT was a sensitive
indicator of loss of hexagonal order in the 2-D structures at low salt concentrations,
while void analysis was sensitive to the identification of the transition zone and may
be a useful index as the collision efficiency increases towards 1, a situation where
fractal index is rather insensitive to change.

The observations and results presented in this Chapter were also in agreement
with the DLVO theory of colloidal stability, providing in this way experimental
evidence of the applicability of different model ideas on aggregate growth and final

aggregate structure. However, the observations showed that a sole treatment of
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aggregation kinetics with either the particle-cluster/cluster-cluster or DLCA/RLCA
models cannot fully describe the real aggregation process; rather a combination of the

above approaches is essential for a complete description.
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Chapter 3

Physical environment and biological wellbeing of 2-D
cell aggregates formed in a short pathlength ultrasound
standing wave trap

3.1 Introduction

Physical methods of manipulating suspended cells or microparticles at single-
particle microscopic resolution include optical (Grier, 2003), dielectrophoretic (Heida
et al. 2002) and ultrasonic (Miller 1976; Wu 1991; Spengler and Coakley 2003;
Coakley et al. 2004) traps (Chap. 1; Sec. 1.8.2). Optical and dielectrophoretic
manipulations of cells have been extensively exploited, whereas less attention has
been paid to ultrasound traps. Particle (Spengler e al. 2003; Chap. 2) and cell (Khanna
et al. 2003; Coakley et al. 2004) aggregates of diameter of the order of a millimetre
and a depth of one particle or cell (‘2-D aggregates’) have been formed in
appropriately designed single half wavelength ultrasound traps. Formation of 2-D cell
aggregates in a trap deep in the bulk phase rather than at an air-water interface
(Hidalgo-Alvarez et al. 1996), an environment that is unsuitable for animal cells,
offers an advanced approach for the study of animal cell interactions. An ultrasound
trap that can facilitate the study in vitro of interactions of cell consortia in a manner
that is, at least in part, tissue-mimetic and allows interactions away from glass or
plastic substrata that can influence cell behaviour (Cukierman ef al/., 2002) and even

phenotype has some potential as a tool in cell biology.
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It is therefore important to examine how the ultrasound trap restrains a cell and
how the physical forces might influence the cell directly or through changing its
environment. It is noted that an equivalent discussion has not been reported for
dielectrophoretic or optical traps. Nyborg (2001) reviewed the eighty year history of
studies of biological effects of ultrasound that were undertaken because of interest in
applications of ultrasound to medical diagnostics, therapy and biotechnology
particularly to assess the safety of the widespread medical applications of ultrasound.
He treated thermal effects that can arise because of sound absorption, effects due to
cavitation and phenomena attributed to acoustic radiation force or torque or acoustic
streaming. Measurements of all these variables (except torque) are performed in this
Chapter and their significance is set in the context of the cell environment in an
ultrasound standing wave trap.

A small sensing bead was developed to measure temperature in situ in the trap
while cell aggregation was taking place. Acoustic microstreaming analysis around the
aggregate has been carried out with the experimental set-up presented in Chapter 2
(Sec. 2.2.3), and particle image velocimetry (PIV) has been used to quantify the
velocities of moving particles. The results from the PIV plots have been set in the
context of hydrodynamic stress imposed on cells by routinely used general preparation
procedures, such as centrifugation. Acoustic spectrum analysis has been carried out
with a hydrophone in direct contact with the trap. In addition, the attractive acoustic
force between ultrasonically agglomerated cells (Sec. 1.9.4) has been theoretically
compared to the normal attractive van der Waals force that operates at close cell
surface separations using the approach described in Chapter 2 (Sec. 2.5). Finally,

different viability assays have been performed to search for any direct impact of the
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trap’s environment on the viability of cell aggregates over the time scaling of the

current experiments.

3.2 Materials and Methods

The acoustic trap used for the work conducted with model polystyrene latex
particles has been described in Chapter 2 (Sec. 2.2.1). The design of the ‘rectangular’
acoustic trap used there was fairly complex; its many individual components had to be
carefully designed, selected and optimised so as the most advantageous sound
transmission into the sonicated volume to be ensured. Nevertheless, the circular 6 mm
back electrode of the square transducer provided the essential symmetry for a single
central potential well into which particles were drawn; a feature particularly desirable
for cell aggregation and adhesion studies performed in the following Chapters (Chaps.
4-6).

Difficulties related with the ‘rectangular’ acoustic trap included:

(1) High manufacturing demands; the trap consisted of many different parts that
had to be precisely manufactured and their acoustic properties had to match for
optimum operational performance.

(1) As far as the sound field itself is concerned, it was observed that the paths of a
number of particles led them not directly to the centre, but along bent trajectories. This
created two distinctly preferred directions of the particles’ approach towards the centre
of the trap: from the upper and the lower edge of the field of view (Spengler ef al,,
2003). The movement of particles towards the centre of the trap was therefore to a

degree undesirably biased.
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A fairly straightforward set-up of a so-called ‘circular’ acoustic trap is
introduced here; it overcomes these difficulties and accommodates some of the needs
for use in the biological/medical area. The steel circular acoustic trap body is simple
and less time consuming to machine. Formation of a resonant system can be easily
carried out by adding only a transducer and a reflector. Furthermore, removal and
replacement of the reflector for thorough washing of the steel coupling layer can be
performed without detectable change of the trap’s acoustic properties. Finally, its
circular design predisposed towards a radially symmetric sound field, allowing
particles and cells to approach the single central potential well from around the active
area rather than from preferred directions. Figure 3.1 illustrates, through PIV maps
(described in Sec. 3.2.2.1), the paths towards the central aggregation area that particles
follow in the sound field of the rectangular (Fig. 3.1a) and circular (Fig. 3.1b) acoustic
trap respectively. It is noted that the map corresponding to the circular trap is a
qualitative, descriptive one based on observation of radial cell movement towards the
axis in a way that did not show preferred pathways as in Figure 3.1a. The principal

assembly of a ‘circular’ acoustic trap is shown in Figure 3.2.

3.2.1 ‘Circular’ acoustic trap

An acoustic trap has three essential features: a transducer in a housing of radial
symmetry attached to a steel coupling layer, an aqueous phase and a reflector that
provided optical access from above. The main body of the trap was made of steel. The

characteristics of this trap are listed in Table 3.1.
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Figure 3.1: PIV maps showing the trajectories followed by 25 pm diameter latex
particles towards the central aggregation area in the rectangular ((a); Spengler, 2002)
and circular (b) acoustic trap. It is noted that (b) is a qualitative, descriptive map based
on observation of radial cell movement towards the axis in a way that did not show

preferred pathways as in Figure 3.1a

The transducer was disc-shaped, 12 mm in diameter, with a nominal thickness

resonance frequency of 1.5 MHz. Its electrodes were etched (Hawkes and Coakley,
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2001) to give an overlapping circular active area of 6 mm in diameter on its back, with
the objective, as with the ‘rectangular’ acoustic trap, to produce a single central
potential well in a half wavelength trap (Spengler et al., 2003). The steel coupling

layer on which the transducer was mounted had a thickness of 3Aqe/ 4.

Table 3.1: Characteristics of the ‘circular’ acoustic trap used in the present study

Geometry 7Y

Ceramic nominal thickness resonance frequency | 5 MHz

Acoustic trap resonance 1.57 MHz
Transducer diameter | 12 mm
Back electrode diameter | 6 mm
Active radiation area | 14 mm*
Reflector diameter | 25 mm
Reflector thickness | 1.0 mm

*Based on the fact that particles in Figure 3.1b move towards the central aggregation area from all
directions, the entire sample volume is the active radiation area of the trap.

The quartz glass reflector was also disc-shaped, 25 mm in diameter, with a thickness
of 1 mm (Agiass/ 4), so that the single pressure node plane in the sample volume would
be located half way through that volume (Hawkes et al., 2002).

The trap, driven at 1.57 MHz, had an acoustic pathlength of one half
wavelength in water (0.5 mm) at the driving frequency. The experimental set-up was
as described in Chapter 2 (Sec. 2.2.2). The trap could be driven either through
computer control or manually with a linearly connected layout consisting of (i) a

function generator (HM 3138, Hameg, Germany) and (ii) an oscilloscope
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Reflectoi
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Active area
SIMA
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X
b)
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Active area
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Transducer

Figure 3.2: 3-D schematic representation of the front (a) and back (b) of a circular
ultrasound trap used for investigation of cell-cell interactions. The resonator outer
diameter is 32 mm. The thicknesses of the different layers were selected to give a

highly resonant system The individual components of the trap are also indicated.
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(WAVETEK 9020) to monitor the voltage across the transducer. The acoustic trap’s
operating frequency was, in the latter case, identified by tuning the drive frequency to
give a single potential well, at which cells aggregated, in the axial region. Both control
methods showed good agreement in resonance identification. Manual control of the
operational conditions was preferred and used in all further studies, as it offers a more
controlled operational system and it is further possible to alter (increase or decrease)
the acoustic pressure amplitude in the trap while the aggregation process is in progress
or even after aggregate growth.

The microscopic observation and video recording processes were as detailed in
Chapter 2 (Sec. 2.2.3). The sound pressure amplitude estimated by the described
method (Chap. 2; Sec. 2.2.5) gives 0.06 MPa at the threshold voltage of 2.2 V. Since
Py is linearly proportional to the voltage applied to the transducer, linear extrapolation
delivered the acoustic pressure amplitudes at the higher voltages used in the present
work. The acoustic pressure amplitudes used here together with the corresponding

voltages applied across the transducer are shown in Table 3.2.

Table 3.2: Correspondence of the voltage applied across the transducer and the

derived acoustic pressure amplitudes (7)) used in the present work

Voltage, , across the transducer (V) Py (MPa)
72.5 1.96
20 0.54
10 0.27
22 0.06

Data on the acoustic pressure amplitude in the trap carry more information

than the individual voltage values, as they can be ‘transferred’ to other systems and
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resonators of different electromechanical efficiencies, and they can also be directly
used for the numerical calculation of the DRF, and acoustic interparticle forces (Chap.
1; Eqns. 1.1, 1.3 and 1.4); therefore reference to the voltage values will now be

discontinued.

3.2.2 Suspensions

The suspensions employed here were neural cells (approximately 14 pm in
diameter) and 1 um diameter polystyrene fluorescent latex particles (Polymer
Laboratories, Church Stretton, UK), both suspended in Neuronal Supplemented
Medium (NSM). The individual components of NSM can be found in Appendix A.
The neural cell culture procedure will be given in detail later in Chapter 4 (Sec. 4.2.2).
For the viability assays articular cartilage cells were also employed; their isolation and
culture procedure will be described in Chapter S (Sec. 5.2.2). The properties of the
latex particles used here are shown in Table 3.3. The experimental procedure details,
together with the suspension details, are given in the individual Materials and Methods

sections described below.

3.2.3 Measurement of the temperature in the acoustic trap

An alumel/chromel thermocouple was fabricated from a 75 pm diameter
alumel and a 50 um diameter chromel wires (Omega Engineering, Inc, USA) using a
spark welding technique. The spherical thermocouple junction had a diameter 200 pm.
The thermocouple voltage was measured with a pen recorder (Labdata Instrument
Services Ltd, Surrey, UK). Calibration of the thermocouple was performed at the

following temperatures: 0°C (the junction was immersed in iced water), 25°C (the
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junction was kept at room temperature) and 40°C (the junction was placed in a 40°C

temperature-controlled room).

Table 3.3: Properties of the fluorescent polystyrene latex particles together with their

concentration and average number

Average
. number e L.
Manufacturer  [Solids] Size Std.D.ev of Colour Excitation Emission
(um) of Size particles (nm) (nm)
) ~ (no.ml’ )

A 1 K temperature change resulted in a 2 mm pen recorder deflection, and a 1 mm pen
recorder deflection resulted in a 20 pV change, thus giving a thermocouple sensitivity
of 40 uV/K.

The thermocouple was then placed at the centre of the trap where temperature
measurements were conducted in situ in a water-loaded trap at the driving frequency
of 1.57 MHz and at a pressure of 0.54 MPa. The thermocouple response was
continuously recorded for a sonication time of 30 min.

Further temperature measurements in situ in the trap where conducted in the
presence of a neural cell aggregate. A single neural cell suspension was introduced
into the trap with the peristaltic pump. Ultrasound exposure was immediately initiated.
Temperature measurements were conducted at the driving frequency of 1.57 MHz and
at an acoustic pressure amplitude of 0.54 MPa. The thermocouple response was again
monitored for an overall time of 30 min. It must be noted that temperature
measurements at 1.96 MPa were conducted with a non-intrusive portable infrared
thermometer (Raytek Ltd. UK) rather than with the thermocouple bead, so as to

protect the bead itself from any possibility of cavitation onset. Also, measurements
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were, in the latter case, conducted only for 30 s, so as to protect the trap from the
higher power input that might mechanically stress the glue or other components of the

resonator.

3.2.4 Acoustic microstreaming analysis

3.2.4.1 Experimental procedure

Acoustic microstreaming in the ultrasound field was measured in both the
presence and absence of a cell aggregate. These experiments were carried out with the
following suspensions: a) 1 um polystyrene fluorescent latex particles diluted in NSM
to a concentration of 6.25x10 * % solids and b) a mixture of 1 pm particles at the
concentration mentioned above, and neural cells suspended in NSM at a concentration
of 5x10*/ml. 1 pm fluorescent latex particles were chosen for the measurement of the
acoustic microstreaming of the sound field, as according to the considerations in
Chapter 2 (Sec. 2.4.1), they are literally unaffected by the axial and lateral radiation
force and act as pure microstreaming tracers. They were also employed to give high
particle-image contrast against a black background as required for the particle image
velocimetry (PIV) software described in the following (Sec. 3.2.4.2). The size of the
cells (~14 um) suggests that they are affected more by DRF (axial and lateral) rather
than by the microstreaming drag (Spengler ef al., 2003), therefore an aggregate would
be expected to be formed in the trap within the first seconds of ultrasound initiation.

The samples (1 um latex particles alone and a mixture of 1 um particles and
neural cells) were introduced into the trap with the peristaltic pump. The microscope
(10 objective) had been focused on the central plane of the trap at the axial region.
The field of view was approximately 1.3 x 0.95 mm?. The pump was switched off and
video recording and sonication were initiated. Exposure times were in the range of 1 to
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5 min at pressure amplitudes of 0.54, 0.27 and 0.06 MPa. The process was video
recorded and the video sequences were converted into computer files as described
earlier (Chap. 2; Sec. 2.2.2 and 2.2.3). Acoustically induced particle interactions were
minimised by the appropriate choice of particle concentration (i.e. 6.25x10 ~* %
solids) and by analysing the first 0.5 s of each experiment, where most particles and

cells were still single unaggregated entities (Spengler et al., 2003).

3.2.4.2 PIV analysis of particle and cell movement

Particle Image Velocimetry (PIV) is a direct measurement technique for
obtaining instantaneous whole field velocities based on the two fundamental
dimensions of the velocity: length and time (Raffel et al., 1998). The property actually
measured in PIV is the distance traveled by particles in the flow within a known time
interval. These particles are added to the flow and known as seeding (Dantec
Dynamics Software User’s guide).

PIV analysis was performed here off-line with the FlowManager software
developed by Dantec Dynamics (Denmark). Successive single frames (n~10) were
extracted as 8-bit greyscale images from the recorded video sequences. The time
points selected were 1 and 3 s after ultrasound initiation. The interlaced images were
split into odd and even half images by interpolation. Two-frame cross correlation
analysis was then employed. The image interval for every pair of odd and even half-
images analysed was set to be 4 ps. The interrogation area was 64 x 64 pixels?.
Interrogation areas were then overlapped by 50% to trace particle positions between
two successive frames. This resulted in a 23 x 17 velocity map over the image area for

an image size of 768 x 576 pixels?, i.e. 391 vectors in total.
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Validation algorithms were then applied so that outliers (i.e. erroneous vectors)
caused by a low signal-to-noise ration, could be detected and removed. A low signal-
to-noise ratio is caused by poor image contrast or when the number of seeding
particles within each interrogation area is low. With a large number of seeding
particles, there will be many true correlations ensuring a high signal-to-noise ratio and
so that a valid displacement measurement will be produced. It is recommended that
generally a minimum of 5 particles per interrogation area be monitored for reasonable
results using the cross correlation technique (Dantec Dynamics Software User’s
guide). In the present case ~8 particles per area were analysed fulfilling the above
requirement. Additionally, an upper limit of the standard error of the mean of 10%
was defined as the maximum tolerable uncertainty of the measured velocity (Spengler
et al., 2003). PIV analysis is also sensitive to ‘out of focus’ particle motion, a feature
that could lead to invalid vector maps, particularly in the present case for the data
analysed after 1 s of ultrasound initiation. However, as described in Chapter 2 (Sec.
2.4.1) all particles in the ultrasound field were almost instantaneously pushed into the
pressure nodal plane and were held in that plane (relocation time into the pressure
nodal plane of less than 80 ms has been observed).

The particle velocity field was finally calculated by averaging the data for each

individual vector point over the validated maps.

3.2.5 Cavitation monitoring

Analyses of the acoustic emissions were performed as follows: a 5 mm
diameter PZ 26 piezoceramic disc was mounted in a cylindrical steel holder. The
assembly was coupled to the side of the trap housing by ultrasonic transmission gel

(Henleys Medical, Herts, UK). The signals from the microphone went to an Agilent
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spectrum analyser (E4401 B, UK). The data were saved as .csv files and further
processed in Microsoft Excel.

Neural cells were suspended in NSM at a concentration of 10°/ml. They were
then introduced into the trap with the peristaltic pump. The pump was switched off
and the ultrasound exposure (of 1 min duration) was immediately initiated.
Experiments were conducted at pressure amplitudes ranging from 0.06 MPa to 1.96

MPa at the driving frequency of 1.57 MHz.

3.2.6 Cell viability tests

3.2.6.1 Non-sonicated samples

Cell suspensions (neural and chondrocyte cells) were placed in a centrifuge
tube at room temperature at a concentration of 3x10%/ml. Cell viability was measured
over the following 12 h using 0.4% trypan blue dye (Sigma, UK) or over 2 h using
1 uM ethidium homodimer-1 (EthD-1; Molecular Probes, Inc. Eugene, OR, USA)
exclusion. Samples were examined hourly with a bright-line heamocytometer
(Reichert, USA) under a Leica DMLS microscope. A positive control for both dyes
was obtained by killing the cells with 70% ethanol; all cells were stained in those

samples.

3.2.6.2 Cells in the ultrasound trap

Viability assays were performed in situ on cells suspended for 1 h in the trap in
NSM (neural cells) or serum-free DMEM/Ham’s F-12 (chondrocytes) containing the
viability markers outlined below. The number of cells that had taken up the dye after

1 min of ultrasound exposure was compared to that after 1 h of ultrasound exposure.
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Calcein AM. A stock solution of 1 mM solution (Molecular Probes, Inc.
Eugene, OR, USA) in anhydrous dimethylsulfoxide (DMSO) (Sigma, UK) was diluted
in culture media to a final concentration of 1 uM. Calcein AM is membrane permeable
and is cleaved by esterases in live cells to yield cytoplasmic green fluorescence
(calcein); therefore, green fluorescence is an indicator that cells have esterase activity
as well as an intact membrane to retain the esterase products (Ikeguchi e a/., 2003).

Ethidium homodimer-1 (EthD-1). A stock solution of 1 mM solution of EthD-
1 (Molecular Probes, Inc. Eugene, OR, USA) in anhydrous dimethylsulfoxide
(DMSO) (Sigma, UK) was diluted in culture media to a final concentration of 1 uM.
EthD-1 passes across the compromised membranes of dead or dying cells, binds to
nucleic acids and produces a red fluorescence (Ikeguchi ef al., 2003).

Mito Tracker Green FM. MitoTracker Green FM (Molecular Probes, Inc.
Eugene, OR, USA) is non-fluorescent in aqueous solution but it exhibits a bright green
fluorescence once it accumulates in the lipid environment of mitochondria of live cells
(Garner et al., 1997). A stock solution of 50 pg of lyophilized solid was dissolved with
DMSO to a concentration of 100 uM. For cell labelling, this solution was diluted to
100 nM in culture media. The cells were incubated with the dye for 45 min at room

temperature prior to ultrasound exposure.

3.3 Results

The results presented in the following have been derived from experiments
with model suspensions (1 um latex particles) as well as neural and chondrocyte cell
(~14 pm in diameter) suspensions of biological interest. The results presented apply to
all ultrasound traps and biological systems used in the course of this study. Formation

of cell aggregates in the trap was achieved by applying the procedure described in the
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following (Sec. 3.3.1). This procedure represents the general protocol followed for all
cell suspensions in the course of this study. All experiments were repeated at least

twice under the same experimental conditions.

3.3.1 Formation of cell aggregates

Neural cells suspended in neuronal supplemented medium (NSM) and exposed
to ultrasound at a pressure amplitude of 0.54 MPa moved into the microscope-focused
nodal plane within 1 s under the action of the axial DRF. A small aggregate had
formed 3 s later at the central region of the trap as a result of the effect of the lateral
DRF; (Chap. 1, Sec. 1.9.2). Single cells and dendritic small clusters were approaching
the main aggregate from all directions in the nodal plane. After a 30 s ultrasound
exposure the pressure amplitude was decreased to 0.27 MPa for 5 min. Aggregation
continued but at a slower rate. The aggregation process had completed within 5 min of
ultrasound initiation, as characterised by the absence of individual cells in the field of
view (Fig. 3.3). The pressure amplitude was then further decreased to 0.06 MPa for
1 h, the level at which the acoustic radiation force just balanced the gravitational force

on the aggregate and thus maintained the aggregate in suspension.

3.3.2 Temperature measurements

Temperature measurements were conducted in sifu in a water-loaded trap or in
the presence of a neural cell aggregate at a pressure amplitude of 0.54 MPa at the
driving frequency of 1.57 MHz.

The thermocouple bead was located at the centre of the trap without
effectively disturbing the sound field (in the sense that cell aggregation proceeded in

the same manner with or without the thermocouple in place). There was no
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Figure 3.3: Neural cells suspended in the ultrasound trap 30 min after initiation of
ultrasound; pressure, 0.06 MPa. Scale bar is 70 pm. Image capture has been performed

as in Chapter 4 (Sec. 4.2.1).

measurable movement of the recorder pen over a 30 min ultrasound exposure, chosen
to ensure total equilibration. Since a 1 mm pen deflection would have been detectable
with confidence, and the sensitivity ofthe recorder was 2 mm/K, it was shown that the
temperature rise in the trap was less than 0.5 K in both cases (i.e. trap loaded with
water or in the presence ofa neural cell aggregate). AT was calculated for the different
pressure amplitudes Po as being <0.5 (Po/ 0.54)2 K, where Po =0.54 was the pressure
amplitude at which AT was estimated. The resulting calculations show that the AT was
< 0.125 K at a pressure amplitude of 0.27 MPa, whereas at the levitation threshold
pressure amplitude of 0.06 MPa AT was < 0.006 K. On the other hand, when the
pressure amplitude was increased to 1.96 MPa only for 30 s, AT was 4 K, as measured
with the IR thermometer. These results are summarised later in Table 3.4 (end of Sec.

3.3.6).
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3.3.3 Acoustic streaming measurements

The hypothesis underlying the following set of experiments is that the particle
and cell behaviour in small pathlength ultrasonic traps is dominated by DRF; and
acoustic microstreaming drag once particles and cells are driven into the nodal plane.

The approach is to observe and characterise how acoustic microstreaming
might affect cell aggregate growth and viability, by measuring particle movement

velocities in the ultrasound field with or without the presence of a cell aggregate.

3.3.3.1 Analysis of the behaviour of 1 um latex particles

During all experiments the microscope (<10 objective) was pre-focused at the
centre of the trap on the area in the pressure node plane where the cell aggregate was
usually formed, i.e. the x, y plane half way along the vertical axial height of the
sample layer. The first 6 to 8 frames after sound was switched on were not analysed,
as the particles had not all yet reached the pre-focused nodal plane. At 0.54 MPa, 1 um
particles in the pressure node plane moved across the field of view. The velocity of
streaming in the centre of the area where a cell aggregate was usually formed was on
average 250 um/s at the beginning of sonication (i.e. 1 s after ultrasound initiation)
(Fig. 3.4a). The streaming changed direction over the next 2 s of sonication and the
particles started leaving the area of cell aggregate formation at a velocity of 450 pm/s
(Fig. 3.4b). In particular, 1 pm particles followed an ‘arc-type’ trajectory (Fig. 3.4b)
eventually resulting in the formation of a ring. A second ring of particles was also
formed close to the central aggregation area. These two counter-rotating vortices were
each about 2 mm in diameter and circulated in the node plane (their planes of

circulation were parallel to the transducer) (Fig. 3.5). The cell aggregation region was
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Figure 3.4: PIV analysis of 1 um diameter latex particles behaviour at the centre of
the trap (where an aggregate is usually formed) (a) 1 s after ultrasound initiation and
(b) 3 s after ultrasound initiation. The development of the ultimate circulation is

already clear at 3 s. Pyp: 0.54 MPa.
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Figure 3.5: Schematic showing the position and direction of the two vortices present
in the trap. The aggregation area, located at the overlap of the two vortices, is marked

with a circle.

located at the overlap of these rotating vortices, shown schematically in Figure 3.5
with a circle.

A similar pattern was observed at 0.27 MPa although the velocities of
streaming were lower, about 70-80 um/s and 60-65 um/s after 1 and 3 s of ultrasound
exposure respectively. Finally, at 0.06 MPa, streaming could not be visually detected.
PIV analysis established very slow movement (3—5 pum/s) of particles across the
observed area; however the low velocity of the streaming and superimposed Brownian

motion of the particles led to a significant uncertainty in these measurements.
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3.3.3.2 Analysis of the behaviour of 1 um particles in the presence of a neural cell
aggregate

The microscope was again focused at the centre of the trap i.e. at the aggregate
formation area. The first 6 to 8 frames after sound was switched on were not analysed,
as particles and cells had not all yet reached the pre-focused nodal plane. At 0.54
MPa, after 1 s of ultrasound application, streaming-convected 1 um particles moved
across the field of view unidirectionally. The direction of particle movement was
different to that without cells in the system and the average streaming velocity was
120 umv/s (Fig. 3.6a).

At 3 s after ultrasound initiation, the cell aggregate started forming in the
centre of the trap and at the same time the streaming changed its direction: 1 um
particles moved from the aggregate area towards its periphery. At this point the
average streaming velocity of the particles was < 70 um/s (Fig. 3.6b; Table 3.4). The
cell clusters moving towards the aggregation site changed the local streaming pattern
in their close vicinity owing to their size (50-55 um) and velocity (80-150 pm/s) of
their movement: smaller tracer particles were entrapped in vortex-like streaming
around the moving cell clusters (Fig. 3.7). Few, if any, particles were left in the
microscope field of view after 10 s. At 0.27 MPa the pattern of streaming was similar
with average velocities of 80—~100 um/s and 30-35 um/s after 1 and 3 s of ultrasound
initiation respectively (Table 3.4). At 0.06 MPa, the behaviour of 1 um particles was
similar to the one described above in the absence of cells: no streaming was observed

in the pressure node plane.
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Figure 3.6: P1V analysis of 1 um diameter latex particles behaviour in the presence of
a neural cell suspension at the centre of the trap (a) 1 s after ultrasound initiation and
(b) 3 s after ultrasound initiation, when an aggregate has been formed. The presence of
the aggregate causes the streaming in the nodal plane to emanate from the centre. The

acoustic pressure amplitude was 0.54 MPa.
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Figure 3.7: PIV field of the velocity distribution of fluorescent latex tracer particles
superimposed on a fluorescence micrograph of cells and cell clusters that have
captured fluorescent particles as they approach the central aggregation region located
at the centre of the trap. Attention is drawn (red arrow) to the disturbance of the flow

pattern about the incoming clusters.

3.3.4 Acoustic spectrum analysis

Emission spectra from neural cell samples exposed to ultrasound at the driving
frequency of 1.57 MHz at 0.54, 0.27 and 0.06 MPa are shown in Table 3.4. Figure
3.8a shows the acoustic spectrum analysis for the highest operational pressure
amplitude of 0.54 MPa. The driving frequency (1.57 MHz) and the first harmonic

(3.2 MHz) are clearly seen. No growth of subharmonic (Table 3.4; Fig. 3.8a) was
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Figure 3.8: Acoustic spectrum analysis (a) for 0.54 MPa, where only the driving
frequency (at 1.58 MHz) and the first harmonic (at 3.2 MHz) are detected and (b)

appearance of broadband emission at 1.96 MPa.

detected even after 1 h of ultrasound exposure at 0.54 MPa. Similarly, at 0.27 and
0.06 MPa only the driving frequency and the first harmonic could be detected.
Broadband emission, often associated with the occurrence of transient
cavitation, was detected only when the pressure amplitude was increased to 1.96 MPa
(Table 3.4, Fig. 3.8b). Cells were exposed at 1.96 MPa for only 30 s, so as to protect
the trap. However, at the pressure amplitudes employed in the cell suspensions

sonicated in the present work, cavitation activity does not occur.
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3.3.5 Cell viability

XZ-tests for trypan blue assays at a number of times between 0 and 12 h and
EthD-1 assays at times between O and 2 h showed that there was no significant
association between percentage of dead cells in non-sonicated samples and time. The
percentages of dead cell in non-sonicated samples determined from the trypan blue
and EthD-1 assays were 2% and 2.4% respectively.

Duplicate viability assays of cells in levitated monolayers were performed in
situ. The low magnification micrograph of neural cells in EthD-1 (Fig. 3.9a) shows an
entire aggregate while the low incidence of stained dead cells in that aggregate is
emphasised in Figure 3.9b. Similarly, Figure 3.9¢ shows the high incidence of live
cells in an aggregate of chondrocyte cells, whereas Figure 3.9d shows that the
individual organelles, i.e. mitochondria, of single cells remain functional. These assays
showed that cell viability in the ultrasound trap was >99 % and had no detectable

dependence on exposure time over the 1 h period.

3.3.6 Monolayer development independence of acoustic pressures and

cell concentrations

The viability assays described in Section 3.3.5 were performed in aggregates
suspended in the trap at P, equal to 0.54 MPa for 1 h. Experiments were also
performed where Py was maintained at 0.54 MPa for only 30 s, i.e. until the aggregate
was formed. P, was then decreased to 0.27 MPa for 5 min and then to 0.06 MPa, the
level at which the acoustic radiation force just balanced the gravitational force on the
aggregate and thus levitated the monolayer in suspension, according to the protocol

described in Section 3.3.1. Cell viability over time was again >99 %.
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Figure 3.9: Viability assays, (a, b) Staining of dead neural cells (prepared as in Chap.
4; Sec. 4.2.2) with EthD-1, bright field and fluorescence microscopy respectively at
time (t) = 60 min after ultrasound initiation (Scale bar is 250 pm); (c¢) Staining of live
chondrocytes (prepared as in Chap. 5; Sec. 5.2.2) with Calcein AM at (t) = 15 min
(Scale bar is 100 pm); (d) Staining of mitochondria of live chondrocytes with

MiToTracker green FM at (t) = 60 min (Scale bar is 20 pm).

Nutrient availability in the trap was tested by reducing the cell concentration to 104ml
(i.e. the aggregate consisted of approximately 550 cells) and pumping medium through
the trap at intervals. The viability of cells remained at >99% and showed no

dependence on cell concentration (ranging from 104 to 3x 106) or medium flow.
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Table 3.4: Tabular summary of the physical conditions in the trap at various pressure amplitudes. (Note that the exposure protocol during

aggregate development and levitation was 30 s exposure at 0.54 MPa, 2 min exposure at 0.27 MPa and 1 h exposure at 0.06 MPa).

Acoustic Microstreaming

| Temperature Measurements . Acoustic Spectrum Analysis
~ Sound Pressure . : Analysis . ‘
Amplitude Ultrasound . Ultrasound Streaming Ultrasound -
. Temperature rnise . . Cavitation
(MPa) Exposure Time AT (K) Exposure Velocity Exposure Time  p ...
min | ime (s ) min
(min) Time (s) (Hm/s)*** (min)
1.96 0.5 4x* N.A NA 0.5 White noise
0.54 30 <0.5* 3 >70 60 None
0.27 30 <0.25* 3 30-35 2 None
0.06 30 <001* 3 3.5 2 None

*AT was calculated for different pressure amplitudes P, as being <0.5 (P,/0.54)* K, where P, =0.54 was the pressure amplitude at which AT
was estimated and 0.5 K was the smallest temperature rise clearly detectable by the recorder.
** AT at 1.96 MPa was measured using a portable infrared thermometer (Raytek Ltd. UK) rather than with the thermocouple bead.

***The streaming velocities refer to the condition where an aggregate has been formed at the centre of the trap, i.e. after 3 s of ultrasound

exposure.
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3.4 Discussion

3.4.1 Temperature measurements

The principal sources of heat generation in ultrasonic systems would arise from
sound absorption in the aqueous phase and from heat generated by losses in the
transducer itself. For a particular system operating at a particular frequency both of
these effects would be expected to generate heat at a rate proportional to the square of
the sound pressure amplitude. Table 3.4 shows the temperatures estimated for the
lower pressure amplitudes employed during the levitation of the aggregate. The
response of the pre-calibrated thermocouple (Sec. 3.2.3) to temperature change while
in the trap was checked by placing iced water on the reflector surface in the absence of
ultrasound. The thermocouple output responded accordingly. An independent estimate
of temperature increase in the resonator was obtained when the pressure amplitude
was increased to the transient cavitation threshold of 1.96 MPa, as reported in Section
3.3.3. The thermocouple was not in the system for this experiment. The temperature
increase, estimated with an IR surface thermometer after 30 s exposure to ultrasound
was 4 K. Assuming that the steady state temperature rise is approximately proportional
to the heat input rate, an estimation of temperature increase at the highest continuous
operating pressure of the trap was then 4 / [(1.96 / 0.54)*] K or 0.3 K which is less
than the upper limit of 0.5 K (Table 3.4) from the thermocouple experiment.
Accordingly, the estimated temperature increase at the threshold pressure amplitude
was 3.7x107 K. Temperature increases in the trap are therefore smaller even than
those that might be expected from fluctuations in the control of a laboratory incubator.
The resulting temperatures are also very much smaller than those (41-44°C) applied
for times of 30 min or longer to synchronise the cell cycles of tissue cultured cells

without affecting cell viability (Kiihl ef al., 2000, Roigas et al., 2002). It is therefore

Cell-cell interactions in USWT _ 112



Chapter 3: Physical environment of the USW trap

concluded that the temperature increases in the trap do not reach values that might

modify or compromise normal cell function.

3.4.2 Microstreaming

Investigation of the streaming pattern was made possible with the use of 1 pm
latex particles, which, following the rationale already described in Chapter 2 (Sec.
2.4.1), were hardly affected by the DRF and therefore acted as tracers for the
streaming. This was consistent with the different dependence of microstreaming
(linear dependence) and radiation force (third power dependence) on the particle
diameter (Spengler et al., 2003).

Microscopic observation of the movement of 1 pm latex spheres at the highest
operational pressure amplitude (drive frequency 1.57 MHz) showed that particles
moved across the field of view (Fig. 3.4a, b) and did not form any aggregates. Thus,
microstreaming prevented the aggregation of small particles. However, Limaye and
Coakley (1998) have previously reported that aggregation of FE. coli bacteria
(approximately 1 um in size) can occur at considerably high bacterial concentrations
(16% v/v). 1t is therefore reasonable to assume that some aggregation of 1 um particles
might also take place in the ultrasound trap at higher particle concentrations.

The corresponding PIV maps indicating the movement pattern and the particle
velocities of each image are shown in Figure 3.4a, b. Comparing the velocity-
proportional length of the vectors in Figure 3.4a, b, a significant increase from about
250 um/s (1 s) (Fig. 3.4a) to about 450 um/s (3 s) (Fig. 3.4b) is seen at the area where
the aggregate is formed.

The velocity of 1 um diameter latex particles in an ultrasound trap consisting

of a rectangular transducer with a circular back electrode has earlier been reported by
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Spengler et al. (2003). Streaming velocities of the same order of magnitude as those
presented in this study (i.e. 150 um/s) were reported at a pressure amplitude of 0.5
MPa in a 3 MHz field. These authors considered their streaming pattern as a classic
form of Rayleigh streaming between parallel walls, i.e. the streaming flowed laterally
from a central source point towards the periphery of the sonicated volume (Spengler et
al., 2003). Rayleigh streaming of 1 um particles with a velocity of 166 pm/s was also
reported for similar ultrasound traps at pressure amplitudes of 0.52 MPa (Kuznetsova
and Coakley, 2004). However, in the present case the classical from of Rayleigh
streaming was not observed. 1 um particles did not leave the central ‘aggregation’ area
but followed an ‘arc-type’ trajectory (Fig. 3.5) eventually resulting in the formation of
two rings, each about 2 mm in diameter, with the cell aggregation region located at the
overlap of these rotating vortices (Fig. 3.5). These two counter-rotating vortices
circulated in the node plane (their planes of circulation were parallel to the
transducer). This kind of streaming has been reported earlier for similar standing wave
resonators and for the same range of frequencies and acoustic pressures (Kuznetsova
and Coakley, 2004). These authors ruled out the possibility that these vortices are
hydrodynamically linked to the walls of the trap and therefore are not Rayleigh or
Schlicting streaming connected. They also reported that these vortices are not of a
centrifugal origin or cavitation induced, but possibly they originate from spatial
variations in the later radiation pressure distribution.

At a pressure amplitude of 0.27 MPa the same movement pattern was observed
although the velocities of streaming were lower, about 70-80 pm/s and 60-65 pum/s
after 1 and 3 s of ultrasound exposure respectively. As the acoustic particle velocity is
linearly proportional to the acoustic pressure amplitude in the trap, significantly lower

particle velocities measured at 0.27 MPa were expected.
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On the other hand, 1 um latex spheres in the presence of a neural cell
suspension moved unidirectionally after 1 s of ultrasound exposure at a velocity of 120
um/s (Fig. 3.6a). 2 s later, as the neural cell aggregate started forming at the centre of
the trap, particles moved from the central aggregate area towards its periphery at a
velocity of 70 um/s (Fig. 3.6b). The streaming field shown in Figure 3.6b, is not
perfectly symmetrical to the aggregate formation area. However, the streaming pattern
seems to be close enough to Rayleigh’s streaming in the way this has been described
in a cylindrical ultrasound field by Spengler et al. (2003) and Kuznetsova and Coakley
(2004), even though assumptions (for example a perfect plane standing wave was not
present in the volume due to inhomogeneous radiation and sound reflection (Spengler
et al., 2003)) for Rayleigh’s model were not met in the experiments described here.

Cell clusters that were moving towards the aggregation area changed the local
streaming pattern and the sound field properties (e.g. acoustic pressure) in their close
vicinity owing to their size (50-55 um) and velocity (80—150 um/s) of their movement.
It was observed that smaller tracer particles were entrapped in vortex-like streaming
around the moving cell clusters (Fig. 3.7).

The effect of a streaming velocity of 70 um/s (Table 3.4) on cells at the initial
period of aggregate formation (P, = 0.54 MPa) can be set in the context of
hydrodynamic stresses to which cultured cells are routinely exposed in general
preparation procedures e.g. during centrifugation, as follows: the question to be asked
is ‘what centrifugal force would need to operate on a cell of radius a to drive it
through a fluid of viscosity # at a velocity v = 70 um/s?’ The centrifugal force is given

by Equation 3.1

Fc:;y(pP_pO)wzra (31)
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where o is the angular frequency of the centrifuge and 7, is the radius of the centrifuge

arm. The Stokes drag is given by Equation 3.2

F,, = 6xnav 3.2)

That force can be determined by setting the centrifugal force (F.) equal to the

Stokes drag (Fs) on a cell when fluid flows past at 70 um /s, i.e.

V(pp — po)o’r, = 6rnav (3.3)

When the viscosity is taken as 10° kg s'm’, and a and pp are measured as 7 um and
1,058 kg/m’ respectively, then w’r, = 111 m/s> = 111/9.81 g = 11.3 g The cells in
these experiments were prepared by centrifugation at 28 g for 5 min. The related
hydrodynamic stress is therefore greater than that experienced by cells in an acoustic
streaming flow of 70 um/s for 30 s. The stress falls by the square of the pressure
amplitude so that it is reduced 81 fold when the pressure amplitude is reduced from

0.54 to 0.06 MPa for most of the sonication exposure.

3.4.3 Acoustic spectrum analysis

The emission spectra from neural cell samples exposed to ultrasound at 0.54,
0.27 and 0.06 MPa (Table 3 .4, Fig. 3.8a, b) showed no growth of subharmonic (Table
3.4) even when the sample at 0.54 MPa was exposed for 1 h. Broadband emission,
often associated with the occurrence of transient cavitation (Tezel et al., 2002), was
detected only when the pressure amplitude was increased to 1.96 MPa (Table 3.4, Fig.

3.8b). This high cavitation threshold for a standing wave system is consistent with the
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high value of 3.5 MPa at a frequency of 1.25 MHZz reported for filtered water samples
in the classical standing wave work of Barger (1964).

The detection system employed in the present work was sensitive enough to
detect subharmonic emission when cavitation was induced at 0.98 MPa by seeding the
samples with acoustic contrast microbubbles that helped reduce the cavitation
threshold pressure (Khanna et al. 2003).

In the present work cavitation activity does not occur in the cell suspensions
sonicated at 0.54, 0.27 and 0.06 MPa. Additionally, microscopic observation of cells
at a higher magnification level (x50 objective and 0.5xTV adaptor) showed no
apparent stress-related shape changes even when cells were exposed to ultrasound at

the highest operational acoustic pressure amplitude (0.54 MPa).

3.4.4 Acoustic interparticle attraction

It has been shown in Chapters 1 and 2 (Secs. 1.9.4 and 2.5) that it is possible to
quantify the extent to which ultrasonic interaction forces might modify the probability
that particles will stick on contact; the ultrasonic interaction forces were quantified
and compared with the influence of factors such as the van der Waals interaction and
electrostatic repulsion normally governing colloidal interactions. This approach has
also been used to calculate the attractive acoustic force between ultrasonically
agglomerated cells of 10 um diameter and compare it to the van der Waals force
(Coakley et al. 2004). Coakley et al. (2004) showed that the attractive acoustic force
equals the van der Waals force at surface separations of 34 nm when the pressure
amplitude is 0.25 MPa in a 1.5 MHz trap.

For the 14 ym diameter cells examined in the present study the acoustic force

initially (i.e. when the pressure amplitude is 0.54 MPa, 30 s of ultrasound exposure)
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equals the van der Waals force at a surface separation of 25 nm. The van der Waals
force dominates the essentially constant acoustic force at smaller separations. When
the pressure amplitude is reduced to 0.27 MPa the acoustic force decreases and is less
than the van der Waals attraction when the separation is less than 50 nm. Finally,
when the pressure amplitude is reduced to 0.06 MPa during aggregate levitation, the
acoustic interaction is less than the van der Waals force at separations less than
225 nm and is negligible at the surface separation at which receptors operate. The van
der Waals force even at a separation distance of 24 nm is only 5.8 pN. This force is
much smaller that the 60 pN required to disrupt even a single cadherin-cadherin bond
(Perret er al., 2004) and negligible compared to the 20 nN required to separate two
sarcoma S180 cells that has been in contact for just 30 s (Chu ez al., 2004). 1t is
concluded that the standing wave trap operates only to concentrate cells locally, as in

tissue, and does not modify the in vitro expression of surface receptor interactions.

3.4.5 Viability assays

Fluorescence assays showed that cell viability in the ultrasound trap was
>99% and had no detectable dependence on exposure time over the 1 h period
examined, i.e. 1% cell death arises as a result of the cell preparation procedures. The
conclusion that the ultrasound trap did not compromise the viability of cells during
exposure is consistent with the general experience of investigators of biological effects
of ultrasound on cells in vitro when cavitation or excessive heating does not occur

(Doblhoftdier et al., 1994, Wang et al., 2004).
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3.5 Preliminary conclusions

In this Chapter the ultrasound trap has been employed to form and levitate a
neural cell aggregate in suspension. Several physical parameters including,
temperature increase and acoustic streaming, cavitation and intercellular forces that
might influence the function of cells in the trap were quantified. It was shown that the
temperature increase was <0.5 K at the highest pressure employed for 2 min at the
beginning of cell aggregation and was estimated to be of the order of 0.005 K during
the longer low pressure exposures maintaining the aggregate in suspension.

Acoustic streaming velocities about the aggregate exposed the cells to less
stress than the gentle centrifugation processes employed during cell suspension
preparation. No acoustic emissions, that are the signature of cavitation activity, were
detected during the exposures.

The attractive intercellular acoustic forces were initially (30 s) equal to the
normal attractive van der Waals interaction between cells at a cell surface separation
of 25 nm a distance greater than the range of surface receptor molecules. Acoustic
interaction equalled the van der Waals force at a separation of 225 nm when the
pressure amplitude was reduced to 0.06 MPa during aggregate levitation.
Consequently, the van der Waals force dominated any ultrasonic contribution at the
low separations at which homophilic surface receptors engage.

Additionally, a range of viability assays performed with neural cells and
chondrocytes showed that the wellbeing of the cells is not compromised when held in
suspension in the ultrasound trap. Values of >99% for the cell viability were measured
and had no detectable dependence on exposure time over the 1 h period examined.

In general, the structure of the aggregate, the outcome of cell-cell interactions

in a suspended aggregate and their consequences for cell behaviour are not
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compromised by or dependent on the physical environment of the 2-D trap described
here. The next Chapter will introduce neural cell-cell interactions with particular

emphasis on the molecular consequences following receptor engagement in apposing

cells.
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Chapter 4

Molecular adhesion development in a neural cell
monolayer forming in an ultrasound trap

4.1 Introduction

Intercellular adhesion is a fundamental biological property in multicellular
organisms and plays a key role in processes such as tissue construction (Takeichi,
1991), embryonic development (Hynes, 1996), differentiation (Klimkovsky and Parr,
1995) and wound healing (Yamada and Kemler, 2002) as well as in the field of tissue
engineering (Pearson et al., 2003). The cadherin superfamily (Chap. 1; Sec. 1.2.4) of
homophilic adhesive membrane glycoproteins has been implicated in many processes
such as cell segregation, proliferation (Takeichi, 1991) and invasive behaviour
(Mareel and Leroy, 2003). Functional cadherin receptors can influence the
reorganisation of the actin cytoskeleton (Chap. 1; Sec. 1.4) as well as the formation of
adhesive structures such as adherens junctions (Tepass, 2002; Perego et al., 2002).
Cadherin association with the actin cytoskeleton is mediated (Braga, 2002; Gooding e?
al., 2004) by the intracellular proteins a-catenin, f-catenin, plakoglobin and p120
(Chap. 1; Sec.1.3.2; Fig. 1.5). The actin cytoskeleton brings about cell movements and
morphological interactions that underlie normal cell shape (Zicha et al., 2003).

This chapter will present an evaluation of the neural cell line (ie. a
homogeneous group of cells derived from a single conditionally immortalised primary

cell) 921203-6 as a model cell system to study cell-cell adhesion in an ultrasound trap.
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The advantages of this system are given below. The 921203-6 cell line is clonal (C6)
and able to replicate as a homogeneous population of progenitor cells. No crisis has
yet been reached, even after 120 doublings. A second advantage is its conditional
immortalisation. Regulatable oncogenes for immortalisation can and have been used
to allow the in vitro and in vivo differentiation of the resulting cell lines (Stringer et
al., 1994). As previously described by Stringer and colleagues (1994), immortalisation
was achieved by transduction with retroviral particles containing a construct (tsA58)
incorporating a retroviral long-terminal repeat (LTR) region (promoter/enhancer
region), (ts) SV40-T and a resistance marker to geneticin (G418") (Noble ez al., 1992).
The (ts) SV40-T construct is a regulatable oncogene; at 33°C (permissive
temperature) the large T antigen is expressed. Upon temperature increase (39°C, non-
permissive temperature), the gene product degrades to an inactive form, the mitogenic
drive is removed and the immortalised cells differentiate down one of at least 3
different neural routes. The resistance marker (G418") allowed the selection of
transduced cells and so the elimination of all non-immortalised cells.

C6 neural cell 2-D aggregates (cell monolayers) were synchronously and
rapidly (within 30 s) formed and levitated, away from any substratum, in suspension.
The rate of membrane-membrane spreading and the distribution of NCAM,
N-cadherin and F-actin were monitored over a 30 min period. The distribution of these
molecules changed significantly with time. These differences were quantified by
image analysis.

The chapter will also describe the different approaches followed to investigate
the regulation of cell-cell adhesiveness. The findings provide insight into the roles of
the different receptor molecules and how these interact to provide an organised

outcome.
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4.2 Materials and Methods

4.2.1 Acoustic trap, optical system and experimental procedure

The acoustic trap employed here for cell aggregation and molecular adhesion
has already been described in Chapter 3 (Sec. 3.2.1). The trap was manually driven
with a function generator and an oscilloscope as reported in Chapter 3 (Sec. 3.2.1).
Microscopic observations were performed with a fast, high-resolution CCD F-view
camera (12-bit depth) mounted on an Olympus BX41M reflection epi-fluorescent
microscope (Appendix B) via a 0.3x TV adapter (U-PMTVC). Samples were
introduced into the trap at room temperature with a 2 ml sterile syringe (Plastipak,
Becton Dickinson, UK). Ultrasound exposure was then immediately initiated. Images

were captured and processed using the analySIS 3.1 software.

4.2.2 Culture of 921202-6 (C6) neural cells

C6 neural cells were maintained as a replicative culture at 33°C (the
permissive condition for the immortalising oncogene SV40-T), under an
atmosphere of 95% air and 5% CO,, in neuronal supplemented medium (NSM)
(Appendix A) and supplemented with S ng/ml fibroblast growth factor (FGF-2)
(Sigma, UK) (Stringer ef al., 1994). The cells were plated on gelatin-coated plastic
culture flasks that had been dried and UV-irradiated overnight, followed by poly-L-
lysine addition (1 mg/ml, Sigma, UK). 2.5 ng/ml of FGF-2 was added as daily
maintenance of trophic support. Half the medium was changed every third day. At the
confluence phase cells were rinsed with Dulbecco’s Phosphate Buffered Saline
(Sigma, UK) (DPBS) without Ca** or Mg?". Cells were then treated with 1 ml of
ethylenediaminetetraacetic acid (EDTA) (200 pg/ml) for 30 s to release cells from the

culture flask surface. S ml of NSM were then added. One sixth of the cells were plated

Cell-cell interactions in USWT 123



Chapter 4: Neural cell adhesion in USW

to a fresh gelatin/poly-L-lysine coated flask. The remaining cells were centrifuged at
28 g, resuspended in NSM, counted on a Bright-line haemocytometer (Reichert, USA)

and finally diluted to the desired concentration.

4.2.3 Test of cell integrity

Assays that are more sophisticated than those described in Chapter 3
(Sec.3.2.6.2) were performed in situ on cells suspended for 1 h in the trap in NSM
containing the markers outlined below.

ApoAlert Annexin V. Annexin V-FITC was used along with propidium iodide
(PI) (BD ApoAlert Annexin V Apoptosis kit, BD Biosciences, UK) to identify very
early and late apoptotic cells respectively. Annexin-FITC stains only early apoptotic
cells as it is based on the observation that, approximately 1 h after initiating apoptosis,
the membrane phospholipid phosphatidylserine (PS) translocates from the inner face
of the plasma membrane to the cell surface (Martin ez al., 1995). Propidium iodide
stains late apoptotic cells and necrotic cells when the plasma membrane has become
significantly permeable.

Neural cells were subcultured as described above and diluted to a
concentration of 2x10°/ml. The sample was centrifuged at 28 g for 5 min. The
supernatant was removed and 200 pl of 1x binding buffer (provided as part of the
apoptosis kit) were added. S ul of annexin V-FITC (20 ug/ml in Tris-NaCl) and 10 pl
of propidium iodide (50 pg/ml in 1X binding buffer) were added. The sample was
incubated at room temperature in the dark for 15 min. Finally, NSM medium was
added to achieve a cell concentration of 10°/ml. The final dye concentrations were
0.25 pg/ml and 1.2 pg/ml respectively. A second non-sonicated cell sample was

incubated for 48 h at 39°C to induce apoptosis (positive control).
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Calcein AM and MitoTracker Green FM assays were also performed as

described in Chapter 3 (Sec. 3.2.6.2).

4.2.4 Void analysis

Images of cell aggregates suspended in the trap (cell concentration of
5x10°/ml) were captured and processed using the analySIS 3.1 software. The objective
magnification used was x50, therefore a single microscope field contained only part of
an aggregate. The areas of the voids (cell-free regions within the aggregate periphery)
were outlined manually using the free-hand tool. The percentage of the void area in a
field of view was calculated as follows: the void area (Chap. 2; Sec. 2.2.6.2) after 8
and 30 min of ultrasound exposure was divided by the initial void area (i.e. after 1 min

of initiation of ultrasound) of the part of the aggregate in the field of view.

4.2.5 Rate of membrane spreading

The extent of membrane spreading was assessed by measuring a) the ‘outer
edge’ separation distance of two cells (indicated in Fig. 4.4a with range (1)) and b) the
‘width’ of the tangentially developing contact area of the cells (indicated in Fig. 4.4a

with range (2)) over a time period of 1 h.

4.2.6 Immunolabelling

The concentration of C6 neural cells introduced to the trap was 3x10° cells/ml.
An aggregate of significant size (i.e. ca. 1 mm diameter) was formed within 30 s of
ultrasound exposure. Aggregates were held in the trap for 1, 8 and 30 min. They were

then slowly removed using a 2 ml sterile syringe, placed on a HistoBond microscope
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slide (RA Lamb, UK) and fixed with 90% ethanol. The slides were then rinsed with
saline.

Filamentous actin (F-actin) was labelled by adding a few drops of Phalloidin-
FITC conjugate (5 pg/ml; Sigma, UK) or Phalloidin-AlexaFluor 488 conjugate
(2 U/ml; Molecular Probes, Inc. Eugene, OR, USA). The slides were incubated at
room temperature in the dark for 1h, rinsed and mounted in Vectashield (Vector, UK)
prior to examination. The integral intensity of the phalloidin labelling at the cell
interface was quantified by placing a rectangle provided by the analySIS 3.1 software,
to contain the interface of each of 50 randomly selected pairs of cells. The integral
intensity of an image is defined for this purpose as the sum of all the intensities within
the defined area multiplied by the pixel area (analySIS 3.1 User’s guide), and it is used
here as an indicator of change in the amount of the labeled molecule that might
reasonably be expected to reflect the degree of adhesiveness of the neural cell system.

Samples prepared and fixed as described above were also assayed for N-
cadherin and NCAM. The fixed samples were serum blocked at room temperature
with 100 pl of goat serum (DAKO, UK) at 1:20 dilution in PBS for 20 min, and
incubated with the primary antibody (monoclonal anti-A-CAM or anti-NCAM,
5 ug/ml, Sigma, UK) overnight at 4°C. After washing in PBS, samples were incubated
with Alexa 488 conjugated anti-mouse IgG (S pg/ml, Molecular Probes, Inc. Eugene,
OR, USA) for 1 h. After further washing (x3), specimens were mounted in
Vectashield (Vector, UK) prior to examination.

Immunolabelling of non-sonicated neural cells was performed on cells (10°
cells/ml) retained for 1 h in suspension in NSM. A 100 pl cell suspension aliquot was
placed on a Histobond slide, fixed and separately stained for NCAM, N-cadherin and

F-actin.
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4.2.7 Modulation of the extracellular [Ca**] and cell surface NCAM

density

Neural cells were prepared (to a concentration of 3x10%ml) as described in
Section 4.2.2, and then subjected to different treatments prior to introduction to the
trap as it will be described in the following sections. In all cases, cells were suspended
in the trap for an overall period of 30 min. The cell aggregates were then removed,
placed on HistoBond slides and immunolabeled for F-actin as detailed in Section
4.2.6. These series of experiments were conducted in order to examine the influence of
free extracellular [Ca®'] (Sec. 4.2.7.1) and modulation of cell surface NCAM density

(Sec. 4.2.7.2) on the development of the neural cell actin cytoskeleton.

4.2.7.1 Calculation of free [Ca’*] in NSM

Free [Ca®"] was calculated in NSM solutions containing 0, 1, 3 and 10 mmol/L
of the chelator EDTA. Chelation is a special case of complex formation in which a
compound (chelator or chelating agent) forms a complex compound with metal ions,
the chelate (Hill and Holman, 1995). This is an equilibrium reaction and is shown for

Ca*" in the following;

Ca’+ H,EDTA> &2 CaEDTA* +2H' 4.1

The dissociation constant Kdc, is 10'%7 (Rauscher et al., 1982). NSM (0 mM in
EDTA) contains 1.05 mM of Ca** (NSM contains Dulbecco’s Modified Eagles
Medium (DMEM) and Ham’s F-12 medium at a ratio of 1:1 (Appendix A).

The free [Ca®’] contained in NSM that is 10 mM in EDTA is calculated as

follows:
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_ [CaEDTA]

[Ca?'] x K yca
[EDTA]

(4.2)

Where [CaEDTA] = 1.05 mM and free [EDTA] = 8.95 mM, the resulting free [Ca’"]
is 2.3 pM. The free [Ca’'] contained in NSM solution that is 3 mM in EDTA is
10 pM. Finally, in NSM solution that is 1 mM in EDTA, the free [Ca’*'] is 50 uM
(1 mM EDTA will chelate 1 mM Ca®" (1:1 reaction), therefore the [Ca®'] left in
solution is 0.05 mM). The free [Ca®'] contained in NSM solutions prepared with O, 1,

3 and 10 mM in EDTA are summarised in Table 4.1.

Table 4.1: Concentrations of free [Ca®'] contained in various NSM solutions

NSM NSM NSM
Solution NSM
ImMEDTA 3mMEDTA 10 mM EDTA
Free [Ca’'] 1.05mM 50 uM 10 pM 2.3 pM

4.2.7.2 NCAM treatments

Two different assays were performed in order to explore the influence of
NCAM on the extent of cytoskeletal reorganisation of neural cells. In the first assay,
neural cells were suspended in NSM containing 0.5 mg/ml anti-NCAM (antibody
blockage). In the second assay, cells were suspended in NSM containing 20 U/ml of
Endo-neuraminidase (Endo-N, AbCys S. A., Paris, France) and incubated for 2 h at
33°C/5 % CO,. These were then centrifuged for 5 min at 28 g and resuspended in
phosphatidyl-inositol-specific phospholipase C (PI-PLC) (2 U/ml, Sigma, UK). Cells
were incubated for an additional 1 h at 33°C/5% CO,, centrifuged at 28 g and finally

suspended in NSM (sequential proteolytic digestion).
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4.3 Results

4.3.1 Formation and morphology of cell monolayers

Cells suspended in NSM moved into the optically focussed nodal plane of the
USW within 1 s of initiation of sonication. A small aggregate had formed 20 s later at
the central region of the nodal plane. Incoming single cells and dendritic small clusters
formed strong contact instantly with the peripheral of the growing aggregate, i.e. they
did not roll along the periphery. However, the short dendritic clusters rotated, without
internal reorganisation, about their first contact point with the main aggregate so that it
developed a more closely packed form, without widespread hexagonal order over an
extended area (Chap. 3; Fig. 3.3) as observed in latex suspensions in distilled water
(Chap. 2; Fig. 2.4a). An aggregate was fully formed within 5 min of ultrasound
exposure, as characterised by the absence of free single cells from the field of view.

The void index (A\\A,) of a typical neural cell aggregate was 0.21, resembling
a particle aggregate suspended in 8-10 mM CaCl; (Chap. 2, Sec. 2.3.2.3). Compaction
continued, i.e. the void area within the aggregate decreased, during the following 20
min. The void area of the part of a monolayer shown in Figure 4.1 decreased from
42x10° pmz, after 1 min of ultrasound exposure, to 3.4x10° pmz, after 8 min of
ultrasound exposure (image not shown) to 1.3x10° um?, after an overall ultrasound

exposure of 30 min, i.e. there was a 68% reduction in the void area (Table 4.2).
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Figure 4.1: Neural cells suspended in the ultrasound trap a) 1 min and b) 30 min after
initiation of ultrasound. Membrane spreading (grey arrow), blebbing (dotted arrow)

and loss o f refractility (black arrow) are shown. Scale bar is 25 pm.

4.3.2 Changes in the morphology ofneural cells in a monolayer

Single cells suspended in NSM following detachment from the culture flask
had gradually adopted a circular or nearly circular outline by the time of their
introduction into the ultrasound trap. Cells were then observed for 60 min. Plasma
membranes of neighbouring cells progressively spread over one another (indicated
with grey arrow in Fig. 4.1a), occasionally resulting in a visual loss of the resolutions
individual cell boundaries. As a result, initially circular neighbouring cells gradually
developed a more ellipsoidal shape A small percentage of both single cells and cells
that had spread, underwent additional morphological changes such as blebbing
(indicated with dotted arrow in Fig. 4.1a, b) or reduced refractility (indicated with

black arrow in Fig. 4. 1a, b).
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Table 4.2: Decrease in void area and increase in actin filament intensity with time.

Time (min) " 1 ' s 30
Void area um®)  42x10° 34x10°  13x10°

Intensity of F-actin (un’)  14x10°+ 682  25x10°% 1002  46x10°+ 1994

4.3.3 Assays of cell integrity in sonicated samples

The marked changes in cell morphology taking place during 1 h levitation in
the trap (Fig. 4.1) raised the question of whether these changes represented the first
signs of apoptosis, which could not be identified by the viability markers presented in
Chapter 3 (Sec. 3.2.6.2). Additionally, duplicate viability assays of cells in levitated
monolayers were performed in situ to further characterise the status of the
morphological changes of neural cells described in Section 4.3.2. Figure 4.2a-f shows
details (x50 objective) that were selected at time points between 5 and 60 min to
characterise the properties of spreading and blebbed cells, as well as cells with low
refractility. Calcein AM (Fig. 4.2a, b), PI (Fig. 4.2c, d) and MiToTracker Green FM
(Fig. 4.2e, f) results were concordant in reporting that spreading cells and the ‘main
bodies’ of cells with blebs were viable, while cells of low refractility were dead (Table
4.3). In agreement with these results MiToTracker Green FM stained the mitochondria
of cells that had spread. PI and Calcein AM confirmed that the membranes of blebs
were intact, while MiToTracker Green FM showed that they were mitochondria-free
(Table 4.3). Annexin V-FITC did not show any fluorescence over a 1 h period of
ultrasound exposure (Table 4.3). The positive control cells (cells in which apoptosis
has been induced by incubation at 39°C, the non-permissive condition for the
immortalising oncogene) did stain with annexin V-FITC after 48 h incubation. Since

blebs have been also reported on cells during spreading on solid substrata (Yamaji et
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Figure 4.2: (a, b) Staining oflive cells with Calcein AM, bright field and fluorescence
microscopy respectively at time (t) = 15 min after ultrasound initiation; blebbed cells,
but not the blebs, have been stained (arrows), (¢, d) Dead cells staining with PI. Low
refractility cells have been stained (arrows), (t = 60 min); (e, f) Staining of
mitochondria of live cells with MiToTracker green FM. Spread cells have stained

(arrows), (t = 5 min). Scale bar is 20 pm.
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al., 2001; Fey et al., 2002; Balto, 2004) and in Matrigel (Voura ef al., 1998) and since
the Annexin V-FITC test for apoptosis (Delhon ez al., 2002) was negative here, it was
concluded that the bleb formation was associated with cell spreading rather than cell

distress in the trap.

Table 4.3: Responses of cells exposed in situ to different dyes for 1 h in a levitated

monolayer
Fluorescent Blebbed Cells with low Cell
Spread cells Blebs
label cells refractility death
Propidium Unstained Unstained Unstained Stained 1%
<
Lodide W) (M) V) (NV) ’
Stained Stained Stained Unstained
Calcein AM <1%
V) (IM) V) (NV)
) ‘ ) Weak signal
MitoTracker Stained Unstained Stained
) (Mito- <1%
Green FM V) (Mito-free) ) _
compromised)
Annexin V- Unstained Unstained Unstained Unstained
NA

FITC (apoptosis-ve) (apoptosis-ve) (apoptosis-ve) (apoptosis-ve)

Abbreviations: V (viable), NV (nonviable), IM (intact cell membrane), NA (not applicable), Mito
(mitochondria), -ve (negative).

4.3.4 Rate of membrane spreading

Membrane spreading occurs progressively with some reduction in the
resolution of the individual cell boundaries occurring between 30 min and 60 min.
Figure 4.3 can be considered as representative of the phenomenon. Soon after
ultrasound initiation (1 min), neighbouring neural cells come into close contact. At
this point, the width of the advancing membrane front of the illustrated doublet was

3.7 um (Fig. 4.3a). The width of the developing contact region increases to 6.98 and
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Figure 4.3: Development of membrane spreading in an example neural cell doublet a)
1 min, b) 10 min, c¢) 20 min, d) 30 min, e¢) 40 min and f) 60 min after ultrasound
initiation. The ‘outer edge’ separation distance (range 1) and the measured ‘width’ of

the tangentially developing contact area (range 2) are shown. Scale bar is 6 pm.

9.86 pm after 30 and 40 min respectively (Fig. 4.3d, e). Progression of cell contact to
a stage where the image of the advancing front could no longer be resolved (Fig. 4.3f)
was unusual. The outer edge separation distance between the two cells spreading in
Figure 4.3, decreased from an initial (# = 0) value of 26 pm (Fig. 4.3a) to 18 pm at
t = 60 min (Fig. 4.3f). Measures of neural membrane spreading described above are
shown, as a function of time for 7 random pairs of cells in Figure 4.4a, b. The rate of
the tangentially spreading between two cells was 0.19 pm/min (Fig. 4.4a), while the

rate of change of edge to edge separation distance was - 0.3 pm/min (Fig. 4.4b).
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Figure 4.4: Temporal progression of: a) the ‘width’ of the developing contact area and
b) the ‘outer edge’ separation distance of selected pairs of spreading cells (n = 7; error

bars indicating the standard error of the mean).
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4.3.5 Actin localisation, N-cadherin and NCAM distribution

Initially, non-sonicated (control) cells were assayed. NCAM in non-sonicated
cells was located along the periphery of the cell membrane; N-cadherin was located at
cytoplasmic regions in a spot-like mode, while F-actin showed a discontinuous, almost
punctate distribution around the surface of the cells (data not shown).

Sonicated samples were then assayed. Neural cells were removed from the trap
shortly after the formation of a cell-cell contact (i.e. 1 min after initiation of ultrasound
exposure), and then 8 and 30 min after initiation of ultrasound when cell-cell contacts
have been strengthened. Aggregates removed from the trap after 1 min of ultrasound
exposure dissociated into small 2-D clumps (typically 10-50 cells) upon deposition on
a glass slide. In contrast 30 min aggregates remained intact when placed on a slide
(indicating that the mechanical strength of the aggregate had increased); but
subsequently broke up into large fragments of 100 or more cells during the fixation
process. These observations emphasised the increase in mechanical strength of an
aggregate with time. Since a 2-D aggregate with a diameter of 1 mm contains
approximately 10,000 cells, approximately 100 large fragments (each containing ~100
cells) were present on every slide. Images were captured from all the fragments of the
aggregate (for all immunostaining experiments described in this thesis), providing
guidance on the typical recurring patterns characteristic of a sample.

The distributions of filamentous actin, N-cadherin and NCAM were then
analysed using immunofluorescence techniques (Fig. 4.5). It should be noted that
samples were removed from the trap after 1, 8 and 30 min but the respective
immunofluorescent images correspond to the ‘real’ times of 2.5, 9.5 and 31.5 min due

to the time gap from termination of ultrasound (1, 8 and 30 min) to specimen fixation.
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However, the time at which aggregates were removed from the trap will be from now
and in the following Chapters used as the standard notation.

NCAM at 1 min was located at the cell membrane (as for control, non-
sonicated cells) but the fluorescence signal at the cell-cell interface was quite weak
and occasionally discontinuous (Fig. 4.5a, arrows). The signal at the interface was
more continuous 7 min later (Fig. 4.5b, arrows), while after 30 min of ultrasound
exposure NCAM was distributed evenly at the cell-cell contact area (Fig. 4.5c,
arrows). The signal was then relatively strong.

N-cadherin, at 1 min of ultrasound exposure, was located mostly in the interior
of the cells in a spot-like mode (Fig. 4.5d, arrows) as described for non-sonicated
cells, while some staining at the cell-cell interface was also detectable. After 8 min N-
cadherin was concentrated at the surface of the cells at interfaces (Fig. 4.5e, arrows)
and 30 min after ultrasound initiation it exhibited a discontinuous, strong signal at the
surface of the cells (Fig. 4.5f, arrows) possibly associated with the formation of
adherens junctions.

Finally, F-actin in cells after 1 min in the trap was retained in a discontinuous,
almost punctate distribution around the surface of the cells as observed for non-
sonicated cells; however, some accumulation of F-actin at the cell-cell contact
interface was also observed (Fig. 4.5g, arrows). After 8 min, the F-actin label at the
interfaces of the cells had increased (Fig. 4.5h, arrows), and after 30 min strong
labelling was shown at the cell-cell contact region (Fig. 4.51, arrows). The intensity of
F-actin was measured at the above times for 50 randomly selected pairs of cells from
two slides of each of three replicate experiments. The average integral intensities of
cells increased from 14x10° + 682 to 46x10° + 1994 um?, as time progressed from 1 to

30 min of neural cell aggregate levitation in the trap (Table 4.2).
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Figure 4.5: Representative fields of view from triplicate experiments showing distribution of (a-c) NCAM (a, weak membranous; b, weak
interfacial; ¢, strong interfacial staining)(arrows), (d-f) N-cadherin (d, intracellular spots; e, interfacial; f, interfacial punctate staining)(arrows),
and (g-i) F-actin (g, short interface; h, long interface; i, longer interfacial staining) (arrows) in aggregates isolated from the trap after Imin (a, d,
g), 8 min (b, e, h) and 30 min (c, f, i) of ultrasound initiation. The punctate interfacial N-cadherin staining is highlighted in the zoom-in image in

the red dotted rectangle. Scale bar is 25 pm.
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4.3.6Influence of [Ca*'] on the reorganization of the F-actin

cytoskeleton

4.3.6.1 Addition of different [EDTA]

The influence of calcium on the reorganisation of the F-actin cytoskeleton of
neural cells was assessed by suspending cells in NSM also containing a range of
EDTA concentrations. Table 4.1 lists the free [Ca®'] contained in NSM after addition
of different EDTA concentrations. Cells were then aggregated and levitated in the trap
for 1 and 30 min; the aggregates were then removed from the trap and immunolabeled
for F-actin. Microscopic observations showed that, under all conditions (i.e. in the
presence of different EDTA additions), after 1 min F-actin displayed a discontinuous
distribution around the unattached periphery of the cells, whereas after 30 min of
exposure a clear accumulation of F-actin at the cell-cell interface was observed (Fig.
4.8b) consistent with the observations reported above (Section 4.3.5) for the EDTA-
free cell suspension (Fig. 4.8a). The respective bright field images also showed clear
evidence of membrane spreading. The intensity of F-actin (Fig. 4.6) was measured for
the different times and conditions reported above for 20 randomly selected pairs of
cells from two slides of each of duplicate experiments. Figure 4.6 shows that the
integral intensity of F-actin for different EDTA concentrations at times 1 and 30 min.
Tests of variance and means showed that there was no dependence of F-actin integral
intensity on EDTA for either the 1 or 30 min samples. The 1 and 30 min sets of data
were pooled for each time. A t-test confirmed the significant difference (p < 0.001)
between the average integral intensity after 1 min (12x10° um?) and that after 30 min

(28x10° pm?).
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Figure 4.6: Measurements of the integral intensity of F-actin at the cell-cell contact
interface of cells suspended in NSM containing various concentrations of EDTA, in
relation to time (w= 20, duplicate experiments; error bars represent one standard error

of the mean).

4.3.6.2 Addition ofanti-NCAM

In order to investigate the role of NCAM on the organisation of the neural
F-actin cytoskeleton, cells were suspended in NSM containing 0.5 mg/ml anti-NCAM
alone. Cells were levitated in the trap for 30 min, removed from the trap and
immunolabeled for F-actin. Figure 4.8c shows little, if any, accumulation of F-actin at
the cell-cell contact interface. The respective bright field images showed no signs of
membrane spreading; instead cells were perfect spheres (Fig. 4.9b). The intensity of F-
actin (Fig 4.7) was measured for 20 randomly selected pairs of cells from two slides
of each of duplicate experiments. The average integral intensities of 20 random pairs

of cells were 0.6* 103 pm2.
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Figure 4.7: Measurements of the integral intensity of F-actin at the cell-cell contact
interface of neural cells subjected to various treatments and suspended in the trap for
30 min (w = 20; error bars represent one standard error of the mean). The standard
error of the mean for the NSM anti-NCAM sample is too small to be depicted on the
graph (596 +£35.8 pm2). Experiments in the presence of 10 mM EDTA and anti-
NCAM were performed twice, while the endo-N/PI-PLC treatment was performed

once.

4.3.6.3 Enzymatic proteolysis o fNCAM

Neural cells were subjected to sequential digestion in endo-neuraminidase and
PI-PLC. Figure 4.8d shows little accumulation of F-actin at the cell-cell contact
interface after 30 min o f ultrasound exposure. Membrane spreading was not detectable
in the bright field images. The intensity of F-actin (Fig. 4.7) was measured for 20
randomly selected pairs of cells from two slides of a single experiment. The average

integral intensities 0f 20 random pairs of cells were 3.4* 103 pm2.
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Figure 4.8: Distribution of F-actin in aggregates of cells subjected to different
treatments: a) NSM, b) 10 mM EDTA, c¢) anti-NCAM and d) endo-N/PI-PLC. Little
accumulation of F-actin at the cell-cell interface was observed for anti-NCAM (c¢) and

endo-N/PI-PLC (d) treated cells. Scale bar is 20 “im
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Figure 4.9: Effect of anti-NCAM on the spreading behaviour of neural cells: a) cells
suspended in NSM show a high degree of membrane spreading (arrows) and b) cells
suspended in NSM in the presence of anti-NCAM (cells remain as ‘spheres’ and no

spreading is observed, arrows). Scale bar is20 pm.

4.4 Discussion

4.4.1 Viability

Fluorescence assays showed that cells exhibiting membrane blebs in the
developing monolayers were viable. Taken with the negative Annexin V-FITC results
for apoptosis it was concluded that the membrane blebs observed during monolayer

reorganisation were of similar origin to those associated elsewhere with cell spreading
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on a substratum (Yamaji et al., 2001; Balto, 2004), i.e. they were not indicators of
necrosis or apoptosis.

The use of the conditionally-immortalised cell line C6 presented here (Stringer
et al., 1994) has relevance for the interpretation of the negative Annexin V-FITC
results for apoptosis. Most cell lines in use today are derived from spontaneously-
occurring tumours in which the genetic aberration commonly results in a defect in,
inter alia, the ability of the cell to undergo apoptosis. As a result, cells that should die
via apoptosis instead survive. In contrast, apoptosis was still elicited in clone 6 cells
by switching off the oncogenic drive using NSM and a 39°C incubation temperature.
The absence of expression of apoptotic cell death markers, such as Annexin V, after
ultrasound exposure is therefore due not to a compromised cell death program but to a
genuine lack of pathological abnormalities. The conclusion that the morphological
changes presented here for neural cells are not related to the ultrasound trap is

consistent with the general discussion presented in Chapter 3 (Sec. 3.3.5).

4.4.2 Cell aggregate morphology and molecular adhesion

The initially open form of the neural cell aggregates reflects strong binding of
the neural cells on coming into contact in the sound field. The transition from
hexagonally ordered cell clusters (typical of aggregates of non-interacting solid
spheres (Spengler and Coakley, 2003)) to the continuous sheet of quadrilateral and
pentagonal cells typical of confluent monolayers on glass (Braga e al., 1997) has been
shown here to occur in 30 min. The ability of cells to repack from circles in point
contact to irregular pentagons in continuous contact reflects a freedom to reorganise

form rapidly within the unconstrained suspended monolayer.
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NCAM-NCAM interactions (Chap. 1; Sec. 1.2.3.2) between molecules on
apposing cells (frans-interactions) lead directly to a strong cell-cell contact (Johnson et
al., 2004). Cadherins also mediate a homophilic binding on adjacent cells. Cadherin
receptors bind to the same type of cadherin on adjacent cells (homophilic binding)
(Takeichi, 1991) (Stepl). Upon adhesive interaction, cadherins accumulate at sites of
cell-cell contacts (Step 2) and are held together within each membrane via interaction
with the cytoskeleton (Step 3) (Tepass, 2002). Clustering and association with the
cytoskeleton are important for strengthening the forces provided by the cadherin
homophilic binding (Gumbiner, 1996). In the present study, NCAM was present at the
cell-cell interface from the initial aggregate formation stage with progressive
accumulation of NCAM molecules at the cell-cell interface over 30 min of ultrasound
exposure (Fig. 4.5a-c). The results on N-cadherin distribution are consistent with
reports of cadherin trafficking obtained from cells on solid substrata (Adams et al.,
1996, Monier-Gavalle and Duband, 1997; Le et al., 1999; Mary et al., 2002; Braga,
2002; Chen et al, 2003; Spinardi er al., 2004). As is the case with other
transmembrane proteins, the synthesis, recycling and degradation of cadherins are
driven by a complex network of intracellular trafficking pathways (Peiper and Yap,
2003). The cytoplasmic pool of N-cadherin molecules shown in Figure 4.5d suggests
that following detachment of cells from the flask using the chelator EDTA, cadherins
were endocytosed as cell to cell contacts were perturbed. N-cadherin molecules were
then rapidly (within 7 min) trafficked back to the cell surface (Fig. 4.5¢) via a post-
Golgi pathway (Le et al., 1999). Upon formation of stable cell-cell contacts (Fig. 4.5f),
N-cadherin remained at the cell surface (Le et al., 1999; Mary et al., 2002) for the
remainder of the 30 min duration of the experiment. Finally, Figure 4.5g-i shows the

associated temporal progression of actin localization. Filamentous actin after 1 min of
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ultrasound exposure is distributed in a spot-like mode around the surface of the cells; 7
min later, actin is accumulating at the interfaces of the cells, whereas after a 30 min
exposure strong junctional localisation is observed.

There are few reports of fluorescence microscopy studies of the time course of
the molecular development of the cell cytoskeleton in a cell monolayer following
receptor mediated cell-cell interaction. Hennings and Holbrook (1983) , in one of the
earlier studies, examined adhesion in keratinocyte monolayers growing in standard
(1.2-1.8 mM calcium) and low calcium concentrations (0.02-0.1 mM). In the first case
cells were connected by ‘desmosomes’ (a term used in the 1980’s to include both
adherens junctions and desmosomes (Darnell et al., 1986) and finally stratified to 4-6
cell layers, whereas in the latter case cells grew as a monolayer with no desmosomal
connections. This ‘calcium switch’ approach has since been used in further
keratinocyte studies (Watt e al., 1984, Braga, 2002). These authors (Watt ez al., 1984;
Braga, 2002) reported major cytoskeletal reorganisation and formation of desmosomes
within 2 and 1 h respectively after addition of normal calcium concentrations to the
cultures, in general agreement with our results for a neural cell monolayer in
suspension. The ‘calcium switch’ approach has also been used by Mary et al. (2002) to
investigate the distribution of N-cadherin using confluent monolayers of REF-52
fibroblasts attached to glass coverslips. In particular, confluent monolayers were
treated with EGTA to disturb cell-cell contacts. Within 10-15 min N-cadherin
accumulated at the perinuclear region and was excluded from the adherens junctions.
Restoration of extracellular Ca>* rapidly resumed N-cadherin at cell-cell contact sites.
It was found that after 90 min of addition of extracellular Ca** the distribution of N-
cadherin was comparable to that in untreated confluent cells. In a similar study

performed by Chen et al. (2003), HEK293 confluent cells were again treated with
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EGTA for 30 min, followed by incubation in complete growth medium (recovery). It
was shown that 15 min after calcium recovery there was strong N-cadherin
accumulation at cell-cell contacts. The rapid temporal progression of adherens
junctions formation in cell on solid substrata has been qualitatively reported in a
number of studies (Adams et al., 1996; Monier-Gavale and Duband, 1997, Spinardi e?
al., 2004; Chu et al., 2004).

It is therefore shown that the ultrasound technique can simply, rapidly and with
some precision produce data on molecular changes during development of adhesion
free of the effects of solid substrata as is the case in the studies reported earlier
(Adams et al., 1996, Monier-Gavalle and Duband, 1997; Le et al., 1999; Mary et al.,

2002; Braga, 2002; Chen et al., 2003; Spinardi et al., 2004).

4.4.3 Measurements of membrane spreading

In the present work membrane spreading and actin dynamics have been studied
as the ability of cells to attach to and spread over each other rather than on a
substratum. The rate of membrane contact spreading (‘width’ of the tangentially
developing contact area) was 0.19 um/min, while that of the edge to edge separation
distance was —0.3 pm/min (Fig. 4.4a, b). Note that these measurements of spreading of
contact lie in the range reported for cell migration, a process also involving actin
filaments. CHOK1 (Manabe ez al., 2002) and neural progenitor cells (Scemes et al.,
2003) migrate at rates of about 0.4 um/min, rat autonomic motor neurons at 0.06
pum/min (Wetts and Vaughn, 2000) while the more specialised T cells crawl across a

surface at 2-6 um/min (Friedl and Brocker, 2002).
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4.4.4 The Cd*' effect

The first approach for the analysis of the role of [Ca®'] on the distribution of
the F-actin cytoskeleton of neural cells involved its depletion from the culture medium
using the chelator EDTA. It was shown that even at very low concentrations of free
[Ca®'] in the medium (i.e. in the presence of 10 mM EDTA, 2.3 pM free [Ca®']; Table
4.1), redistribution of the actin cytoskeleton from a weakly stained circular-type of
distribution around the surface of the cells, towards an accumulation at the cell-cell
contact interface occurred within 30 min of ultrasound exposure (Fig. 4.8b) in
agreement with the observations for the control conditions where cells were suspended
in NSM (Fig. 4.8a). Under all concentrations of EDTA used in the present study, the
integral intensity at the cell-cell contact interface increased over a 30 min aggregate
levitation in the trap, in agreement with the measurements obtained for the control
suspension (Fig. 4.7). It was therefore shown that depleting Ca** from the culture
medium does not affect (at least as assessed at the microscopy level) the ability of
cells to redistribute their actin cytoskeleton upon stimulation of cell-cell contact in the
trap.

The extent to which cadherins in low calcium conditions participate in the
reorganisation of the cytoskeleton is now discussed.

Direct cell adhesion experiments on glass coverslips, as those presented in
Section 4.4.2, have shown that at low calcium concentrations (0.02-0.1 mM) cells
were unable to attach to each other or form adherens junctions/‘desmosomes’. Upon
restoration of extracellular [Ca’'] to standard levels (1.2-1.8 mM), accumulation of
cadherin molecules at sites of cell-cell contacts and formation of adherens junctions
was observed (Hennings and Holbrook,1983; Watt ef al., 1984; Braga, 2002; Mary et

al., 2002; Chen et al., 2003). These results clearly demonstrated the need for the
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presence of calcium for cell adhesion and formation of adherens junctions in these
particular in vitro systems.

As discussed in Chapter 1 (Sec. 1.3.1) two types of cadherin interactions are
involved in the cellular adhesion process: cis- and trans-interactions (Shapiro et al.,
1995, Nagar et al., 1996, Tomschy et al., 1996; Koch et al., 1997). Additionally, two
models of organisation of cis-dimers have been suggested; an early model proposed
cadherin dimerisation through hydrophobic interactions (Shapiro et al., 1995), while
the second model suggested cadherin dimerisation by mutual coordination of calcium
ions (Nagar et al., 1996).

Based on experiments using purified cadherin molecules, [Ca®*] concentrations
ranging from 0.05-3 mM are required for cis-interactions (Koch et al., 1997; Takeda et
al., 1999; Baumgartner et al., 2000; Haussinger et al., 2002; Koch et al., 2004) in
favour of the second model, whereas Ca**-independence of cis-interactions has also
been reported (Brieher ef al., 1996, Chitaev and Troyanovsky, 1998; Tamura et al.,
1998; Shan et al., 2000), in favour of the first model. Consequently, the importance of
calcium for the cis-interactions appears quite conflicting in the literature.

On the other hand, the published literature on frans-interactions, based on
studies using purified cadherin molecules, is consistent in reporting the requirement
for calcium for these to occur. Nevertheless, great variation, ranging from 1 mM
(Koch et al., 1999, 2004) to 5 mM (Héussinger ef al., 2002) has been reported for the
‘essential’ calcium concentration for frams-interactions. In contrast, in cell-based
adhesion studies Wheelock and Johnson (2003) remarked that a concentration of
200 nM was sufficient for cadherin adhesion. A detailed account of the latter
experiment has not been published, but the result has been confirmed to this author

(Wheelock M, personal communication, 2005). Note though that it is not possible, in
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cell-based adhesion studies due to the nature of the experiments, to identify whether
cis- or trans-interactions were abolished at lower Ca’’ concentrations, as the
cytoskeletal organisation was the end point measured.

However, in the present study F-actin reorganisation and membrane spreading
of neural cells did not require extracellular Ca®" concentrations above at least 2.3 pM,
in agreement with the report presented by Wheelock and Johnson (2003). Suspending
cells in NSM containing 10 mM EDTA, corresponding to an extracellular free Ca*
concentration of 2.3 pM, had no effect on the organisation of the actin cytoskeleton at
sites of cell-cell contact (Fig. 4.8b).

The role of NCAM interactions will now be considered. Figure 4.5a-c shows
that NCAM was present at the cell-cell interface from the initial aggregate formation
stage with progressive accumulation of NCAM molecules at the cell-cell interface
over 30 min of ultrasound exposure. NCAM mediates homophilic binding via its Ig
modules in a Ca+2-independent manner (Johnson ef al., 2004) (Chap. 1; Sec. 1.2.3.2).
Suspending neural cells in NSM containing 10 mM EDTA is expected to have no
effect on the structure and function of NCAM molecules. It is therefore reasonable to
consider that NCAM molecules on apposing cells provide the primary binding and
thus the stabilisation of the cell-cell contacts upon their initiation in the trap. As cells
are held in close and stable contact via NCAM interactions, cadherin trans-
interactions might take place, hence resulting in the redistribution of the F-actin
cytoskeleton over a 30 min levitation in the trap (Fig. 4.8b). It should be noted that, as
described in Chapter 1 (Sec. 1.2.3.1) NCAM has been shown to interact with the actin
cytoskeleton via ankyrin and spectrin (Juliano, 2002), as well as directly with a-
actinin, a- and B-tubulin (Biittner et al., 2003). The association of NCAM with the

actin cytoskeleton in the neural cell system should not be precluded, however, these
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are individual studies and a generally accepted view on the NCAM-cytoskeleton
interactions is not resolved in the published literature.

Inactivation of NCAM by suspending cells in NSM containing anti-NCAM
antibody provides further evidence for the role of NCAM interactions. Figure 4.8¢c
shows little, if any, accumulation of F-actin at the cell-cell interface. Intensity
measurements (Fig. 4.7) showed a drastic decrease, i.e. 48-fold, of F-actin labelling at
the cell-cell interface of cells held in the trap for 30 min, in relation to cells suspended
in NSM alone. Inactivation of NCAM by anti-NCAM antibody had also a pronounced
effect on membrane spreading (Fig. 4.9). Cells in the absence of anti-NCAM spread
over one another with visual loss of the individual cell boundaries (Fig. 4.9a), whereas
in the presence of the antibody cells presented as perfect spheres with clear resolution
of the individual cell boundaries (Fig. 4.9b).

Nevertheless, such a drastic decrease could well be due to repulsive steric
effects, caused by the antibody increasing the effective separation distance between
homophilic receptors on adjacent cells, thus overwhelming both homophilic NCAM
and cadherin attraction (Johnson et al., 2005). For this reason, NCAM was subjected
to sequential glycolytic digestions by endo-N (Angata and Fukuda, 2003; Petridis ef
al., 2004; Angata et al., 2004) and PI-PLC (He et al., 1986; Saffell et al., 1995). C6
neural cells are embryonic brain cells, therefore the polysialic acid moiety of NCAM
is high (Chap. 1; Sec.1.2.3.1).

Endo-neuraminidase specifically cleaves a-2,8-linked sialic acid residues
attached to NCAM, whereas PI-PLC attacks the glucosyl-phosphatidylinositol (GPI)
membrane anchor of NCAM-120 kDa (Saffell et al., 1995). The NCAM profile of C6
neural cells has not been characterised. Removal of the NCAM-120 isoform was

however, shown to be sufficient for inhibition of the F-actin accumulation at the cell-
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cell interface. Figure 4.8d shows little accumulation of F-actin at the cell-cell contact
interface. Intensity measurements (Fig. 4.7) showed an 8-fold decrease in the amount
of F-actin at the cell-cell interface of cells exposed to ultrasound for 30 min, in
comparison to a control sample (cells suspended in NSM alone), where an intensity
value of 28x10° um?®, consistent with earlier measurements (Fig. 4.6) was obtained.
Glycolytic digestion of NCAM also had a marked effect on the ability of cells to
spread over each other. Cells appeared as perfect spheres with clear resolution of the
individual cell boundaries, as it has been the case for cells suspended in NSM in the
presence of anti-NCAM (Fig. 4.9b). An important point is thus raised. In the presence
of NCAM, membrane spreading of neighbouring cells is pronounced; in contrast,
inactivation of NCAM either by antibody blockage or glycolytic digestion abolishes
membrane spreading. This suggests the importance of NCAM in the process of
membrane spreading, demonstrating that cadherin molecules are not solely responsible
for membrane spreading, even in the presence of standard concentrations of free Ca®*.
Furthermore, the non-invasive role of the acoustic forces as means that concentrate
and hold cells locally, as in tissue, without modifying the in vitro expression of surface
receptor interactions, is further supported by the absence of actin cytoskeleton
remodelling following digestion of the GPI bond.

The role of NCAM in the process of membrane spreading has been addressed
by several investigators. Sandig et al. (1997) reported that mouse Sertoli TM4 cells
exhibited epitheloid characteristics and formed overlapping NCAM-rich lamella at
regions of cell-cell contact. Inhibition of cellular spreading on NCAM-coated
substrata by anti-NCAM antibodies has been reported in many cell systems (Murray

and Jensen, 1992), whereas its role as a stabiliser of cell-cell contacts render it a
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tumour marker, as expression of NCAM has been shown to reduce migration (Zhang
et al., 2004) and invasion of glioma cells (Prag et al., 2002).

Two conclusions can thus be drawn: a) NCAM interactions are important for
stabilisation of the cell-cell contacts and the process of membrane spreading and b) at
low calcium concentrations (2.3 pM) cadherins are still able to attach to each other
and cause redistribution of the F-actin cytoskeleton once stable cell-cell contacts have
been formed. The neural system thus illustrates the cooperative involvement of

different molecular mechanisms in cell adhesion.

4.5 Preliminary conclusions

It has been shown in this study that the interactions at the plasma membranes
of cells in close proximity in the ultrasound trap transduce signals that consequently
have major impacts on the cell shape and on the organisation of F-actin at the cell
interface, across the membrane.

Spreading of membrane occurred between the aggregated cells; the rate of
spreading of the tangentially developing intercellular contact area was 0.19 pm/min.
As a result, the form of the suspended aggregate changed from one of a hexagonal
arrangement of cells to one of a cell-monolayer-like continuous sheet of mostly
quadrilateral and pentagonal cells as in cell monolayer on a solid substratum.
Investigation of the reorganisation of F-actin at the cell-cell interface showed that F-
actin progressively accumulated at the spreading cell-cell interfaces within 30 min of
levitation in the trap.

Further analysis of the influence of Ca>* concentration on the reorganisation of
the neural cell actin cytoskeleton showed that, in contrast to the published literature, at

Ca’"concentrations of 2.3 pM accumulation of F-actin at the cell-cell contact interface
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was still possible. The role of NCAM in membrane spreading and as a stabiliser of
cell-cell contacts emerged through use of a NCAM-blocking antibody and glycolytic
digestion of the GPI bond.

In general, neural cells progressed from physical aggregation, through
molecular adhesion, to displaying the intracellular consequences of receptor
interactions. The extent to which cells in a levitated monolayer in the ultrasound trap
are able to, in addition to adhere, also communicate with each other will be introduced

in the following Chapter 5.

Cell-cell interactions in USWT 154



Chapter 5: Chondrocyte cytoskeletal development and communication in USW

Chapter 5

Cytoskeletal development and gap junctional
intercellular communication in articular cartilage cells
suspended in an ultrasound trap

5.1 Introduction

One of the earliest morphological event in the differentiation of the limb
skeleton is the condensation of mesenchymal cells in areas of prospective cartilage and
bone formation (Coleman and Tuan, 2003). Cellular condensations form as a result of
altered mitotic activity and failure of cells to move apart, as reviewed by Hall and
Miyake (2000). As a result, an increase in the mesenchymal cell-packing density, i.e.
an increase in cells/unit area or volume without an increase in cell proliferation is
observed (DeLise and Tuan, 2002). Cellular condensation is associated with an
increase in cell-cell contacts through cell adhesion interactions involving neural
cadherin (N-cadherin) and neural cell adhesion molecule (NCAM) (Tavella et al.,
1994). Perturbation of the function of these molecules reduces chondrogenesis both in
vivo and in vitro (Oberlender and Tuan, 1994; DeLise and Tuan, 2002; Kosteskii ef al.,
2005). As the condensations mature, N-cadherin and NCAM expression decreases and
these molecules are not found in differentiated cartilage in chondrocytes (Widelitz et
al., 1992; Oberlender and Tuan, 1994).

Gap junctions are also important for the condensation process; they facilitate
intercellular communication and the transfer of small molecules between cells (Hall

and Miyake, 2000, DeLise and Tuan, 2002). Gap junctions in mesenchymal
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condensations influence cellular communication in limb buds in terms of both
establishment of pattern and differentiation (Zimmermman, 1984; Coelho and Kosher,
1991; Levin et al, 2001). Within the limb, transcripts of the gap junction gene,
connexin 43 (Cx43), are strongly expressed in the mesenchyme condensations forming
cartilage (Coleman and Tuan, 2003). Connexins are also expressed in mature cartilage.
For example, it has been shown that some cells within the surface zone of adult
articular cartilage occur in pairs and thus are able to communicate in vivo (Chi et al.,
2004). Additionally, chondrocytes re-express Cx43 in cell clusters (chondrones) that
are characteristic in osteoarthritis (Hellio Le Graverand et al., 2001).

Gap junctional intercellular communication (GJIC) in cartilage has been
demonstrated in vivo in whole tissue sections (i.e. without differentiating between
zones) of mouse and rat knee joints (Schwab ef al., 1998), femoral condyles of mature
rabbits (Chi et al., 2004), chondrocytes in the suture regions of calvaria of young rats
(Jones et al., 1993) and young cartilage of mouse embryos (Zimmermann et al.,
1982). In vitro, monolayer and micromass cultures have shown widespread
occurrence of gap junctions (Donahue et al., 1995; D’ Andrea and Vittur, 1996; Zhang
etal., 2002).

Chondrocytes in 3D micromass cultures retain their differentiation status
(Schulze-Tanzil et al., 2002) but lose it when cultured on a monolayer that lacks the
requisite characteristic micro-environment together with a loss of rounded cell
configuration (Schulze-Tanzil ef al., 2002).

Within articular cartilage, the chondrocyte cytoskeleton comprises a dynamic
three dimensional network consisting principally of the proteins actin, vimentin and
tubulin that are organised into microfilaments, intermediate filaments and
microtubules respectively (Trickey ef al., 2004). The cytoskeleton plays an important

role in the physical interactions between the chondrocyte and its extracellular matrix
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and is involved in the process of mechanical signal transduction in articular cartilage
(Langelier et al.,, 2000), as well as in the control of the chondrocyte phenotype
(Vinhall et al., 2002). 1t is also believed to contribute to the biomechanical properties
of the chondrocyte, which also influence the interactions between the cell and its
pericellular and extracellular matrices (Guilak and Mow, 2000).

Little attention appears to have been paid to the development of the
chondrocyte F-actin cytoskeleton in interacting cells in micromass -cultures.
Chondrocytes in micromass cultures form a mass within one hour, in the sense that
60 min was the period ‘allowed for adhesion to occur’ prior to initiating studies of
micromass properties (Coelho and Kosher, 1991). Data on GJIC or actin cytoskeleton
development are usually extracted after at least 1 day in culture (Coelho and Kosher,
1991; Woods et al., 2005). While chondrocytes can come into contact in free
suspension, there have been no reports of formation of functional communication in
such conditions. This idea will be explored in this Chapter using surface zone
chondrocytes. Surface zone chondrocytes were selected for study for practical reason
they are the preferred cells in investigations of approaches to articular cartilage repair.
Additionally, from a ‘biology of adhesion’ perspective, surface zone chondrocytes in
vivo are least in contact with each other compared to middle and deep zone
chondrocytes. They therefore offer a model system to explore cell-cell interactions in
vitro in a system where cell-matrix interactions dominate in vivo.

The distributions of F-actin and Cx43 over the first 60 min of ultrasound
exposure were monitored. It was shown that the distribution of these molecules
significantly changed with time. These differences were quantified using the integral
intensity approach described in Chapter 4 (Sec. 4.2.6).

The chapter also describes assays in order to examine the functionality of gap

junctions. These included simple dye transfer assays in the presence or absence of a
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gap junctional blocker. Counts of fluorescently labelled cells over time provided
evidence in support of functional gap junctions.

Experiments were also carried out in the presence of the protein synthesis
inhibitor cycloheximide to investigate the distribution of F-actin and Cx43 upon
stimulation of cell-cell contact in the ultrasound trap when synthesis of total cellular
proteins has been inhibited. Integral intensity measurements were again used to assess
the effect of cycloheximide.

Finally, the role of calcium on the formation of gap junctions is addressed. The
findings point towards a common response of cells in low calcium conditions in

agreement with the observations presented in Chapter 4 (Sec. 4.3.6) for neural cells.

5.2 Material and Methods

5.2.1 Ultrasound trap, optical system and experimental procedure

The acoustic trap employed here for chondrocyte aggregation and molecular
adhesion, as well as its drive have already been described in Chapter 4 (Sec. 4.2.1).
Formation of aggregates took place according to the protocol described in Chapter 3
(Sec. 3.3.1), i.e. cells were initially exposed to ultrasound at a pressure amplitude of
0.54 MPa for 30 s, at 0.27 MPa for 5 min and finally at the levitation pressure
amplitude threshold of 0.06 MPa for the remaining 55 min of exposure.

Aggregate growth and morphology were monitored with an Olympus BX41M
reflection epi-fluorescent microscope employing a CCD F-view camera as described
in Chapter 4 (Section 4.2.1), whereas immunofluorescent specimen analysis was
performed with an Olympus BX61 epi-fluorescent microscope (Appendix B) (1x TV
adapter, U-CMAD-3) also employing a CCD F-view camera. Samples were

introduced into the trap at room temperature with a 2 ml sterile syringe (Plastipak,
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Becton Dickinson, UK). Ultrasound exposure was then immediately initiated. Images

were captured and processed using the analySIS 3.1 software.

5.2.2 Chondrocyte Isolation and Preparation

Chondrocytes were isolated from the surface zone (SZ) of 7-day bovine
metacarpal phalangeal joints by fine dissection (Fig. 5.1). Cartilage shavings were
placed in a 50 ml pre-weighted tube, containing 20 ml of Dulbecco’s Modified Eagle
Medium/Ham’s F-12 (DMEM without sodium pyruvate, with 4.5 mg/ml glucose with
pyridoxine; GIBCO BRL, Life Technologies Ltd., UK) and Ham’s F-12 medium
(Ham’s F-12; GIBCO BRL, Life Technologies Ltd., UK) at a 1:1 ratio). 5% foetal calf
serum (FCS; GIBCO BRL, Life Technologies Ltd., UK), 100 mg/ml ascorbic acid
(Sigma, UK) and 50 mg/ml gentamycin (GIBCO BRL, Life Technologies Ltd., UK)
were also added to DMEM/Ham’s F-12 medium (in the total medium volume of
500 ml) (Isolation step). Chondrocytes were released from the surrounding matrix by
sequential digestion, using 3.17 units/ml pronase (made up in 20 ml of DMEM/Ham’s
F-12 medium) (from Streptomyces griseus, Boehnringer Mannheim). The cell
suspension was incubated for 3 h at 37°C on a roller. Pronase was removed by
decanting and cartilage shavings were incubated in 0.12 units/ml of collagenase (made
up in 20 ml of DMEM/Ham’s F-12 medium) (Type II Collagenase, prepared from
Clostridium histolyticum, GIBCO BRL, Life Technologies Ltd., UK) overnight at
37°C on a roller (Extracellular matrix release step). Following collagenase digestion,
the cell suspension and the remaining tissue debris were filtered through a 40 ym
Nitex cell strainer (FALCON) into a sterile SO ml centrifuge tube. The cells were

pelleted by centrifugation at 260 g for 5 min.
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Figure 5.1: Chondrocyte isolation: a) cow foot, b) close-up of metacarpal phalangeal
joint, c¢) open joint d) close-up of condyles (arrows) and e) removal of surface zone

slivers shown with arrows.

Aspiration of the supernatant was followed by resuspension of the cell pellet in a
known volume of serum-free DMEM/Ham’s F-12. Cells were centrifuged for a second
time at 260 g for 5 min. Cells were counted on a Bright-line haemocytometer
(Reichert, USA) and finally diluted to the desired concentration in serum-free

DMEM/Ham’s F-12 medium (Preparation step).

5.2.3 Assaying the mechanical strength o fthe aggregates

Chondrocytes were prepared as described above, suspended in serum-free

DMEM/Ham’s F-12 medium and diluted to 10s cells/ml. Cell suspensions were
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levitated in the trap for 1 min and 1 h. Sonication was then terminated and the
aggregates were allowed to sediment to the bottom of the trap. The extent of aggregate
dispersion during and following sedimentation was microscopically observed in

duplicate experiments.

5.2.4 Immunolabelling

Chondrocytes prepared as above, were diluted to 5x10° cells/ml. An aggregate
of significant size (i.e. ca. 1 mm diameter) was formed within 30 s of ultrasound
exposure. The cells were held in the trap for 1 and 60 min. They were then slowly
removed from the trap using a 2 ml sterile syringe, placed on a HistoBond microscope
slide (RA Lamb, UK) and fixed with 90% ethanol. The slides were then rinsed with
saline.

Cells were dual-labelled for F-actin and Cx43. Samples were blocked at room
temperature with goat serum (DAKO, UK) at 1:20 dilution in PBS and incubated with
the primary antibody (monoclonal anti-connexin 43, 5 pg/ml, Chemicon, UK)
overnight at 4°C (Beyer et al., 1987). After washing in PBS, samples were incubated
with Alexa 594 conjugated anti-mouse IgG (5 pg/ml, Molecular Probes, Inc. Eugene,
OR, USA) for 1 h. After further washing (x3), F-actin actin was labelled by adding
2U/ml of Phalloidin-Alexa 488 conjugate (Molecular Probes, Inc. Eugene, OR, USA).
The slides were incubated at room temperature in the dark, rinsed and mounted in
Vectashield (Vector, UK) prior to microscopic examination. Dual-labeled slides were
observed (Olympus BX61 epi-fluorescent microscope) with different filters, as
appropriate for each stain. Each resulting pair of images was merged using the

analysis 3.1 software.
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Immunolabelling of non-sonicated chondrocytes was performed on cells (10°
cells/ml) retained for 1 h in suspension in serum-free DMEM/Ham’s F12 medium. A
100 ul cell suspension aliquot was placed on a Histobond slide, fixed and separately

stained for Cx43 and F-actin.

5.2.5 Isolation of articular cartilage explants

Slivers of surface and deep zone cartilage were surgically removed from three
metacarpal phalangeal joints of three different 7-day immature bovine calves. Slivers
were washed in DMEM medium (Sec. 5.2.2) and snap frozen in n-hexane (Sigma,
UK) contained in a dry ice/ethanol bath. Slivers were stored at -80°C prior to the RNA

extraction step.

5.2.6 Invivo Cx43 mRNA expression

5.2.6.1 Sample preparation

Pooled slivers of frozen cartilage (surface and deep zone) from the same joint
were homogenised in the presence of 1 ml TRI Reagent™ (Sigma, UK) using a
Mikro-Dismembrator (B. Braun Biotech International, Melsunger, Germany). TRI
Reagent™ is a mixture of guanidine thiocyanate and phenol in a mono-phase solution
that quickly and effectively dissolves DNA, RNA and protein on homogenisation of
tissue sample. Samples were allowed to stand for S min at room temperature for
complete dissociation of nucleoprotein complexes. 200 pl of chloroform (Sigma. UK)
were then added to the samples. Samples were mixed vigorously for 15 s and allowed
to stand for 10 min at room temperature. A centrifugation step of the resulting mixture

at 12,000 g for 15 min at 4°C followed. Centrifugation separated the mixture into 3
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phases: a red organic phase containing the protein, an interphase that contained the

DNA and a colorless upper aqueous phase that contained the RNA.

5.2.6.2 RNA extraction

The RNA-containing phase of each sample was transferred to a fresh tube,
while the interphase and organic phases were discarded. 500 pl of isopropanol (Sigma,
UK) were then added to the samples. The samples were allowed to stand at room
temperature for 10 min prior to a centrifugation step at 12,000 g for 15 min at 4°C.
The RNA precipitate of each sample formed a pellet on the bottom of each tube. The
supernatant was removed and the RNA pellets were washed by adding 1 ml of 75 %
ethanol. Samples were then mixed briefly and centrifuged at 7,500 g for 5 min at 4°C.
The supernatant was extracted and the RNA pellets were air dried for 10 min. Finally,

pellets were resuspended in 50 pl of diethylpyrocarbonate (DEPC)-treated dH,O.

5.2.6.3 UV spectrophotometry

A DNA digestion step was performed in order to remove any DNA
contamination of the RNA samples. A mixture of 10xRQ1 buffer, RNasin (4 U/ul),
DNase I RQI (1 U/pl, 5 Units) (Promega Ltd.) and DEPC double distilled (dd) H,O
was added to each RNA sample. Samples were mixed by gentle pipetting and
incubated for 30 min at 37°C. The RQ1 enzyme was heat denatured at 65°C for 30
min. The RNA concentration of the extraction was measured by light absorbance at
260 and 280 nm. The concentration of RNA in the extract was calculated using the

equation:

[RNA] = Az x D x 40 ug/ml (5.1
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where Aj¢o is the absorbance of the solution at 260 nm and D is the final dilution
factor. The absorbance of 40 ug of RNA at 260 nm is 1.0. A total RNA amount of
200 ng was extracted and was sufficient to study all the mRNA transcribed within the

cells.

5.2.6.4 Reverse Transcription of total RNA(cDNA synthesis)

c¢DNA was transcribed from 200 ng of RNA from surface and deep zone
chondrocytes samples using a reverse transcription polymerase chain reaction (RT-
PCR). The reaction mixture is shown in Table 5.1. All reagents were purchased form

Promega Ltd. The reaction mixture was gently mixed and further incubated at 25°C

Table 5.1: Reagents used for cDNA synthesis

Product Volume (ul)

RNA (200 ng/m) 10 |
5% Moloney’s Murine Leukaemia Virus reverse
Transcriptase (MMLYV RT) buffer 0
MMLYV Reverse Transcriptase (200 U/ul) 0.5
Deoxynucleotide Triphosphate (AINTPs; dATP,
dCTP, dGTP and dTTP) (25 mM each) 1
Random hexamers (10 ng/ul) i 1

- RNasin (1U/ul) - o 1.25
DEPC H;0 2625

Total 50
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for 10 min, followed by 48°C for 60 min and 95°C for 10 min to denature the reverse
transcriptase enzyme. All cDNA was synthesised using a Perkin Elmer cDNA thermal

cycler. The cDNA products were used immediately in PCR or stored at - 20°C.

5.2.6.5 Real-Time Polymerase Chain Reaction (PCR)

PCR primers were designed using Oligo 4.0 Software (National Biosciences)
and synthesized by Invitrogen (Paisley, UK). Primers used in this study were based on
sequences for bovine gluceraldehyde-3-phosphate dehydrogenase (GAPDH), serving
as the house-keeping gene and bovine connexin 43 (Cx43). All primers were dissolved
in 10 mM Tris HCI, 1 mM EDTA, pH 8.0 (TE buffer) at stock concentrations of
50 uM. Table 5.2 lists the primers’ nucleotide sequences used in the present study.
The PCR reaction mixture is listed in Table 5.3. All reagents were purchased from
Promega Ltd. The PCR reaction, performed on a GeneAMP PCR system (PE Applied
Biosystems), was cycled at 94°C for 30 s, 53°C for 30 s and 72°C for 30 s for 35

cycles with each primer pair.

Table 5.2: Oligonucleotide primers used to generate PCR products

Optimal
~ Target . . Annealing Product
Template Forward Primer Reverse Primer Temperature  Size (bp)
O
GAPDH ATT CTG GCA AGT GGG CCA TCC ACA 58 327
GGA CAT CG GTC TTC TG
Cx43 TGA TTT CCC AGA TCC CTC TCC ACT 57 501
CGA CCA CCA CGC CTATCC
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5.2.6.6 Gel electrophoresis

PCR products were separated by 1% (w/v) agarose gel electrophoresis run in
Tris-Borate-EDTA (TBE) buffer. The gel was stained with 0.1 pg/ml ethidium
bromide (Sigma, UK) for 20 min and excess ethidium bromide was removed by
immersion in water. Loading dye (%6, 8 ul, Promega Ltd.) was added to each 50 pl
sample. 0.5 pg of X174 DNA/Hae III marker dye (Promega Ltd.) was also added to
the gel. The gel was run at 60 V for 45 min. The bands were visualised on an
ultraviolet light box and the gel documented using a GelDoc 2000 and the Quantity

One™ software (BioRads Labs, Hertfordshire, UK).

Table 5.3: Reagents used for PCR analysis

Product Volume (ul)
Forward Primer (50 uyM) I T
Reverse Primer (50 uM) 1
cDNA 2
"dNTPs (25 mM each) 0.5
'Taq DNA Polymerase in Storage buffer B (5U/pl) 0.25
10x Promega buffer 5
- MgClL (1.5 mM) 3
'dH,0 3725
Total 50
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5.2.7 Gene sequencing

PCR products were purified from contaminating primer dimer products using
spin column purification, according to the QIAquick® Spin hand book protocol
provided by Qiagen. Purified PCR products were then sequenced according to the ABI
PRISM dRhodamine Terminator Cycle Sequencing Ready Reaction Kit provided by
Applied Biosystems. Briefly, 0.5 pg of PCR (5 pl) product was placed in a tube
containing 4 pl of Terminator Ready Reaction Mix, 3.2 pmol of forward Cx43 primer
(1 pl) in a total volume of 20 ml, set by addition of dH,O. The samples were subjected
to the following cycles (performed on a GeneAMP PCR system (PE Applied
Biosystems): 96°C for 10 s, 5S0°C for S s and 60°C for 4 min for 25 cycles. The
products were purified by ethanol precipitation and the resulting pellets were air-dried
for 10 min. Sequence homology of the purified products was compared against

published cDNA sequences.

5.2.8 Gap junctions function

Chondrocytes were prepared as described in Section 5.2.2 and diluted to 10°
cells/ml. The sample was then aliquoted into two tubes each containing 1 ml. One
sample was stained with Green CMFDA Cell Tracker Probe according to the
manufacturers’ instructions (20 uM; Molecular Probes, Inc. Eugene, OR, USA),
whereas the other population remained unstained. (Gap junctions are permeable to the
reaction product of Green CMFDA Cell Tracker Probe (Barhoumi ef al., 1993)). The
two cell populations were then mixed at a ratio of 1:1 by volume. A sample was then
introduced to the resonator and the aggregates formed at the pressure node were
retained there for 60 min. Gap junction functionality was assessed by continuous video

fluorescence microscopy. In separate experiments, to demonstrate that cell to cell dye
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transfer occurs via gap junctions, the gap junctional blocker 1-octanol (4 uM, Sigma,
UK) was included in the mixture of the two cell populations (Chi ez al., 2004).

An aggregate was formed in the trap and the microscope (objective
magnification x50) was focussed on a randomly selected field of view containing
approximately 200 cells (the total number of cells in an aggregate is approximately
10,000). Fields of view where a low number of fluorescent cells were present initially
were selected to highlight dye transfer. The chosen set of cells was monitored over a
period of 1 h. The experiment was performed twice and the number of fluorescent
cells after 60 min of ultrasound exposure was compared to the initial number of

fluorescent cells in the same field of view (i.e. at 5 min following activation of the

trap).

5.2.9 Protein synthesis inhibition

Chondrocytes (5%x10° cells/ml) were suspended in serum-free DMEM/Ham’s
F12 containing 10 pg/ml cycloheximide (CHX) (Musil ef al., 2000) (Sigma, UK) and
incubated for 1 h at 37°C/5% CO,. Cells were then washed in fresh serum-free
DMEM/Ham’s F12 prior to introduction to the resonator. Aggregates were removed
from the trap after 1 or 60 min of ultrasound levitation and double labeled for F-actin
and Cx43. The integral intensity of F-actin and Cx43 at the cell-cell contact interface
was measured at the above times for 10 randomly selected pairs of cells from each of

two replicate experiments.

5.2.10Addition of EDTA

Chondrocytes (5%<10° cells/ml) were suspended in DMEM/Ham’s F-12

medium containing 10 mM EDTA. The free [Ca*'] in the medium, calculated as
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described in Chapter 4 (Sec. 4.2.6.1), was 2.3 pM. Aggregates were removed from the
trap after 1 and 60 min of ultrasound exposure and double stained for F-actin and

Cx43.

5.3 Results

5.3.1 Formation and morphology of cell monolayers

Surface zone chondrocytes moved into the optically focussed nodal plane of
the ultrasound trap within 1 s of initiation of sonication. Single cells and some small
clusters moved towards the central aggregation area after 10 s of initiation of
ultrasound (Fig. 5.2a). Some small clumps (consisting of approximately 20 cells) were
formed outside the field of view and moved towards the central axis (20 s) (Fig. 5.2b).
A small aggregate had formed by 30 s (Fig. 5.2c). Incoming single cells and 2-D
closely-packed small clusters rolled along the periphery of the growing aggregate and
rearranged to give a closely-packed structure within 1 min of sonication (Fig. 5.2d).
Aggregate growth (Fig. 5.2e-h) continued with the incorporation of further clusters
over the following 4 min. The aggregate growth was complete within 5 min of
initiation of ultrasound, as characterised by the absence of free single cells from the
field of view. The aggregate morphology was a hexagonally ordered closely-packed
one with only a few voids (Fig. 5.2h). The void index (A\A,) of a typical chondrocyte
cell aggregate was 0.03, resembling a control (0 mM CaCl,) particle aggregate (Chap.
2, Sec. 2.3.2.3). Cells were levitated in the trap for an overall period of 1 h. The
morphology of cells progressed from a circular to a pentagonal one within 1 h of

exposure as shown later in Figures 5.5b, e.
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Figure 5.2: Development of a 2-D chondrocyte aggregate: (a) 10 s, (b) 20 s, (c) 30 s,
(d) 1 min, (e) 2 min, (f) 3 min, (g) 4 min and (h) 5 min after ultrasound initiation.
Scale bar is 100 pm. The few voids of the aggregate are shown with arrows in (h),
while the hexagonal order of the aggregate is depicted in the zoom-in image shown on

the top right-hand part of (h).
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5.3.2 Mechanical strength of aggregates

The dependence of the mechanical strength of aggregates on duration of
sonication was investigated by termination of sonication at different stages of
aggregate growth. Aggregates (10° cells/ml) that were allowed to form for 1 min
before termination of sonication exhibited a high degree of dissociation with many
openings within the aggregate (Fig. 5.3a).

The number of cells that had retained contact with neighbouring cells was
small. In contrast, the 1 h aggregate remained fully intact on sedimentation (Fig. 5.3b).
The results are consistent with increasing mechanical strength of an aggregate with
time. Aggregates responded similarly upon their recovery from the ultrasound trap and
deposition on a glass slide for immunofluorescent processing. Aggregates after 1 min
of ultrasound exposure showed significant degree of dissociation upon deposition on a

glass slide, whereas 1 h aggregates remained at their majority intact.

5.3.3 Actin localisation and Cx43 distribution

Initially, non-sonicated (control) cells were assayed. Cx43 in control (non-
sonicated) cells was concentrated in finely granulated discrete regions, located mainly
in the cytoplasm as shown as shown in Figure 5.4a (arrows). While, in general, control
cells were distributed as single cells, Figure 5.4a, illustrating intracellular Cx43, was
selected, despite having some cells in contact, to show the dominant occurrence of
cytoplasmic staining in most cells. The actin cytoskeleton on the other hand, consisted
of an intricate network throughout the cell (Fig. 5.4b, arrows).

Sonicated samples were then assayed. After 1 min of levitation Cx43 was

located diffusely mainly at the periphery of the cells in the form of foci (Fig. S.5a,
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Figure 5.3: Sedimentation of chondrocyte aggregates upon ultrasound termination
after 1 min (a) and 1 h (b). Aggregates levitated in the trap for 1 min (a) largely
dispersed upon sedimentation at the bottom of the trap, while those levitated in the

trap for 1 h (b) reached the bottom o f the trap intact. Scale bar is 100 pm.

arrows). However, 1 h later Cx43 has clearly accumulated at the cell-cell contact
interface as a nearly continuous line (Fig. 5.5d, arrows).

F-actin was distributed in a ring-type pattern at the cell surface following 1
min of ultrasound exposure. Some internal actin organization and a short cell-cell
interface were also observed (Fig. 5.5b, arrows). After 1 h, F-actin had clearly
accumulated at the long cell-cell contact interface (Fig. 5.5e, arrows). Comparison of
the superimposed images (Figs. 5.5¢ and 5.5f) shows that the strong co-localisation of
F-actin and Cx43 observed at 60 min had not yet been established at 1 min (Fig. 5.5¢).
Integral intensity measurements of the phalloidin-Alexa 488 and Alexa 594 labelling
0of 20 randomly selected cell-cell interfaces from two slides of each of three replicate
experiments showed that the amount of F-actin and Cx43 at the cell-cell contact region

had increased over 60 min (Fig. 5.6).
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Figure 5.4: Distribution of (a) Cx43 and (b) F-actin in non-sonicated chondrocytes 1h
after their preparation. Cx43 (a) appeared highly granulated at the cytoplasm of the
cells (arrows), while F-actin (b) consisted of an intricate network (arrows). Scale bar is

10 pm.

5.3.4 Reverse transcriptase-PCR

Reverse transcriptase-PCR was used to detect whether Cx43 mRNA present in
RNA isolated from slivers of surface and deep zone chondrocytes is transcribed. A
fragment of 327 bp was detected in agarose gel electrophoresis suggestive of the
presence of Cx43 mRNA product (Fig. 5.7). The presence of Cx43 was confirmed by

gene sequencing.
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Figure 5.5: Distribution of peripheral (a, arrows) and interfacial (d, arrows) Cx43, and short (b, arrows) and long (e, arrows) interfacial F-actin in
aggregates isolated from the trap after 1 (a, b) and 60 (d, ) min of ultrasound exposure respectively: (c, f) superimposed images, (g, h) distribution
of Cx43 (intense cytoplasmic Cx43 pool, g, arrows) and F-actin (accumulation at the cell-cell interface, h, arrows) respectively in chondrocytes

pre-incubated with 10 pg/ml CFIX and levitated for 1h in the trap. The superimposed image of g, h is shown in i. Scale bar is 10 pm.
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Figure 5.6: Measurements o f the integral intensity o f F-actin and Cx43 in control and
cycloheximide (10 pg/ml CHX) -pretreated cells, at the cell-cell interface of 20
randomly selected pairs of cells (10 randomly selected pairs of cells from each of two
replicate experiments.) The error bars represent one standard error of the means from

the two replicates.

5.3.5 Functionalgapjunction activity

The results (Table 5.4) showed that, for cases where there were 31 and 35
CMFDA stained cells, at time 5 min, in single fields of view from repeated
experiments, all (183 and 192 respectively) cells in those fields were stained after 60
min of exposure showing that there was intercellular dye transfer (Table 5.4).

On the other hand, in the presence of the gap junctional blocker 1-octanol, the
increase in the number o f fluorescently-labeled cells over a time period of 60 min was
small. In particular, after 5 min of sonication the number of labeled cells was 40 and
48 (from total cells per field of 197 and 214 respectively), whereas 55 min later that
number had increased to 52 and 57 respectively so that most (145 and 157

respectively) ofthe cells were unstained (Table 5.4).
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Figure 5.7: RT-PCR analysis of Cx43 gene expression in immature bovine articular cartilage. cDNA was prepared from cartilage removed from

the surface and deep zones of the joint and subjected to PCR using primers specific for housekeeping gene GAPDH (501 bp) and Cx43 (327 bp).

The results are representative amplifications from experiments using explants taken from 3 different donors.
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Figure 5.8: Green CMFDA Cell Tracker Probe dye transfer assays: (a) 35 cells in the
field showed initial strong labeling (1 min in the trap), whereas 60 min later (b) 192
cells in the same field of view have been. A field of view where a low initial number
of cells was stained (a) has been chosen to highlight the investigated phenomenon.

Scale bar is 30 pm.

Table 5.4: Counts of labeled cells present in a randomly selected field of view in the

presence and absence of the gap junctional blocker 1-octanol over time.

Control 1-Octanol
Time (min) Set 1 Set 2 Set Set 2
5 31 35 40 48
60 183 192 52 57
Total number of celts in 183 192 197 214

the examinedfield of view
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5.3.6 Protein synthesis inhibition

Chondrocytes were exposed to the protein synthesis inhibitor cycloheximide
(10 pg/ml) to examine the distribution of F-actin and Cx43 upon stimulation of cell-
cell contact in the ultrasound trap when synthesis of total cellular proteins has been
inhibited. The qualitative microscopic patterns showing little accumulation of Cx43 at
the cell-cell interface in aggregates recovered from the trap after 1 h of ultrasound
exposure (Fig. 5.5g) and an intense cytoplasmic Cx43 pool (Fig. 5.5g; arrows) were
quantitatively confirmed by intensity measurements of Alexa 594 staining (Fig. 5.6).
The mean intensities of Cx43 and F-actin were derived from measurements of 10
randomly selected pairs of cells from each of two replicate experiments. The variances
of the intensity distributions of the sets of measurements were not significantly
different. The mean intensity was therefore calculated from the combined set of 20
measurements). After 1 h of levitation in the trap F-actin had accumulated at the cell-
cell contact interface (Fig. 5.5 h). Figure 5.51 emphasises the co-localisation of F-actin
and Cx43. The integral intensity data (Fig. 5.6) show that the amount of F-actinin 1 h
samples was reduced by only 1.2-fold in cycloheximide pre-treated cells compared to

control non-cycloheximide pretreated cells.

5.3.7 Role of EDTA

Microscopic observations showed that, in the presence of 10 mM EDTA( i.e.
the free [Ca?*] in the medium was 2.3 pM (Chap. 4; Sec. 4.2.6.1)), after 1 min of
ultrasound exposure F-actin was localised around the surface of the cells, whereas
Cx43 was distributed in a punctate pattern on the surface of the cells. However, 1 h
later both F-actin and Cx43 had strongly accumulated at the cell-cell interface (Fig.

5.9), consistent with the observations presented for chondrocytes suspended in serum-

Cell-cell interactions in USWT 178



Chapter 5: Chondrocyte cytoskeletal development and communication in USW

Figure 5.9: Accumulation of Cx43 at the cell-cell interface (arrows) of chondrocytes
that had been suspended in DMEM/Ham’s F-12 containing 10 mM EDTA. The
aggregate was allowed to form for 1h in the sound field, recovered from the trap and

immunoassayed for Cx43. Scale bar is 10 pm.

free DMEM/Ham's F-12 medium alone (Fig. 5.5d). Integral intensity measurements of
the phalloidin-Alexa 488 and Alexa 594 labelling of 20 randomly selected cell-cell
interfaces cells from two slides of each of duplicate experiments showed that the
amounts of F-actin and Cx43 at the cell-cell contact region were comparable to control
(i.e. chondrocytes suspended in serum-free DMEM/Ham’s F-12) values (Fig. 5.6).
Additionally, bright field microscopic observations showed that the chondrocyte

morphology progressively changed from a circular to a pentagonal one.
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5.4 Discussion

5.4.1 Morphology of chondrocyte aggregates formed in a USWT

Upon ultrasound initiation, chondrocytes came into contact in the sound field
and formed closely-packed hexagonally ordered structures of circular-profile cells
(Fig. 5.2h). The aggregate form gradually changed to become a continuous sheet of
quadrilateral and pentagonal cells typical of confluent monolayers on glass, thus
reflecting a freedom to reorganise form rapidly within the unconstrained suspended
monolayer as already described for neural cells (Chap. 4; Sec. 4.4.2). These
morphological changes were accompanied by changes in the distribution of F-actin

and Cx43.

5.4.2 F-actin redistribution

F-actin, after 1 min in the trap was distributed in a ring pattern at the cell surface with
some evidence of internal organization (Fig. 5.5b) similar to that observed in non-
sonicated samples (Fig. 5.4b). A thin and short interface at the cell- cell contact region
was also observed. After 1 h, F-actin had clearly accumulated at the cell-cell contact
interface (Fig. 5.5¢) in a way that was consistent with the finding that the mechanical
strength of the aggregates increased with time (Sec. 5.3.2). Aggregates that were
allowed to form for 1 min, dispersed upon termination of sonication (Fig. 5.3a), while
aggregates that were allowed to form for 1 h, sedimented at the bottom of the trap
intact (Fig. 5.3b).

The overall cytoskeleton remodelling and mechanical strength increase
correlation is in line with the recent report of Chu et al. (2004). These authors showed
that (i) after 30 min F-actin had strongly accumulated at the linear interface of

doublets of Sarcoma 180 (S180) cells formed in suspension and (ii) that the force
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required to separate cells in a doublet formed by bringing cells, each supported by a
micropipette, into contact for a period of 60 min increased rapidly over the first 30 min
and more slowly thereafter to the 60 min value.

The chondrocyte cytoskeleton plays an important role in the physical
interactions between the chondrocyte and its extracellular matrix and is intimately
involved in the process of mechanical signal transduction in articular cartilage
(Langelier et al., 2000), as well as in the control of the chondrocyte phenotype
(Vinhall et al., 2002). The organisation of actin in chondrocytes affects differentiation.
In vivo, they have a diffuse cortical actin distribution, with no prominent fibrous
structures (Durrant et al., 1999). If plated into conventional monolayer culture,
chondrocytes flatten and phenotypically modulate, developing prominent actin stress
fibres at the same time. If the stress fibres are disassembled by cytochalasin treatment,
cells re-express the chondrogenic phenotype (Benya ez al., 1988; Mallein-Gerin et al.,
1991). The F-actin cytoskeleton was in both cases analysed after 1 day in culture
(Woods et al., 2005). Previous studies on chondrocyte cytoskeleton in agarose
cultures reported remodelling of the cytoskeleton between 3 and 14 days in culture
(Trickey et al., 2004; Idowu et al., 2000). Such a temporal delay does not occur in the
USWT. Temporal data on the distribution of F-actin in a neural cell monolayer
levitated in suspension in an ultrasound trap have already been given in Chapter 4
(Sec. 4.3.5). Redistribution of the neural F-actin cytoskeleton occurred within 30 min
of cell-cell contact initiation in the ultrasound trap (Sec. 4.3.5). However, there has
been no critical study reporting rapid (within 1 h) and synchronous remodelling of the
cytoskeleton of interacting chondrocytes in suspension.

It is interesting to note that chondrocytes cultured in monolayer do not exhibit

cytoskeletal variability (Knight et al., 2001), as is the case for chondrocytes suspended
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It is interesting to note that chondrocytes cultured in monolayer do not exhibit
cytoskeletal variability (Knight et al., 2001), as is the case for chondrocytes suspended
in agarose cultures (Knight et al., 2001). In contrast, chondrocytes in suspension in the
ultrasound trap do not exhibit such cytoskeletal variability.

It is known that low intensity pulsed ultrasound promotes fracture healing and
articular cartilage repair in vivo (Zhang et al., 2003) by mechanisms that remain
unclear (Iwabuchi ef al., 2005). Studies of these processes have included assays of
chondrocyte properties following exposure to ultrasound. The time scales at which
responses were monitored were typically days after ultrasound administration rather
than the 1 h upper limit of the present work. For example, daily ultrasound exposures
of mesenchymal stem cells in pellet culture increased aggrecan deposition and
transforming growth factor beta (TGF-B)- induction of cell differentiation to
chondrocytes (Ebisawa et al., 2004). Also, chondrocytes in alginate beads exposed to
ultrasound showed inhibition of collagen type X expression after 7 days (Zhang et al.,
2003). Since temporal changes in the F-actin distributions, similar to those reported
here for chondrocytes and to those summarised above where cell contact occurs in
non-ultrasound systems, have been found also in USWT neural cell adhesion (Chap.
4) and in prostate epithelial cells (Chap. 6), it is concluded that the observed effects on
F-actin and Cx43 distribution reported above follow from engagement of receptors

rather than from any currently unknown ultrasound mechanism.

5.4.3 (x43 redistribution and formation of gap junctions
Figures 5.4a, 5.5a and 5.5d show a clear progression of Cx43 from an
intracellular location (cytoplasmic pool) (Fig. 5.4a; non-sonicated cells), to the plasma

membrane (Fig. 5.5a; 1 min in the trap) to finally concentrate at the cell-cell contact
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interface (Fig. 5.5d; 1 h in the trap). The concentration of Cx43 at the cell-cell
interface of chondrocytes (Fig. 5.5d) and the octanol blockade (Sec. 5.3.5) provide
strong evidence in support of the presence of functional gap junctions (Contreras et
al., 2002; Hunter ef al., 2003).

Connexin oligomerisation into connexons is a sequential process commencing
in the endoplasmic reticulum continued in the endoplasmic-Golgi-intermediate
compartment (ERGIC) and is completed following arrival at the Golgi (Evans and
Martin, 2002). The final destination of the connexons, via tubulovesicular networks, is
the gap junctions present at the cell membrane (Bruzzone et al., 1996, George et al.,
1999; Windoffer ef al., 2000; Theiss and Meller, 2002). The data on Cx43 distribution
presented in this study as determined by immunofluorescence are in agreement with
reports for Cx43 trafficking.

The temporal progression of gap junction formation in various cell systems has
been addressed by several investigators. George et al. (1999) using a Cx43-Aeq
chimera model in COS-7 cells cultured on coverslips reported that transportation of
Cx43 to the plasma membrane occurs within 10 min, whereas Lauf et al. (2002)
reported that transportation of Cx43-GFP from the Golgi compartment to the plasma
membrane occurs within 90 s. The same authors also reported that a gap junction 1
um? in size that consists of ~10,000 channels could be assembled within 2 h in HeLa
cells in confluent monolayer. Musil et al. (2000) showed that mouse sarcoma cells, at
confluent density in monolayer cultures, establish functional gap junctional channels
within 30 min of de novo cell-cell contacts formation, whereas in a donor-acceptor cell
model of human gingival fibroblasts (HGFs) presented by Ko et al. (2000) distinct gap
junctional complexes were evident by 3 h. The time scale data on Cx43 distribution in

chondrocytes are consistent with those reported above for other cell systems, whereas
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in chondrocytes functional gap junctions have been reported to form within 24 h from
the onset of the micromass culture (Coelho and Kosher, 1991; Langille, 1994) and 3-6
days from the initiation of monolayer cultures (D’ Andrea and Vittur, 1996; Schwab et

al., 1998; Loty et al., 2000).

5.4.4 Cx43 protein expression

It is interesting that Cx43 mRNA (Fig. 5.7) was still expressed after
chondrocyte differentiation, as chondrocytes within mature articular cartilage exist as
individual cells not in physical contact with one another (Donahue et al., 1995; Loty et
al., 2000, Elfervig et al., 2001). However, recent data (Chi et al., 2004) have revealed
that at least some chondrocytes of the surface zone of adult human articular cartilage
in the knee and ankle occur in pairs (Schumacher et al., 2002), possibly due to an
incomplete division of the chondron microenvironment during development (Chi ef al.
2002) or due to the chondrocytes’ ability to organize themselves into pairs or groups
by recapitulating the events of development (Morrison et al., 2000).

Blocking the production of new connexin molecules with the protein synthesis
inhibitor cycloheximide resulted in a major reduction of Cx43 at the cell-cell interface
as shown Figure 5.5g. The six-fold reduction in measured Cx43 fluorescence intensity
of at the cell-cell interface of cycloheximide-preincubated cells supports the
immunofluorescent data (Fig. 5.6). It has been known for a long time that gap
junctions are subject to rapid turnover given the short half life of their molecular
subunits (Musil ef al. 2000). For Cx43 a half life of <1.5 h has been reported in the
adult rat heart in vivo and cultured cardiac myocytes (Beardslee ef al., 1998), whereas
longer half times have been reported for mouse sarcoma (Musil ef al. 2000) and NRK

cell monolayers (Musil and Goodenough, 1991). In contrast to the Cx43 data,
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equilibrium with monomeric G-actin (Upadhya and Strasberg, 1999) (Chap. 1; Sec.
1.2.1.1) and has been reported to have a half life of ~4.5 h (Sympson and Geoghegan,
1990). It was therefore shown that cycloheximide affects the production of new Cx43
protein as it has a very short half life but it has a small effect on the redistribution of

the longer half-life F-actin.

5.4.5 Role of Ca**

It was shown that at a concentration of 2.3 pM free [Ca®'] in the medium,
redistribution of the actin cytoskeleton from a circular-type of distribution around the
surface of the cells, towards an accumulation at the cell-cell contact interface occurred
within 1 h of ultrasound exposure (data not shown) in agreement with the observations
for the case where cells were suspended in serum-free DMEM/Ham’s F-12 containing
1 mM free [Ca®'] (Fig. 5.5¢). Additionally, the morphology of the cells progressed
from a circular to a quadrilateral or pentagonal one. Integral intensity measurements
performed at the cell-cell interface of 20 randomly selected pairs of cells further
support these observations. After 1 h of ultrasound exposure the phalloidin-Alexa 488
integral intensity was 950 um? in accord with the measurements obtained for the
control suspension (Fig. 5.6). Likewise, 2.3 pM of free [Ca*'] in the extracellular
phase had no effect on the redistribution of Cx43 molecules from intracellular
locations towards the cell surface. As shown in Figure 5.9, Cx43 has accumulated at
the cell-cell interphase, while the intensity measurements of Cx43 at the cell-cell
interphase showed similar values (i.e. 1790 pm?) to the control suspension (Fig. 5.6).

It was therefore shown that depleting Ca*>' from the culture medium does not
affect the ability of chondrocytes to redistribute their F-actin cytoskeleton or form gap

junctions upon stimulation of cell-cell contact in the ultrasound field.
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It was therefore shown that depleting Ca** from the culture medium does not
affect the ability of chondrocytes to redistribute their F-actin cytoskeleton or form gap
junctions upon stimulation of cell-cell contact in the ultrasound field.

The extent to which cadherins in low calcium conditions participate in the
reorganisation of the F-actin cytoskeleton of neural cells has been already discussed in
Chapter 4 (Sec. 4.4.4). The cooperativity of two different adhesion mechanisms
(NCAM and N-cadherin) was shown to be important for an organised outcome.

Strong association between members of the cadherin-catenin complex and gap
junctions has also been reported, as cadherin-mediated cell-cell adhesion has been
reported to be a prerequisite for formation of gap junctions (Zuppinger et al., 2000,
Giepmans, 2004) as already described in Chapter 1 (Sec. 1.6.4). Chondrocytes express
NCAM and N-cadherin during pre-chondrogenic condensation (DeLise et al., 2000);
however as condensations mature, N-cadherin and NCAM expression decreases,
whereas these molecules are no longer found in differentiated cartilage (i.e. in
chondrocytes) (Widelitz et al. 1992; Oberlender and Tuan 1994) (Sec. 5.1). Yet, as
reported by Tavella et al. (1994) re-expression of NCAM and N-cadherin in
aggregated chondrocytes had occurred within 12 h of their transfer from anchorage-
dependent (culture flask) to anchorage-independent (agarose culture-suspension
culture) conditions. It is therefore reasonable to consider that initiation of chondrocyte
cell-cell contact in the sound field may result in a rapid expression of NCAM and N-
cadherin molecules that to an extent cooperate in a mutual way as has been described
for neural cells (Chap. 4; Sec. 4.4.4). Nevertheless, further work needs to be done to
clarify this hypothesis.

Interactions between gap junctions and the cytoskeleton are becoming

increasingly evident as disruption of the actin cytoskeleton by cytochalasin B exposure

Cell-cell interactions in USWT 186



~ Chapter 5: Chondrocyte cytoskeletal development and communication in USW

intercellular communication in cultured astrocytes (Theiss and Meller, 2002) and
cultured lens epithelial cells (Giessmann ez al., 2003). Interaction between actin and
connexins has been further confirmed by co-immunoprecipitation and immuno-co-
localisation (Butkevich et al., 2004; Liu et al., 2005). Figure 5.5f shows complete co-
localisation of F-actin with Cx43, indicating that these molecules are activated

together and thus a strong association between these molecules exists.

5.5 Preliminary Conclusions

In conclusion, the results presented in this Chapter showed that Cx43 gene
expression is retained in isolated chondrocytes in suspension. The development of the
chondrocyte F-actin cytoskeleton occurred within 60 min of initiation of cell-cell
contact in the ultrasound field. This time scale is consistent with reports on F-actin
redistribution in other cell systems, such as in neural cells (Chap. 4; Sec. 4.3.5) and
keratinocytes (Braga, 2002). In contrast, data on functional gap junction formation in
chondrocytes has not been explored in times less than 24 h. This Chapter presented
the first detection of gap junction formation in chondrocytes within 1 h of cell contact.

It also emerges from this work that the interactions at the plasma membranes of
cells in close proximity in the ultrasound trap transduce signals to the cytoplasm that
set in train the reorganisation of F-actin at the cell interfaces, changes in cell and the
development of functional gap junctions. The passive physical trap facilitation of cell
contact led to accumulation of Cx43 in cells released from protein synthesis inhibition,
showing that the biological consequences of the contact proceeded, as in the in vivo
situation, to influencing protein expression. The potential of the ultrasound trap as a
technique sensitive enough to aid in the identification of the adhesive properties of

cancer cells is introduced in the last experimental Chapter 6 of this thesis.
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released from protein synthesis inhibition, showing that the biological consequences of
the contact proceeded, as in the in vivo situation, to influencing protein expression.
The potential of the ultrasound trap as a technique sensitive enough to aid in the
identification of the adhesive properties of cancer cells is introduced in the last

experimental Chapter 6 of this thesis.
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Chapter 6

Comparison of the adhesive properties of epithelial and
cancer prostate cell lines using the ultrasound trap

6.1 Introduction

Prostate cancer is the second leading cause of cancer deaths in men and the
leading male cancer in Western countries (Mason et al, 2002), while it is not
invariably lethal. It is a heterogeneous disease ranging from asymptomatic to a rapidly
fatal systemic malignancy (Hughes ef al., 2005). For patients with prostatic carcinoma,
tumour invasion and metastasis are life-threatening events and the patients frequently
have poor prognosis as a result of local or distant metastasis (Mason et al., 2002). The
frequency of prostate cancer is so high that it can be considered a normal age-related
phenomenon. In recent years, there have been large increases in the five year survival
rates for prostate cancer, with a five year relative age standardized survival rate of
65% in England and Wales for the years 1996-1999 (Hughes ef al., 2005). This was
the third highest survival rate of all cancers over this time period. Unfortunately, this
improvement does not reflect better prognosis or treatment for prostate cancer
(Hughes et al., 2005).

During tumour progression, loss of epithelial characteristics (cuboidal
morphology, apical and basolateral membrane domains, tight cell-cell adhesion)
results in de-differentiation, a process involving not only morphological alterations

(cell-cell adhesion and cytoskeletal networks), but also changes in attachment to
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substratum, motility rate and gene expression profile (i.e. epithelial-specific genes are
switched off). In other words, de-differentiation marks the epithelial-mesenchymal
transition occurring during tumour progression (Lozano et al., 2003). With the
disruption of junctions (e.g. adherens junctions) between neighbouring cells, increased
motility, facilitated by the degradation of matrix proteins, is observed. Cells are thus
able to infiltrate the neighbouring tissues, gain access to blood vessels and colonise
distant sites (metastasis) (Lozano et al., 2003; Crnic and Christofori, 2004).

The fact that cancer cells commonly show decreased intercellular adhesiveness
as well as that most cancers are of epithelial origin has led to increased interest in
studying the E-cadherin/catenin complex. A role for E-cadherin in limiting invasion
of tumour cells and acting as a suppressor of invasion has been accepted by many
investigators (Wheelock et al., 2001, Bremmes et al., 2002). Compared with normal
tissues, malignant tumours generally show less expression or more heterogeneous
expression of E-cadherin and catenin proteins.

The expression of E-cadherin is reduced in prostate cancer cells compared to
normal prostate tissue (Graff et al, 1995; Davies et al., 2000; Lu et al., 2005).
Furthermore, the expression of both o- and B- catenins in prostate cancer is also
altered (Graff et al., 1995; Yang et al., 2005). It follows that the E-cadherin/catenin
complex in association with the actin cytoskeleton can serve as a prognostic and
predictive tumour marker for identifying the cellular origin of the tumour and for
denoting changes in the normal cell phenotype (Lozano et al., 2003). Early cancer
prognosis offers the possibility of early supporting therapy.

In the present chapter the ultrasound trap is used to establish and compare the
temporal distribution of the cadherin/catenin complex and F-actin upon facilitation of

cell-cell contact of epithelial prostate cells (PZ-HPV-7) and prostate cancer cells
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(DU-145). The distributions of F-actin, E-cadherin, o-, B- and y-catenins were
monitored over the first 60 min of ultrasound exposure. It was shown that the
distribution of these molecules was significantly different in the two cell lines.
Changes in the amounts of F-actin, a-, B- and y-catenins over time were quantified
using the integral intensity approach described in Chapter 4 (Sec. 4.2.6), whereas a
simple ‘scoring’ approach was used to quantify the transcellular distributions of
E-cadherin, a-, B- and y-catenins. The heterogeneity of each cell line was also
assessed. The ability of cells to spread over neighbouring cells was in addition

quantified.

6.2 Materials and Methods

6.2.1 Ultrasound trap, optical system and experimental procedure

The acoustic trap and optical system used here as well as the experimental
procedures have already been described in Chapter 4 (Sec. 4.2.1). Formation of
aggregates took place according to the protocol described in Chapter 3 (Sec. 3.3.1), i.e.
cells were initially exposed to ultrasound at a pressure amplitude of 0.54 MPa for 30 s,
at 0.27 MPa for S min and finally at the levitation pressure amplitude threshold of
0.06 MPa for the remaining 55 min of exposure. Microscopic observation was

performed as described in Chapter 4 (Sec. 4.2.1).

6.2.2 Culture of PZ-HPV-7 and DU-145 cells

The human epithelial prostate cell line PZ-HPV-7 and the human epithelial
cancer prostate cell line DU-145 were obtained from the American Type Culture
Collection (ATCC) (Rockville, Md). Cell lines were maintained, as replicative

cultures at 37°C under an atmosphere of 95% air and 5% CO,, in Ham’s F-12 medium
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supplemented with 10% foetal calf serum (PAA Laboratories, Austria) and 100 pg/ml
penicillin-streptomycin solution (Sigma, UK). The medium was changed every third
day.

Routine sub-culturing procedure was performed according to the protocol
provided by ATCC. Cells at the confluence phase were rinsed with 2 ml of 5 mM
EDTA (Sigma, UK) and then treated with 1-2 ml of trypsin/EDTA (trypsin 0.01%
(w/v) (Sigma, UK) and EDTA 0.05% (w/v)). Cells were then incubated for 5 min at
37°C to allow for cell detachment. Once cells had detached from the surface of the
flask, the effect of trypsin was neutralised by the addition of S ml of Ham’s F-12
medium (supplemented with 10 % foetal calf serum and 100 pg/ml penicillin-
streptomycin solution). Cells were counted on a Bright-line haemocytometer
(Reichert, USA) and finally seeded into culture flasks at a cell density of 10° cells/ml.

The protocol followed for experimental work was based on that described by
Jiang et al. (1995). Cells at the confluence phase were rinsed with 3 ml of N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) Ca®* and Mg*'-free
buffered saline (HCMF) and then treated with 3 ml of Accutase (Innovative Cell
Technologies Inc), a solution that contains mild collagenolytic and proteolytic
enzymes (the names and concentrations of these enzymes are the company’s
proprietary information) for 15 min to release cells from the culture flask surface.
Cells were filtered through a 40 um Nitex cell strainer (FALCON) to ensure a single
cell suspension. Cells were then centrifuged at 600 g for 5 min, resuspended in

HCMEF/5 mM CaCl,, counted and finally diluted to the desired concentration.
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6.2.3 Immunolabelling

Non-sonicated (control) cells were initially assayed. Cells were prepared as
described in Section 6.2.2 (experimental work protocol), and incubated as suspension
cultures for 1 h at 37°C/ 5% CO,. A 100 ul aliquot from each cell line was placed on a
HistoBond slide after 1 h of incubation. Samples were then fixed and stained for E-
cadherin (monoclonal anti-human; 5 pg/ml; R and D Systems, Oxford, UK), a-, B- and
y-catenins (monoclonal anti-human; 5 pg/ml; BD Transduction Laboratories, UK), and
F-actin (Chap. 4; Sec. 4.2.5) as described in Chapter 4 (Sec. 4.2.5).

Sonicated samples were then assayed. Both cell lines were prepared as
described above (Sec. 6.2.2; experimental work protocol) and diluted to a
concentration of 3x10° cells/ml. Cells were then immediately placed in the ultrasound
trap. Aggregates of significant size (i.e. ca. 1| mm diameter) were formed within 30 s
of ultrasound exposure and were held in the trap for 1 min and 1 h. They were then
slowly removed, fixed and double-stained for E-cadherin and F-actin according to the
procedure described in Chapter 5 (Sec. 5.2.4) and for a-, B- and y- catenins as
described in Chapter 4 (Sec. 4.2.5).

The integral intensity of the phalloidin labelling at the cell-cell interface was
quantified as detailed in Chapter 4 (Sec. 4.2.5) and it was used here as i) an indicator
of change in the amount of the labeled molecule and ii) an index of the effectiveness
of the cadherin/catenin complex. A second index, an estimate of the angle & subtended
by the F-actin staining region at the centres of a pair of interacting cells, was used to
quantify the extent of membrane-membrane contact over different times. The angle

was calculated as follows:
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012

Figure 6.1: Schematic diagram of an interacting cell doublet; L is the length ofthe F-
actin staining region or ‘chord’ (drawn here as a straight line), R is the radius of the

cells and 6 is the angle subtended by the chord at the centre ofthe cell.

The contact region was treated as a shared chord of ‘overlapping’ circles. It is
appreciated that the cell perimeters are longer than those for perfect circles as cells
have surface area in excess of that required to contain a spherical cell volume (a
property necessary so that when a cell divides the tworesultingsmallervolumes are
eachcontinuously covered by = membrane). No allowance can bemade for the
consequent departure from circular profiles as membrane spreading continues. Within
that limitation it will be taken that for a cell-cell contact chord’ L and cell radius R
(Fig. 6.1) then Sin (0/2), where 6 is the angle subtended by the chord at the centre of

the cell, is given by

Sin (0/2) = (L/2)/R = IS2R (6.1)
so that
0/2 = Sin'(£/2R) (6.2)

and
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8 =2Sin'(L/2R) (6.3)

While the membrane dynamics and micromechanics at the end of contact
regions are not known it is reasonable to assume that, for cells, the ability to continue
to increase the length of a chord depends, among other things, on both the surface
density of the homophilic receptors and the local resistance of the membrane to
deformation. Measurements of the cell-cell interface ‘chord’ were performed using the

analySIS 3.1 software.

6.2.4 Scoring the incidence of different categories of distribution of
cadherin/catenin-complex molecules in PZ-HPV-7 and DU-145

cells

Five randomly selected immunofluorescent images (Sec. 6.2.3) (1 image from
each of three experiments and 2 images from a fourth) were examined in order to
identify the distribution of E-cadherin and a-, B- and y-catenins in both cell lines. A
dominant distribution of a particular molecule, for example E-cadherin, was identified
for PZ-HPV-7 cells and coded as PZg.caapom Its incidence for the five randomly
selected fields of view was scored and summed (Xpzpom). The dominant distribution of
E-cadherin in DU-145 (DUg.cadpom) Was then identified, counted and summed as
Ypupom. It emerged that almost all (ca. 98%) of the cells in the five fields of view for
each cell line fell into either one or other category. Table 6.1 is an exemplar 2x2

contingency Table for data obtained as above.
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Table 6.1: Exemplar 2x2 contingency table constructed for the identification and

scoring of the distribution of E-cadherin (as well as a-, B- and y-catenins) in both cell

lines.
- PZrcwvom DUpcutdom
PZHPV-7 ' Xewm Yo
DU-145 © Yowem Xezbom

The different molecular distributions were scored for the two cell lines for two
time points: 1 min and 1 h. The total number of cells in the five images ranged from
98 to 277 for the different experiments. y*-test was performed for each time point to
establish whether there was a significant difference between the frequencies of the
selected molecular distributions in the two cell lines. The information for each
molecule at each time is presented in the Results Section 6.3, in Tables containing the
description of the dominant distribution form, the number of cells scored, the
percentage of cells scored that had the dominant distribution for each cell line and the
x*-parameter for each contingency Table as above. This presentation is intended to
focus on the important points and yet allow the original count data to be deduced

should a reader consider it necessary.

6.3 Results

6.3.1 Aggregate morphologies

Cells of both cell lines suspended in HCMF/CaCl, moved into the optically

focussed nodal plane of the USWT within 1 s of initiation of sonication. A small
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aggregate had formed 20 s later at the central region of the nodal plane. Incoming
single cells and dendritic small clusters formed strong contact instantly with the
peripheral of the growing aggregate, i.e. they did not roll along the periphery.
However, the short dendritic clusters rotated, without internal reorganisation, about
their first contact point with the main aggregate so that it developed a more closely
packed form, (with little evidence of hexagonal order over an extended area) as was
the case for neural cells (Chap. 4; Sec. 4.3.1). The void indices (AW\A;) of typical PZ-
HPV-7 and DU-145 cell aggregates were 0.06 and 0.05 respectively, resembling
particle aggregates suspended in 2-4 mM CaCl, (Chap. 2, Sec. 2.3.2.3). An aggregate
was fully formed within 5 min of ultrasound exposure, as characterised by the absence
of free single cells from the field of view (Fig. 6.2). Cells were exposed to ultrasound

for an overall period of 1 h.

6.3.2 Membrane spreading

Spreading of the membranes of cells in contact in the trap occurred, for both
cell lines to a smaller extent from that described for neural cells (Chap. 4; Sec. 4.3.2).
Some reduction in the resolution of the individual cell boundaries occurred within 60
min of ultrasound exposure, resulting in a cell morphology change from a circular
(1 min of exposure) to a pentagonal one (60 min of exposure) and to some compaction
of the aggregate (Fig. 6.7b, d). The ability of cells to spread was quantified by
measuring the angle 6 of the cell-cell interface ‘chord’ (Fig. 6.3). The angle 6 of
PZ-HPV-7 cells increased from 43° + 1.3 to 91° £ 2.4 (i.e. it increased by a factor of
2.1), whereas that of DU-145 cells increased by a factor of 1.5 (from 42°+ 0.92 to

65° + 1.37) (Fig. 6.3).

Cell-cell interactions in USWT 197



Chapter 6: Cancer cells interactions in USW

Figure 6.2: PZ-HPV-7 cells suspended in the trap for 5 min; pressure, 0.27 MPa.
Scale bar is 100 pm. Cell aggregate morphology was closely packed with little

evidence of hexagonal order.

Statistical analysis performed with Student’s two-tailed t-test showed that there was no
significant difference between the 1 min mean values of the angle o of the cell-cell
interface ‘chord’ of both cell lines (P > 0.05), whereas a P value ofless than 0.05 was

obtained for the 1 h mean values.

6.3.3 Immunofluorescence ofnon-sonicatedsamples (Control)
6.3.3.1 E-cadherin

E-cadherin in PZ-HPV-7 cells was concentrated mainly at the cell surface in
the form ofa homogeneous ring-type pattern (Figs. 6.4a, 6.5a) after 1 h in suspension

culture. A low level of diffuse cytoplasmic staining was also observed.
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100

PZ-HPV-7 DU-145
Cell line

Figure 6,3: Measurements of the angle 0 of the ‘cell-cell interface chord’ for 20
randomly selected pairs of cells after 1 and 60 min of levitation in the trap, for both

cell lines (error bars represent one standard error of the mean).

In DU-145 cells, E-cadherin staining appeared quite diffuse throughout the
cells, while the ring-type pattern at the cell surface was granulated and less prominent
than in PZ-HPV-7 cells (Figs. 6.4f, 6.5f). Both fields of view were selected as they
contained a high number of cells. Observations for all molecules (E-cadherin, F-actin,

a-, P- and y-catenins) were based on separate experiments performed twice.

6,3.3.2 F-actin
The F-actin cytoskeleton of PZ-HPV-7 cells was concentrated near the nuclear
region of the cells (Figs. 6.4b; arrows and 6.5b), whereas in DU-145 cells strong

cortical F-actin signal was observed (Figs. 6.4g; arrows and 6.5g).

Cell-cell interactions in USWT 199



co LC

OV' &

IT

o iw ttl 08

Figure 6.4: Representative micrographs of the distribution of E-cadherin (a, pericellular staining; f, diffuse staining), F-actin (b, nuclear staining
(arrows); g, cortical F-actin (arrows)), a- (c, perinuclear halo (arrows); h, diffuse staining), (3- (d, discrete intracellular staining (arrows); i,
diffuse staining) and y- (e, discrete intracellular staining (arrows); j, diffuse staining) catenins in PZ-HPV-7 (a-e) and DU-145 (f-j) non-sonicated

(control) cells after 1 h in suspension culture. Scale bar is 20 pm.
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Figure 6.5: Typical distribution of E-cadherin (a, pericellular staining; f, diffuse staining), F-actin (b, intense nuclear staining; g, cortical F-
actin), a- (c, perinuclear halo; h, diffuse staining), p- (d, discrete intracellular staining; i, diffuse staining) and y- (e, discrete intracellular staining;

j, diffuse staining) catenins in PZ-HPV-7 (a-e) and DU-145 (f-j) single non-sonicated (control) cells after 1 h in suspension culture. Scale bar is

5 pm.
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6.3.3.3 a-, - and y- catenins

o-catenin in PZ-HPV-7 cells was distributed around the rim of the cells,
resulting in what Mitchell et al. (2000) had described as a perinuclear halo, while less
staining of the cytoplasm was observed (Figs. 6.4c; arrows and 6.5c). B- and y-
catenins were distributed in small discrete intracellular regions 1-2 um from the cell
surface, in a pattern that led to the formation of an intracellular ring (Figs. 6.4d, e;
arrows and 6.5d, e). On the other hand, in DU-145 cells, a-, f- and y- catenins
appeared quite diffuse throughout the cells with little particular concentration (Figs.

6.4h-j and 6.5h-)).

6.3.4 Immunolabelling of sonicated samples

Immunolabelling of sonicated samples was performed as described in Section

6.2.3. Observations were based on separate experiments performed four times

6.3.4.1 E-cadherin

After 1 min of levitation in the trap, E-cadherin in PZ-HPV-7 cells exhibited a
clear homogeneous ring-type distribution around the surface of the cells with little
cytoplasmic staining (Fig. 6.6a), while in DU-145 cells, E-cadherin exhibited a
granulated ring-type distribution at the surface of the cells with clear cytoplasmic
staining (Fig. 6.6d), as for non sonicated PZ-HPV-7 and DU-145 cells (Fig. 6.5a, f).

After 1 h, E-cadherin in PZ-HPV-7 cells had accumulated at the cell-cell
interface in a grainy pattern (Fig. 6.7a). This pattern was similar to that highlighted in
Chapter 4, zoom-in image of Fig. 4.5f, which was suggestive of adherens junctions

formation.
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Figure 6,6: Distribution of E-cadherin and F-actin in PZ-HPV-7 (a and b respectively) and DU-145 (d, e) cells exposed to ultrasound for 1 min.
PZ-HPV-7 cells showed internal regions of high phalloidin stain (b, arrows). The superimposed images are shown in ¢, f respectively. Zoom-in

images of parts of the aggregates are shown on the bottom right hand side of each image, to highlight the distribution pattern. Scale bar is 50 pm
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Figure 6.7: Distribution of E-cadherin and F-actin in PZ-HPV-7 (a and b respectively) and DU-145 (d, e) cells exposed to ultrasound for 1 h.
PZ-HPV-7 cells showed internal regions of high phalloidin stain (b, arrows). Zoom-in images of parts of the aggregates are shown on the bottom

right hand side of each image, to highlight the distribution pattern. The superimposed image for the D U-145 cell line is shown in e. Scale bar is

50 pm.
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In contrast, in DU-145 cells E-cadherin had retained the ring- type pattern at the
periphery of the cells, while a more intense staining was often not confined to a cell-
cell contact region (Fig. 6.7¢c); no indication (i.e. observation of grainy interface) of
the formation of adherens junctions was observed in DU-145 cells. 7’- test for each
time point showed that there was significant difference between the frequencies of the

different E-cadherin distributions in the two cell lines (Table 6.2).

Table 6.2: Summary of the distribution of E-cadherin in both cell lines after 1 min and
1 h of ultrasound initiation. The percentages of the E-cadherin distribution pattern that
was dominant for each cell line is given together with the overall number of cells

examined (n) and the y* value for the contingency Tables at each time (Sec. 6.2.4;

Table 6.1).
... E-cadherin ==
- 1min 1h
{ At the cell surfaceina At the cell-cell interface in a
. homogeneous ring pattern granulated pattern
PZ-HPV-7
94 % 96 % |
- (m=245)  (n=1649) |
At the cell surfaceina ~ At the cell surface ina ’
granulated ring pattern granulated ring pattern
DU-145
97 % 94 %
(n=277) (=159
7 426" 260"
(P << 10?) P <<10?)

"P = 0.001 when = 12, consequently P is negligible when ,freaches these values
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6.3.4.2 F-actin

After 1 min in the trap, F-actin in both cell types had concentrated in a thin and
short region at the cell-cell contact region (Fig. 6.6b). Diffuse cytoplasmic staining
was observed for both cell types. However, PZ-HPV-7 cells exhibited some internal
regions of high phalloidin stain, as was the case for control non-sonicated cells (Figs.
6.4b and 6.5b). No difference was observed between non-sonicated cells and cells
levitated in the trap for 1 min for both cell lines. The superimposed images of E-
cadherin and F-actin are shown in Figures 6.6¢ and f respectively.

Following 1 h in the trap, F-actin in both cell types had clearly accumulated at
the cell-cell interface, while the internal F-actin staining regions remained in
PZ-HPV-7 cells (Fig. 6.7b). The superimposed image of E-cadherin and F-actin of the
DU-145 cell line is shown in Figure 6.7e. The E-cadherin and F-actin Figures alone
are shown for the PZ-HPV-7 cell line as these highlighted the localisation of the
respective molecules with a clarity that was not resolvable in the co-localisation
image. The F-actin integral intensity at the cell-cell interface of PZ-HPV-7 cells
increased by a factor of 2.7, whereas that of DU-145 increased by a factor of 1.7 (the

increases at the two time points were significantly different (P < 0.05)) (Fig. 6.8).

6.3.4.3 a-, f- and y-catenins
After 1 min of ultrasound exposure a-catenin in both cell types exhibited a
diffuse distribution throughout the cells with some accumulation at the cell-cell

interface (Fig. 6.9a, c).
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Figure 6.8: Integral intensity measurements of F-actin at the cell-cell interface of 20
randomly selected pairs of cells after 1 and 60 min of levitation in the trap, for both

cell lines (error bars represent one standard error ofthe mean).

After 1 h, a-catenin in both cell types had accumulated at the cell-cell
interface, while an a-catenin-free nuclear region was clearly defined (Fig. 6.9b, d;
arrows), as was the case for control non-sonicated PZ-HPV-7 (Figs. 6.4c and 6.5c) but
not for control DU-145 cells (Figs. 6.4h and 6.5h).  test for both time points showed
that there was no significant difference between the frequencies of the a-catenin
distribution patterns in the two cell lines (Table 6.3).

On the other hand, the amount of a-catenin recruited at the cell-cell interface
over 1 h of ultrasound exposure, as quantified by the integral intensity index, was
higher for the PZ-HPV-7 than the DU-145 cell line, a-catenin in PZ-HPV-7 cells
increased from 1550 to 3960 pmA within 1 h oflevitation in the trap (i.e. by a factor of
2.3), while in DU-145 cells it increased from 900 to 1440 pm/y within 1 h of levitation
in the trap (i.e. a 1.6 factor increase) (both time point cell samples were significantly

different (P < 0.05)) (Fig. 6.10).
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Figure 6.9: Distribution of a-catenin in PZ-HPV-7 (a, b) and DU-145 (c, d) cells exposed to ultrasound for 1 min (a, ¢) and 1 h (b, d). Arrows

show the cytoplasmic/nuclear a-catenin-free region. Scale bar is 50 pm.
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Table 6.3: Summary of the distribution of a-catenin in both cell lines after 1 min and
1 h of ultrasound initiation. The percentages of the dominant a-catenin distribution

pattern are given together with the overall number of cells examined () and the »*

values.
. a-catemin .
] Diffuse throughout the cells ~ Nuclear/cytoplasmic a-catenin-
1, : free region
PZHPV-7 90 % | s
e} (n=134) ! (n=109)
As for PZ-HPV-7 As for PZ-HPV-7
pU-145 87 % | 73 %
(n=135) ? (n=101)
P 0.91 | 0.475
| (P > 0.05) (P > 0.05)

B- and y-catenins in PZ-HPV-7 cells exposed to ultrasound for 1 min were
distributed around the rim of the cells, while the intracellular ring observed in non-
sonicated samples remained (Figs. 6.4d, e and 6.5d, e). A clear B-/y-catenin-free
nuclear/cytoplasmic region was observed (Figs. 6.11a and 6.13a; arrows). After 1 h, B-
and y-catenins had accumulated at the cell-cell interface with little cytoplasmic
staining; the intracellular ring was still present (Figs. 6.11b and 6.13b). In contrast, in
DU-145 cells a diffuse cytoplasmic staining of B- and y-catenins was observed after
1 min and 1 h of exposure (Figs 6.11c and 6.13d). Accumulation of labels at the cell-
cell interface was also observed for both time points (Figs. 6.11c and 6.13d). - tests
for both time points showed that there was significant difference between the
frequencies of the different B- and y-catenins distributions in the two cell lines (Table

6.4).
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Figure 6.10: Integral intensity measurements of a-catenin at the cell-cell interface of
20 randomly selected pairs of cells after 1 and 60 min of levitation in the trap, for both

cell lines (error bars represent one standard error ofthe mean).

The temporal progression of P- and y-catenin redistribution was quantified by
measuring the integral intensity of these molecules at the cell-cell interface for both
cell lines (Figs. 6.12 and 6.14). The p-catenin integral intensity of PZ-HPV-7 cells
increased from 1830 to 4200 pm2 ie by a factor of 2.3, whereas that of DU-145
increased from 780 to 2600 pm2 ie. by a factor of 3.3 (both time point cell samples
were significantly different (P < 0.05)) (Figs. 6.12 and 6.14). Additionally, the
Y-catenin integral intensity of PZ-HPV-7 cells increased from 1470 to 6600 pm2 i.e.
by a factor 0f4.5, whereas that of DU-145 increased from 1280 to 3300 pm2 i.e. by a
factor of 2.6 (both time point cell samples were significantly different (P < 0.05))

(Figs. 6.12 and 6.14).
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Figure 6.11: Distribution of (3-catenin in PZ-HPV-7 (a, b) and DU-145 (¢, d) cells exposed to ultrasound for 1 min (a, ¢) and 1h (b, d). Arrows

show the cytoplasmic/nuclear p-catenin-ffee region. Scale bar is 50 pm.
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Table 6.4: Summary of the distribution of B- and y-catenins in both cell lines after
1 min and 1 h of ultrasound initiation. The percentages of the dominant - and
y-catenins distribution patterns together with the overall number of cells examined ()

and the y* value are given.

. PBcatenin ] ___ y-catenin
Imin 1k | 1min 1h
Intracellular ring = Little cytoplasmic As for As for
; staining B-catenin B-catenin
PZ-HPV-7 :
79 % 76 % 82 % 70 %
(=146  (n=98) (n=125 | (n=115)
~ Diffuse staining = Diffuse staining As for As for
- throughout the cells throughout the cells | p-catenin B-catenin
DU-145 |
86 % 79 % 78 % 80 %
. (m=159  (@=201) | (n=127) _ (n=150)
7 ; 120 61 90 68
(P << 10?) (P << 10?) P<<10%) | (P<<10?)

6.3.5 Contrasting the heterogeneity of the cell lines

The immunolabelling results presented in Section 6.3.3 showed that the
staining intensity of E-cadherin and a-, B- and y-catenins varied among cells of the
same DU-145 cell population. Cells of high staining intensity (integral intensity values
between 2,500 and 3,500 um?®) were found adjacent to cells of medium (1,500 to
2,500 um?) or low (350 to 1,500 um®) staining intensity; consequently, the DU-145
cell line was characterised as heterogeneous. In contrast, PZ-HPV-7 cells exhibited a
homogeneous staining intensity for all molecules under investigation. The 2-test for

cells exposed to ultrasound for 1 h showed that there was significant difference
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Figure 6.12: Integral intensity measurements of p-catenin at the cell-cell interface of
20 randomly selected pairs of cells after 1 and 60 min of levitation in the trap, for both

cell lines (error bars represent one standard error ofthe mean).

between the frequencies of different staining intensities (high, medium and low

staining intensities as defined above, n ranging from 125 to 245) in the two cell lines.

6.4 Discussion

6.4.1 Aggregate morphology

Microscopic observations of aggregate growth showed no detectable difference
in the production of closely-packed aggregates without long-range hexagonal order
(Sec. 6.3.1; Fig. 6.2) for both cell lines, upon stimulation of cell-cell contact in the
trap. Such behaviour is consistent with the fact that both cell types express E-cadherin
(Sec. 6.3.3); therefore, there is homophilic interaction between E-cadherin receptors

on apposing cells upon stimulation of cell-cell contact in the trap.
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Figure 6.13: Distribution of y-catenin in PZ-HPV-7 (a, b) and DU-145 (¢, d) cells exposed to ultrasound for 1 min (a, ¢) and 1h (b, d). Arrows

show the cytoplasmic/nuclear y-catenin-ffee region. Scale bar is 50 pm.
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Figure 6.14: Integral intensity measurements of y-catenin at the cell-cell interface of
20 randomly selected pairs of cells after 1 and 60 min of levitation in the trap, for both

cell lines (error bars represent one standard error ofthe mean).

6.4.2 Immunolabelling

Differences in the ability of the two cell types to spread over neighbouring
cells were observed and quantified. These differences were also associated with
changes in the amount of F-actin at the cell-cell interface. The angle 0 of the cell-cell
‘chord’ of PZ-HPV-7 cells increased over 1 h in the trap by a factor of 2.1, whereas
that of DU-145 cells increased by a factor of 1.5 (Fig. 6.3). As well, the F-actin
integral intensity of PZ-HPV-7 cells increased over 1 h in the trap by a factor of 2.7,
whereas that 0of DU-145 increased by a factor of 1.7 (Fig. ¢ .3).

Both cell lines showed progressive accumulation of F-actin at the cell-cell
interface within 1 h of levitation in the trap; however, PZ-HPV-7 cells exhibited
strong intracellular F-actin aggregates (as for control, non-sonicated cells), possibly

associated with the perinuclear region (Neco et al., 2003).

Cell-cell interactions in USWT 215



Chapter 6: Cancer cells interactions in USW

Increased recruitment of F-actin to the cell-cell contact interface promotes
strong cadherin-mediated adhesion (Gumbiner, 1996; Imamura ef al., 1999; Tepass,
2002), therefore the lower amount of F-actin at the cell-cell contact interface, shown
here for DU-145 cells, is consistent with the reduced capacity of these cells to adhere
strongly and thus spread over each other. Preliminary Western Blotting experiments
(data not shown) of non-sonicated cells of the DU-145 and PZ-HPV-7 cells lines also
suggested that the amount of E-cadherin present at the membrane-bound fraction
(‘Triton-soluble’ fraction) of PZ-HPV-7 cells was three times higher than that of
DU-145 cells, further supporting the evidence that PZ-HPV-7 cells have a greater
ability to attach and spread over neighbouring cells than the malignant DU-145 cells.

A lower amount of F-actin in malignant cells compared to normal has also
been reported by Giick et al. (2005). These authors employing an optical stretcher
combined with microfluidic delivery, showed that the optical deformability (elasticity)
of single human breast cancer cells was significantly increased compared to their
normal counterparts. Such deformability was also accompanied by a 30% reduction in
the F-actin content of the cells. The equilibrium between G and F-actin (Chap. 1; Sec.
1.4.1.1) is a marker of cell transformation and tumourigenesis. Increased G- to F-actin
ratio has been reported in malignant human keratinocytes (Katsantonis et al., 1994),
human uroepithelial cells (Rao et al., 1997, Rao, 2002), mouse H-Ras transformed
fibroblasts (Moustakas and Stournaras, 1999), as well as in tissue sections of
malignant prostate glands (Hemstreet ef al., 2000).

The overall cytoskeleton and cell shape remodelling results presented here for
both cell lines are in line with the recent report of Chu et al. (2004). These authors
showed that (i) after 30 min F-actin had strongly accumulated at the linear interface of

doublets of Sarcoma 180 (S180) cells formed in suspension and (ii) that the force
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required to separate cells in a doublet formed by bringing cells, each supported by a
micropipette, into contact for a period of 60 min increased rapidly over the first 30 min
and more slowly thereafter. This force was primarily determined by the amount of E-
cadherin expressed at the cell surface. A calculation, by the present author, of the
angle 0 of the cell-cell ‘chord’ of E-cadherin expressing cells was on average 91°
(n = 3), in agreement with the value reported here for the high E-cadherin expressing
PZ-HPV-7 cells.

It has therefore been shown here, that malignant DU-145 cells have a reduced
capacity to recruit F-actin at the cell-cell interface and that their rate of membrane
spreading is lower than that of PZ-HPV-7 cells.

The distributions of the individual components of the cadherin/catenin

complex are discussed in the following Sections.

6.4.2.1 E-cadherin

PZ-HPV-7 cells exhibited homogeneous membranous E-cadherin staining
within 1 h of ultrasound exposure (Figs. 6.6a and 6.7a; Table 6.1), possibly associated
with the formation of adherens junctions, while diffuse E-cadherin cytoplasmic
staining and less membranous staining were observed for DU-145 cells (Figs. 6.6d and
6.7c; Table 6.1). In addition, Western Blotting analysis of DU-145 cells levitated in
the ultrasound trap for 1 h (data not shown) showed that the amount of E-cadherin
present in the cytoplasm (‘Triton-insoluble’ fraction) was higher than that present on
the cell membrane (‘Triton-soluble’ fraction).

The results reported here on E-cadherin distribution after 1 h of levitation in
the trap, are in agreement with earlier studies in various tumour tissue sections and cell

lines, where an increased diffuse cytoplasmic and reduced membranous distribution of
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E-cadherin, as shown here for the DU-145 cell line, is associated with tumour
progression. These previously reported studies are listed in Table 6.5.

In prostate cancer in particular, E-cadherin is rarely permanently lost (Chesire
and Isaacs, 2003). Davies et al. (2000) found that DU-145 cells at the confluence
phase presented E-cadherin at the cell-cell interface similarly to their normal
counterparts (i.e. PZ-HPV-7 cells; as shown here in Figs. 6.7a, d; Table 6.2), whereas
Mitchell et al. (2000) reported both intense cytoplasmic and membranous expression
of E-cadherin in cells of the DU-145 cell line, in line with the results presented here
(Fig. 6.7¢).

It has therefore been shown that during tumour progression, E-cadherin does
not always show absent or reduced expression but that there is redistribution from the

cell membrane to the cytoplasm.

6.4.2.2 a-catenin

Both cell lines, PZ-HPV-7 and DU-145, showed diffuse a-catenin cytoplasmic
staining (1 min; Fig. 6.9a, c¢; Table 6.2), with staining exclusion from the nuclear and
cytoplasmic region occurring within 1 h of ultrasound exposure (Fig. 6.9b, d; Table
6.2). It is noted that a-catenin in control, non-sonicated PZ-HPV-7 cells (Figs. 6.4c
and 6.5¢) exhibited a similar distribution as in cells levitated in the trap for 1 h (Fig.
6.9b) but not with cells levitated in the trap for 1 min (Fig. 6.9a). A reason for this
may be that sonicated samples were introduced into the trap immediately after their
preparation, whereas non-sonicated cells were kept in suspension culture for 1 h prior
to immunofluorescent studies. On the other hand, no difference was observed between
non-sonicated DU-145 cells (Figs. 6.4h and 6.5h) and 1 min samples (Fig. 6.9¢). It is

also noted that such differences between non-sonicated and sonicated cells have been
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observed only for a-catenin. However, further work is required for elucidation of the
above differences.

As is the case for E-cadherin, reduced membranous and increased cytoplasmic
staining of a-catenin have been reported in tissue sections of breast (Nakopoulou et
al,, 2002), colorectal (Tucker et al., 2003; Wijnhoven et al., 2004; Buda and
Pignatelli, 2004), lung (Al Moustafa et a/., 2002), renal (Aaltomaa et al., 2004) and
oesophageal tumours cancers (Khare ef al., 1999), as well as in a range of colorectal
(El-Bahrawy et al., 2000; 2002), ovarian carcinoma (Bullions et al, 1997) and
metastatic thyroid follicular carcinoma (Huang et al., 1998) cell lines.

In prostate cancer, cytoplasmic staining of a-catenin has been reported in cells
of the DU-145 cell line (Mitchell et al., 2000), whereas Davies et al. (2000) reported
loss of a-catenin from DU-145 cells in relation to PZ-HPV-7 cells. However, in the
present study no significant difference was observed or quantified by the y*- test
between the a-catenin staining of both cell lines (Fig. 6.9; Table 6.2).

Nevertheless, a number of variables, such as differences in the E-cadherin
antibody and staining techniques (Wheelock ef al., 2001) used might explain the
difference observed between the results presented here and by Mitchell et al. (2000)
and that reported by Davies et al. (2000).

On the other hand the amount of a-catenin recruited to the cell membrane after
1 h in the trap was for the PZ-HPV-7 cells 2.7 times higher than that of DU-145 cells
(Fig. 6.10), further indicating that DU-145 cells possess a less adherent

cadherin/catenin complex than PZ-HPV-7 cells.
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Table 6.5: Published reports on reduced membranous and increased cytoplasmic

distribution of E-cadherin in cancer tissue sections and cell lines.

[

75 ~ Tissue Sections

_ Tumour description " Reference
. Neoplastic mammary |
I P i Torres et al., 2005
glands
‘ ~ Breast | Samioetal,2004
o | Khare et al., 1999; Winjhoven
Distal oesophagus |

etal., 2004
~ Kooyetal,1999

~ Basal cell carcinoma

Gastric cardia Winjhoven et al., 2004

~ Oral epithelial dysplasia ~ Williams et al., 1998

Reduced ~ Squamous cell carcinoma Williams et al., 1998
membranousand | Ohene-Abuakwa et al., 2000,
g Gastric cancer
increased cytoplasmic 3 Tucker et al., 2003
distribution of - o Mw?f—'ﬁl’iaaﬁiﬁaﬂi’ignatelli, 2004,
Colorectal carcinoma )
E-cadherin 3 ; Rosivatz et al., 2004

Cell lines
" Cellline | T
- Designation Reference
description |
- THT2,
Colorectal ‘
) HCT116, @ El-Bahrawy etal., 2000
carcinoma
- HSC-39
Gastric cancer Caco-2 ~ Kawanishi eral., 1995 |
_ Mesothelioma . HMC-1-5 |  Orecchia et al., 2004
 Bladder cancer = TCCSUP ~ Kyker et al., 2003
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6.4.2.3 p- and y-catenin

Figures 6.11 and 613 show the distributions of B- and y-catenins in cells of the
PZ-HPV-7 and DU-145 cell lines suspended in the trap for 1 min and 1 h. Both
molecules show almost complete co-localisation, an expected observation as - and Y-
catenins share the greatest structural and functional homology among the catenins and
bind to the cytoplasmic tail of E-cadherin in a mutually exclusive manner
(Schlosshauer et al., 2000; Bremnes et al., 2002; Breault ef al., 2005) (Chap. 1; Sec.
1.3.2.2).

B- and y-catenin expression in the majority of normal cell types is confined to
the cell membrane, while accumulation of B- and y-catenin in the cytoplasm and
nucleus, found here in DU-145 cells (Figs 6.11c, d and 6.13c, d; Table 6.3), is
consistent with similar observations reported in various malignant cells such as
melanoma (Kageshita ef al., 2001), gastric cancer (Ohene-Abuakwa et al., 2000), oral
epithelial dysplacia and squamous cell carcinoma (Williams et al., 1998), colorectal
carcinoma (El-Bahrawy et al., 2000), renal cell carcinoma (Aaltomaa et al., 2004),
adenocarcinomas of the gastro-oesophageal junction (Winjhoven et al., 2004),
medulloblastomas (Misaki et al., 2005), thyroid and lung cancers (Shiina et al., 2005).

In cells of the prostate cancer cell line DU-145, cytoplasmic and membranous
expression of B- and y-catenin has been reported (Mitchell et al., 2000), whereas
studies where the presence of the two molecules was confirmed by
immunofluorescence and RT-PCR have also been reported (Bussemakers ef al., 2000;
Shiina et al., 2005). The amounts of B- and y-catenins at the cell-cell interface of
PZ-HPV-7 cells (Figs. 6.12 and 6.14) were 1.6 and 2.8 times higher than those of

DU-145 cells. Similar observations were made by Davies et al. (2000), also based on
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the staining intensity of immunofluorescence of B- and y-catenins in confluent
monolayers of PZ-HPV-7 and DU-145 cells.

The B-catenin protein found usually in the lateral cell membrane, as shown
here for PZ-HPV-7 cells, partially reflects the function of cell adhesion, whereas that
found in the cytoplasm and nucleus, as shown for DU-145 cells, functions as a
mediator of wnt signal transduction (Shiina et al., 2005). Similarly, cytoplasmic and
nuclear y-catenin can, as described in Chapter 1 (Sec. 1.3.2.3), also interact with the
same transcriptional factors as B-catenin (Gooding et al., 2004; Shiina et al., 2005)
and overexpression of y-catenin could drive part of the endogenous B-catenin into the
nucleus, most probably by displacing it from cadherin (Ohene-Abuakwa et al., 2000),
resulting in the nuclear accumulation of B-catenin that in turn may activate other genes

to act as oncogenes (Chap. 1; Sec. 1.3.2.3) (Bremmes ef al., 2002).

6.4.3 Heterogeneity of cell lines

The immunolabelling results presented here for the cadherin/catenin complex
(Sec. 6.4.2) showed that the distribution of these molecules in PZ-HPV-7 cells is
homogeneous, whereas DU-145 cells showed heterogeneous expression of all
proteins. Cells of high protein expression were found adjacent to cell with lower
protein expression. Statistical analysis performed with the - test for cells exposed to
ultrasound for 1 h showed that there is significant difference between the frequencies
of different staining intensities in the two cell lines.

These results are consistent with earlier studies where the human DU-145 cell
line was characterised as heterogeneous (Mitchell et al., 2000; Chunthapong et al.,
2004), as well as with the currently accepted view that prostate cancer is

heterogeneous and multiclonal in nature; features that are closely linked to genetic
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instability (Chunthapong et al, 2004). However, Mitchell et al. (2000) and
Chunthapong et al. (2004) comment on the heterogeneity of the DU-145 cell line only
in respect to E-cadherin expression. Heterogeneity in respect to a- , B- and y-catenins

has not been previously reported.

6.5 Preliminary conclusions

Initial investigation of the ability of the different cell types to spread over
neighbouring cells, as quantified by measuring the cell-cell interface ‘chord’, showed
that the epithelial PZ-HPV-7 prostate cells spread more than the epithelial DU-145
prostate cancer cells.

Differences in the amounts of the cadherin/catenin complex were also observed
and quantified for both cell lines. PZ-HV-7 cells recruited more a-, B- and y-catenins
as well as F-actin in relation to DU-145 cells over 60 min of levitation in the trap. The
overall conclusion that DU-145 cells are less adhesive than PZ-HPV-7 cells is thus
drawn. The results presented here were consisted with previously published reports
were a reduced cell-cell adhesion ability was observed for various types of tumour
cells.

The ultrasound trap allowed the identification of differences in the amounts and
distributions of molecules of the cadherin/catenin complex in the two cell types even

at samples removed from the trap after 1 min.

Cell-cell interactions in USWT 223



Chapter 7: General Discussion

Chapter 7

General Discussion

7.1 General

The work described in this thesis has further developed (Chap. 3) an ultrasound
standing wave trap capable of creating 2-dimensional microparticle aggregates
(Chap. 2) and applied it (Chaps. 3-6) to form cell aggregates in suspension, away from
the influence of solid surfaces. Validation of the non-intrusive influence of the
physical environment of the trap on cell wellbeing was carried out in Chapter 3, while,
the cell-cell adhesion and cytoskeletal development events of different cell systems as
well as the cell-cell communication process were examined in the subsequent chapters

(Chaps. 4-6). These different components of the thesis are integrated in the following.

7.2 The acoustic trap

In the first experimental chapter (Chap. 2) the ultrasound trap was used as an
approach to examine growth and formation of 2-dimensional microparticle aggregates
at a range of different electrolyte (CaCly) concentrations. Particle aggregates were
formed in the bulk phase (Spengler and Coakley, 2003) rather than at an air-water
interface (Hidalgo-Alvarez er al., 1996), removing in this way the constraint of
particle location at an interface and the resulting requirement (Hidalgo-Alvarez et al.,
1996) of modification of particle interaction terms (van der Waals, electrostatic and

structural forces) for that situation. The change in the magnitude of the repulsive
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electrostatic particle-particle interaction terms in the suspending phase resulted in a
gradual transition in the aggregate morphology from a hexagonally ordered towards a
dendritic disordered one with increasing electrolyte concentration. These results
provided guidance on the interpretation of the temporal development of the
morphology of cell aggregates described in the succeeding chapters (Chaps. 3-6). A
range of different indices was introduced to characterise morphology (Fractal
dimension), order (Fast Fourier Transform) and degree of ‘openness’ (Void analysis)
of the 2-D aggregate structures.

Since an aqueous bulk phase environment, as that provided by the acoustic
trap, is an absolute requirement for animal cell aggregation in vitro, the above method
introduced a new technique to obtain, for animal cells, the kinetic, dynamic and
morphological information (Coakley ef al., 2004) discussed for particles in Chapter 2,
as well as study the molecular consequences of cell-cell interactions away from the
influence of solid surfaces (Chaps. 4-6). Additionally, the void index, was
subsequently chosen and used as appropriate index for quantifying cell-cell
interactions, as these were reflected in the overall aggregate morphology (Chap. 4).

As discussed in Chapter 3, a controlled physical environment is essential for
the wellbeing of cells. It was therefore important, as with all physical cell traps, to
examine the suitability of the trap for the accommodation of animal cells and the study
of the biology of cell-cell interactions. It is noted that a similar comprehensive study
has not been performed for either optical or dielectrophoretic traps.

Several physical parameters including, temperature increase, acoustic
streaming, cavitation and intercellular forces that might influence the function of cells
in the trap were quantified. It was shown that the temperature increase in the trap was

<<0.5 K over the examined 30 min. Acoustic streaming velocities about the aggregate

Cell-cell interactions in USWT 225



Chapter 7: General Discussion

exposed the cells to less stress than the gentle centrifugation processes employed
during cell suspension preparation. No acoustic emissions, that are the signature of
cavitation activity, were detected during the exposures. The van der Waals force
dominated any ultrasonic contribution at the low separations at which homophilic
surface receptors engage. Finally, cell viability assays further validated the non-
intrusive nature of the ultrasound trap.

The suitability of the trap arises because:

(1) The 300:1 ratio of the major to minor semi-axes of the 2-D acoustic
potential well makes 2-D aggregation insights, valued in particle
aggregation studies, available in the biological domain (Coakley et al.,
2004). The cell systems examined in the present study acquired, within
30-60 min, an epithelial-like morphology (Chaps. 4-6), allowing direct
comparison with conventional studies of established cell monolayers in
culture flasks.

(i)  The single-cell thickness of the 2-D aggregate provides an excellent
optical system to apply immunofluorescent techniques to monitor
progression of the adhesion process, while in-situ as well as post-
ultrasound exposure.

(ili)  Significant numbers of cell-cell interactions can synchronously take
place, as a 2-D aggregate with a diameter of 1 mm contains
approximately 10,000 cells. Such high cell numbers have proved to be
particularly useful in obtaining sufficient examples of the process under
investigation. Statistically well defined measures could then be
extracted, allowing the process under investigation (for example, the

progression of the length of cell-cell contact in monolayers or the
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distribution of F-actin (Chaps. 3-6) and catenins (Chap. 6)) to be
designated as ‘typical’. Furthermore, the numbers of cells in an
aggregate have proved to be sufficient to carry out molecular
techniques, such as Western Blotting (Chap. 6), on cells essentially

stimulated synchronously by initiation of cell-cell contact in the

aggregate.

7.3 Cell-cell adhesion

Chapters 4-6 described the process of cell-cell adhesion in neural (Chap. 4),
chondrocyte (Chap. 5) and prostate epithelial and cancer cells (Chap. 6), with
particular attention to the ability of cells to (i) increase the area of cell-cell contact and
(ii) redistribute F-actin from intracellular locations to the cell-cell contact interface
upon stimulation of cell-cell contact in the sound field. Additionally, (iii) the void
index A/A, was used as an indicator of the openness of the cell aggregates that
reflects to an extent the strength of the initial cell-cell adhesion. Finally, (iv) parallels
have been drawn between the different cell aggregate morphologies and the equivalent
particle aggregates formed in different [CaCl] solutions. Factor (i) was quantified by
measuring the angle 6 of the cell-cell interface ‘chord’ (Sec. 6.2.3). It is noted that
after 1 h in the trap cells are no longer circular but mostly quadrilateral or pentagonal,
therefore there has been an assumption in the calculation of the angle 8, as the
diameter 2R of the cells was considered as a constant from earlier measurements of the
same sample. Factor (ii) was quantified using the integral intensity approach described
in Chapter 4, Section 4.2.5. Factor (iii) was quantified according to the procedure
detailed in Chapter 2, Section 2.2.6.2, while factor (iv) derived was based on

comparison of cell aggregates and particle aggregates formed in different [CaCl;]
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solutions. Table 7.1 summarises the differences in factors (i-iv) described above,
quantified for the cell systems used in the present study after 1 h of initiation of cell-

cell contact in the sound field.

Table 7.1: Differences in the angle 6 (+ standard error of the mean) made by the cell-
cell interface ‘chord’, F-actin integral intensity (um?) of Phalloidin-Alexa Fluor 488
(= standard error of the mean) and void index of the various systems used in the
course of this thesis after 1h* in the trap. The [CaCl;] for equivalent latex aggregate

morphology is also shown.

: ; Neural
~ Particles = DU-145 = Chondrocytes . PZ-HPV-7
‘ 1 cells
" Angle 0 of the !
cell-cell interface 0 | 65°+14  72°+06 90°+24 114°+ 3.5
‘chord’
Factinintegral  \p 1094435  040£37 | 2008+ 102 | 27846 + 2225
intensity (unt’) |
- - Chapter2 ' S
Voidindex A/4p  gection 005 0.03 0.06 021
at 5 min** ‘ |
2323
[CaCljfor ~ Chapter2 : |
equivalent particle Section 2.4 mM ‘ 0 mM 2-4 mM 8-10 mM
aggregate ‘
2321
morphology

* Measurements for the neural cells were performed within 30 min of ultrasound exposure
** The void index data have been derived from measurements on a single aggregate for each
case

The neural and DU-145 cell contact seams spread most and least extensively
respectively. Similarly, F-actin staining intensity at the cell-cell interface was highest

for neural cells and least for DU-145 cells and chondrocytes. The difference in the
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integral intensities of the latter two systems is small but statistically significant
different (a two-tailed two sample t-test gave a P value of less than 0.005). These
results will now be discussed in the context of their membrane receptor profiles. (It is
noted that while the void index, the angle 6 and the equivalent CaCl, concentrations
changed by a factor of not more than 4, the F-actin staining was more than 10-fold
greater for neural than for any other. Consequently, care has been taken to confirm this
observation).

In tissues, neural and PZ-HPV-7 cells express cell-cell mediated adhesion
systems and, as shown in Chapters 4 and 6, in vitro they exhibit strong staining for N-
(Sec. 4.3.3) and E-cadherin (Sec. 6.3.2.1) at the cell-cell contact interface within 30
and 60 min respectively of cell-cell contact in the trap. The staining patterns were
consistent with formation of adherens junctions. Increased localisation of cadherin
receptors at the cell-cell contact interface promotes strong cell-cell adhesion
(Gumbiner, 1996; Imamura ef al, 1999, Tepass, 2002), resulting in increased
localisation of the F-actin cytoskeleton at the sites of cell-cell contact bringing about
cell movements and morphological interactions that underlie normal cell shape, i.e.
cell spreading (Zicha et al., 2003). In addition, the void index for neural cells was
0.21, corresponding to a [CaCl;] for equivalent particle aggregate morphology of
8-10 mM, while for PZ-HPV-7 cells, the void index was 0.06, much less than that of
neural cells and corresponding to a [CaCl;] for equivalent particle aggregate
morphology of 2-4 mM.

The indices in Table 7.1 consistently show that neural and PZ-HPV-7 cells
were more adhesive than the other cell systems examined in the present thesis.
However, the above indices were lower for PZ-HPV-7 cells than neural cells (Table

7.1) even though both mediate cell-cell interactions in vivo. One possible explanation
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might be the fact that neural cells have shown (Chap. 4; Sec. 4.3.5) strong expression
of NCAM, the role of which was crucial in the process of cell spreading (Chap. 4; Sec
4.4.3). In contrast, the author has found no association of NCAM with PZ-HPV-7 cells
in the published literature. Thus, the possible absence of NCAM from the PZ-HPV-7
cells might account for the observed reduced spreading and adhesive capacities of
PZ-HPV-T7 cells in relation to that of neural cells.

On the other hand, chondrocytes contain a high level of the cell-matrix
integrin receptors that mediate cell-matrix interactions in vivo (cell-matrix adhesion),
(Svoboda, 1998). Chondrocytes display cell-cell interactions only during pre-
chondrogenic condensations (Coleman and Tuan, 2003), while after cartilage
formation cell-matrix interactions prevail (Chi ef al., 2004). In the present study fully
differentiated chondrocytes were challenged for cell-cell rather than cell-matrix
adhesion expression. It may be for this reason that their adhesive and spreading
capacities, as well as the low void index (0.03, equivalent to control (0 mM [CaCl;])
particle aggregates), are lower than those reported for the neural and PZ-HPV-7 cells
(Table 7.1). However, accumulation of F-actin at the cell-cell interface was clearly
observed, indicating that cell-cell receptor interactions at the cell membrane have
taken place. As discussed in Section 6.1, pre-chondrogenic condensations are
mediated by NCAM and N-cadherin (DeLise and Tuan, 2002) whereas these
molecules are not found in differentiated cartilage (i.e. in chondrocytes). On the other
hand, Tavella et al. (1994) reported that both of these molecules are reexpressed by
chondrocytes within 12 and 24 h respectively of initiation of suspension cultures. It
could then well be that initiation of chondrocyte-chondrocyte contact in the sound
field, causes rapid expression and translocation of NCAM and N-cadherin at the cell

surface, at least to the extent where association with the F-actin cytoskeleton and
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redistribution of the latter was clearly identified by immunofluorescent studies (Sec.
5.3.3).

DU-145 cells on the other hand, are malignant cells, with increased
cytoplasmic and less E-cadherin staining at the cell-cell contact interface (Chap. 6;
Sec. 6.3.4.1), in line with the published literature, where increased cytoplasmic E-
cadherin staining is associated with tumour progression (Mitchell et al., 2000;
Winjhoven et al., 2004; Buda and Pignatelli, 2004). Malignant cells are characterised
by reduced cell-cell adhesion and increased cell motility (Lozano er al., 2003),
therefore reasonably their adhesive and spreading capacities (Table 7.1), quantified in
the present study, are lower than those reported for the other cell systems examined. It
must be noted however, that DU-145 cells also exhibited reduced membranous
expression of a-, B- and y-catenins (Sec. 6.3.4.3), indicating that the cadherin/catenin
complex mediating cell-cell adhesion and associated spreading are less effective in
their non-cancerous counterparts, PZ-HPV-7 cells, as well as that of neural cells
(Table 7.1). It is also noted that the void index of DU-145 cells is 0.05 (equivalent to
2-4 mM [CaCl;]), similar to that of PZ-HPV-7 cells, despite the fact that their
measured adhesive and spreading capacities are lower that those of PZ-HPV-7 cells.
This could be explained by the fact that DU-14S5 cells expressed E-cadherin at the cell
surface (Chap. 6, Sec. 6.3.4.1), therefore there is some level of E-cadherin receptor
interactions taking place on apposing cells, giving rise to a little disordered cell
aggregated morphology.

Finally, colloidal interactions are simpler than cell-cell interactions as they
are the result of the electrostatic repulsion and van der Waals attraction (Chap. 2).
Classification of a particle aggregate as weakly adhesive is based on observations of

its morphology. A particle aggregate is less adhesive the more closely-packed its
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morphology is, as the electrical double layer is thick (Chap. 2; Sec. 2.1.1.1), while
screening of the negative charge by addition of CaCl, (i.e. reducing the thickness of

the double layer), delivers strongly adhesive dendritic structures.

7.4 The media

A complete list of the cell culture media used in the present study can be
found in Appendix A. A common property was that all cell systems were, for the cell
adhesion studies in the ultrasound field, suspended in serum-free media. Neural cells
were suspended in serum-free NSM, chondrocytes in serum-free DMEM/Ham’s F-12
and prostate epithelial and cancer cells in serum-free HCMF/CaCl,.

The major advantage of serum-free media is that it has a ‘control over
growth’ characteristic as it is chemically-defined and selective for a particular cell
type. The possibility of overgrowth of fibroblasts is thus effectively tackled (Freshney,
2000). Serum-free media were particularly important, for the maintenance and sub-
culturing procedure of C6 neural cells, as this is a unique conditionally-immortalized
clonal cell line, of limited availability, able to replicate as a homogeneous population
of progenitor cells, as described in Chapter 4 (Sec. 4.1). It was therefore important to
maintain the purity of this cell line and to ensure optimum cell function in the sound
field. On the other hand, prostate epithelial and cancer cells were maintained,
according to the protocol provided by ATCC, in Ham’s F-12 containing 10% foetal
calf serum, as in accordance with the situation for many tumour cell lines, minimal
stromal overgrowth is generally observed. Serum-free media were therefore most
appropriate for suspension of chondrocytes, prostate epithelial and cancer cells for

adhesion studies.
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The absence of serum in DMEM/Ham’s F-12 and HCMF/CaCl, had no
detectable effect on the wellbeing of chondrocytes, as assessed by various viability
assays (Chap. 3; Sec. 3.3.5), or of prostate epithelial and cancer cells, as assessed by
microscopic observations of the bright field images, while in the trap.

The choice of media might also have influenced the different extents of
membrane spreading of neural and PZ-HPV-7 cells. Both neural and PZ-HPV-7 were
in serum-free media in the ultrasound trap. However, while the neural cells were also
cultured in NSM, the PZ-HPV-7 cells were cultured in the less defined, serum
containing, Ham’s F-12 medium (supplemented with 10% foetal calf serum and
100 pg/ml penicillin-streptomycin solution). It was though beyond the scope of this
study to examine and assess the effects/impacts of various cell culture media on the

adhesive and spreading abilities of the cell systems examined in this thesis.

7.5 Trafficking of molecules

Monitoring the trafficking of cell receptor or gap junctions molecules provided
valuable insight for the establishment of temporal changes in cell-cell adhesion and
cell-cell communication processes. In this study, temporal changes of localisation of
the following molecules was examined: NCAM and N-cadherin in neural cells (Chap.
4), Cx43 in chondrocytes (Chap. 5), E-cadherin, a-, B-, y- catenins in prostate
epithelial and cancer cells (Chap. 6) and F-actin in all cell systems. As noted in
Chapter 4 (Sec. 4.3.5) samples were removed from the trap after 1, 8, 30 or 60 min but
the respective immunofluorescent images correspond to the ‘real’ times of 2.5, 9.5
31.5 and 61.5 min due to the time gap from termination of ultrasound (1, 8, 30 and 60

min) to specimen fixation.
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Intracellular responses, i.e. localisation of molecules at the short cell-cell
contact regions, were quite clear, from a range of 2 to 4 duplicate experiments, for all
of the above molecules. Accumulation of the above molecules at the long cell-cell
contact interface, accompanied by formation of gap junctions and, apparently,
adherens junctions, occurred within 30 and 60 min of initiation of contact in the sound
field. It follows then, that the intervening 29 min period to confluent-culture-like F-
actin patterns and 59 min to functional gap junctions offer significant opportunities to
monitor the kinetics of adhesion complex components as they approach their
equilibrium distributions. However, the localisation of these molecules at intermediate
time points was not examined, with the exception of NCAM, N-cadherin and F-actin
in neural cells (time point of 8 min). Still, the possibility that equilibrium distributions
may have already been reached in significantly faster times than those reported in this
thesis cannot be ruled out.

The potential of the ultrasound trap for detection of rapid molecular processes
following cell-cell contact will now be set in the context of the various methods and
techniques used for the study of cell-cell adhesion and communication.

Approaches to fluorescence microscopy studies of the time course of the
molecular development of the cell cytoskeleton in a cell monolayer following receptor
mediated cell-cell interactions include the ‘calcium-switch’ approach, and cell overlay
systems (Chap. 1; Sec.1.8.1). Undoubtedly, the ‘calcium switch’ approach has
contributed significantly to the extraction of temporal information on cell-cell
adhesion, as cells are rapidly and synchronously stimulated to initiate cell-cell contact
upon transfer from low calcium (0.02-0.1 mM) to complete growth medium (1.2-1.8
mM calcium); however, limitations of this method include: (i) a small number of cells

is examined (each patch contained 4-8 cells (Braga, 2002)), (ii) growth of cells in low
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calcium medium usually takes 3-10 days, (iii) the adhesion process of mixtures of
different cell types seeded, for co-culture purposes, in a monolayer cannot be
examined, due to the random growth of the different cell types (iv) cells are grown on
coverslips, thus cell-cell interactions are not free of the effects of the underlying solid
substratum.

The overlay method has been particularly useful in the study of cell-cell
communication, as the time required for passage of a dye from the loaded to the
unloaded population reflects the formation of functional gap junctions and the extent
of coupling. This is a rapid and easy method to perform, where synchrony of cell-cell
interactions is ensured but also mixtures of cell populations can be examined;
however, the effect of the solid substratum on cell interactions is overcome, for only
one of the partner cells (Ko et al., 2000; Becker and Green, 2002)

Micromass culture approaches on the other hand are limited by: (i) reduced
nutrient availability in the middle of the cultures, (ii) microscopic observations the
3-D environment moderates microscopic observations (Fish, 2005), (iii) the outer
layer of the cultures is in contact with a substratum and (iv) a 1 h delay to the
beginning of observations (Coelho and Kosher, 1991). Taking into account that
intracellular responses have been shown to occur within 60 s of initiation of cell-cell
contact in the trap, micromass and pellet cultures possibly provide information on the
already established equilibrium distributions of adhesion and communication
molecules.

Recently, the use of a dual micropipette assay (Chu et al., 2004) allows cell-
cell interactions to be studied synchronously and rapidly in suspension, as well as
mixtures of cells to be examined. The main disadvantage of this technique, however,

is that only two cells can be supported each time by the micropipettes; therefore the
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extrapolation of statistically ‘safe’ data requires several doublets to be assayed,
something that can be quite time consuming.

As discussed in Chapter 6, significant attention has been focussed on the
distribution of the cadherin/catenin complex in normal and cancer tissues, directly
taken form donor patients (Winjhoven ez al., 2004; Tucker ef al., 2003). However, in
this case, the temporal changes of localisation of adhesion and communication
molecules cannot be continuously monitored.

The ultrasound technique can thus simply, rapidly and with some precision
produce data on molecular changes during development of adhesion or cell

communication away from the influence of solid substrata.

7.6 The role of Ca**

A large number of published reports stress the role and importance of Ca®" in
the formation of cadherin-based cell-cell contacts, with particular emphasis to the
disruption of cell-cell contacts in a low Ca®' environment (Braga ef al., 2002). The
role of Ca®* in the ability of cells to redistribute their F-actin cytoskeleton at sites of
cell-cell contact was examined here in neural cells (Sec. 4.3.6.1) and chondrocytes
(5.3.7), by depleting it from the culture medium using the chelator EDTA. Both types
of cells showed clear accumulation of F-actin at the cell-cell contact interface even at
extracellular Ca?* concentrations of 2.3 pM.

As discussed in Chapter 4 (Sec. 4.4.2) neural cells express NCAM and N-
cadherin; at low Ca?' concentrations, the role of the former may have been the
formation and maintenance of the primary cell-cell contacts at close enough separation
distances, for the N-cadherin molecules to interact and associate with the F-actin

cytoskeleton. Expression of NCAM and N-cadherin has been shown to occur in
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chondrocytes within 12 and 24 h in suspension cultures (Tavella et al., 1994); it may
therefore also be the case in chondrocytes in suspension that at a low Ca*’
concentrations, the Ca’*"-independent NCAM keeps the cells in sufficiently close
distance for N-cadherin interactions in apposing cells to occur and finally result in the
redistribution of the F-actin cytoskeleton at sites of cell-cell contact. These results
raise the following interesting point.

In contrast to the situations observed in confluent monolayers on solid
substrata, where at a low Ca®" concentration, cells retract form each other (Frixione et
al., 2003) and thus receptor molecules are far from each other, the ultrasound trap
provides the gentle constraint that keeps cells in close contact so that NCAM-NCAM
binding can occur and allow for the partially inactivated or fully functional cadherins
to attach to each other and cause accumulation of actin at the cell-cell interface. As
suggested by Frixione et al. (2003) perhaps confluent cells do not passively dissociate
primarily because Ca’’ levels are too low for the frans-interactions of neighbouring
cadherin molecules to occur, but disruption of the intercellular junctions becomes
facilitated and perhaps even forced because in the first place internally generated
mechanical tension pulls the borders of contiguous cells, held on a substratum, away

from each other.
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Final Conclusions

Individual conclusions for each of the five topics, investigated here, i.e.
particle aggregation, the suitability of the ultrasound trap for manipulation of
mammalian cells, cell-cell adhesion and communication of normal and cancer cells in
an ultrasound trap, have already been drawn at the end of the corresponding Chapters
2, 3,4, 5 and 6. Final conclusions from the results discussed shall be drawn in the
following.

This thesis has overall demonstrated and established the temporal progression
of cell-cell interactions from the early stages of receptor engagement to cytoskeletal
organisation in a range of cell systems, using a 2-D ultrasound standing wave trap
capable of levitating cells in suspension, free of the substratum effects that are known
to influence cell properties.

The framework for the establishment of the particle-particle interaction
parameters defining aggregate morphology was set in Chapter 2. It has been
demonstrated that acoustic interaction forces between particles (and cells) are small
compared with van der Waals interactions. Consequently the function of the trap is to
hold cells close together so that the likelihood of cell receptor interaction is increased
very significantly over the ‘encounter in suspension’ situation (Chap. 3). The structure

of the aggregate, the outcome of cell-cell interactions in a suspended aggregate and
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their consequences for cell behaviour were shown not to be compromised by or
dependent on the physical environment of the 2-D ultrasound trap (Chap. 3).

The underlying molecular consequences of cell-cell interactions in the trap
were established in Chapters 4-6. It was demonstrated that the synchronous adhering
cells, following membrane receptor interactions, underwent the intracellular F-actin,
catenin and connexin responses on rapid time scales. Neural C6 cells aggregated,
spread their cell-cell contact interface and developed confluent-culture-like F-actin
patterns over the period of 1-30 min in the trap (Chap. 4), while aggregated
differentiated calf chondrocytes showed clear F-actin and Cx43 distribution that was
consistent with measured gap junction functionality over the period of 1-60 min in the
trap (Chap. 5).

The potential of the ultrasound trap in the area of cancer biology was recognised
in Chapter 6. It was shown that the ultrasound trap was a technique sensitive enough
to aid in the identification of the adhesive properties of cancer cells. Cancer cells
expressed proteins of the cadherin/catenin complex to a lesser extent than their non-
cancerous counterparts and as a result they were classified as less adhesive.

An integrated view of the development of a cell monolayer in the ultrasound
trap can be seen as a non biological concentration of cells under millimetre range
acoustic forces, a non-intrusive effect of the micron scale acoustic particle interaction
force that is small compared to the van der Waals interaction, acoustic-independent
cell receptor interactions that modify the short range interactions leading to adhesion
and then acoustic-independent progression of intracellular processes to form the

adhesively strong and communicating monolayer.
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Some aspects of the work presented in this thesis might initiate future
activities. A selection of the most promising directions will be presented in the last

Chapter 9 of this thesis.

Cell-cell interactions in USWT 240



Chapter 9: Future work

Chapter 9

Future work

9.1 General

In this Chapter, a number of future research paths, stimulated by the results
presented in this thesis, for further studies on cell-cell interactions in the ultrasound

trap will be reviewed.

9.2  Use of green fluorescent protein (GFP)

Transfecting a population of cells with green fluorescent protein (GFP) for E-
cadherin, for example, would provide an approach to monitoring in real-time the
trafficking/distribution of this molecule in a large number of cells simultaneously
triggered to make contact in a high-resolution, real-time fluorescence imaging or
confocal microscopy field. GFP is used particularly as a fusion tag to monitor protein
localisation within living cells and is attracting tremendous attention, as it is a strong
visible fluorescent reporter molecule which is species-independent and does not
require any cofactors or substrates (Herman, 1998).

An even more challenging approach that could find practical applications is
based on the availability of several different coloured mutants of GFP, opening up in
this way the attractive possibility of multiparameter imaging in living cells. Through

the use of enhanced blue fluorescent protein (EBFP), cyan fluorescent protein (CFP),
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enhanced green fluorescent protein (EGFP) and enhanced yellow fluorescent protein
(EYFP) as well as careful selection of appropriate excitation, dichroic and emission
interference filters, it is possible to examine four distinct tagged cellular constituents
in the same cell. Some putative molecule combinations are listed in the following table
(Table 9.1). Sets 1-3 are focused on adherens and gap junctions, while set 4
investigates the whole intercellular junctional complex (Chap. 1; Sec. 1.1). It is noted

that combinations of only two or three molecules is also possible.

Table 9.1: Investigation of protein complexes using GFP variants

Set1 Set 2 Set 3 Set 4
~ N-cadherin E-/N-cadherin | E-/N-cadherin Claudins
~ NCAM T a-catenin a-catenin E-cadherin
- Cx43 ~ B-catenin B- /y-catenin Cx43
F-actin ~ y-catenin F-actin DSG or DSC

9.3  Investigation of the behaviour of heterogeneous cell populations

The experiments presented in Chapters 4, 5 and 6 were carried out with a
single homogeneous cell population. However, the ultrasound approach, with its
ability to monitor developing adhesive, partitioning and invasive behaviours of cell
consortia free of the constraining influence of solid substrata, can facilitate
quantitative measures of the cell consortium order or ‘cellular sociology’ (Adam et al.,
2001), that reflect the influence of cell surface receptors on tumour invasiveness
(Chap. 6) and on condensation processes in development (Chap. 5). Study of the

adhesion of cells in a consortium in suspension provides a significant advance on the

Cell-cell interactions in USWT 242



Chapter 9: Future work

‘calcium switch’ approach, described in Chap. 1 (Sec. 1.8.1), that is limited to attached

monolayers of homogeneous cells.

9.4 Moving into a 3-D system

In vivo, adhesion events occur 3-dimensionally, where cells attach to
surrounding 3-D mesh-like fibres rather than 2-D coated surfaces. The ultrasound trap
employed here could be a powerful tool for studies of cell-ECM interactions.
Solutions of ECM, e.g. fibronectin or collagen can be injected into the trap, without
disturbing the stably levitated aggregate. Cells free in suspension will then be input to
the trap and will surround the ECM coated 2-D aggregate. The 3-D aggregate can then
be taken from the chamber after a range of incubation times, and stained for different
receptor or cytoskeletal molecules.

In cancer research, tumour-stromal interactions are considered important in
tumour progression (Cukierman ef al., 2002), as transient loss of basement membrane
in pre-malignant epithelium is an early event associated with tumour progression
(Yang et al., 2002). This loss facilitates interactions between epithelial cells and
stroma. In fact, the majority of tumour-derived myoepithelial cells are deficient in
their ability to impart polarity because of aberrant synthesis and matrix deposition
(Gudjonsson et al., 2002). These complex alterations in tumour-stromal interactions in
cancer progression may be excellent candidates for study using 3-D matrix systems

developed in an USW system.

9.5 Applications in tissue engineering
Tissue engineering seeks to repair or replace a damaged or diseased tissue with

ideally, a structure developed from the recipient’s cells (De Bank ef al., 2005).
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Designing functional 3-D tissues from monodispersed expanded cell cultures is an
ongoing challenge in tissue engineering (Martin et al., 2004). Scaffolds on which
tissue cells can grow and differentiate while retaining biological and mechanical
functions such as a native ECM, are central to the repair of tissue defects (Kim ef al.,
1998, Quirk et al.,, 2004). Scaffold-free approaches on the other hand include: a)
cultivation in gyratory flasks or shakers, b) centrifugation-based compression, c)
maintenance in cell-culture inserts and d) gravity-enforced assembly of microspheres
in hanging drops (Kelm and Fussenegger, 2004). The ultrasound trap may provide an
alternative strategy that assembles cells in a scaffold-free and tissue-mimicking way,
thus extending options for scaffold-free tissue engineering. The significant short time
(of the order of 10s of seconds; Chap.1, Fig. 1. 7a, iii) over which a cell aggregate is
formed as well as the established wellbeing of the cells in the trap (Chap. 3) might
offer advantages over the current scaffold-free approaches described above.
Alternatively, as has been shown by Wang et al. (2004), acoustically driven polymer
meshes can by used for the retention of mammalian cells from flowing suspensions.
This approach might be applicable to tissue engineering were the mesh to be replaced
by a scaffold arrangement. Wang et al. (2004) used an acoustic chamber of an internal
volume of 13 ml, operating at 1.12 MHz. The chamber was filled with a polyester
mesh having a pore size 2 orders of magnitude larger than the cells (approximately
1250 um). Cell densities of over 1.5 x 10® cells/ml have been retained over a 5 h
period of ultrasound exposure with a -29 + 8.5% change in cell viability.

These suggestions will hopefully stimulate continuing interest in future

research on USW cell manipulation as well as new application fields.
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Appendix A

Culture media

The conditionally immortalised 921202-6 (C6) neural cell line was maintained
in a defined medium based on that described by Bottenstein and Sato (1979). All
chemicals for the preparation of this medium have been purchased from Sigma-
Aldrich, unless otherwise stated. Human epithelial and cancer prostate cells, as well as
freshly isolated chondrocytes were maintained in Ham’s F-12 and DMEM/Ham’s
F-12 respectively; these media are commercially available from various companies
such as Sigma-Aldrich, UK and Gibco; BRL, Life Technologies Ltd., UK. However,
as described in Chap. 6 (Section 6.2.2), human epithelial and cancer prostate cells
were, for the experiments described in the ultrasound trap, suspended in HCMF/5 mM
CaCl,; the formulation of the HCMF medium is given in the following. The chemicals

were in this case purchased from Fisher Scientific, UK unless otherwise stated.

A.1 Neuronal supplemented medium (NSM)

L Preparation of Neuronal supplemented stock (NSS)
1) Dissolve 20 mg corticosterone in 10 ml ethanol in a glass container
2) Dissolve 3.1 mg progesterone in 25 ml ethanol in a glass container
3) Dissolve 10 mg 3, 3°, 5-triiodo-L-thyronine in 50 ml 10 mM NaOH

4) Dissolve 100 mg of BSA in 10 ml DPBS
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1L

5) Dissolve 2 g apo-transferrin in 20 ml DPBS
6) Dissolve 320 mg putrescine in 4 ml H,O
7) Dissolve 10.4 mg sodium selenite in 10 ml H,O
8) Dilute 100 pl sodium selenite solution in 4.9 ml DPBS
9) Add 49 ml DPBS to a sterile S00 ml beaker containing a sterile stirring bar
10) Stir the DPBS slowly while adding the following:
e 10 ml BSA (point 4)
e 20 ml apo-transferrin (point 5)
e 4 ml putrescine (point 6)
¢ 5 ml sodium selenite (point 8)
e 1 ml3,3’°, 5-trilodo-L-thyronine (point 3)
e 117 ml DPBS
e 1 ml progesterone (point 2)
e 200 pl corticosterone (point 1)
11) Pour the prepared stock supplement into a cup of a 250 ml filter bottle unit
(22 um filter membrane) in a tissue culture cabinet and vacuum filter
12) Aliquot 8 ml into each of 25, 25 ml universal containers

13) Store at — 20°C for up to 6 months

Preparation of insulin stock

1) Add 7.8 ml of sterile (filtered) 20 mM HCI to 100 mg insulin in its original
container

2) Gently pipette the solution up and down to insure all the insulin is
dissolved

3) Aliquot 300 pl of the solution to each of 26, 2 ml cryovials

Cell-cell interactions in USWT A3



Appendix A: Culture media

4) Store at — 20°C for up to one year

IIl.  Preparation of NSM
1) Pour 200 ml Ham’s F-12 and 200 ml DMEM into a cup of a sterile 500 ml
bottle filter unit ((22 pum filter membrane)
2) Add 8 ml NSS and add 4 ml of penicillin: streptomycin solution, filter
using a vacuum pump
3) Add 300 pl of insulin to the bottle of medium after filtration

4) Store at 4°C for up to 1 month

A.2 HEPES Cd** and Mg** -free buffered saline (HCMF)
1) NaCl 40g
2) KCl 02¢g
3)Na;HPO2H,0  0.045 g

4) D-glucose 05g

5) HEPES 1.19¢g

The above components are added in a volume of 500 ml of distilled H,O. The pH is

finally adjusted to 7.4 using 1M NaOH.
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A.3 DMEM/Ham’s F-12 media

Table A.1: List of the amino acids contained in DMEM/Ham’s F-12 together with

their molarities (Sigma, UK)

Amino Acids 7 Molarity (mM)
Glycine 0.250
?AL-Alanine 7 i 0.0500
' L-Arginine hydrochloride 0.699
L-Asparagine-H,0 0.0500
' L-Aspartic acid 0.0500
L-Cysteine hydrochloride-H,O 0.0998
L-Cysteine-2H,0 0.1000
;»L-Glutamic acid 0.0500
" L-Histidine hydrochloride-H;0 0.150
.;WI::Isoleucih_é - 7 ” 0.416
ff-i,éﬁéine " | 0.451
f‘];-Lysine hydrochloride B 0.499
- L-Methionine 0.116
‘L-Phenylalanine 0.215
L-Proline - 0.150
L-Serine 0.250
L-Threonine - 0.449
L-Tryptophan 0.0442
'L-Tyrosine disodium salt dihydrate | 0.214
gVL-Valine . 0.452
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Table A.2: List of the vitamins contained in DMEM/Ham’s F-12 together with their

molarities (Sigma, UK)

| Vitamins Molarity (mM) -
“Ascomicacid 0.00863 ]
Biotin ' - R ~0.0000143 )
 Choline chloride ’ ~0.0641
iD-C'aiEiﬁm’béhtbthehite o 0.00470 ’
‘Folicacid B 0.00601
j-Inositol - 0.0700

iwﬁiacinamide 0.0166 |
' Pyridoxine hydrochloride 0.00971 N
Riboflavin 0.000582 ]
- Thiamine hydrochloride 0.00644

' Vitamin B-12 0.000502

Table A.3: List of the trace elements and reducing agents contained in DMEM/Ham’s

F-12 together with their molarities (Sigma, UK)

" Sodium selenite

~ Trace Elements Molarity (mM)
" Ammonium metavanadate 0.0000026
Manganous chloride N 0.0000003
B 0.0000286
Reducing Agents Molarity (mM)
Glutathionine, monosodium ~0.00326
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Table A.4: List of the inorganic salts contained in DMEM/Ham’s F-12 together with

their molarities (Sigma, UK)

- Inorganic Salts ~ Molarity (mM)
Calcium chloride (CaCly) o i 1.05
| Cupric sulphate (CuSO4-5H,0) 0.0000052
' Ferric nitrate (Fe(NO3)3’’9H,0) = ~0.000124
' Ferric sulphate (FeSO4-7H,0) I 0.00150
- Magnesium chloride (MgCly) 0.301
- Magnesium sulphate (MgSO4) 0407
“Potassium chloride (XChH - 4.16
" Sodium bicarbonate (NaHCO3) 29.02

Sodium chloride (NaCl) 120.61
" Sodium phosphate dibasic (NaH,PO4) 0.500
~ Sodium phosphate monobasic 0.453
(NaH,PO,-H;0)
* Zinc sulphate (ZnSO4-7H,0) ) 0.00300

Table A.5: List of other components contained in DMEM/Ham’s F-12 together with

their molarities (Sigma, UK)

T i

Other Components Molarity (mM)
' D-Glucose (Dextrose) 17.51
Ethanolamine @~ | B 0.0195
Hypoxanthine I 00,0150
Linoleic acid 7 R 0.000150
;Liporic acid ' 0.000510
| Phenolred 7 o 0.0215
Putrescine- 2HCI | 0.000503
' Sodium pyruvate N 1.000
Thymidine - 0.00151
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Microscope

The optical set-up for epi- or reflected light microscope is shown in Figure
B.1. The light from a suitable source is guided through the optical system so that the
specimen is illuminated from above. The light scattered by the sample is collected by
the microscope optics and can be viewed through the binocular eye-pieces or the
TV/Photograph-port (illumination ratio of 100% in both cases). Various filter cubes
essential for fluorescence microscopy as well as a brightfield cube for normal
brightfield microscopy, are integrated in the microscope’s cube turret.

The light source used in this work was a mercury light arc burner attached to
an Olympus BX40, BX41M and BX61 epi-microscopes. The BX40 model was
employed for the investigation of particle aggregate growth and acoustic
microstreaming, as it is connected to a video camera enabling continuous recording of
the process under investigation (Chaps. 2 and 3; Secs. 2.2.3 and 3.2.2). The BX41M
model was largely used for fluorescence microscopy, as it employs an F-view digital
fluorescent camera (Chap. 4; Sec. 4.2.1), while the BX61 model was chosen for
analysis of the Cx43-related specimens (Chap. S; Sec. 5.2.1) as it employs an F-view
digital fluorescent camera together with a 100 oil immersion lens.

Fluorescence microscopy is based on the ability of some substances to absorb

light of a particular wavelength and after a brief interval, termed the fluorescence
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Figure B.1: Optical set-up for epi- or reflected light microscope

lifetime, to re-emit light at longer wavelengths, as during this process there is some
energy loss during energy conversion (Herman, 1998). In doing so, the excitation light
illuminates the specimen but only the emitted light is detected resulting in a high
contrast image. Excitation and barrier filters are employed for this purpose. The
former transmit only wavelengths of light required for excitation of a specific
fluorophore, whereas the latter transmit the emitted fluorescence and block out any
unwanted wavelengths, thus providing a black background. Additionally, a dichroic
mirror directs the excitation light through the objective, to the area of the specimen,
thus providing efficient illumination.

Figure B.2 illustrates the characteristic transmission curves for excitation filter
(BP), barrier filter (BA) and dichroic mirror (DM) of the filter cubes employed in the
present study. A table (Table B.1) of the characteristic excitation and detected colours
of Olympus fluorescence filter cubes follows, while Table B.2 lists the excitation and

emission spectra of the fluorophores used in the present thesis.
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Figure B.2: Optical characteristics of Olympus fluorescence filter cubes

Finally, Tables B.3, B.4 list the optical characteristics of the objectives used with the

three different microscope set-ups.
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Table B.1: Summary of the spectral emission and detection colours of Olympus

fluorescence filter cubes

. Fluorescent filter cube U-MNIBA U-MNG | U-MWU
. Excitation Blue | Green uv
‘ | Detection | Yellow/Green-Red | Orange-Red | Blue-Red

Table B.2: Summary of the emission and detection spectra of the fluorophores used in

the present study (Molecular Probes Inc. Eugene, OR, USA and Sigma, UK

catalogues)
7 - Excitation Emission .
Fluorophore Filter Cube

| (nm) (nm)

“Calcein AM 490 515 U-MNIBA
 Ethidium Homodimer-1 (EthD-1) 528 617 U-MNG
Propidium Iodide 535 617 U-MNG

~ ApoAlert Annexin V-FITC 495 518 U-MNIBA
Green MiTo Tracker FM | 490 516 U-MNIBA
" Phalloidin-FITC | 495 | 520 U-MNIBA
" Phalloidin Alexa Fluor-488 495 518 - U-MNIBA
Alexa Fluor-594 ) - 580 609 U-MNG

Cell-cell interactions is USWT All



Appendix B: Microscope

Table B.3: Characteristics of the OLYMPUS BX40, BX41M objectives (Data adapted

from Olympus BX40, BX41M-FLA Reflected light fluorescence Attachment User’s

guide)

| L | Numerical | Working | Resoluti Field of

- Objectives | Magnification | ¢ orng | Aesotuhion view

; ! ' Aperture | Distance (um) e

| [E . N4 (mm) (mnt)

B - ] e N S _

| jf x5 015 20.0 2.24 0.96x1.28

UMPlanFL 00 030 10.1 112 | 048x0.64
— — ]

| ; x20 046 31 0.73 0.24x032 |

 LMPlanF1 x50 ‘ 0.80 ' 0.66 042 | 0.096x0.128

Table B.4: Characteristics of the OLYMPUS BX61 objectives (Data adapted from

Olympus BX61-FLA Reflected light fluorescence Attachment User’s guide)

A S . . . Field of
. , . . | Numerical | Working | Resolution .
Objectives | Magnification ; Aperture [ Distance (um) (wew)
| | NA - (mm)
| a4 1.2x1.
UMPlanFLp 4 OB U0 238 2x1e
| ‘ x10 | 030 E 10.0 1.12 0.48%0.64
o ‘ e ], S B A
x40 | 075 ol 0.45 0.120.16
T - — - b e e N
i \
- UPlandpo | 100 | 060-130  0.10 | 026 | 0.048x0.064
‘ i S S S —— |
AlZ
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Abbreviations

APC

CHX

Cx43

DLCA

DLVO

DMEM

DRF

DSC

DSG

DZ

EC

ECM

EDTA

EGF

EthD-1

F-actin

FGF

Adenomatous polyposis coli
Cycloheximide

Connexin 43

Diffusion limited colloidal aggregation
Derjaguin-Landau-Verwey-Overbeek theory
Dulbecco’s modified Eagle’s medium
Direct radiation force

Desmocollin

Desmoglein

Deep zone

Extracellular cadherin domain
Extracellular matrix
Ethylenediaminetetraacetic acid
Epidermal growth factor

Ethidium Homodimer 1

Filamentous actin

Fibroblast growth factor
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FITC Fluorescein-5-isothiocyanate

G-actin Globular actin

GFP Green fluorescent protein

GJIC Gap junctional intercellular communication
GPI Glycosyl-phosphatidylinositol

HCMF HEPES Ca?' and Mg**-free buffered saline
IgCAM Immunoglobulin cell adhesion molecules
IgSF Immunoglobulin superfamily

LEF Lymphocyte enhancing factor

MDCK Madin Darby Canine Kidney

NCAM Neural cell adhesion molecule

NSM Neuronal supplemented medium

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PI-PLC Phosphatidyl inositol phospholipase C
PIV Particle image velocimetry

PSA Polysialic acid

RLCA Reaction limited colloidal aggregation
SZ Surface zone

TCF T cell factor

USW Ultrasonic standing wave

USWT Ultrasonic standing wave trap

Z0 Zonula occludens
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