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Abstract
Improving cartilage repair is a problem faced by scientists and clinicians alike
who study and treat a wide variety of diseases including osteoarthritis (OA). OA
has recently been seen with greater frequency in the western world due to the
increasingly aging population. At present the possibility of using multipotent
cells in treatments for OA is an exciting possibility that has been met with
difficulties.
Cranial neural crest cells (CNCC) have been largely overlooked as a population
of cells that could help unlock the secrets of true integration. These cells have
the great ability to migrate and integrate into various tissues and are also known
to give rise to cartilage. The potential of this group of cells to integrate into new
environments and differentiate into cartilage when injected into the developing
limb has been researched.
CNCC were mapped to identify the population of CNCC that gave rise to facial
cartilages, such as the lower jaw. The developing limbs of HH stages 18-28
chicks were then mapped to identify the region that gave rise to synovial joints,
thus establishing the area that the CNCC would be injected into. Quail chick
chimeras were generated to assess whether CNCC could survive in the limb
environment. This then provided the information to develop a new technique of
cell injection and subsequently chick CNCC were injected into developing limbs
of chicks at HH stages 18-28. The results were extensively analysed using a
wide variety of histological techniques.
This study has demonstrated that CNCC retain their ability to give rise to
cartilage when implanted into the developing limb. The Lac Z labelled CNCC
can be seen in many structures throughout the length of the limb, but
particularly have been observed to have integrated into the cartilage anlage.
These results are very encouraging as we may be able to learn more about how
cells can be manipulated so they are able to integrate into damaged cartilage
and so improve current cartilage repair treatments.
ii

Lay Statement
Osteoarthritis (often referred to in the media as arthritis) is a common problem
often seen in old age and can result in restricted movement and pain. Although
often associated with the elderly osteoarthritis can affect young people,
particularly if they have suffered a sports injury, have diabetes or are obese.
There are many treatments for this disorder and these include steroid injections,
surgery or treatments that involve the use of human cells to repair damaged
tissue. Unfortunately the treatments often result in scar tissue, which affects the
ability of the cartilage to function properly.

Scar tissue formation probably

results from the fact that the chondrocytes (the cells found in cartilage) are
unable to repair the defective tissue themselves and instead make scar tissue.
A way of solving this problem maybe to change the type of cell used to repair
the tissue or to manipulate the cells so they act in a different way and produce
functional tissue. Currently the types of cells used in cell-based therapies lack
the ability to fully repair a defect, but also they fail to integrate with the healthy
cartilage in the joint. One way of learning how to overcome this problem is to
look at how cartilage develops in different areas of the embryo and see if
populations of cells can be identified that might be useful in repair.

In the

embryo, particularly in the skeleton of the head, cells that will go on to form
cartilage have to migrate and integrate into different tissues to allow fully
functioning cartilage to be formed, characteristics which would be effective in
repair. These cells are known as cranial neural crest cells. The cranial neural
crest cells have been put into a new environment and have been shown to be
able to integrate and form cartilage. This information may be used to learn
more about how cells are able to integrate into damage cartilage and could be
used to improve cell-based therapies.
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Chapter 1

Introduction

1

During development cartilage is formed from various different regions and sub
regions of the embryo. One example of this is the sub region of the neural
crest, known as the cranial neural crest. The cranial neural crest is able to give
rise to cartilage in vivo, whereas the trunk neural crest (another sub region of
the neural crest) cannot (reviewed in (Le Douarin and Kalcheim, 1999)). A
greater understanding of how or why some populations of cells undergo
chondrogenesis may result in an improvement of cartilage repair strategies.

This thesis will discuss populations of cells able to undergo chondrogenesis,
suitable model organisms for studying this process and how this information can
be applied to cartilage repair strategies.

1.1 Model Organisms
The model organism used for this study was the White Leghorn chicken, gallus
gallus domesticus. The chick is often used for embryonic studies as the embryo
is a ‘free-living’ organism, contained inside its own packaging, the shell, with its
own nutrient supply, the yolk, and storage of waste products from metabolism,
the allantois. In ovo life also ensures sterility of the embryo, as long as the egg
remains intact. The ease with which chick embryos can be cultured - they only
need to be incubated at 38oC in a humidified incubator - allows the embryo to be
manipulated and repeated observations can be made throughout development.
The chick embryo was accurately stage in 1951 by Hamburger and Hamilton
(Hamburger and Hamilton, 1951) and the description of each developmental
stage allows investigators to manipulate the embryo and then assess the
degree of change from normal development.

2

One limitation with using the chick embryo as a model organism when studying
cartilage is that chick articular cartilage differs from mammalian articular
cartilage. Chick articular cartilage does not contain biglycan as mammalian
cartilage does, but contains two forms of decorin, one of which seems to fulfil
the role of biglycan (Blaschke et al., 1996).

Chick articular cartilage also

contains high amounts of collagen type I, meaning it is more fibrocartilaginous in
nature (Seyer and Vinson, 1974).

Despite this, the chick has been used

extensively for developmental studies concerning both the limbs and joints, and
so there is a wealth of literature regarding the anatomy and development of
synovial joints, cartilage and chondrocytes that make the chick the most suitable
model organism for this study (Caplan and Stoolmiller, 1973; Carrington et al.,
1991; Coleman and Tuan, 2003; Fernandez-Teran et al., 2006).

1.2 Cartilage
There are three classes of cartilage, elastic cartilage (which will not be
discussed here), fibrocartilage and hyaline (or articular) cartilage.

1.2.1 Fibrocartilage
Fibrocartilage makes up the menisci of joints, intervertebral discs, ligaments and
tendons (Benjamin and Ralphs, 2004).

The extracellular matrix (ECM) of

fibrocartilage is known to contain collagen type II as well as aggrecan (Berenson
et al., 1996; Kumagai et al., 1994; Ralphs et al., 1991; Ralphs et al., 1992;
Sagarriga Visconti et al., 1996; Waggett et al., 1998). The combination of these
two molecules gives the tissue the ability to withstand some compression
forces, but as fibrocartilage does not express collagen type II and aggrecan to
the same extent as articular cartilage, the tissue is less able to withstand
compressive

forces

(Fithian

et

al.,
3

1990).

Fibrocartilage

cells

are

distinguishable from chondrocytes through the number of cell processes as
fibrocartilage cells generally contain many more processes than chondrocytes
(Rufai et al., 1996).

1.2.2 Articular Cartilage
Articular cartilage forms a smooth surface over the end of long bones and is
comprised of a single cell type, chondrocytes, which are embedded in an
extensive extracellular matrix. Chondrocytes are generally ovoid in morphology
but can vary in shape and size depending on the particular zone in which they
are located. In this thesis specific criteria will be used to assess chondrocyte
morphology (see section 3.2.4, table 3-1). Chondrocytes make up a very small
percentage of cartilage tissue, approximately 1% according to Stockwell
(Stockwell, 1967) or 5% according to Sharif et al (Sharif et al., 2004). The ECM
surrounding the cells forms the majority of the cartilage tissue and is produced
by the chondrocytes themselves (Poole et al., 1982). ECM is not only produced
by the chondrocytes but these crucial cells also organise the collagens,
proteoglycans and non-collagenous proteins into a highly ordered structure
(Sokoloff, 1978).

Articular cartilage is composed of four distinct layers: superficial, transitional,
deep and calcified (Huber et al., 2000). As can be seen in figures 1-1 and 1-2
the superficial zone is the thinnest and outermost layer. This zone contains two
layers of collagen fibres throughout which the flattened chondrocytes are
dispersed. The superficial layer has the highest concentration of water, and the
lowest proteoglycan concentration of the four layers (Weiss et al., 1968). The
collagen fibres are thin and very densely packed and in the first layer are
referred to as lamina splendens.

The second layer of collagen fibres are

arranged perpendicular to the surface. The transitional zone does not possess
4

the same regimented arrangement of collagen as the superficial layer. Here the
collagen fibres are arranged randomly in the extracellular matrix.

Other

differences include higher proteoglycan content and chondrocytes are now more
rounded as opposed to the flattened chondrocytes of the superficial layer
(Huber et al., 2000; Schumacher et al., 1994). The deep zone posses a high
proteoglycan concentration, the lowest water concentration and the bundles of
collagen fibres have the highest diameter (these large diameter fibres are also
found in the calcified zone). In the deep zone the chondrocytes are organised in
a very different manner, being arranged randomly (Minns and Steven, 1977).
The final layer of articular cartilage is the calcified zone.

This layer lacks

proteoglycans and the collagen fibres it posses are perpendicular to the surface
and anchored to a calcified matrix (Minns and Steven, 1977). Between the
deep zone and calcified zone is the tide mark. The tide mark is formed of bands
of fibrils with small gaps, see figure 1-1. This particular arrangement, of parallel
fibres followed by perpendicularly arranged fibres, is thought to provide the
specific mechanical properties of articular cartilage (Minns and Steven, 1977).

The layers of adult articular cartilage should not be confused with the layers of
the growth plate cartilage which consist of the reserve zone, proliferative zone,
zone of maturation and hypertrophic zone, see figure 1-3.

5

Figure 1-1: An illustration to demonstrate the different layers found in
articular cartilage.

6

Figure 1-2: Histological section of adult chicken hip cartilage stained with
Toluidine blue to demonstrate the different layers found in cartilage.

Figure 1-3: Histological section of a chick long bone stained with
Toluidine blue to demonstrate the different layers found in the growth
plate.
7

Around each chondrocyte there are three distinct layers: the pericellular,
territorial and interterritorial regions, see figure 1-4, (Miosge et al., 1994; Poole
et al., 1982). The chondrocyte and pericellular layer together form the chondron
(Miosge et al., 1994). The pericellular layer has the important task of providing
hydrodynamic protection during loading of the joint (Poole et al., 1984). This
pericellular layer contains a high concentration of sulfated proteoglycans (Poole
et al., 1984), hyaluronan, biglycans (Miosge et al., 1994) and various matrix
glycoproteins (Poole, 1997). The territorial layer is the immediate area round
each chondron and here the collagen fibres are arranged into radial bundles
and the local concentration of proteoglycans are rich in chondroitin sulfate. The
interterritorial areas are the areas between the territorial regions.

These

interterritorial areas have proteoglycans rich in keratan sulfate and the collagens
fibres in these areas will have the largest diameters (Huber et al., 2000; Poole et
al., 1984).

Bruckner et al describes the ECM with collagen fibrils as “the

mechanics of concrete strengthened with steel rods, the roles of the extrafibrillar
matrix and the fibrils are to resist compressive and tensile forces, respectively.”
(Bruckner and van der Rest, 1994).
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Figure 1-4: An illustration to demonstrate the components found within
the interterritorial, territorial and pericellular regions. For a more detailed
view of the pericellular region see figure 1-5. CS = chondroitin sulphate
and HS = heparin sulphate. Figure adapted from (Dudhia, 2005).
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1.2.3 Extracellular Matrix
Collagen
There are many different fibres that reside in articular cartilage and one of the
most prevalent is collagen. Collagen fibres are made up of tropocollagen which
is formed of three polypeptide molecules (Gross, 1956) referred to as α-chains.
The three α-chains then form the triple helix of the tropocollagen molecule which
is 300 nm long and 1.5 nm wide (Piez, 1970). The α-chains are formed of a
string of amino acids, which although unique, often follows certain patterns,
such as Gly-X-Y, where the X and Y can represent a variety of amino acids.
About 35% of the chains in collagen are of the configuration Gly1-Pro2-Y
(Stockwell, 1979). At both ends of these chains the glycine content is markedly
reduced and fails to occupy its usual position within the tripeptide. These short
stretches at the end of the chains are referred to as telopeptides as they are
reminiscent of telomeres found on DNA strands. The telopeptides at the Nterminal and C-terminal are referred to as N-(amino) terminal non-helical region
and C-(carboxyl) terminal non-helical region respectively (Herrmann and Seibel,
2008). As their name implies they lack a typical helical structure and therefore
have a random coil state. The telopeptides are significantly antigenic and have
been shown to be important in intra and intermolecular cross-linking (Hanson
and Eyre, 1996). These cross links can be covalent, but it is not these covalent
bonds that confer the stability of the tropocollagen molecule. The stable nature
of these helices is the result of the α-chains containing a high percentage of
proline and hydroxyproline, as well as extensive hydrogen bonding (van der
Rest and Garrone, 1991).

1

Glycine = gly

2

Proline = pro
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Collagens themselves can be divided into various groups, including fibrillar and
non-fibrillar collagens. Collagen types I, II, III and XI all belong to the first group,
fibril forming collagens, which are first secreted as procollagens and then posttranslationally modified to form collagen fibrils.
Table 1-1: Different types of collagen and associated features.
Collagen
Chains
Fibril
Main tissues found
References
type
present
forming?
in
I

3

α1(I), α2(I)

Yes

Skin, bone, tendon,
dentin

Reviewed in
(Cen et al.,
2008)

II

α1(II)

Yes

Hyaline cartilage and
4
vitreous body

Reviewed in
(Bruckner and
van der Rest,
1994)

5

α1(III)

Yes

Skin and vessels

Reviewed in
(Cen et al.,
2008)

VI

α1(V),
α2(V),
α3(V)

No – forms
beaded
filaments

Pericellular region of
cartilage

(Poole et al.,
1988)

IX

α1(IX),
α2(IX),
α3(IX)

No - FACIT

Hyaline cartilage and
vitreous body

(Gordon and
Olsen, 1990)

XI

α1(XI),
α2(XI),
α3(XI)

Yes

Hyaline cartilage

(Morris and
Bachinger,
1987)

III

6

3

Collagen type I is present in scar tissue that is formed during cell-based treatments.

4

Although collagen type II is often used as marker for articular cartilage it is found not only in

other cartilages, such as fibrocartilage, but in various regions of the developing embryo (Fitch et.
al., 1989, Kosher and Solursh,1989),(see section 1.2.1).
5

Collagen type I and III are used to form the matrices that are used in MACI

6

FACIT = fibril associated collagens with interrupted triple helices
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1.2.4 Proteoglycans and GAGs
Proteoglycans are very large molecules, found in the extracellular matrix that
surrounds cells, including chondrocytes. They consist of a protein core to which
many side chains, known as glycosaminoglycans (GAG), are attached. These
side chains are attached via link proteins (Hascall and Heinegard, 1974). In
articular cartilage there is a reversal of this situation. Here large aggregates of
proteoglycans form which are linked to a GAG. This structure is known as
aggrecan aggregate. The GAG, hyaluronic acid, which forms the backbone of
the structure, is unusual in that it is not sulphated like most GAGs.

Aggrecan
Aggrecan aggregate is a massive coalition of carbohydrates with a molecular
weight of 225-250 kDa and has often been described as having a bottle brush
structure, see figure 1-5, (Mathews and Lozaityte, 1958; Partridge et al., 1961).

The main function of the aggregate within cartilage is to ensure that when a joint
is loaded with weight the pressure is evenly distributed. Hyaluronic acid forms
the backbone to which aggrecan and its associated side chains are attached via
a link protein. This link protein, which is a small glycoprotein, is homologous
with the N-terminal domain of aggrecan, see figure 1-5. The function of the link
protein is to stabilise the join between the hyaluronic acid back bone and
aggrecan. The link protein also stabilises the link between aggrecan and its
GAG side chains. The most common GAG found in aggrecan is chondroitin
sulphate,

followed

by

keratan

sulphate

and

some

N

oligosaccharides (reviewed in (Hardingham and Fosang, 1992)).
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and

O-linked

Aggrecan is attached to the hyaluronan backbone not only through the link
protein but also via non-covalent interactions of one of its globular domains.
Aggrecan has three globular domains, G1, G2 and G3. G1 and G2 are located
towards the N-terminal end of the core protein, see figure 1-5; whereas G3 is
found near the C-terminal end of the core protein.

GAGs are made up of repeating disaccharide units and can therefore be divided
into families according to the particular constituents of the repeating units. In
most cases the disaccharide unit is made up of a hexamine and a hexuronic
acid; with the exception to this rule being keratan sulphate which is made up of
galactose and N-acetylglucosamine. Changes in the constituents of the
disaccharides allows the GAGs to be divided into the following two groups:
those that possess D-glucosamine, such as heparan sulphate and keratan
sulphate, known as glycosaminoglycans; and those that possess Dgalactosamine, such as chondroitin sulphate, known as galactose-aminoglycans
(Lamoureux et al., 2007).
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Figure 1-5: An illustration of the components of the pericellular region. A
high magnification illustration of the interaction of hyaluronan with link
protein and the G1 and G2 regions of aggrecan. CS = chondroitin
sulphate and HS = heparin sulphate. Figure adapted from (Hardingham
and Fosang, 1992).

Other ECM components
There is a wide variety of other ECM components found in articular cartilage,
see figures 1-4 and 1-5.

Table 1-2 summarises the ECM components and

describes their main characteristics.
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Table 1-2: Different components of the ECM and their associated features.
Name
Functions
Decorin

Decorin binds collagen type I and type II fibrils.
Decorin sequesters TGF-β that is present in the ECM

Reference
(Hedbom and Heinegard,
1989; Saamanen et al.,
2001)

Biglycan like decorin binds collagen but biglycan binds more strongly to
Biglycan

collagen type II than type I. Biglycan, also has a role in mineralisation of

(Fisher et al., 1989)

bone.
CD44

Tenascin

Fibulin

Fibromodulin
Syndecan
COMP (cartilage oligomeric
matrix protein)

The primary receptor for hyaluronan and mediates both cell-cell and cellmatrix interactions
Facilitates cross linking between ECM molecules, such as aggrecan,
see figure 1-4.
Facilitates cross linking between ECM molecules, such as aggrecan,
see figure 1-4.
Fibromodulin also interacts with collagen type I and type II fibrils. It is

(Knudson et al., 1996)
(Aspberg et al., 1997;
Lundell et al., 2004)
(Aspberg et al., 1999; Olin
et al., 2001)

thought to have a role in the assembly of the ECM.

(Hedbom and Heinegard,
1989; Saamanen et al.,
2001)

Mediates cell-matrix and/or cell-cell interactions

(Xian et al., 2009)

Binds matrilins, collagen types I, II and IX

(Mann et al., 2004;
Rosenberg et al., 1998)

Matrilin (used to be called

Involved in interactions between ECM components, such as collagen

cartilage matrix protein)

and proteoglycans
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(Hauser et al., 1996;
Wiberg et al., 2003)

1.3 Synovial Joints
Many of the synovial joints in the human body are present in the limbs and so to
understand the development of these joints fully it is necessary to put their
development in the context of the developing limb as a whole.

A greater

understanding of how synovial joints and articular cartilage develop may be
informative when trying to recapitulate cartilage growth and integration in a
damaged joint.

The tetrapod limb consists of three different regions; the stylopod, zeugopod
and the autopod, see figure 1-6. The stylopod is formed of the humerus in the
forelimb and the femur in the hindlimb. The zeugopod consists of the ulna and
radius in the forelimb and the tibia and fibula in the hindlimb. The autopod is
composed of the carpals, metacarpals and phalanges in the forelimb and
tarsals, metatarsals and phalanges in the hindlimb. In both the forelimb and the
hindlimb the phalanges are numbered from one with the number one, being the
most dorsal digit, and the highest numbered digit being the most ventral (Gilbert,
2000).
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Figure 1-6: An illustration of a chicken hindlimb demonstrating certain
features and the regions that correspond to the stylopod, zeugopod and
autopod.
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1.3.1 Synovial Joint and Articular Cartilage Development
There are five basic steps in formation of a synovial joint and the associated
joint articular cartilage. Prior to the formation a synovial joint, the area of the
limb that will give rise to the joint is populated by mesenchymal tissue, which is
situated between two cartilage anlage (Haines, 1947; Singley and Solursh,
1981). The first step of joint morphogenesis is the determination of the site
where a joint will form. The area of the limb that will give rise to the limb
becomes known as the interzone (Holder, 1977). The interzone is an area of
mesenchymal cells that lose their rounded shape and become elongated. As
this elongation, which marks the transition from prechondrogenic cells to
chondrogenic cells, takes place there is the loss of expression of type II collagen
and type I collagen begins to be expressed (Archer et al., 2003; Craig et al.,
1987; von der Mark, 1980). The interzone is effectively a signalling centre that
helps guide the formation of the synovial joint. As the mesenchymal nature of
the interzone is established the cells either side of the prospective interzone
start to differentiate into chondrocytes. Differentiation of chondrocytes involves
the cells becoming more rounded in their morphology.

Cavitation of the

interzone leads to the formation of the synovial cavity that will eventually fill with
the synovial fluid that lubricates and nourishes the joint. Further morphogenesis
involves the complete differentiation of both hyaline and articular cartilage to
give a fully functioning joint (Pacifici et al., 2005).

Signalling is an essential part of the morphogenetic process within the
developing joint and formation of articular cartilage.

An overview of the

signalling mechanisms involved will be explained in two parts: section one will
address chondrogenesis and the general signalling pathways involved in
condensation and differentiation of cartilage anlage and section two will address
the signalling involved in cavitation of the synovial joint.
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1.3.2 Chondrogenesis
The process of condensation is regulated through cell-cell and cell-matrix
interactions that involve the use of cell adhesion molecules, such as Ncadherins (neuronal cadherins) (Oberlender and Tuan, 1994) and N-CAM
(neuronal cell adhesion molecule) (Widelitz et al., 1993). The mesenchymal
cells of the early limb bud undergo condensation due to the presence of Sox-97
(Akiyama et al., 2002; Zhao et al., 1997) and bone morphogenetic proteins
(BMPs) (Pizette and Niswander, 2000) which positively influence condensation.
Once condensation has taken place the prechondrocytes begin to proliferate
under the positive control of BMP and this proliferation is kept in check by FGFs
(Yoon et al., 2006). Following proliferation early chondrocytes must form into
columns in order to give rise to columnar chondrocytes that are found in the
growth plate, which is regulated by of Sox5/6/9 (Lefebvre et al., 1998). In order
for hypertrophic chondrocytes to form, the columnar chondrocytes must undergo
growth arrest. Runx 2/38 (Yoshida et al., 2004) and BMPs have been implicated
in this process and Sox5/6/9, Ihh9, PTHrP10 (Minina et al., 2001) and FGFs are
thought to counter act these hypertrophic signals (Minina et al., 2002). Ihh and
PTHrP form a negative feedback loop, which begins with Ihh inducing
expression of PTHrP which then leads to inhibition of Ihh (Vortkamp et al.,
1996).

7

SRY (Sex determining region Y) box 9

8

Runt-related transcription factor 2/3

9

Indian hedgehog

10

Parathyroid hormone-related protein
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1.3.3 Signalling During Cavitation
Development of the joint involves signalling between cells and these signals
take many forms.

Signalling involves molecules such as Wnt 9A (formally

known as Wnt14) which is selectively expressed in the interzone (Francis-West
et al., 1999b). In chicks, Wnt 9A has been shown to direct joint development as
it can induce and/or maintain certain genes involved in joint development, such
as CD44 and Gdf5. BMPs have been shown to be potent inducers of bone and
cartilage formation (Nonaka et al., 1999; Vortkamp, 1997).

However, their

ability to induce chondrogenesis can be regulated by various factors. Epidermal
growth factor (EGF) has been shown in vitro to inhibit ectopic chondrogenesis
that has been induced by the actions of BMP4. It is thought to act via the
dysregulation or uncoupling of the SMAD1 signalling pathway (Nonaka et al.,
1999).

Chordin, which is a BMP antagonist, is also restricted to the joint

interzone (Francis-West et al., 1999b). Another BMP antagonist, Noggin, is
expressed throughout the developing cartilage condensations including the
interzone that will eventually give rise to the joint (Brunet et al., 1998). Gdf5 is
expressed in the joint interzone, but also is expressed in the developing
cartilage condensations, however it does not specify the formation of the joint.
Gdf5 has several other closely related effects; it promotes initiation of
chondrogenesis; promotes chondrocyte proliferation; and helps maintain the
early joint (Francis-West et al., 1999a; Merino et al., 1999; Storm and Kingsley,
1999).

1.3.4 Matrix Organisation during Development
The interzone cannot remain as a uniform tissue, and cavitation of the
prospective joint must take place in order for the limb to be able to bend
properly. Cavitation could be due to the death of cells in the interzone; however
experiments measuring the amount of cell death have shown that it would be
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insufficient to result in complete cavitation of the prospective joint (Archer et al.,
2003; Ballard and Holt, 1968; Kavanagh et al., 2002; Kimura and Shiota, 1996;
Mori et al., 1995; Nalin et al., 1995). The other possible explanation is that the
interzone undergoes a rearrangement of the extracellular matrix. One example
of this is the rearrangement of collagen fibres, type I collagen expression is lost
in the interzone and replaced by expression of type II collagen (Craig et al.,
1987). This could be an example of matrix turnover facilitated by enzymes
(Archer et al., 2003). The only enzymatic activity that has so far been studied is
the post cavitation activity of matrix metalloproteinase in articular cartilage
(Gepstein et al., 2002). Changes in collagen are not the only change in the
extracellular matrix during cavitation.

Hyaluronic acid11 (HA) is differentially

synthesised when mechanical forces stimulate the prospective joint.
production

of

hyaluronic acid is affected

by the

activity of

The
uridine

diphosphoglucose dehydrogenase (UDPGD) which is up regulated just before
cavitation of the interzone and formation of the articular surfaces takes place.
CD44 is the cell surface receptor for HA and both HA and CD44 are
differentially expressed within the prospective joint area (Archer et al., 1994;
Craig et al., 1990; Dowthwaite et al., 1998; Edwards et al., 1994; Pitsillides et
al., 1995). It is this interaction between HA and CD44 that is able to facilitate
cell separation, however it is also able to induce cell adhesion.

Whether

separation or adhesion takes place depends upon the local concentration of HA
and therefore receptor saturation. If there is an increase in HA concentration
then cell separation will result (Archer et al., 2003).

The mesenchymal tissue of the developing limb is one of many regions of the
developing embryo that gives rise to cartilage. Another is the cranial neural
crest which is formed during a process referred to as neurulation.

11

Hyaluronan is also known as hyaluronic acid or hyaluronate
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1.4 Neurulation and Stem Cells
During development stem cells undergo a variety of developmental processes to
allow the organisms to develop. One of these processes is neurulation and this
will result in the formation of the neural tube, which in turn will form the basis of
both the central nervous system (CNS), and the neural crest, a highly plastic
group of cells (Le Douarin and Kalcheim, 1999). The neural tube is formed from
a region of neuroectoderm in the early embryo referred to as the neural plate
(Gilbert, 2000).

The neural tube and neural crest give rise to a wide variety of cell types (Greene
and Copp, 2009; Lefcort and George, 2007). In the cranial region of the embryo
the neural tube will give rise to the brain, with the most cranial region ballooning
out to form the forebrain, midbrain and hindbrain (Pombero et al., 2007). In the
more caudal regions it will form the spinal cord and also gives rise to motor
neurons. The formation of the neural tube is referred to as either primary or
secondary neurulation depending on the region and the process (Gilbert, 2000).
In the chick, primary neurulation takes place in the cranial regions and
secondary neurulation more caudally (Le Douarin et al., 1998). Formation of the
brain, CNS and the neural crest has long been a region of interest for
scientists12 and primary neurulation has been extensively studied, so it is
relatively well understood. Secondary neurulation however, has been less well
studied and consequently less is known about this part of the process (Lowery
and Sive, 2004).

12

The neural crest was first described in chick embryos by Wilhelm His in 1868 as “the cord in

between” (Zwischenstrang) (Hall, 1999).
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Primary neurulation has several basic steps: firstly, priming of the neural plate
occurs, involving signalling from the underlying mesoderm and the ectoderm
lying either side of the neural plate (see section 1.4.1). This priming allows the
neural plate to extend in both the anterior and posterior directions (part B of
figure 1-7) (Portch and Barson, 1974) to ensure the neural tube will develop
along the full length of the embryo, additionally a narrowing of the neural plate
occurs. The second stage of neurulation is the folding of the neural plate. The
mesodermally derived notochord, which is found ventral to the neural plate,
induces the cells of the neural plate immediately above it to become medial
hinge point (MHP) cells (Smith and Schoenwolf, 1989). In response, these cells
adhere to the notochord, reducing their length and becoming more wedge
shaped (Schoenwolf and Alvarez, 1991). The result is that these cells form a
hinge in the neural plate (part C of figure 1-7).

The adjacent ectoderm

continues to move against the neural plate and further elevation occurs. This
extrinsic force as well as the intrinsic force provided by microtubules and
microfilaments results in two further hinge points being formed (Smith and
Schoenwolf, 1991); these are the dorsolateral hinge points (DLHP). The cells at
the DLHP undergo a change in shape, increasing in length and becoming
wedge shaped just as the MHP cells did. Instead of being attached to the
notochord, as the MHP cells are, DLHP cells are attached to the adjacent
ectoderm (part D of figure 1-7). As elevation continues these hinge point cells
allow the cells of the neural plate to pivot (Smith and Schoenwolf, 1991) and
move towards each other which will cause an eventual convergence of the
neural plate and so neural tube closure. In the chick the cells that form the
neural crest (the dorsal lying region of the neural tube) migrate after neural tube
closure (part E of figure 1-7) (Tosney, 1982). In contrast, in mammals neural
crest cells in the cranial region migrate prior to the closure event (Erickson and
Weston, 1983; Nichols, 1981).
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Secondary neurulation that takes place in the caudal regions of the neural tube
is not so clearly described in the literature.

During secondary neurulation,

mesenchymal cells will condense into a rod that becomes known as the
medullary cord. In the chick the medullary cord is divided into two separate cell
populations, epithelial cells (around the outside) and mesenchymal cells (found
in the central region). Once these epithelial cells have formed, the medullary
cord is now referred to as the presumptive neuroepithelium.

It is after this

partial epithelialisation that small cavities begin to form in the centre of the
presumptive neuroepithelium (Lowery and Sive, 2004).

The cavities are

different sizes but eventually join to form a continuous lumen and so neurulation
is complete.
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Figure 1-7: An illustration of formation of the neural tube. A) Uniform neural plate and underlying notochord. B)
Furrow appears in the neural plate and elongates in both anterior and posterior directions. C) Furrow deepens
until the MHP cells attach to the dorsal aspect of the notochord. D) Pressure from the ectoderm causes elevation
at the DLHP and final convergence of the neural folds leading to neural tube closure. E) NCC migration from the
most dorsal aspect of the neural tube. Medial hinge point (MHP), dorsal lateral hinge point (DLHP), neural crest
cells (NCC).
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1.4.1 Signalling in the Neural Plate
The area of ectoderm that gives rise to the neural plate is influenced by a
number of molecular signals and many of the signalling molecules involved in
neural plate induction are similar to the molecules involved in chondrogenesis.
The ectoderm either side of the presumptive neural plate is under the influence
of bone morphogenetic proteins (BMP).

The BMP4 (Wilson et al., 2000;

Zimmerman et al., 1996) ligand binds to the dimer of TGF-β receptor
(transforming growth factor beta, TGF-βR) type I and type II. This binding of the
BMP ligand to the TGF-βR dimer results in cross phosphorylation of the internal
regions of the receptors (Hemmati-Brivanlou and Melton, 1992; HemmatiBrivanlou and Melton, 1994).

This then leads to the activation of SMADs13

which in turn results in the transcription of epidermal genes (reviewed in
(Massague and Chen, 2000)).

In the presumptive neural plate region the

actions of FGFs (fibroblast growth factors) prevail by binding with the FGF
receptor (FGFR) (Wilson et al., 2000) which activates MAP (mitogen activated
protein) and results in the downstream activation of SMADs which leads to both
the transcription of neural genes and the inhibition of the BMP signalling
pathway (figure 1-8). In the chick there is an extra complexity to the signalling
pathways as the ectoderm is also under the influence of the Wnt14 signalling
pathway (figure 1-9) (Wilson et al., 2001). In the ectodermal regions either side
of the presumptive neural tube, Wnt signals via its receptor, frizzled, which
activates GSK3 (glycogen synthase kinase 3) (Schmidt et al., 2004) which then
inhibits the actions of the SMADs involved in the FGF signalling pathway. This
inhibition results in the transcription of epidermal genes instead of neural genes.

13

The word SMAD comes from the joining the name of the Drosophila protein, mothers against

decapentaplegic (MAD) and the Caenorhabditis elegans protein small body size (SMA).
14

The word Wnt comes from joining the name of the Drosophila segment polarity gene wingless

with the name of one of its vertebrate homologues, integrated.
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Figure 1-8: An illustration of FGF signalling in the ectoderm and
presumptive neural plate. The central portion of the figure shows the
signalling in the presumptive neural plate and either side shows the
signalling in the ectoderm. FGF – fibroblast growth factor, FGFR – FGF
receptor, SMADs – see footnote13, MAP – mitogen activated protein, BMP –
bone morphogenic protein, TGF beta R – transforming growth factor beta
receptor, P - phosphorylation.
represent positive signalling and
represent inhibitory signalling. Arrows next to epidermal or neural
genes shows transcription of these genes.
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Figure 1-9: An illustration of Wnt signalling system in the ectoderm and
presumptive neural plate. The central portion shows the signalling in the
presumptive neural plate and either side shows the signalling in the
ectoderm. FGF – fibroblast growth factor, FGFR – FGF receptor, SMADs –
see footnote13, MAP – mitogen activated protein, Wnt – homologue of
Drosophila gene wingless, GSK3 – glycogen signalling kinase 3.
represent positive signalling and
represent
inhibitory
signalling. Arrows next to epidermal or neural genes shows transcription
of these genes.
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1.4.2 Neural Crest Cells
Neural crest cells have a great ability to migrate to various regions of the body
and are often very far from their origin when they give rise to different lineages,
including those that will contribute to peripheral nervous system, adrenal
medulla, melanocytes, facial cartilage and dentine of teeth (Baroffio et al.,
1988). The neural crest can be further divided into five regions with overlapping
domains. These domains include: cranial neural crest cells; vagal neural crest
cells; cardiac neural crest cells; trunk neural crest cells and sacral neural crest
cells. The cranial (or cephalic) neural crest cells form many different structures
in the head and arise from the most anterior part of the neural crest (Noden,
1983). They are responsible for the production of melanocytes, neurons and
glia but also connective tissue and components of bone and teeth. The cranial
neural crest cells can migrate to their destinations via one of several streams
(Graham et al., 2004).

The trigeminal crest arise from the midbrain,

rhombomeres one and two and cells from this stream flood into the area around
the prospective eye and pharyngeal arch one (Osumi-Yamashita et al., 1994).
These cells give rise to neurons of the trigeminal ganglion, areas of the
mandibular arch and projections of the orofacial regions. The next stream feeds
into the second pharyngeal arch, mainly from rhombomere four, and these cells
will help form part of the hyoid bone, part of the middle ear and proximal facial
ganglion. The cranial neural crest cell can also feed into a stream that ends in
the post-otic crest. Neural crest cells that feed into the post-otic crest originate
in rhombomeres six and seven (Kulesa and Fraser, 2000). Cells from the postotic crest will give rise to other parts of the hyoid bone, as well as neurons of the
proximal and jugular ganglion (Lumsden et al., 1991; Schilling and Kimmel,
1994). Cardiac neural crest cells arise from somite level one to three and will
give rise to the musculo-connective tissue found in the walls of large arteries
and parts of the septum of the heart (Le Lievre and Le Douarin, 1975). The
neural crest cells that arise from somite level one to seven are referred to as the
29

vagal neural crest cells. These cells initially migrate into the posterior branchial
arches and from here they migrate to the foregut. As development continues,
these cells will become interspersed throughout the gut and give rise to the
enteric nervous system. The sacral neural crest cells arising from somite level
twenty eight, also give rise to the enteric nervous system, although in
comparison to vagal neural crest cells, they are markedly slower to colonise the
gut (Burns et al., 2004). The trunk neural crest cells can migrate dorsolaterally
and give rise to melanocytes. Alternatively they can migrate ventrolaterally into
the sclerotome to give rise to the dorsal root ganglia. The cells that migrate
ventrolaterally also have the option to continue to migrate ventrally to give rise
to the sympathetic ganglia, adrenal medulla and nerves surrounding the aorta
(Le Lievre and Le Douarin, 1975).

The neural crest can be divided into five different sub populations based on their
axial level of origin: cranial neural crest cells (CNCC) and trunk neural crest
cells are two of these sub groups of cells. Neural crest cells from these two
regions have been found to contribute to different lineages (Le Douarin and
Kalcheim, 1999). The CNCC will form cartilage which is in contrast to trunk
neural crest cells, which lack this ability to undergo chondrogenesis.

It is

unclear why trunk neural crest cells are not used in vivo to give rise to cartilage
found in the trunk region. Mesenchymal cells, of mesodermal origin, present in
the developing limb will differentiate into chondrocytes necessary for the
development of a cartilaginous template and cells from the somites will give rise
to cartilages of the back (except the ribs) (Christ and Ordahl, 1995; Pacifici et
al., 2005). The trunk neural crest may possess the intrinsic ability to give rise to
cartilage but lack the appropriate signals (Ferguson and Graham, 2004).

30

1.5 Movement and Joints
Once cartilage has been formed it must be able to withstand the movement and
activity of the adult organism. Movement of organisms is facilitated through
joints and within the vertebrate body there are many types of joint; fixed joints
found in the skull; the slightly moveable joints found between the vertebrae in
the spine and synovial joints, also known as diarthroses or diarthrodial joints.
The term synovial joint refers to several different joints with the common
features of hyaline cartilage found at the end of the bones; articular cartilage
which forms the smooth surface of the joint and the synovial cavity filled with
synovial fluid that both lubricates and nourishes the joint (figure 1-10). There
are different varieties of synovial joints: ball and socket joints (such as hip or
shoulder joints), ellipsoidal or condyloid joints (found in the fingers), gliding or
planar joints (present in the wrists and ankles), hinge joints (such as the elbow),
bicondylar joint (knee), pivot joint (present in the neck such as the atlanto-axial
joint) and saddle joints (such as the carpometacarpal of the thumb).

The

surfaces of bones that are found in joints are not only protected by cartilage but
by other membranes too.

These include the dense fibrous membrane that

covers bones, known as the periosteum, or the fibrous membrane that covers
the surface of cartilage, known as the perichondrium (Gaudin, 1989). There are
a variety of diseases and disorders that can affect movement, and one of the
most prevalent is osteoarthritis.

1.6 Osteoarthritis
Movement is an integral part of the life of every organism and in many species
there is a strong link between quality of life and mobility (Bloem et al., 2001).
Anyone who has had to cope with mobility problems, even for only short periods
of time, can testify to how frustrating it can be.

One of the most common

problems associated with movement is osteoarthritis.
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In osteoarthritis, the

articular cartilage of the joint surface is slowly worn away and the end of the
bone becomes exposed. Articular cartilage is aneural and avascular, so when
cartilaginous surfaces contact each other there is no pain (Huber et al., 2000).
Bones possess both blood vessels and nerves and the presence of these
nerves mean that when bone contacts another tissue surface the patient will
experience pain (Felson et al., 2001).

The joint swells as a result of

inflammation and this, combined with the pain of the exposed bone, results in
reduced mobility. The joint becomes less used and this lack of use can lead to
muscle atrophy due to lack of exercise (Felson et al., 2000). There are two
categorised forms of osteoarthritis: primary osteoarthritis and secondary
osteoarthritis which are defined by their root cause Primary osteoarthritis is the
result of a lifetime of ‘wear and tear’ on a joint and generally occurs when the
individual is well into the latter part of their life (figure 1-11).

Secondary

osteoarthritis results in the same symptoms as primary osteoarthritis but the
cause is different. Secondary osteoarthritis can be present in any age group
and is the result of many factors including injury to the joint cartilage, congenital
disorders, obesity and diabetes (Mahajan et al., 2005).
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Figure 1-10: illustration demonstrating the anatomy of the human knee.

A) X-ray
Figure 1-11: A) Female human cadaveric knee joint.
demonstrating a healthy knee. C) X-ray demonstrating post-traumatic
osteoarthritis. Aged between 79-88 years, donated in accordance with the
Human Tissue Act 2006 (UK). The joint was opened to reveal the articular
cartilage. The arrows demonstrate where the cartilage has begun to wear
away. The x-rays were donated by Mr Simon Palmer, orthopaedic
surgeon, Worthing, Southlands & Goring Hall Hospitals.
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1.6.1 Symptoms of Osteoarthritis
The following symptoms are markers for OA. They can be used in conjunction
with biopsies, which are examined histologically, to assess the progression of
the disease.
•

Joint Pain – typically a deep ache either within the joint or in the surrounding
area. This pain can either get worse through the day due to use of the joint
or can be worse in the morning due to stiffness induced by inactivity through
the night.

•

Inflammation of the joint –The inflammation can be caused by bony
outgrowths, known as osteophytes, or extra synovial fluid accumulating in
the synovial cavity.

•

Limited movement – often due to the pain associated with moving, but as the
disease progresses can be due to muscle atrophy.

•

‘Creaking’ or ‘grinding’ – sound or sensation from the affected joint.

•

Cold or damp weather exacerbating the symptoms.

There are clinical markers as well as the symptoms described above that can be
used to help diagnose OA, including changes in joint space width when viewed
using radiology (Rousseau and Delmas, 2007).

Histological assessment can be made of tissue samples obtained from defective
joints and the severity of the disease can be assessed using the Mankin criteria.
Mankin et al produced a set of criteria for assessing the severity of OA damage
to articular cartilage. They described changes in the structure (shown in table 13), cellular characteristics, histological staining patterns, tidemark integrity, and
composition of various biochemical factors including DNA, hexosamine and
hydroxyproline (Mankin et al., 1971; Mankin and Lippiello, 1970).
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Table 1-3: Histological grading of OA cartilage. Adapted from (Mankin et
al., 1971)
Description of articular cartilage

Grade

structure
Normal cartilage – no defects

0

Surface irregularities

1

15

Pannus and surface irregularities

2

Clefts to transitional zone

3

Clefts to deep zone

4

Clefts to calcified zone

5

Complete disorganisation

6

Once OA has been successfully diagnosed treatments can begin. Less invasive
treatments, such as conservative treatments are used for the lower grades of
OA (e.g. grades 1-3). More serve grades of OA (e.g. 4-6) may result in surgical
intervention and possibly complete joint replacement.

1.6.2 Treatments for Osteoarthritis
Conservative treatments
Current treatments for osteoarthritis are wide ranging and offer varying degrees
of success, but none offer complete regeneration of fully functioning articular
cartilage.

Conservative treatments involve the use of non-steroidal anti-

inflammatory drugs (Ghosh, 1993) as well as the intra-articular administration of
corticosteroids (Altman and Lozada, 1998) alongside intensive physiotherapy.
Ultrasound, iontophoresis (the use of weak electrical currents to administer ions
present in medication) and thermal therapies can help treat the symptoms of the
15

Pannus is a layer of tissue that covers cartilage in rheumatoid and osteoarthritis.
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disease (Nehrer and Minas, 2000). The joint surface can be lubricated with
hyaluronate which can improve mobility and has been shown to decrease
further degeneration of cartilage (Huskisson and Donnelly, 1999). Chondroitin
sulphate can help decrease symptoms of disease if administered early in
osteoarthritis development (Ronca et al., 1998).

Surgical treatments
There are many surgical treatments for osteoarthritis.

One of the simpler

surgical treatments is irrigation of the joint (lavage) to remove degenerated
cartilage and inflammatory regulators (Jackson et al., 1988). Lavage of the joint
can be combined with debridement (surgical removal) of the cartilage flaps
(Chang et al., 1993).

Even when lavage and debridement are combined

degeneration of the joint is not necessarily prevented as repair is not induced
(Nehrer and Minas, 2000). Fortin et al have written a comprehensive review of
hip and knee replacements (Fortin et al., 1999) and comment on the fact that
surgical replacement of joints is one of the treatments most favoured by doctors.
Joint replacement involves removing the damaged area and covering the end of
the bones with a metal implant that often has a polyethylene surface to it that
provides cushioning. There are two forms of joint replacement, either partial
arthroplasty or total arthroplasty. Total arthroplasty results in the whole of the
joint being removed and replaced with a prosthesis. Partial arthroplasty results
in only a proportion of the joint being removed and replaced with a prosthesis.
This technique of partial replacement has been controversial, but has of late
been increasingly used by surgeons as more stringent patient selection and
improved surgical technique has led to an increase in survival lengths of the
prosthesis (Geller et al., 2008). There are several problems that may arise
when joint replacement is performed. If joint replacement is performed too early
in a patient’s life (e.g. young individuals who have secondary OA) there is an
extremely high possibility that the implant will not last for the duration of the
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patient’s life. Currently the technology is not advanced enough to allow implants
to functionally survive an entire human life span (20% of total knee replacement
and 40% of partial knee replacements fail after 15 years (Koskinen et al.,
2008)). Alternatively, if surgery is performed too late, then such severe muscle
wasting can occur (due to pain associated with movement) that results in the
patient not regaining full use of the limb (Fortin et al., 1999).

Cell-based therapies
Other surgical techniques involve the introduction of mesenchymal stem cells
(MSC), harvested from bone marrow. These stem cells are encouraged into the
defective area of cartilage by stimulating bleeding.

The stimulation of

angiogenesis is undertaken in several ways including abrasion arthroplasty,
involving the use a rotating burr to grind down the damaged area of the joint and
reshaping the joint so it can naturally reform (Johnson, 1986); subchondral
drilling which involves drilling through the defective cartilage to the underlying
bone (Pridie and Gordon, 1959); microfracturing, making small fractures in the
bones surrounding the area; and spongialisation, wearing away the defective
cartilage until the spongiosa16 is exposed (Ficat et al., 1979).

The use of these various methods to recruit MSCs into a cartilage defect do
result in chondrogenesis at the wound site, but the cartilage that is formed is not
totally articular in nature, as there are some areas of fibrocartilage (Knutsen et
al., 2004).

Mauck et al investigated the respective abilities of MSCs and

chondrocytes to undergo chondrogenesis. Mauck concluded that chondrocytes
created more functional cartilaginous tissue than MSCs (Mauck et al., 2006).
This suggests that presently MSCs are not the most appropriate cells to use in

16

The area of bones consisting of spongy cancellous bone.
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treatments of cartilage defects that will result in fully functioning articular
cartilage being formed.

Another alternative cell-based treatment for cartilage defects involves the use of
techniques involving transplantation. This involves the transplantation of tissue
with the ability to form cartilage or transplantation of suitable cartilage.
Mosaicplasty (also known as osteochondral autographs (OATS)) uses ‘plugs’ of
cartilage taken from non-weight bearing areas of the patient’s joint, these plugs
are then transplanted into the cartilage defect (Hangody et al., 1997; Matsusue
et al., 1993). Research into the how the cartilaginous plugs are harvested has
resulted in a decrease in cell death within the plugs (Huntley et al., 2005;
Redman et al., 2004), but regeneration of fully functioning articular cartilage has
not been achieved as yet with this technique as lateral integration often fails due
to cell death (Huntley et al., 2005).

Another one of these cell-based treatments involves transplantation of
chondrocytes a procedure known as autologous chondrocyte transplantation
(ACT) or autologous chondrocyte implantation (ACI). This technique involves
isolating chondrocytes from the patient’s knee and growing them in monolayer
cell cultures.

These cells are then harvested at set time points and are

implanted below a periosteal graft which is subsequently attached to the
defective cartilage (Brittberg et al., 1994). It is these autologous chondrocytes
that will hopefully give rise to regenerated cartilage. One significant problem
with this method is the maintenance of the chondrocytic phenotype in vitro
(Dessau et al., 1981).

The problem of how to implant the cells in cell-based therapies has had much
investigation.

Candidate scaffolds or matrices include natural polymeric
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materials, synthetic polymers, biodegradable polymers, and polymers with
adsorbed proteins or immobilised functional groups (Glowacki, 2000). Pei et al
have investigated using synovium derived stem cells (SDSCs) and seeding
them into a biodegradable PGA (polyglycolic acid) mesh as well as using fibrin
glue. They also assessed Collagraft® which is a bone substitute, but found that
this led to long term inflammation, which subsequently led to a lack of
regeneration and the repair observed was worse than a control group that had
the osteochondral defect left empty (Pei et al., 2008). Currently one of the most
widely used treatments that involves the use of cells and a matrix is matrixinduced autologous chondrocyte implantation (MACI®) (Cherubino et al., 2003).
This involves seeding autologous chondrocytes, obtained from a non-weight
bearing region of the patient’s knee, into a matrix formed of collagens type I and
III.

Although collagens types I and III are not normally found in articular

cartilage (see table 1-1), they are used instead of collagen type II, which is
found in articular cartilage as collagen type II has been shown to facilitate an
immune response (Trentham et al., 1977).

Gene therapy
Recently there has been a new line of treatments evolving to treat cartilage
defects that use gene therapy17. These fourth generation treatments have so far
been used to reduce inflammation present in rheumatoid arthritis in humans
(Evans et al., 2005) and the use of gene therapy in OA has begun with animal
models. Table 1-4 shows the range of genes used in current studies (adapted
from (Steinert et al., 2008)).

17

Gene therapy involves inserting genes into the patient’s cells to treat a disease that is the

result of the patient carrying a defect gene.
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Table 1-4: Gene therapy treatments currently being investigated.
Therapeutic
Animal used
Type of defect
Reference
cDNA
in trial
TGF-β18

chondral

rabbit

(Lee et al., 2001)

BMP-719

osteochondral

rabbit

(Mason et al., 2000)

BMP-7

osteochondral

horse

(Hidaka et al., 2003)

BMP-2

osteochondral

rabbit

(Di Cesare et al., 2006)

BMP-2,

chondral

rat

(Gelse et al., 2003)

osteochondral

rabbit

(Katayama et al., 2004)

IGF-1

osteochondral

rabbit

(Madry et al., 2005)

IGF-1

osteochondral

horse

(Fortier et al., 2002)

osteochondral

rabbit

(Kaul et al., 2006)

FGF-2

osteochondral

rabbit

(Cucchiarini et al., 2005)

FGF-2

osteochondral

rabbit

(Yokoo et al., 2005)

IGF-120
CDMP-121
(GDF-522)

FGF-2

23

Although there are now many ways of treating osteoarthritis none of the
methods described above will cure the disease. The main reason for this is that
either regeneration is completely lacking or when regeneration takes place it
fails to restore the true nature of articular cartilage, resulting instead in scar
tissue formation (Nehrer and Minas, 2000).
18

Transforming growth factor β (TGF-β)

19

Bone morphogenetic protein (BMP)

20

Insulin-like growth factor (IGF)

21

Cartilage-derived morphogenetic protein (CDMP)

22

Growth and differentiation factor (GDF)

23

Fibroblast growth factor (FGF)
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Often the reason for failure of

regeneration is an inability of the new tissue to fully integrate into the
surrounding tissue, causing the eventual sloughing off of the introduced tissue
and a return to the symptoms of OA.

Silverman et al (2000) researched the use of enzymes to digest the host
cartilage at the interface, in order to enhance integration and Khan et al (2008)
in a review paper suggest that collagen degradation, synthesis, deposition and
processing are all important when trying to achieve integration between existing
host cartilage and regenerated cartilage (Khan et al., 2008; Silverman et al.,
2000). Hunziker (2002) comments that regeneration of fully functional articular
cartilage cannot take place without lateral and vertical integration between the
donor and host tissue.

1.7 Summation
Autologous chondrocytes and mesenchymal stem cells do not result in fully
functioning articular cartilage when used to repair a cartilage defect. Research
into improving lateral integration of donor to host tissue has not, as yet, led to
full integration of these two tissues (Khan et al., 2008).

Therefore,

investigations into the use of alternative populations of cells in cell-based
therapies for cartilage defects are required.

During tissue regeneration stem cells or progenitor cells are required for repair
that results in complete regeneration of the tissue. A stem cell is a cell that can
divide to reproduce itself many times and can differentiate into a number of cell
types (Potten and Loeffler, 1990). There are many types of stem cells some of
which are more plastic than others, i.e. totipotent stem cells can give rise to all
lineages in the embryo as well as the extraembryonic tissues, whereas
multipotent stem cells can only give rise to a limited number of lineages
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(Ratajczak et al., 2008). This study aims to identify a stem cell or progenitor cell
with the ability to give rise to cartilage and could be manipulated to give rise only
to cartilage24 and so be used effectively in research to improve cartilage repair
strategies. For these reasons this study will focus on the cranial neural crest as
these cells have been shown to have stem cells-like characteristics (DelfinoMachin et al., 2007; Stemple and Anderson, 1992), have the ability to give rise
to cartilage in the head region and can be manipulated in vitro to produce
cartilage (Abzhanov et al., 2003; Baroffio et al., 1988; Bronner-Fraser, 1996; Ito
and Sieber-Blum, 1991; Lahav et al., 1996; McGonnell and Graham, 2002;
Sarkar et al., 2001; Sieber-Blum and Cohen, 1980).

1.8 Aim of Project
The main aim of the project is to analyse the capacity of cranial neural crest
cells to contribute effectively to chondrogenesis within joints of the limb during
development. This will be done by identifying the region of the CNCC that has
the ability to undergo chondrogenesis in vivo.

Once the region of the

developing hindlimb that gives rise to a synovial joint has been located the
CNCC with chondrogenic potential will be isolated and implanted into the
presumptive joint region. Subsequently the limb will be analysed using standard
histological techniques to assess whether the CNCC have integrated into the
host tissue and undergone chondrogenesis.

24

Other cells types are unwanted as the only cell type found in articular cartilage is the

chondrocyte and the production of other cell types may be detrimental to the structure and
function of any neo-cartilage that is produced.
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Chapter 2

Materials and Methods
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2.1 Embryo Manipulations
2.1.1 Windowing the egg
For embryos up to Hamburger and Hamilton (HH) stage 24, a pencil was
used to mark the top side of the egg prior to incubation. The probability of
the embryo lying directly below the area of shell to be removed, to create a
window in the egg, is increased if the top of the shell is marked and kept
upper most during incubation. Following the desired incubation time, eggs
were removed from the incubator and wiped with 70% Industrial Methylated
Spirit (IMS) to clean the shell. An 18 gauge adapted needle attached to a 10
ml syringe was used to remove approximately 1 ml of albumin from the
pointed end of the egg, that is opposite the end where the air space exists
(see figure 2-1).

The small hole created in the shell was covered with

adhesive tape. Using blunt forceps, a small hole was created close to the
pencil X and small amounts of shell and underlying membranes were
removed to create a window of approximately 1 cm2.

If no further

manipulation of the embryo was required, the window was covered with
adhesive tape to prevent the embryo drying out.

For embryos of HH stage 25+, eggs were removed from the incubator and
the shell was wiped with 70% IMS. Eggs were ‘candled’ to ascertain the
position of the embryo within the egg. This involves shinning a strong beam
of white light up through the egg in order to illuminate the position of both the
embryo and the air sac. An 18 gauge adapted needle was used to create a
small hole through the shell and into the air sac, thereby allowing the embryo
to drop away from the shell and prevent damage to it. Using blunt forceps a
small hole was made in the shell above the embryo. The shell was then
carefully peeled away from the underlying membranes without disturbing the
embryo.

After removal of approximately 1 cm2 of shell, a few drops of

Hank’s buffered saline solution (HBSS, Fisher, UK) were pipetted onto the
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membrane, now visible following removal of the shell. A small hole was then
made in the membrane using a sharp pair of forceps. This allows the HBSS
to wash under the membrane, thus gently pushing the embryo and blood
vessels away and so allowing the embryo to drop away from the shell. The
hole was enlarged to allow easy access to the embryo. Once work on the
embryo was completed, the hole in the blunt end of the egg, marking the
location of the air sac, was sealed with adhesive tape as was the window in
the shell and the embryo was returned to the incubator.

2.1.2 Removal or incisions into the vitelline membrane
After the egg was windowed and neutral red had been added to visualise the
embryo, part of the vitelline membrane was removed to expose the embryo
to allow manipulation. A flamed, electrolytically sharpened tungsten needle
was lowered until it touched the membrane, and then used to puncture the
membrane; rapidly jerking the needle upwards tore a hole in the membrane
(see figure 2-2).
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Figure 2-1: Windowing of a chicken egg. A) Tools required for
windowing a chicken egg. B) Sterilising the egg with 70% IMS. C)
Removing 1 ml albumin. D) Opening the egg by creating a small
‘window’. E) Addition of neutral red solution.
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Figure 2-2: Preparation of an avian embryo for manipulation. A)
Embryo with neutral red added to allow visualisation. B-D) Removal of
the vitelline membrane using an electrolytically sharpened tungsten
needle. E) Embryo ready for manipulation.
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2.2 Cell labelling methods
2.2.1 Producing and harvesting CXL virus
CXL25 packing cells were kindly supplied by Dr. T. Mikawa (UCSF, USA) and
cultured in Dulbecco’s Modified Eagle Media (DMEM, Gibco, UK)
supplemented with 7% fetal calf serum (FCS, Gibco, UK) and 1%
penicillin/streptomycin (pen/strep, Gibco, UK) at 37oC in 5% CO2 and 95% air
in 25 cm2 tissue culture flasks (Orange Scientific, UK).

Upon reaching

confluency 1.5 ml of fresh DMEM with 7% FCS and 1% pen/strep was added
and cultures were incubated overnight at 37oC in 5% CO2. The next day the
media was removed and centrifuged at 1000 rpm for 5 mins in a benchtop
centrifuge (Heraus multifuge 3S-R, Fisher, UK) in order to pellet cells that
may be present.

The supernatant was removed and 10 µl Polybrene™

(Sigma, UK, see appendix two, general reagents, stock concentration 10
mg/ml) was added for each ml of medium. This solution was used to infect
cells either in vitro or in ovo. The remaining cells were passaged by washing
with sterile Dulbecco’s phosphate buffered saline (DPBS, Sigma, UK) and
adding 1 ml 0.05% Trypsin/EDTA (Gibco, UK) and incubating at 37oC for 3-5
mins. When the cells were detached from the tissue culture flask, 4 ml of
DMEM supplemented with 7% FCS and 1% pen/strep was added to prevent
further action of trypsin. The media was transferred to a 15 ml centrifuge
tube (Orange Scientific, UK) and centrifuged at 1000 rpm for 8 mins in a
benchtop centrifuge (Heraus multifuge 3S-R, Fisher, UK). The supernatant
was removed and the pellet re-suspended in DMEM supplemented with 7%
FCS and 1% pen/strep. Cells were replated in 25 cm2 tissue culture flasks
and incubated at 37oC in 5% CO2 and 95% air.

25

For further information regarding CXL cells see appendix two general methods.
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2.2.2 Viral injections
Head injections
Fertilised chicken eggs (Gallus gallus domesticus, White Leghorn strain)
were obtained from Henry Stewart & Co Ltd (Lincolnshire, UK) and incubated
at 38oC in a humidified incubator to obtain HH stages 9-11 embryos
according to Hamburger and Hamilton staging (Hamburger and Hamilton,
1951).

Eggs were swabbed with 70% IMS, 1 ml of albumin removed,

windowed and neutral red added. Media containing CXL virus was injected
into the midbrain region of the neural tube of embryos at HH stages 9 - 11.
The window in the egg was covered with adhesive tape and the egg placed
back in a 38oC humidified incubator until HH stage 36 (10 days old) was
reached. At HH stage 36 the embryo was removed, fixed and stained for βgalactosidase according to the set protocol (see section 2.2.3). Figure 2-3
shows the region where the injections were performed.

Figure 2-3: Example of the injections into the midbrain/hindbrain region
of embryos. A) Illustration of the dorsal view of the injections. B)
Illustration of the cross sectional view of the injections.
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Limb injections
Fertilised chicken eggs were incubated for various developmental periods to
obtain embryos at HH stages 18, 24 and 28. When the desired HH stage
was reached, eggs were swabbed with 70% IMS, the air sac pierced and a
window created in the shell. The embryo was injected with media containing
CXL virus into a defined area of a hindlimb (see figure 2-4). The window in
the egg was covered with tape and the egg placed back in a 38oC humidified
incubator until HH stage 36 was reached. At HH stage 36 the embryo was
removed, fixed and stained for β-galactosidase activity, see section 2.2.3.

Figure 2-4: A schematic representation show the defined areas of the
limb. A) HH stage 18. B) HH stage 24. C) HH stage 28

2.2.3 X-gal Staining
Staining infected cells
Media was removed from tissue culture flasks and the cells were washed
with PBS (phosphate buffered saline, Sigma, UK). To fix the cells 5% neutral
buffered formalin (NBF) was added for 10-30 mins. Following removal of
NBF, cells were washed three times with PBS, for 10 mins each time, and
incubated with x-gal solution (see appendix two, general reagents), overnight
at 37oC in the dark. Cells were then re-fixed with 5% NBF.
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Staining of embryos infected with LacZ gene
On reaching HH stage 36, the egg was carefully opened and the embryo was
removed. The embryo was washed in Chick Ringers Solution (see appendix
two, general reagents) to remove any blood and yolk. The cleaned embryo
was transferred to a universal tube containing 5% NBF and was incubated at
room temperature on a clinical rotator for 45-60 mins (no more than 60 mins
as this will inactivate the β-galactosidase enzyme). After fixation, the NBF
was drained off and replaced with PBS. The embryo was placed back on the
clinical rotator for 15 mins. Washing in PBS was repeated four times. Finally
the PBS was removed and replaced with X-gal solution and incubated at
37oC in the dark overnight. The next day the X-gal solution was drained off
and the embryo washed with PBS until the solution became clear. Finally
the embryo was fixed in 5% NBF for 2-4 hours. The NBF was replaced with
70% ethanol.

Cryosectioning and immunohistochemistry
In some instances embryos obtained as detailed in section 2.2.2, limb
injections, were snap frozen by placing the sample on a cork circle (Fisher,
UK), covering with cryo-em-bed (Bright, UK) and submerging in isopropanol
that was stored in liquid nitrogen until the cryo-em-bed set. Cryosectioning
was performed using a CM 1900 (Lecia, UK) to produce 8-15 µm sagittal
sections. Sections were dried onto chrom-alum coated glass slides (see
appendix two, general reagents) and then x-gal stained or immunolabelled
(as per protocol in appendix two, general methods) using anti-collagen type II
antibody (1/5, Developmental Studies Hybridoma Bank, USA) on alternate
slides.
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2.3 In situ hybridisation
2.3.1 DIG probe production
A digoxigenin (DIG) labelled RNA probe for fgf8 was produced using cDNA,
kindly donated by Prof. Ketan Patel (University of Reading).

A single colony of E.coli, strain DH5α, was seeded into LB media (Fisher,
UK) and cultured in a shaking incubator at 250 rpm and 37oC until an optical
density (OD600) of 0.375 was reached. Once the correct OD600 was reached
the cells were pelleted and resuspended in cold 0.1 M CaCl2. This solution
was incubated on ice for 20 mins and the cells were pelleted and
resuspended in cold 0.1 M CaCl2 and left overnight. The following day 100
µl of the overnight solution was mixed with 0.5 µl of a plasmid vector
containing the cDNA for fgf8. This solution was heat shocked for 90 secs at
42oC then put on ice for 2 mins before adding fresh LB (with 1% glucose)
and agitating for 1 hour. After an hour the 100 µl of the cultures were plated
on LB with 1 mg/ml of ampicillin (Fisher, UK) and plates were incubated
overnight at 37oC.

Any colonies present the next day grew due to the

presence of an ampicillin resistance gene that is contained within the same
plasmid vector as the cDNA for fgf8. A colony was then selected to produce
an overnight saturated culture, used for a small scale preparation of plasmid
DNA.

Small scale preparation of plasmid DNA
Solution 1 –
•

50 mM glucose

•

25 mM TrisHCl pH 8

•

10 mM EDTA pH 8

•

0.5 g lysozyme
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Solution 2 –
•

0.2 N NaOH

•

1% SDS

Solution 3 –
•

60 mls of 5 M potassium acetate

•

11.5 mls of glacial acetic acid

•

28.5 mls water

The overnight saturated cultured (preparation described above) was pelleted
by centrifugation, for 5 mins at 14,000 rpm (Eppendorf tabletop centrifuge
5424), and the supernatant totally removed as its presence can interfere with
later reactions. The pellet was resuspended in ice cold solution 1. 200 µl of
solution 2 was added, gently mixed, then incubated on ice for 5 mins. 150 µl
of ice cold solution 3 was added, incubated on ice for 5 mins. The solution
was centrifuged for 5 mins at 14,000 rpm (Eppendorf tabletop centrifuge
5424) to separate the chromosomal DNA from the plasmid DNA.

The

supernatant was carefully transferred (which contained the plasmid DNA) to
a clean microcentrifuge tube.

To precipitate the double stranded DNA, 1 ml ethanol was added and
incubated at room temperature for 2 mins, after which the solution was
centrifuged for 5 mins at 14,000 rpm at 4oC to pellet the DNA.

The

supernatant was removed and resuspend in 70% ethanol and pelleted again
through centrifugation.

Restriction Digest
The pellet was resuspended in TE pH 7.5, incubated at 37oC for 5 mins, then
digested with EcoR1 and Xho (NEB, UK):
•

1.0 µl DNA
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•

2.0 µl 10X Buffer (NEB, UK)

•

0.2 µl BSA (NEB, UK)

•

16.0 µl DNAse/RNAse free water

•

0.5 µl enzyme (either EcoR1, Xho or EcoR1 and Xho, in individual
tubes, NEB, UK)

•

0.2 µl RNAse (NEB,UK)

The digest mixture and DNA were incubated at 37oC for 1 hour. The product
was loaded onto a 1% agarose gel to assess the size of the products. The
fgf8 insert was 800 bp.

Linearising plasmid
Separate reactions for both the anti-sense and sense (control) probes were
set up as follows.
Digest:
•

1 µg/ml Fgf8 DNA

•

2.0 µl buffer (either R1 buffer (if EcoR1 enzyme) or NEB2 (if Xho),
both supplied by NEB, UK)

•

0.2 µl BSA

•

1.0 µl enzyme (either EcoR1 or Xho)

•

12.0 µl DNAse/RNAse free water.

Incubated at 37oC for 1 hour.

After 1 hour the quantity of product was

checked on a 1% agarose gel.

54

Production of DIG probe
Antisense probe:
•

10.0 µl EcoR1 digest of fgf8 containing plasmid DNA

•

4.0 µl 5X transfer buffer (Roche,UK)

•

2.0 µl 0.1 M DTT (Roche, UK)

•

2.0 µl RNA labelling mix (Roche, UK)

•

3.5 µl T7 polymerase (Roche, UK)

Sense probe:
•

10.0 µl Xho digest of fgf8 containing plasmid DNA

•

4.0 µl 5X transfer buffer

•

2.0 µl 0.1 M DTT

•

2.0 µl RNA labelling mix

•

3.5 µl T3 polymerase (Roche, UK)

Probes were incubated at 37oC for 2 hours. The product was checked on a
1% agarose gel. BIO-RAD micro bio-spin P-30 Tris RNAse free columns
(Bio-rad, UK) were used to clean up the riboprobe which was then ready for
storage.

2.3.2 Whole mount in situ hybridisation
•

Chick embryos were dissected at HH stage 10 - 11 in PBS

•

Fixed in ice cold 10% NBF at 4oC on a clinical rotator (SRT2, Stuart
Scientific, UK) overnight.

•

Washed 2 x in PBS with 1% Tween 20 (PBT) 5 mins

•

25% methanol in PBT at room temperature 5 mins

•

50% methanol in PBT at room temperature 5 mins
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•

75% methanol in PBT at room temperature 5 mins

•

100% methanol in PBT at room temperature 5 mins x 2

•

100% methanol at 4oC overnight or store at -20oC

•

75% methanol in PBT at room temperature 5 mins

•

50% methanol in PBT at room temperature 5 mins

•

25% methanol in PBT at room temperature 5 mins

•

PBT 5 mins x 2

•

Detergent mix (see appendix two, general reagents) 20 mins x 2

•

10% NBF with 25% glutaraldehyde (4 µl glut / ml of NBF) 20 mins

•

PBT rinse

•

PBT 5 mins

•

Prewarmed pre-hyb (see appendix two, general reagents) 1 hour at 70oC

•

Hyb with probe at 1 µg/ml overnight at 70oC

•

Prewarmed solution X (see appendix two, general reagents) 5 mins at
70oC

•

Prewarmed solution X 5 mins at 70oC

•

Prewarmed solution X 30 mins at 70oC x 2

•

1:1 solution X: MABT 5 mins room temperature

•

MABT (see appendix two, general reagents) 5 mins x 3

•

MABT 30 mins

•

2%BBR/20%FCS/MABT (see appendix two, general reagents) 90 mins

•

Antibody

(1/2000)

in

2%BBR

UK)/20%FCS/MABT at 4oC overnight.
•

MABT 5 mins x 3

•

MABT 10 mins x 4
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(blocking

solution,

Roche,

•

MABT 30 mins

•

MABT overnight at 4oC

•

NTMT (see appendix two, general reagents) 10 mins x 2

•

NBT/BCIP (see appendix two, general reagents) 20 mins, after first 20
mins check to see if colour reaction has happened if not develop until
desired colour is reached.

•

NTMT 10 mins

•

PBT 10 mins

•

10% NBF at 4oC overnight (store in glycerol)

2.4 Quail and chick methods
2.4.1 Quail – chick transplantations
Fertile quail eggs (Coturnix coturnix japonica) were obtained from Rose
Dean Farm (Cambridgeshire, UK) and incubated at 38oC until stage 10 was
reached. Eggs were carefully opened using a sharp pair of scissors and the
egg contents decanted into a 60 mm petri dish (Orange Scientific, UK). The
yolk was very gently dried using ultra soft tissues (Kleenex, UK) and a small
square of coffee filter paper26 (with a hole in the middle) was placed over the
embryo. This allowed the vitelline membrane to be cut (the filter paper was
cut around using sharp scissors) without disturbing the embryo. Forceps
were used to gently lift the filter paper and embryo from the yolk, the embryo
was contained in the hole in the middle of the filter paper, and transferred to
a clean petri dish. A few drops of HBSS were added to keep the embryo
moist and the vitelline membrane covering the embryo was carefully
removed with an electrolytically sharpened tungsten needle. Either side of
the neural tube in the mid/hindbrain region of the cranial neural tube was
26

Coffee filter paper was used instead of standard laboratory filter paper as coffee filter

paper had the necessary stiffness and flexibility to allow easy handling of the embryo
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scored with an electrolytically sharpened tungsten needle and 0.25%
pancreatin (Sigma, UK) was added to aid removal of the neural crest. The
enzyme was active for approximately 5 mins, following which FCS was
added to deactivate the pancreatin.

At this point the enzyme had ‘cut’

between the mesenchyme and the neural tube allowing easy removal of the
dorsal half of the neural tube from the mid/hindbrain region. A glass pipette,
that had been pulled to taper the end, was used to transfer the explant to the
host embryo. The host chick embryo, HH stage 18 or 24, was windowed,
vitelline membrane removed and a hole was made in the amnion above the
area to receive the explant. A small hole was made in the hindlimb of the
embryos using an electrolytically sharpened tungsten needle and the explant
was guided into the hole (see figure 2-5). A glass rod was used to push the
explant further into the limb, when required. The window in the egg was
covered with adhesive tape and the egg placed back in a 38oC humidified
incubator until HH stage 36 was reached. At HH stage 36 the embryo was
removed and fixed using Serra (see appendix two, general reagents) for at
least 24 hours. The hindlimb was then removed, manual processed (see
appendix two, general methods) and 8, 12 and 15 µm sagittal wax sections
cut ready for immunohistochemical analysis using QCPN antibody
(Developmental Studies Hybridoma Bank, USA).

2.4.2 Staging of the Japanese quail
Fertile Japanese quail eggs (Coturnix coturnix japonica) were obtained from
Rose Dean Farm (Cambridgeshire, UK) and incubated at 38oC in a
humidified incubator.

Standardised incubation protocol was used as

variations in incubation temperature and humidity levels have been shown to
affect development (Sato, 1971). Eggs were incubated for set periods of
time and windowed when removed from the incubator. Neutral red was used
to aid visualisation of embryos and to allow accurate somite counting. The
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beak length27 and third toe length28 were all measured and this was combined
with the pigmentation patterns on the wing to stage each embryo. Embryos
were fixed in 5% NBF for at least 7 days before photographs were taken.
The embryos were staged every hour for the first 72 hours, then every 12
hours from 3 days until hatching. Stages 4 to 35 were photographed using a
digital camera (Olympus, UK) attached to a dissecting light microscope
(Olympus, UK). Stages 36 to 45 were positioned using metal pins to hold the
embryo in an appropriate position when they were photographed using a
Lumix digital camera (Panasonic, UK). Approximately 400 embryos were
analysed for the staging series.

27

Beak length was defined as the distance from the anterior edge of the nostril to the tip of

the upper beak
28

Third toe length was the length from the tip of the toe to the middle of the metatarsal joint

(Graham and Meier, 1975).
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Figure 2-5: Methodology for production of quail to chick transplantations. A) The egg has been opened and
transferred to a petri dish. B) The yolk has been dried and scissors used to cut around the embryo to free it from
the yolk. C) A tungsten needle and 0.25% pancreatin was used to excise the dorsal half of the midbrain/hindbrain
region. D) Half of the explant is transplanted to the host embryo hindlimb.
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2.5 Cell injections
Fertilised chicken eggs were incubated to obtain HH stage 10 embryos. An
electrolytically sharpened tungsten needle was used to explant a region of the
neural tube from the mid/hindbrain region, removing only the dorsal half. The
explant was transferred to a well of a 96 well plate (Orange Scientific, UK)
containing CXL virus containing media. Fifteen to twenty-five explants were
removed and transferred to the same well and were incubated overnight in 5%
CO2 at 37oC. The next day the cells were trypsinised (trypsin/EDTA) for 2 mins
then pelleted using a benchtop centrifuge (Heraeus biofuge pico, Heraeus, UK)
for 15 mins at 13,000 rpm. The supernatant was removed and replaced with
PBS to allow better visualisation of the pellet.

A glass micropipette was

attached to a length of 1.5 mm diameter silicon tubing. The end of the glass
micropipette was placed in the pellet and the micropipette was filled with the
cells using a gentle vacuum. Cells were then injected29 into a host embryo that
had been prepared for injection (windowed, vitelline membrane removed and a
hole made in the amnion above the area to be injected). The window was
covered and the embryo placed back in a humidified incubator until HH stage 36
was reached.

2.6 Transmission electron microscopy
Embryos that had undergone cell injection were harvested and any x-gal
positive parts of the hindlimbs were removed and fixed in 2% glutaraldehyde in
0.1 M sodium cacodylate/HCl, pH 7.4 buffer for 24 hours at 4oC. After 24 hours
the fixative was replaced with fresh fixative and left for 4 days at 4oC. Samples
were brought to room temperature and washed in 3 changes of 0.1 M sodium
29

3

Average number of cells injected per embryo is 3x10 (see section 6.3.1)
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cacodylate buffer on a rotator for 90 mins. Tissue samples were post-fixed in
1% (w/v) osmium tetroxide in sodium cacodylate buffer for 2 hours, followed by
two 1 hour washes in distilled water on a rotator. After the second wash fresh
distilled water was added and the tissue samples were incubated at 4oC for 2
days. Samples were then further washed in distilled water for 30 mins (twice),
followed by dehydration through a graded alcohol series:
•

50% ethanol 10 mins x 2

•

70% ethanol 10 mins x 3

•

90% ethanol 10 mins x 2

•

100% ethanol 10 mins x 3

After dehydration the tissue samples were transferred to propylene-oxide for 20
mins (repeated once), then to a solution of 1:1 propylene-oxide to TAAB Low
Viscosity resin (TLV resin; TAAB Laboratories Ltd., Aldermaston, UK) and
placed in a rotator at room temperature overnight.

The following day the

resin/propylene-oxide mixture was exchanged for fresh complete resin and
placed on a rotator overnight. This was repeated once more before the samples
were orientated in moulds and placed in an oven at 60oC for 18 hours to cure
the resin.

The samples were then sent to Dr. Julian Thorpe (University of

Sussex, UK) for staining and cutting for analysis with TEM. Thin sections (100
nm) were cut on a Leica Ultracut ultramicrotome (Leica Microsystems, UK),
collected on support grids and stained with 2% (w/v), 0.22 µm-filtered, uranyl
acetate in 70% IMS for 1 hour followed by lead citrate for 10 min. Stained
sections were examined in a Hitachi-7100 transmisson electron microscope at
100 kV. Images were acquired digitally with an axially-mounted (2K X 2K pixel)
Gatan Ultrascan 1000 CCD camera (Gatan UK, UK).
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Chapter 3

The identification of cranial neural crest

cells with specific chondrogenic potential
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3.1 Introduction
The overall aim of this project was to first identify, and then use for implantation,
a population of cells that would increase our understanding of the qualities
required of a cell to allow effective integration with host tissues and still be able
to undergo chondrogenesis.

Neural crest cells migrate from the dorsal region of the neural tube through
different defined streams to the ventral side of the developing embryo to give
rise to many different structures and tissues of the cranial region, including
many of the bones, cartilages and nerves (see section 1.4.2).

The current

project was involved in isolating a population of cells that can migrate and
integrate into surrounding tissues as well as being able to give rise to cartilage,
therefore the CNCC was an obvious candidate for investigation as these cells
have been shown to hold all three of these desirable qualities (reviewed in (Le
Douarin et al., 2004)).

There have been many studies investigating CNCC and the structures that they
give rise to (Le Douarin, 2008; Noden and Trainor, 2005), but equally there has
been much controversy over which particular region of the cranial neural crest
gives rise to particular bones, cartilages and associated connective tissues and
which of these structures are derived from the paraxial mesoderm, located deep
to the cranial neural crest and lateral to the neural tube. As there had been
disagreements in the literature over the origin of many bones in the skull (Gross
and Hanken, 2008), it was necessary to remap the posterior midbrain and
anterior hindbrain region of the cranial neural crest to ensure the population that
gave rise to the aural region and lower jaw could be repeatedly identified (see
figure 3-1).
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The avian lower jaw and the aural region are of particular interest as these
regions are homologous to the only synovial joint in the mammalian head, the
temporomandibular joint (TMJ).

Unlike mammals, the avian skull does not

possess a TMJ. Through evolution, the hinge joint (that allows the lower jaw in
the chick to move) has regressed dorsally to contribute to structures in the
mammalian inner ear. To replace this regressed jaw, the mandible of mammals
evolved, as did the synovial joint known as the TMJ (Goodrich, 1958).

In the current work, in order to trace the cells of interest, the LacZ gene was
used in combination with a replication deficient retrovirus to retrovirally tag cells.
If a cell contained the LacZ gene it produced the β-galactosidase enzyme and
so produced a blue precipitate when exposed to the x-gal solution. The end
position of the cells could therefore be observed by exposing the embryo to an
x-gal solution (see section 2.2.3). This allowed assessment of movement of
CNCC from their original position. The LacZ system for labelling cells was
particularly useful when performing lineage tracing experiments as it is a robust
cell marker that persists even when a tissue was put through a variety of
analysis techniques to assess results e.g. histological techniques. The LacZ
gene was contained in a replication deficient retrovirus, which acted as the
vector. The replication deficiency of the vector meant that once a cell was
infected only that cell and any subsequent daughter cells were labelled.
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Figure 3-1: Identifies the regions of the avian head that were used to
classify labelling.

3.1.1 Aim of Chapter
Previous reports in the literature had suggested that regions around the
posterior midbrain and anterior hindbrain are the regions of the cranial neural
crest that gives rise to the aural region and lower jaw in the chick (Couly et al.,
1993; Evans and Noden, 2006; Kontges and Lumsden, 1996). For this reason
neural crest cells that are in the vicinity of the midbrain and hindbrain were
focussed on in the current mapping study.

By focussing on this particular

portion of the cranial neural crest it was hoped that a population of cells
possessing the abilities to migrate, integrate and undergo chondrogenesis
would be found and so allow subsequent isolation of these cells for future
implantation into different areas of the developing embryo.
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3.2 Results
3.2.1 In Situ Hybridisations
In the cranial region of a developing embryo there is a distinct pattern of gene
expression that can aid in the identification of structures or anatomical regions.
The presence of these genes (or the equivalent mRNA) can be visualised and
so the structures in which they are expressed will also be identified.

For

example orthodenticle homolog 2 (Otx2) is known to be expressed in the
midbrain region, so visualising the expression of this gene will identify the shape
and position of the avian midbrain (Hidalgo-Sanchez et al., 1999; Millet et al.,
1996; Millet et al., 1999). Fibroblast growth factor 8 (FGF8) is known to be
present in the anterior hindbrain of the developing chick embryo and so the
presence of this growth factor can be used to visualise the area that equates to
the anterior hindbrain (Hidalgo-Sanchez et al., 1999). This will subsequently
allow accurate injections of the virus containing the LacZ gene into the anterior
hindbrain and posterior midbrain in order to trace the neural crest cells in this
region.

In situ hybridisations are one of the most commonly used methods to identify
the presence of specific mRNA within a three dimensional structure. Whole
mount in situ hybridisation using a probe for FGF8 was performed on HH stage
10-11 chick embryos. Control in situ hybridisations were performed using a
sense probe for FGF8 and no staining was observed. The anti sense FGF8
probe repeatedly produced labelling (n=6) in the anterior hindbrain region as
previously reported by Millet et al (1996) (see figure 3-2).
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3.2.2 Control experiments
Control/sham injections were performed to assess whether the injection
procedure would affect the normal development of the avian embryo. Sham
injections were performed using either DMEM supplemented with 7% FCS and
1% pen/strep or Indian ink (diluted in PBS until the solution could pass
unobstructed through a micropipette) (see figure 3-3).

All chick embryos have a set pattern of naturally occurring β-galactosidase
activity (referred to as endogenous staining), which is present in both control
and experimental chicks. This pattern appears as a small localised area of
labelling on the anterior surface of the head (above the interface between the
frontal and parietal bones), spots of label superior to the sclera papillae, a line
that extends to the midline on the ventral surface which originates at the level of
the first thoracic vertebra and continues to the opening of the abdominal cavity
(the axial level of the opening to the abdominal cavity varies from embryo to
embryo, however the line of label always finishes at the level of the abdominal
opening) and spots of label on the lateral sides of digits 2, 3 and 4. All the
endogenous β-galactosidase described above is present only in the epidermis
and is not localised to the cytoplasm or nucleus of cells as experimentally
induced labelling is.

Therefore the consistency of the endogenous labelling

allows experimentally induced labelling to be easily identified grossly and
histologically.

Indian ink injections were carried out to allow identification of the region of the
embryo into which the injections were performed and to assess the degree of
diffusion that occurs with liquid injections. This allowed the technique to be
perfected and so with a repeatable method established it was ensured that
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injections would be at the same depth each time, regardless of the position
along the craniocaudal axis.

Figure 3-2: In situ hybridisation using a FGF8 probe. FGF8 mRNA in situ
hybridisation of HH stage 10-11 chick embryo.
The embryo was
positioned using pins in a Sylgard® (Dow Corning, USA) lined glass dish
containing PBS and photographed using a Camedia digital camera
(Olympus, UK) attached to a SZX12 microscope (Olympus, UK).

Figure 3-3: Sham injections into the head region of HH stage 10 chicks. A)
HH stage 10 embryo in ovo injected into anterior hindbrain region of the
right hand side with Indian ink (arrow). B) HH stage 10 sham injected
embryo allowed to develop to HH stage 36. At stage 36 the embryo was
killed, fixed and x-gal stained and was photographed in the same manner
as the embryo in figure legend 3-2.
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3.2.3 Viral injections
Thirty injections into the posterior midbrain / anterior hindbrain were performed
and 22 of those embryos labelled positively for β-galactosidase.

Injections

performed into the posterior midbrain and anterior hindbrain at HH stages 9 to
11 produced very similar results, the description of these stages will be grouped.

Viral injections led to labelling in the orbital, postorbital and proximal lower jaw
regions of the embryo (see figure 3-1). Occasionally there was labelling in the
distal area of the lower jaw. Tables 3-2 and 3-3 shows the individual labelling
seen with each embryo.

Figure 3-4 shows embryos that underwent viral

injections as described above. Labelling was identified in each of the regions
described, orbital, postorbital and lower jaw regions.

When embryos were

dissected using a dissecting microscope the labelling was contained within
muscles, loose connective tissue around muscle, cartilage, perichondrium and
the loose connective tissue around cartilage. The presence of labelling within
muscles suggests that some of the paraxial mesoderm, which is located directly
below the cranial neural crest at the time of injection, was also injected with the
viral vector.

3.2.4 Assessment of cell types
Currently there are no cell markers that can be used to identify chondrocytes.
The presence of collagen type II is repeatedly used as a marker of
chondrocytes. However, the presence of collagen type II is not a suitable cell
marker as it is an extracellular molecule and therefore not specific for one cell.
This combined with the fact that during development collagen type II can be
located within multiple tissue types indicates that it is not a suitable cell marker
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for chondrocytes, as these cells are only found in cartilage. Therefore it was
concluded that the most reliable way of identifying a chondrocyte is by
assessing the cell’s morphology.

In order to use cellular morphology as a

reliable assessment of cell type a list of strict criteria was created. The following
criteria (table 3-1) were used to assess whether a cell is a chondrocyte or not
(Kurtz, 1964; Stockwell, 1979):
Table 3-1: Criteria for determining a chondrocyte

Criteria
1

Cells are ovoid in shape

2

Cells have an irregular surface with projecting cell processes

3

Cell size is between 10 – 30 µm

4

Nucleus is very large and almost completely fills the cell

5

Nucleus shape is ovoid

6

There are large spaces between cells, up to approximately 10 µm

7

Histological sections demonstrate the cells are located within
cartilage

Masson’s trichrome and Alcian blue histological stains were used on control
embryos to demonstrate that there were cartilaginous structures present in the
orbital, postorbital and lower jaw regions, see figure 3-5. Two of the embryos
that exhibited positive labelling were examined histologically (marked with an
asterisk in table 3-2) and the majority of cells positive of β-galactosidase were
localised to the cartilages of the lower jaw.

Fewer cells were seen in the

perichondrium and connective tissue surrounding the cartilaginous tissue than
within the cartilage itself, see table 3-4. Figure 3-6 shows that the CNCC that
contained the LacZ gene could be found in these cartilage elements and were
defined as chondrocytes when assessed using the 7 point criteria stated in table
3-1.
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Table 3-2: Results from viral injections performed at HH stages 9 to 10. - = no label present, + = faint labelling, ++
= dense localised labelling, +++ = very dense localised labelling, ++++ = dense widespread labelling. * = embryos
that were examined histologically, see figure 3-6
Degree of
Degree of
Degree of
If labelling present
ID
Labelling
labelling
labelling
Stage
labelling present
description of the
number
present
present in
present in
overall
pattern observed.
cartilage
muscle
091107_8
9+
No
orbital
regions
010208_13
9+
Yes
+
+
orbital regions
061207_9
10Yes
++
++
150108_10
10No
170108_14
10No
061207_7

10

Yes

++

010208_3

10+

Yes

+++

010208_11

10+

Yes

++

010208_16
110607_3

10+
10+

Yes
No

++
-

170108_7

10+

Yes

++++

170108_17
180607_4

10+
10+

No
Yes

+

230108_5

10+

Yes

++

postorbital and orbital
regions and aural regions
lower jaw region*
orbital and postorbital
regions
proximal lower jaw*
postorbital and orbital
regions, ear opening,
proximal lower regions
orbital regions
postorbital and lower jaw
regions
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++

-

+++

+

++

-

++
-

-

++++

++

+

-

++

-

Table 3-3: Results from viral injections performed at HH stage 11
Degree of
If labelling present
Labelling
ID number
Stage
labelling
description of the
present
present
pattern observed.
postorbital regions
010208_9
11Yes
+
postorbital regions
010208_10
11Yes
+
postorbital regions
010208_12
11Yes
++
external ear opening
091107_9
11Yes
+
110607_5
11No
postorbital and ear regions
240108_10
11Yes
+++
010208_1

11

Yes

+++

010208_5
110507_8
230108_1

11
11
11

Yes
No
No

+
-

230108_7

11

Yes

+

230108_8

11

Yes

++++

240108_3

11

Yes

++

051207_4

11+

Yes

++

240108_11
240108_13

11+
11+

Yes
Yes

+
++

dorsal posterior area of
the orbit region, proximal
lower jaw region
postorbital regions
orbital and postorbital
regions and distal lower
jaw
postorbital and orbital
regions, ear opening,
proximal lower regions
postorbital regions
postorbital and orbital
regions
postorbital regions
postorbital regions
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Degree of
labelling present
in cartilage
+
++
+
+++

Degree of
labelling present
in muscle
+

+++

+

+
-

-

+

-

++++

+

++

-

++

-

+
++

-

In figure 3-4 white crystal deposits were observed on the embryos. This is the
result of some of the paraformaldehyde precipitating out of solution due to slight
changes in pH that occur over time. This has no effect on the labelling seen in
an embryo and does not hinder histological examination.

Figure 3-4: Viral head injections. Embryos injected at HH stages 10-11
with virus containing media. Embryos were killed, fixed and x-gal stained
at HH stage 36. A+C) Demonstrates labelling in the post orbital, orbital
and aural regions. B) Demonstrates labelling in the post orbital, orbital,
aural and lower jaw regions. D) Demonstrate labelling in the orbital and
jaw regions.
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Figure 3-5: Control head sections. Coronal wax sections of the lower jaw
from control embryos demonstrating that the area the cells were found in
was cartilaginous in nature. Masson’s trichrome (A) and Alcian blue (B)
stain cartilage green and blue respectively. Scale bar equals 100 µm.

Figure 3-6: Histological sections of viral head injections. Two embryos
(marked with an asterisk in table 3-2) were examined histologically. Figure
demonstrates coronal wax section of the lower jaw containing
chondrocytic and perichondrium cells positive for β-galactosidase (shown
by black arrow), stained with 1% Eosin. Scale bar equals 100 µm.
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The majority of embryos at HH stage 36 that had been fixed and x-gal stained were dissected using a dissecting
microscope. The translucent nature of the tissues at this stage in development meant that the location of β-galactosidase
labelling could be easily assessed. In order to confirm that cartilaginous structures were indeed being labelled two
representative embryos were sectioned and assessed histologically.
Table 3-4: Analysis of histological sections. - = no label present, + = faint labelling, ++ = dense localised
labelling, +++ = very dense localised labelling, ++++ = dense widespread labelling.
Labelling present in

Degree of
ID number

Stage

labelling present
as observed in
whole mount

Muscle and
associate

Cartilage Perichondrium

connective tissue

Loose connective
tissue around cartilage

010208_3

10+

+++

+

+++

++

+

010208_16

10+

++

+

+++

++

+
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3.3 Manipulation of cells
If CNCC are to be used in further investigations it is likely that this population of
cells will need to be expanded. To determine how to manipulate neural crest
cells so that they can be expanded, but still retain the ability to give rise to
chondrocytes, CNCC were manipulated in vitro in a preliminary study.

3.3.1 Method
Explants of the region that equates to the posterior midbrain and anterior
hindbrain of the dorsal half of the neural tube were cultured in vitro with different
media to explore the possible cells types that can be obtained under differing
culture conditions. This region of the embryo was chosen as it would ensure
cranial neural crest cells with chondrogenic potential were obtained. A plethora
of different media have been used in different studies investigating the
behaviour of neural crest cells (NCC) in vitro (Abzhanov et al., 2003; Baroffio et
al., 1988; Bronner-Fraser, 1996; Ito and Sieber-Blum, 1991; Lahav et al., 1996;
McGonnell and Graham, 2002; Sarkar et al., 2001; Sieber-Blum and Cohen,
1980). Despite the large amount of information regarding culturing NCC in the
literature, no study has specifically investigated culturing CNCC to solely obtain
chondrocytes. As not all the different media reported in the literature could be
tested in this preliminary study, media types which had previously been reported
as enabling differentiation of CNCC to the chondrogenic lineage were selected.
Table 3-5 details the different media that were used to culture the explants.
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Table 3-5: Different media used to culture cranial neural crest explants.
Serum type and

Media Type

percentage

DMEM with L-glutamine
and high glucose
α-MEM

Antibiotics

10% FCS

1% pen/strep

10% FCS

1% pen/strep

10% FCS and 2% chick embryo
DMEM with L-glutamine

extract (CEE, see appendix two,

and high glucose

general reagents) added after 24

1% pen/step

hours
Ham’s F12

10% FCS and 2% CEE

2% Gentamicin

3.3.2 Preliminary Results
Neural tube explants from HH stage 10 embryos that were cultured in different
media produced cells that appeared to have different morphological features
when

viewed

with

a

light

microscope

(Olympus

CK40

microscope).

Melanocytes (identified due to the expression of the naturally occurring cell
marker, melanin (Cowell and Weston, 1970)) were observed in cultures using αMEM supplemented with 10% FCS and 1% pen/strep, as well as when Ham’s
F12 supplemented with 10% FCS, 2% CEE and 2% gentamicin was used
(figure 3-7).

Neuronal like connections were observed in cultures grown in α-MEM and
DMEM both supplemented with 10% FCS and 1% pen/strep; Ham’s F12
supplemented with 10% FCS and 2% gentamicin; and DMEM supplemented
with 10% FCS, 1% pen/strep and 2% CEE, the latter added after 24 hours
(figure 3-8). These connections were not thought to be filopodia as they were
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not dynamic, a known feature of filopodia (Faix et al., 2009; Jacinto and
Wolpert, 2001). Cells that appeared to be fibroblastic in their morphology (as
defined by specific criteria, see table 3-6) were present in all cultures, to varying
degrees.
Table 3-6: Criteria for defining a fibroblast. Adapted from descriptions by
Rose (1970) and Lentz (1971)
Criteria
1

Shape is spindle, stellate or kite shaped

2

Oval nucleus

3

Cells are flattened and monolayered in vitro

4

Surface is generally smooth, but can be irregular in the region of the
apexes

Figure 3-7: Neural tube explants in vitro featuring melanocytes. A) Explant
cultured in α-MEM supplemented with 10% FCS and 1% pen/strep. B)
Explant cultured in α-MEM containing 10% FCS and 1% pen/strep. C)
Explant cultured in Ham’s F12 supplemented with 10% FCS, 2% CEE and
2% gentamicin. Scale bar equals 100 µm. Black arrows highlight the
presence of melanocytes.
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Figure 3-8: Neural tube explants in vitro demonstrating neuronal features.
A) Explant cultured in α-MEM supplemented with 10% FCS and 1%
pen/strep. B) Explant cultured in DMEM supplemented with 10% FCS and
1% pen/strep. C) Explant cultured in DMEM containing 10% FCS and 1%
pen/strep. D) Explant cultured in Ham’s F12 containing 10% FCS, 2%
Gentamicin. E) Explant cultured in DMEM containing 10% FCS, 2% CEE
(added after 24 hours) and 1% pen/strep. Scale bar equals 100 µm. Black
arrows highlight neuronal like connections.
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3.4 Discussion
The neural crest arises from the dorsal aspect of the neural tube once
neurulation has been completed.

The neural crest can be divided into five

different regions, cranial, cardiac, vagal, trunk and sacral, with overlapping
domains. Cranial neural crest cells (CNCC) are the only region of neural crest
known to give rise to cartilage in ovo and also gives rise to many other
structures within the cranial region. There has been an ongoing debate in the
scientific literature regarding which structures in the cranial region are neural
crest derived and which are derived from the paraxial mesoderm. There have
been two leading groups researching into this area of development, Le Douarin,
who uses chick-quail chimeras (Le Douarin, 2008), and Noden, who latterly has
used a LacZ retroviral tagging procedure (Evans and Noden, 2006). These two
groups have produced some conflicting results. For this reason a mapping
study was carried out to ensure that during this project the region of the cranial
neural crest that gives rise to the aural and lower jaw region could be repeatedly
identified.

The results from this head mapping study showed that the region of the CNCC
that gave rise to the cartilages of the lower jaw and the aural region could be
repeatedly identified through injections into the posterior midbrain / anterior
hindbrain region. This mapping study did not set out to completely remap the
CNCC as this was not the central aim of this part of the project. Therefore,
there was no clarification of the current debate between Le Douarin and Noden
as to whether particular structures in the developing head are neural crest
derived or derived from the paraxial mesoderm.

There is a possible explanation as to the different results obtained by Le
Douarin and Noden. Quail cells often fail to fully integrate with the chick host
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tissue when quail to chick transplantations are performed and this leads to
clusters of quail derived cells within the chick host tissue (personnel
communication Andrew Lumsden, King’s College London)(Schneider, 1999).
Le Douarin’s studies of the CNC extensively used the quail to chick
transplantation system (Creuzet et al., 2005) to assess the contribution of the
CNCC to the developing avian head. If the quail cells could not integrate fully
with the chick host it may have impinged upon their ability to migrate, or the
directions in which they migrated. A cluster of cells trying to migrate as one
would probably have different mobilities to a single cell migrating alone. This
difference in migration potentials could be one reason for the differences in the
results produced by Le Douarin and Noden.

Another reason for differences could be due to different cranial morphologies of
the chick and Japanese quail. In avian species there is an extremely wide
range of head shapes, and particularly beak shapes (Schneider, 2005). Some
of these beaks are extremely large, for example the pelican, yet the basic
development of all avian species is largely very similar. It is therefore important
to ask whether the differences in beak size and shape originate from different
contributions of the CNCC or paraxial mesoderm in the developing embryo? It
is also reasonable to question what controls the relative contribution of paraxial
mesoderm versus CNCC and/or the level of proliferation of CNCC that exists in
different avian species. Is the contribution of the CNCC to the facial tissues
predetermined or is the fate of these cells influenced by the surrounding tissue?

The retroviral labelling system that has been extensively used in this thesis has
previously been used by Evans and Noden (Evans and Noden, 2006) to try and
resolve the discrepancies between the two main theories, proposed by Le
Douarin and Noden respectively, on the contribution of CNCC to cranial
structures.

Despite a thorough investigation the issue has not yet been
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resolved. One way to settle this debate may be for the original experiments
undertaken by Le Douarin and others using the quail-chick system, to be
repeated using a green fluorescent protein (GFP) chick (McGrew et al., 2004).
This should eliminate the problems of integration encountered when using the
quail and chick together and it would be interesting to see whether the results
from such a study agreed with the Le Douarin’s or Noden’s theory for CNCC vs
mesodermal contribution to head structures.

Although the results from this mapping study did not bring the current debate to
a close, it did clarify the region of the neural crest that gave rise to certain
structures within the avian head.

There have been many mapping studies

looking at the region of the neural crest that gives rise to the aural and lower jaw
regions (Couly et al., 1993; Evans and Noden, 2006; Kontges and Lumsden,
1996; Le Lievre, 1978; Noden, 1978). Despite these numerous reports, there is
no consensus of agreement as which particular region of the CNCC gives rise to
the aural and lower jaw regions. Couly et al (1993) reported that more cranial
regions, such as neural crest located in the diencephalon to metencephalon see
figure 3-9, of the CNCC gave rise to aural and lower jaw regions. Whereas
Kontges and Lumsden (1996) reported that more caudal regions, such as
rhombomeres 1 and 2, of the CNCC gave rise to the aural and lower jaw
regions. The results from the current study agree with the results from Noden
(1978) and Evans and Noden (2006) who also demonstrated that the aural and
lower jaw regions are derived from posterior midbrain and anterior hindbrain
(posterior mesencephalon and metencephalon).
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Figure 3-9: Regions of the developing brain. The developing brain can be
divided into three main regions, forebrain (prosencephalon), midbrain
(mesencephalon) and hindbrain (rhombencephalon). These structures,
forebrain and hindbrain, can be further divided. Adapted from (Gilbert,
2000).

There were a variety of different types of cells labelled during the mapping study
undertaken in this chapter. Histological examination of representative embryos
showed that the labelled cells were most often localised to the cartilage
template or perichondrium, see figure 3-6 and table 3-4. There is usually only
one cell type present in cartilage, the chondrocyte, so unless the cartilage
template was invaded by additional lineages it was likely that all the labelled
cells within the template were chondrocytic in nature. In order to confirm this
conclusion the cells situated in the cartilage template were defined as
chondrocytes according to the 7 point criteria30, see table 3-1. The cells located
in the periphery of the cartilage template, the perichondrium, in contrast may not
be chondrocytes.

At the time of examination the cells were located in the

perichondrium, but through development they may become internalised into the
cartilage template and so differentiate into chondrocytes. Alternatively, these
30

1) Cells are ovoid in shape. 2) Cells have an irregular surface with projecting cell processes. 3) Cell

size is between 10 – 30 µm. 4) Nucleus is very large and almost completely fills the cell. 5) Nucleus
shape is ovoid. 6) There are large spaces between cells, up to approximately 10 µm. 7) Histological
sections demonstrate the cells are located within cartilage.
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cells may remain in the perichondrium as fibroblasts. Some cells that were
expressing β-galactosidase remained near the site of injection. This is thought
to be due to more dorsal structures being infected with the viral vector, such as
the local epidermis which does not migrate to the same degree as NCC and so
the labelled cells were observed nearer the site of the injections. The labelling
in the epidermis could not be observed in the histological sections, as the
epidermis was removed to allow removal of the eye prior to processing. The
presence of the vitreous humour can effect wax penetration through the head
and so disrupt histological sectioning, and so prevent further analysis.
Occasionally cells positive for β-galactosidase were observed in muscle. This
could have been due to the viral injection being performed too deep or some of
the media containing the viral vector diffusing more deeply and thus labelling the
paraxial mesoderm which lies deep to the cranial neural crest at the time of
injection.

The results of the preliminary study, looking at CNCC morphologies obtained
from explant cultures, shows that the use of different media to culture CNCC
can lead to different cellular morphologies.

This suggests that it might be

possible to manipulate the cells so that the chondrocytic phenotype
predominates or is the sole phenotype that is produced. It is interesting to note
that in vitro melanocytes and cells with a neuronal like morphological features
were observed, and that these phenotypes were not seen with the viral
injections (see table 3-4). However, melanocytes do not express melanin at the
stages of development that were examined as part of this study, so melanocytes
could not be easily identified, further investigation would be needed to assess
whether they were labelled during viral injections. The presence of neuronal cell
types in vitro but not in vivo could be due to the region that was explanted. The
viral injections were specific for the neural crest whereas the dorsal half of the
neural tube was explanted for the preliminary study.
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This meant that more

medial regions were collected, which would not have been labelled with the viral
injections. This could explain the appearance of neuronal like morphologies as
the more medial and ventral regions of the neural tube gives rise to neurons
(reviewed in (Nishi et al., 2009)). The addition of various growth factors may
lead to the appearance of chondrocytes in these cultures of CNCC and may
reduce the number of other phenotypes observed.

FGF has been used

repeatedly in cultures to promote chondrogenesis so this may be one of many
growth factors that could be explored in future experiments (Bobick et al., 2007).

The viral injections performed here repeatedly identified the region of the neural
crest that gave rise to the aural and lower jaw regions. These regions are
known to be neural crest derived cartilage in the avian embryo (Evans and
Noden, 2006) and so neural crest cells that migrate to these areas will have the
ability to undergo chondrogenesis. The identification of this population of cells
means that a portion of the neural crest that is able to integrate, migrate and
undergo chondrogenesis can be found and subsequently isolated. These are
the characteristics that were desired from a cell population that was to be used
in studies assessing the ability of cells to integrate into cartilage and undergo
chondrogenesis.
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Chapter 4

The identification of presumptive

synovial joint regions in the developing avian
hindlimb
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4.1 Introduction
From the results of investigations carried out in the previous chapter, confirmed
the region of the cranial neural crest that gives rise to the lower jaw and the
aural region as the posterior midbrain and anterior hindbrain and therefore
established the ability to isolate CNCC. The next question was to determine
where to implant these donor cells in order to assess their ability to integrate
into cartilaginous tissues and participate in chondrogenesis.

The avian hindlimb has been used by many groups to study both joint
development and chondrogenesis (reviewed in (Stopper and Wagner, 2005;
Goldring et al., 2006)).

Therefore, the chick was the appropriate model to

investigate the ability of CNCC to integrate into cartilage and other tissues of the
joint and to assess whether these cells have the ability to undergo
chondrogenesis when placed in a different environment.

Before CNCC were transplanted into a developing joint region it was important
to understand tetrapod limb development. The area that will give rise to the limb
bud is specified by a variety of factors that include the Hox (homeobox
containing) genes, which have been shown to be important in specifying which
region of the embryo will give rise to the limb (Logan, 2003) as well as the
anterior/posterior and proximal/distal axes, figure 4-1.

Hox genes are

expressed in a nested manner in the developing limb and the nested expression
changes as the limb grows to ensure correct development takes place (Logan,
2003). Signals from the intermediate mesoderm induce expression of T-box
transcription factor 5 (Tbx5) in forelimbs and Tbx4 in hindlimbs, see figure 4-2.
The Tbx signal then induces expression of fibroblast growth factor 10 (FGF10)
in the lateral plate mesoderm, see figure 4-3.

FGF10 in turn induces the

expression of FGF8 in the area of ectoderm that will give rise to the limb bud,
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see figure 4-2. A positive feedback loop is then set up between FGF10 and
FGF8 (Crossley et al., 1996; Ohuchi et al., 1997; Vogel et al., 1996).
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Figure 4-1: Nested Hox expression in the developing limb. Homeobox (Hox) genes are highly conserved and are
known to organise body plan. The Hox genes are clustered together and the Hox genes that are located in the 3’
region of this cluster are expressed anteriorly and the genes located in the 5’ region are expressed posteriorly.
During limb development in the chick at least 23 Hox genes are expressed in a nested manner (reviewed in
(Lappin et al., 2006; Zakany and Duboule, 2007).
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Figure 4-2: illustration demonstrating the specification of the forelimb and
hindlimbs. The dashed green line represents the area where T-box
transcription factor 5 (Tbx5) can be found and the blue dashed line
represents Tbx4 domain.
The dashed black line represents the
presumptive zone of polarising activity (ZPA). The ZPA is induced to
express sonic hedgehog (Shh) through the actions fibroblast growth
factor 8 (FGF8).

Figure 4-3: Illustration of a transverse section through the trunk of an
embryo to demonstrate the location of the lateral plate mesoderm.
91

The area of ectoderm that expresses FGF8 gives rise to the apical ectodermal
ridge (AER). The AER is one of two signalling centres that are set up in the
developing limb. The AER is important in setting up the proximal-distal limb axis
(Summerbell, 1974b).

FGF8 signals to a small area in the lateral plate

mesoderm that will become the zone of polarising activity (ZPA), the second
signalling centre in the developing limb. The ZPA is important for setting up the
anterior-posterior axis, with sonic hedgehog (Shh), which is one of the main
factors produced by the ZPA, being instrumental in production of the anteriorposterior axis (Yang et al., 1997). Here FGF8 induces expression of Shh which
in turns signals back to the AER to induce expression of FGF4.

Wnt-7a

expressed by the ectoderm either side of the AER also signals to the ZPA
(Riddle et al., 1995). FGF4 produced by the AER signals back to the ZPA.
These complex interactions set up positive feedback loops between the AER
and ZPA (Summerbell, 1974a). The area immediately behind the AER is called
the progress zone which is where the cells that will give rise to the limb
proliferate. The progress zone extends for about 200 µm from the AER. In
order to differentiate, the cells that proliferate in the progress zone must migrate
out of this area. The progress zone theory states that the first cells to leave the
progress zone will give rise to the most proximal structures of the limb, such as
the stylopod, see figure 4-4. The cells that are the last to leave the progress
zone form the most distal structures.
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Figure 4-4: Summary of limb development theories. The progress zone
model shows that in the early limb bud stage the stylopod is present and
over time the zeugopod and autopod appear. This differs from the early
specification model in which all three regions are pre-specified in the early
stage. Adapted from (Towers and Tickle, 2009; Wolpert, 1968).
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A number of papers have now been published which do not agree with the
progress zone model (Dudley et al., 2002; Pearse et al., 2007; Sato et al., 2007;
Sun et al., 2002). An alternative theory has been proposed which suggests that
set regions of the limb are fated to give rise to certain structures, known as the
pre-specification theory see figure 4-4. Sun et al (2002) carried out a series of
experiments investigating the AER and FGFs, and their results seem to give
more weight to this alternative theory. They demonstrated that FGF4 and FGF8
are required to induce and/or maintain expression of genes in the limb bud
mesenchyme and are important for cell survival to ensure that there is a pool of
chondrogenic progenitors for cartilage development which implies prespecification.

Dudley et al (2002) also argued against the progress zone model by using data
from experiments investigating cell death during grafting. They concluded that
cell fate is specified very early in development but that before distal cells are
specified they can be reprogrammed into forming more proximal structures
(Dudley et al., 2002), implying a more plastic nature to the developing limb bud
than the rigidity of the progress zone model.

Sato et al partially support the theory proposed by Dudley et al (2002). They
produced a fate map of the avian limb that shows that the prospective stylopod
and zeugopod regions are restricted even at stage 19 to relatively distinct
regions.

Although this part of their work supports the theory proposed by

Dudley et al, they go on to show that the region that will give rise to the autopod
is as yet undefined at stage 19. They therefore propose the theory that the
avian limb is only partially regionalised along the proximal-distal axis at stage
19. The lack of specification of the autopod at this early stage could be seen as
support of the progress zone model, however, the authors make a point of
saying that their data does not support this theory due to the fact the distal fate
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does not specify a position in later development which is, as they point out, an
inherent part of the progress zone model (Sato et al., 2007).

The dorsal-ventral (DV) axis patterning involves lmx1b (LIM homeobox
transcription factor 1) (Arques et al., 2007). Lmx1b expression is confined to the
dorsal compartment of the developing limb and chondrogenesis takes place in
the middle of the limb at the dorsal-ventral boundary defined by lmx1b
expression. Arques et al also demonstrated that in the early limb bud there is
some DV specification but that this is not complete and they disagree with the
theory proposed by Dudley et al as they observed that clones could arise in
more than one limb segment (i.e. in the stylopod, zeugopod and/or autopod)
and so were not pre-specified.

Pearse et al (2007) also demonstrate the

importance of lmx1b in dorsal-ventral patterning through clonal analysis. They
show through clonal analysis that in the early limb bud there is little specification
of the proximal-distal axis and thus suggest that the progress zone model is the
more appropriate model of limb development.
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Figure 4-5: Limb axis specification. A) Demonstrates the signalling
system used to specify the proximal/distal axis. B) Illustration of how the
dorsal/ventral axis is specified through particular signalling factors. FGF8
– fibroblast growth factor 8, AER – apical ectodermal ridge, ZPA – zone of
polarising activity, Wnt – wingless homolog, en-1 – engrailed 1 and lmx-1
– LIM homeobox transcription factor 1

There have been many limb mapping studies, although in most of these
investigations the limb was not allowed to develop long enough to map all
regions that give rise to the synovial joints. It was for this reason, as well as the
disagreements in the literature, that a mapping study was undertaken to ensure
that when CNCC were transplanted they would be placed in a presumptive joint
region. The results from this mapping study could agree with either study, could
disagree with both (leading to a new limb development theory) or could partially
agree with both theories. If the results from this study agree with both the
progress zone and pre-specification theories, this could suggest that what is
happening in the embryo is an amalgamation of the two theories.
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4.1.1 Aim of Chapter
The main aim of this chapter was to identify the region of the developing
hindlimb that gave rise to synovial joints, such as the junctura genus and
junctura intertarsales. The position of presumptive joint regions was required for
future experiments of this project to assess the ability of CNCC to give rise to
cartilage in these joint regions.

The hindlimb was mapped using retroviral

injections at three different stages, 18, 24 and 28. These three stages were
chosen as there are significant developmental differences between them. It was
hoped that investigating three times point with significant developmental
differences would quickly lead to identification of the presumptive joint region
The results from this mapping study will be analysed grossly through whole
mount dissection and through the use of histological stains to identify the tissues
in which labelling was present.

4.2 Results
4.2.1 Control injections
As with the head injections (see chapter 3, section 3.2.2) some endogenous βgalactosidase expression was present, but was easily distinguishable from
experimentally induced labelling. Experimentally induced labelling was defined
as any labelling that was the result of a cell and any of its subsequent daughter
cells obtaining the LacZ gene through the use of a replication deficient retroviral
vector. Endogenous staining was sometimes present in tendons of the limbs,
but this was easily distinguished from experimentally induced staining as it was
much fainter, more diffuse and fades with time.

When the limb was wax

sectioned and histologically examined, the endogenous β-galactosidase staining
became invisible due to its diffuse nature.

The control injections of DMEM

supplemented with 7% FCS and 1% pen/strep showed that at all ages, as long
as care was taken when manipulating the embryo, the embryo survived and no
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morphological abnormalities were induced (see figure 4-6).

Injections using

diluted Indian ink were performed (see figure 4-7) to ensure the site and depth
of injection were easily reproducible and to assess the degree of diffusion of any
liquid injected into the embryo.
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Figure 4-6: Chick embryo at HH stage 36, sham injections performed at
HH stage 18. Shows both limbs (A shows the limb that was injected
and B shows the contralateral limb) of an embryo that underwent a
sham injection of media (DMEM 7% FCS and 1% pen/strep) at HH stage
18.

Figure 4-7: Ink injection into a chick hindlimb bud. Shows ink
injections that were performed into the hindlimb bud of a HH stage 18
embryo. The site of the ink injection is shown by black arrows. The
diffuse nature of the in ovo photograph is due to the extra embryonic
membranes and increased number of blood vessels as compared to
younger embryos.
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4.2.2 Viral injections
Once the injection technique had been perfected, injections using the replication
deficient retrovirus vector containing LacZ were undertaken. Eggs incubated
until HH stage 18, 24 or 28 had been reached, were removed from the
incubator, windowed and a hole made in the vitelline membrane and/or the
amnion to allow access to the embryo. A micropipette was attached to injection
apparatus to allow pressurised injections. The micropipette was filled with the
medium containing the retrovirus vector and was inserted into the desired area
of the limb and the injection performed. The window was then covered and the
egg placed back into the humidified incubator until HH stage 36 was reached.
At HH stage 36 the embryo was harvested, fixed, stained and processed to
analyse the staining pattern. The three different HH stages will be discussed in
different sections. An anatomical guide showing the structures referred to in
descriptions and tables 4-1, 4-2 and 4-3 is located in appendix one.

Stage 18
A total of 14 viral injections were performed at stage 18, 8 in area A and 6 in
area B.

Positive labelling was observed in 9 whole mount embryos, these

embryos are described below and in table 4-1.

The injections performed into HH stage 18 embryos were into either area A or
area B (see figure 4-8). Injections performed into area A gave rise to labelling in
the following muscles the iliotibialis lateralis postacetabularis (AIL) and iliotibialis
cranialis (IC) and labelling on the femur and tibiotarsus bones. In one instance
there was labelling of some abdominal structures, but this is thought to be due
to an inaccurate injection as it was only observed once.
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Injections performed into area B gave rise to structures found between the
junctura genus (femorotibial joint or knee joint) and the junctura intertarsales
(ankle joint or joint where the end of the tibiotarsus and tarsometatarsus meet).
These included some of the muscles, bones and connective tissues in this area.
On one occasion there was labelling in the distal part of the AIL.
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Table 4-1: Summary of results from stage 18 viral injections. + = faint localised labelling, ++ = faint widespread
labelling, +++ = dense localised labelling, ++++ = dense widespread labelling (for examples of ranking see figure
4-8).
Embryo
HH
Area of
Degree of labelling present
Labelling present
ID
stage injection
270609_9
+++
Proximal IC and proximal end of the femur
18
A
230508_9
+++
Distal anterior side of the AIL
18
A
230508_11
++
Muscle in the abdomen
18
A
301106_8
+++
Distal part of the IC
18
A
230508_2

18

B

++

230508_4
230508_6
230508_8
230508_10

18
18
18
18

B
B
B
B

+++
+
+
+

Throughout muscle on the dorsal side of the limb
between the junctura genus and the junctura
intertarsales
FCLP
Connective tissues around the junctura intertarsales
Fpp2 and fpp3
Distal anterior side of the AIL
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Figure 4-8: Viral injections performed at HH stage 18. A+B) Area A
injections (n=4). A) Labelling was localised to proximal end of the IC and
proximal end of the femur (rank = +). B) Distal anterior side of the AIL was
labelled (rank = +++). C+D) Area B injections (n=5). C) Labelling was
localised to the FCLP (rank = ++++). D) Labelling was localised to the
dorsal aspect of the shank (rank = ++). Black arrows show cells positive
for β-galactosidase.
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Stage 24
A total of 43 viral injections were performed at stage 24, 9 in area A, 11 in area
B, 13 in area C and 10 in area D. Positive labelling was observed in 29 whole
mount embryos and these embryos are described below and in table 4-2.

Viral injections into area A produced labelling throughout the length of the limb
excluding the foot region. Labelling in the most posterior structures, such as the
flexor cruris muscles, was not found in embryos that had been injected into area
A.
The injections into area B limb produced more wide ranging labelling of the limb
than the labelling observed with injections into area A of the embryo.

The

labelling from injections into area B was not confined to more anterior
structures, as was observed with labelling from area A injections. Labelling was
seen in the very posterior flexor cruris lateralis pars pelvica (FCLP) as well as
the much more anterior iliotrochantericus caudalis (ITC) muscle.

The most

distal label was observed in the loose connective tissue around the
tarsometatarsus.
The viral injections performed in area C of the HH stage 24 hindlimb produced
very consistent results. In all embryos with labelling, the positive cells were
seen in the region of the junctura intertarsales either directly in the joint region
or at the distal end of the tibiotarsus near the junctura intertarsales.
Viral injections into area D of the chick hindlimb produced similar results to area
C injections, but the labelling was found in areas other than the junctura
intertarsales. For example, labelling was also seen in the region of the junctura
genus and dermal labelling was seen around the tarsometatarsus. However,
injections performed into area C or area D never showed any evidence of
labelling in the foot region.
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Table 4-2: Summary of results from stage 24 viral injections. + = faint localised labelling, ++ = faint widespread
labelling, +++ = dense localised labelling, ++++ = dense widespread labelling. * = embryos that were examined
histologically, see table 4-4.
Embryo
ID

HH
stage

Area of
injection

Degree of labelling
present

Labelling present

011206_1
011206_18
170907_1
170907_10
011206_2
011206_7
011206_15
170907_2
170907_9
170907_14
210907_3
210907_8
210907_16
011206_6
170907_3
170907_7
170907_11
170907_19
210907_2
210907_10
011206_4
011206_13
011206_20
170907_4
170907_16
170907_20
210907_4
210907_9

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

A
A
A
A
B
B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
D
D
D
D
D
D
D
D

++
++
+++
+++
+++
+
+
++
++++
+++
+++
++++
+++
+++
+++
+++
+++
+++
++
+++
+++
+
+
+++
+++
+++
++
+

Proximal end of tarsometatarsus and tendons on the anterior surface.
Junctura genus
FTI and AMB
PIFM
ITC and IFE and PIL
Junctura genus
PIL
Proximal end of AIL and PIL and distal end of PIL
AIL and ITC and some dermal labelling over the tarsometatarsus
FCLP and Junctura genus
ITC and PIL
FCLP and GE and junctura intersales and cloaca
Junctura intertarsales
Junctura intertarsales
Distal end of the tibia
Junctura intertarsales*
Junctura intertarsales
Junctura intertarsales
Junctura intertarsales
Junctura intertarsales and gastrocnemius
Junctura intertarsales
Loose connective tissue above the tarsometatarsus
Junctura intertarsales
Junctura intertarsales*
Junctura intertarsales and metatarsus
Junctura genus and junctura intertarsales
Junctura intertarsales and length of tarsometatarsus
Junctura intertarsales
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Figure 4-9: Viral injections performed at HH stage 24. A+B) Area A
injections (n=4). A) Labelling was localised to PIFM. B) FTI and AMB were
labelled. C+D) Area B injections (n=9). C) ITC and IFE and PIL were
labelled. D) Labelled was localised to the ITC. E+F) Area C injections
(n=7). G+H) Area D injections (n=8). E to H show labelling in the junctura
intertarsales region.
Black arrows show cells positive for βgalactosidase.
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Stage 28
A total of 28 viral injections were performed at stage 28, 4 in area A, 5 in area B,
5 in area C, 5 in area D, 5 in area E and 4 in area F. Positive labelling was
observed in 18 whole mount embryos, these embryos are described below and
in table 4-3.

The labelling pattern observed with injections into area A of HH stage 28 was
confined to anterior structures in the proximal regions of the hindlimb, such as
the AIL and iliotialis cranialis (IC) and parts of the femur. When injections were
performed into area B, as well as proximal structures such as the
puboischiofemoralis pars medialis (PIFM) being labelled there was labelling in
the proximal region of the tarsometatarsus.
The labelling pattern produced by injections into areas C and D were very
similar. They both produced labelling in the fibularis longus muscle of the shank
region. Injections into area D showed labelling of the flexor digitorum longus
(FDL) and the junctura intertarsales, whereas injections into area C also gave
rise to labelling in the proximal end of the extensor digitorum longus (EDL)
tendon in the tarsometatarsus region.
The labelling observed from area E injections was found mainly in the junctura
intertarsales, but also extended into the EDL tendon in the foot region.
Injections into area F produced similar results to area E injections with labelling
in the region of the junctura intertarsales, but instead of observing labelling of
the extensor tendons, labelling of was present in the flexor tendons in the foot
region.
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Table 4-3: Summary of results from stage 28 viral injections. + = faint localised labelling, ++ = faint widespread
labelling, +++ = dense localised labelling, ++++ = dense widespread labelling. * = embryos that were examined
histologically, see table 4-4.
Embryo
ID

HH
stage

Area of
injection

Degree of labelling present

Labelling present

170907_2
170907_7
190107_1
170907_1
170907_8
190107_14
170907_3

28
28
28
28
28
28
28

A
A
A
B
B
B
C

++++
+++
+
++++
+++
+
+++

190107_3

28

C

+

190107_10
170907_4
170907_10
300609_6

28
28
28
28

C
D
D
D

++
++
++
+++

170907_6

28

E

+++

170907_11
300609_8
170907_5

28
28
28

E
E
F

+++
+++
+

190107_5

28

F

+++

190107_6

28

F

+++

AIL and IC
AIL
Midpoint of femur
PIL
PIFM
Proximal end of the tarsometatarsus
Proximal end of GI
Junctura intertarsales and EDL tendon along the
tarsometatarsus
FL
FDL and junctura intertarsales
FL and GE
Junctura intertarsales
Junctura intertarsales and extensor digitorum
longus
Junctura intertarsales*
Junctura intertarsales
Junctura intertarsales
Junctura intertarsales and flexor tendons along
the tarsometatarsus
Junctura intertarsales*
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Figure 4-10: Viral injections performed at HH stage 28. A+B) Area A injections (n=3). Labelling was located in the
AIL. C+D) Area B injections (n=3). Labelling was located in the PIL. E+F) Area C injections (n=3). Labelling was
located in the FL. G+H) Area D injections (n=3). Labelling was localised to the FL and GE. I+J) Area E injections
(n=3). K+L) Area F injections (n=3). I to L show labelling localised to the junctura intertarsales. Black arrows
show cells positive for β-galactosidase.
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4.2.3 Histological analysis
Histological methodologies describe protocols for adult tissue and generally
make no mention of the suitability of stains for embryonic tissue. To ensure
embryonic cartilage could be identified using routine stains for adult cartilage a
variety of stains were tested. Certain embryos that exhibited labelling in the
region of junctura intertarsales were analysed using histological techniques, see
table 4-4. The embryos were wax sectioned and stained using a variety of
stains including, Alcian blue, Masson’s trichrome and van Gieson stains which
stain cartilage blue, green and pink respectively. This was performed to show
that the cells that had been labelled with the virus containing the LacZ gene
were present in cartilage and from their position and morphology (assessed
using strict criteria)31 it confirmed they were chondrocytes.

31

1) Cells are ovoid in shape. 2) Cells have an irregular surface with projecting cell processes. 3) Cell

size is between 10 – 30 µm. 4) Nucleus is very large and almost completely fills the cell. 5) Nucleus
shape is ovoid. 6) There are large spaces between cells, up to approximately 10 µm. 7) Histological
sections demonstrate the cells are located within cartilage.
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Table 4-4: Analysis of histological sections of hindlimbs. - = no label present, + = faint labelling, ++ = dense
localised labelling, +++ = very dense localised labelling, ++++ = dense widespread labelling.
Labelling present in

ID
number

Degree of
labelling
Stage Area observed
in whole
mount

labelling
Muscle
observed in
and
whole
associate Cartilage Perichondrium
mount
connective
tissue

Loose connective
tissue around
cartilage

170907_7

24

C

+++

Junctura
intertarsales

-

+++

++

+

170907_4

24

D

+++

Junctura
intertarsales

-

+++

++

+

170907_11

28

E

+++

Junctura
intertarsales

-

+++

++

+

190107_6

28

F

+++

Junctura
intertarsales*

-

+++

++

+
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Figure 4-11: Histological sections of viral injections into a chick hindlimb.
Various stains used to demonstrate that the cells positive for β-galactosidase were present in cartilage. Sagittal wax
section of junctura genus stained with Alcian blue (A), femur stained with Masson’s trichrome (B) and femur stained
with van Gieson stain (C). The black arrows highlight the presence of β-galactosidase positive cells.
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4.2.4 Immunohistochemical analysis
Cryosections at 8 µm, 12 µm and 15 µm were cut and placed on gelatine coated
glass slides. The variety of tissues present in the hindlimb meant it was not
possible to cut 4 µm sections.

This was due to both different speeds and

temperatures required to allow 4 µm sections of these different tissues to be cut.
Sections cut at 8 µm, 12 µm and 15 µm were double labelled with an anticollagen type II antibody (Developmental Studies Hybridoma Bank, USA), antiβ-galactosidase antibody (Sigma, UK) and DAPI32 or propidium iodide (negative
controls in which the primary antibody was omitted were also performed, data
not shown). However, only the DAPI/propidium iodide and anti-collagen type II
antibody gave positive results, figure 4-12. Single labelling was performed and
again there was no labelling present with the anti-β-galactosidase antibody. To
test whether the antibody was working, CXL packing cells which produce the
replication deficient retrovirus were stained using the same protocol as for the
sections. The use of the anti-β-galactosidase antibody on the CXL packing cells
exhibited very bright fluorescence labelling, see figure 4-13, indicating that the
antibody worked well under these conditions. Various different immunolabelling
protocols were tried with differences in the blocking solution, fixation process
and antibody incubation times and dilutions. However, no positive labelling was
detected with the anti-β-galactosidase antibody.

Finally more 15 µm sections were cut and immunolabelling was performed with
the anti-collagen type II antibody and x-gal staining on alternate slides, thus
demonstrating that the labelled cells were present in cartilage. Once again the
anti-collagen type II antibody produced the expected fluorescent pattern and the
x-gal staining appeared to be absent. However, on closer examination there
32

DAPI = 4',6-diamidino-2-phenylindole
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was a very faint blue speckling on some cells. This led to the assumption that
somewhere during the cryosectioning procedure the enzyme was being
denatured to the extent that it was no longer as active (so hardly visible using xgal staining) and the anti-β-galactosidase antibody was unable to bind to the
protein. The cryosectioning protocol was adapted to introduce more washes in
case the cryo-em-bed used to mount the tissue was interfering with the enzyme.
However this also proved futile and the staining pattern with x-gal could not be
enhanced.

Although collagen type II is often referred to as a marker for chondrocytes, it is
actually a marker for cartilaginous tissue, not the cells themselves as it is
extracellular. Collagen type II is not specific for articular cartilage as it can be
found in fibrocartilage (see section 1.2.1) and in various places in the
developing embryo, including the basement membrane (Kosher and Solursh,
1989) and at epithelial-mesenchyme interfaces (Fitch et al., 1989). Although
collagen type II cannot be used alone for identification of chondrocytes, the
presence of Col2a1 (the gene for collagen type II) and a lack of matrilin-1 has
been successfully used to differentiate epiphyseal and articular chondrocytes
(Hyde et al., 2007).

This subsequently led to the identification of the

presumptive meniscus of the knee joint (Hyde et al., 2008).

As there are

currently no known chondrocyte specific cell markers, it was decided that
histological and morphological assessment was the most appropriate method of
determining whether a labelled cell was a chondrocyte or not.
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Figure 4-12: Immunolabelling of collagen type II in cryosections. 15 µm
cryosections of a chick hindlimb that have be immunolabelled with an
antibody for collagen type II (DSHB, USA) in green, the nuclei are labelled
red using propidium iodide (Vector Shield, UK).
Three different
photographs are shown to demonstrate the difficultly in focusing on a
thick section.

Figure 4-13: Cytochemcial staining of CXL cells. A) X-gal stained CXL
cells showing blue/green precipitate. B) Immuncytochemical staining of
CXL cells, showing the presence of the anti-β-galactosidase antibody in
red fluorescence and DAPI in blue.
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4.3 Discussion
The aim of this chapter was to identify the region of the developing hindlimb that
gave rise to synovial joints.

This information was used in subsequent

experiments to assess the ability of CNCC to undergo chondrogenesis when
placed within the developing joint (see chapters 5 and 6). During this mapping
study the progress zone, which extends for 200 µm from the AER, was avoided.
This was done in order to prevent bias towards the progress zone model which
may have affected the results of the mapping study and so led to cells being
implanted in inappropriate regions, i.e. regions that would not give rise to joints
or cartilage.

The results from the viral injections performed at HH stage 18 suggested that,
when injections were performed into area A, more proximal structures were
labelled; when injections were performed into area B, structures located in the
more distal regions of the limb were labelled (excluding the foot region). This
implied that area A gave rise to proximal structures and cells in area B were
migrating further into more distal structures (figures 4-14 and 4-15). This was in
line with fate mapping studies of the wing, in which the anterior third of the early
limb bud does not expand as greatly as the posterior third (Vargesson et al.,
1997) and confirms the results of a chick hindlimb study (Pearse et al., 2007).
Labelling was not observed in the most distal part of the HH stage 36 limb, such
as structures in the foot region. This was possibly due to the fact that the region
that gives rise to the foot at HH stage 36 were not present in the limb at HH
stage 18 and so could not be labelled. These results agree with Sato et al
(2007) who also found that the stylopod and zeugopod are specified at these
early stages, but the autopod is not.
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Figure 4-14: Illustration of the pre-specified cells located in the limb bud
migrate out from their starting positions to occupy many parts of the
hindlimb during development.

Figure 4-15: Illustration of where cells from compartment A (in figure 4-14,
green) and cells from compartment B (in figure 4-14, pink) will be found in
a HH stage 36 embryo.

The injections into stage 24 limbs showed labelling in restricted regions of the
HH stage 36 limb. Injections into area A and B demonstrated labelling only in
proximal structures (anterior and posterior portions of the proximal region
respectively), suggesting that these cells at HH stage 24 are restricted in their
ability to populate only the proximal structures and do not migrate throughout
the limb, see figure 4-16. Only injections performed into area B of HH stage 24
hindlimbs resulted in labelling of the ITC and IFE which agrees with results
previously published by Rees et al (2003).
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Injections into areas C and D

showed labelling in more distal structures specifically around the junctura
intertarsales. This suggested that the area to focus the implantation of cells
would be in the region referred to as area C and D of a HH stage 24 hindlimb to
ensure that the implanted cells were more likely to give rise to structures in the
developing joint. As with the injections performed at stage 18 there was no
labelling seen in the foot region of the embryo. This begins to suggest that the
reason that no labelling was seen in the foot region is that the cells that give rise
to these structures are not present at these two stages of development.

The injections performed at HH stage 28 showed similar patterns of labelling as
with stage 24.

Injections into proximal regions led to labelling in proximal

structures and injections into distal regions gave rise to labelling in more distal
structures, see figure 4-17. The injections performed into areas E and F were
the first injections that had shown labelling in the foot region of the limb and this
suggests that it is not until this later stage of development that the cells that give
rise to the foot region are present and so can be labelled with the replication
deficient retrovirus. It would be interesting to determine which is the first stage
of development, between stage 24 and 28, that a viral injection results in
labelling of the foot. This extension of the mapping was not undertaken as the
labelling patterns that had been produced showed that injections into a HH
stage 24 hindlimb areas C and/or D or a HH stage 28 hindlimb areas E and/or F
would most likely give rise to labelling that is restricted to the junctura
intertarsales.
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Figure 4-16: Demonstrates how cells from compartments A-D migrate from
their original starting positions to end positions seen in HH stage 36
embryo.

Figure 4-17: Demonstrates how cells from compartments A-F migrate from
their original starting positions to end positions seen in HH stage 36
embryo.

To further assess the different lineages that had been labelled representative
sections were collected from 4 embryos that demonstrated labelling in the
junctura intertarsales, see table 4-4. The majority of the cells expressing βgalactosidase were located within cartilage and therefore classified as
chondrocytes (assessed according to strict criteria). There was some labelling
present in the perichondrium. The fate of these cells, in the perichondrium, is
less clear than cells located within the closed population of the cartilage
template (a closed population of cells is a population which cells neither
integrate into nor migrate out of). The cells in the developing perichondrium
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could remain in the perichondrium as fibroblasts, migrate into the cartilage
template and become chondrocytes or migrate away from the perichondrium
into loose connective tissue. No muscle cells were observed that contained any
β-galactosidase activity in these representative sections.

The injections into

these areas resulted in labelling within the cartilage of a synovial joint most
commonly, and this restriction of labelling suggested that stage 24 areas C/D
and stage 28 areas E/F were appropriate regions of subsequent cell injections
to increase the likelihood of injected cells being located in the cartilage of a
synovial joint.

Although the representative sections showed no labelling of muscles cells, there
was extensive labelling in the muscles of embryos analysed by gross dissection.
There have been previous mapping studies looking at the development of
muscles and tendons with the hindlimb (Kardon, 1998; Rees et al., 2003).
Kardon (1998) investigated the origin of muscles and their tendon connections.
The labelling pattern seen in muscles in this study generally agreed with the
pattern of development described by Kardon, see table 4-5. There was one
exception to this, the Iliotibialis lateralis (IL) which Kardon refers to as one entity,
which was appropriate during the study carried out by Kardon. Kardon was
interested in dorsal versus ventral differences within the stylopod, zeugopod and
autopod. During this thesis the IL was divided into the AIL and PIL (see the
anatomical guide in appendix one). This distinction between the AIL and PIL
proved useful when analysing the labelling pattern observed with injections
performed at stages 24 and 28 into areas A and B. Injections into area A of
both these stages gave rise to labelling in the AIL, but not the PIL. The reverse
was observed with area B injections at these two stages, with labelling being
localised to the PIL and not the AIL. The labelling in the PIL demonstrated that
(as indicated in the wing by Vargesson (1997) and hindlimb by Pearse (2007))
the posterior half of the stylopod expands to a greater degree than the anterior
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half.

This distinction may have been overlooked if the PIL and AIL were

grouped together in this study and would not have been acquired if the embryo
was harvested at an earlier developmental time point. This demonstrates the
need for mapping studies in the chick to be extended to analyse limb
development throughout the pre-hatching stages, which is necessary to obtain a
full understanding of how the limb develops.
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Table 4-5: Muscle regions of the hindlimb. IL, FCL and PIF can be further
divided into AIL (iliotibialis lateralis pars post-acetabularis) and PIL
(iliotibialis lateralis pars pre-acetabularis); FCLA (flexor cruris lateralis
pars accessory) and FCLP (flexor cruris lateralis pars pelvica); PIFL
(puboischiofemoralis pars lateralis) and PIFM (puboischiofemoralis pars
medialis) respectively. Adapted from (Kardon, 1998)
Region

Dorsal thigh muscles

Ventral thigh muscles

Dorsal shank muscles

Ventral shank muscles

Dorsal foot muscles

Ventral foot muscles

Muscle
Ambiens
Femorotibialis externus
Femorotibialis internus
Iliotibialis cranialis
Iliofibularis
Iliofemoralis externus
Iliofemoralis internus
Iliotibialis lateralis*
Iliotrochantericus caudalis
Iliotrochantericus medius
Iliotrochantericus cranialis
Caudofemoralis
Flexor cruris lateralis*
Flexor cruris medialis
Ischiofemoralis
Obturatorius
Puboischiofemoralis*
Extensor digitorum longus
Fibularis brevis
Fibularis longus
Tibialis cranialis
Flexor digitorum longus
Flexor hallucis longus
Flexores perforatus 2
Flexores perforatus 3
Flexores perforatus 4
Flexores perforans et perforatus
2
Flexores perforans et perforatus
3
Gastrocnemius externus
Gastrocnemius internus
Gastrocnemius intermedia
Abductor digiti 2
Extensor brevis digiti 4
Extensor hallucis longus
Extensor proprius 3
Adductor digiti 2
Adductor digiti 4
Flexor hallucis brevis
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Acronym
AMB
FTE
FTI
IC
IF
IFE
IFI
IL
ITC
ITCM
ITCR
CF
FCL
FCM
ISF
OBT
PIF
EDL
FB
FL
TC
FDL
FHL
FP2
FP3
FP4
FPP2
FPP3
GE
GI
GM
AB2
EB4
EHL
EP3
AD2
AD4
FHB

There has been an ongoing discussion about limb development with regards to
whether the limb is pre-specified or whether as the limb bud grows, cells drop
out of the progress zone and give rise to structures at that axial level (i.e. cells
that exit the progress zone first, so are at a more proximal level, give rise to
proximal structures only). The results from this study do not provide a definitive
answer to this debate.

Generally, it seems that the results presented here

agree with the progress zone model as structures located in the foot region
were not labelled when injections were performed into limb buds of HH stage 18
and 24. This would agree with the progress zone model as this model suggests
that the reason these cells were not labelled is that the cells had not exited the
progress zone and so could not be labelled. However, analysing results from
the HH stage 18 injections particularly suggests that the anterior half of the limb
bud has been specified to give rise to proximal structures and the posterior half
of the limb bud has been specified to give rise to the more distal structures. If
the progress zone model is to be substantiated this should not have occurred as
the injections were performed in proximal areas and they should have only led
to labelling in proximal structures.

These results could agree with the

hypothesis that the limb is pre patterned as suggested by others (Dudley et al.,
2002), or the limb could be under the influence of an as yet unidentified
signalling system. Could the reason that this debate has never been definitively
concluded be that development ensues using a combination of the two theories,
or a combination of the progress zone theory and an as yet unidentified
signalling system?

It may be that only some cells are pre-specified. Cells that are not pre-specified
may give rise to structures of the axial level they arrive at, which is determined
by when they exit the progress zone. One of the main criticisms of the prepatterned theory is that there are not enough cells at the beginning of limb bud
development to specify the entire limb. However, if only a proportion of the total
123

limb bud cells are pre-specified, the rest may either take their differentiation
clues from these pre-specified cells, or from some ‘timing mechanism’ that
instructs the cells and dictates when they are ‘released’ from the progress zone.

One of the main arguments against the progress zone model is how cells know
how long they have been in the progress zone and so how do they know that if
they have exited first (and so are at a proximal level) and should give rise to
proximal structures.

The basis of a clock mechanism (as used in somites,

reviewed in (Gomez and Pourquie, 2009)) in the progress zone has never been
shown and therefore is often a criticism of the progress zone model. However,
it is possible that the cells that drop out of the progress zone are responding to
the pre-specified cells that are present at that axial level. Maybe the answer to
this debate is that both theories are true, but are also integral to each other and
so cannot be separated, hence the continual reappearance of results that can
support each side.

Now that the cranial neural crest cells that gave rise to facial cartilages could be
removed and the region of the developing limb that gives rise to a synovial joint,
specifically the junctura intertarsales (or ankle joint), had been identified, all the
relevant information had been acquired to allow implantation of these cells into
the developing limb and so assess their ability to participate in chondrogenesis
in different environments.
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Chapter 5

Developing the Japanese quail as a

model organism to allow assessment of the
chondrogenic potential of cranial neural crest cells
in the developing limb.
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5.1 Introduction
In chapter 3, the region of the cranial neural crest that gave rise to the lower jaw
and the aural region was established as the posterior midbrain and anterior
hindbrain; and the regions of the developing hindlimb bud that gave rise to the
synovial joints, such as the junctura genus and junctura intertarsales, were
identified in chapter 4. All the relevant information had been acquired to allow
transplantations of the CNCC into the presumptive joint region of the hindlimb.
It was important that the CNCC could be traced when they were transplanted
into the host embryo and quail-chick chimeras have been used throughout
developmental biology for this purpose.

Coturnix coturnix japonica (Japanese Quail) is an avian species that has been
extensively used in research in a wide variety of projects, particularly by
developmental biologists (Le Douarin and Kalcheim, 1999). The discovery that
chimeras can be made using chick and quail embryos has led to the publication
of many important research papers, particularly work undertaken by Le Douarin
which has helped to unlock the mysteries of many developmental processes,
such as neural crest development, (reviewed in Le Douarin, 2008). The quailchick chimera offers a well established methodology for analysing donor tissue
in a host environment whilst still being able to distinguish between the cells
through the use of techniques such as the Feulgen reaction (Le Douarin, 1973)
or the use of the QCPN antibody, which is a pericellular nuclear marker of quail
cells (Developmental Studies Hybridoma Bank, USA). This ability to distinguish
different cell populations without having to manipulate these populations made
this method a seemly suitable way of assessing the ability of host CNCC to
integrate and undergo chondrogenesis in a host embryo.
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The need for direct comparisons of the development of the chick and quail is
incredibly important when producing chimeras as any differences in the
developmental patterns can only be assessed if the normal developmental
series is known. The chick was accurately staged nearly 60 years ago in a
seminal paper by Hamburger and Hamilton (Hamburger and Hamilton, 1951)
and although there has been several papers investigating the staging of quail
(Graham and Meier, 1975; Padgett and Ivey, 1960; Sellier et al., 2006), none
have staged this avian species to the same level of accuracy as Hamburger and
Hamilton achieved with the chick.

Padgett and Ivey (1960) were among the first to describe in detail the
development of Coturnix coturnix japonica. Although their work did standardise
staging to a degree, they only studied the embryo at 24 hour time points and
failed to directly compare each time point with a specific Hamburger and
Hamilton stage of chick development. This can lead to some confusion as they
compared a Japanese quail at 48 hours of incubation to a chick of between 5055 hours of incubation.

Between 50 and 55 hours of incubation the chick

embryo can pass through as many as five different Hamburger and Hamilton
stages (Padgett and Ivey, 1960). In 1961 Zacchei attempted to stage the quail
embryo to the same accuracy as Hamburger and Hamilton had staged the chick
(Zacchei, 1961) however, they too failed to directly compare each time point
with a specific Hamburger and Hamilton stage of chick development. When
Hamburger and Hamilton first staged chick development they described set time
points between which significant development had occurred, thus the grouping
together of several HH stages disregards these developmental differences.
This lack of direct comparison between quail developmental stages and chick
stages as set by Hamburger and Hamilton means that direct comparisons
between chick and quail development cannot be made, preventing the quail
from being used as an accurate research tool.
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Graham

and

Meier

(1975)

concentrated

on

collecting

very

accurate

measurements of the developing quail embryo anatomical features.

This

method allows accurate staging of embryos removed from the egg, but leads to
considerable difficulty if measurements were to be taken in ovo. Importantly
Graham and Meier observed that there is a high correlation between age and
third toe length, suggesting that knowledge of third toe length is a viable
measurement to determine the accurate age of the Japanese quail.

Sellier et al (2006) produced an excellent paper looking at the first 72 hours of
development of chick, turkey, duck, goose, guinea fowl and Japanese quail.
This in depth study led the authors to the conclusion that Hamburger and
Hamilton staging is a useful tool for staging embryos, but should be used with
some caution as Japanese quail can develop faster than the chick at certain
stages. This combined with the comments made by Hamburger and Hamilton
(1951), that the first three days of development can be accurately staged using
somite numbers, means that there is less of a need for a standardise staging
table for Japanese quail alone in the early stages. When considering the later
stages of development a series dedicated solely to the Japanese quail is an
absolute necessity (Maxwell, 2008).

There are a variety of possible scenarios that could occur when assessing the
development of the Japanese quail as compared to the chick embryo. The quail
embryo could develop at the same rate but pass through each developmental
stage quicker than the chick embryo. The quail embryo could pass through the
early stages of development quicker than the chick embryo does, but spend the
same amount of time in each of the later stages of development as the chick
embryo. The final option is that the quail embryo could pass through the early
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stages of development at the same rate as the chick embryo, but have an
accelerated development (as compared to the chick) in the later stages.

Once a staging series for the Japanese quail had been established the
information could be used to obtain quail embryos at the correct developmental
stage for use in transplantation studies to assess the ability of these cells to
integrate and undergo chondrogenesis in a new environment. Once the quail
explants33 had been transplanted into the chick host there are several outcomes
that may be observed:
1) Quail cells may necrose or apoptose, either due to damage during
transplantation or due to an inhospitable environment in the chick host
(i.e. lack of signalling factors to allow the cells to survive).
2) Quail cells may survive in the chick host but remain undifferentiated.
3) Quail cells may survive and differentiate into the full range of cell types
that CNCC are known to give rise to in ovo.
4) Quail cells may survive but fail to give rise to the full range of cell types
that CNCC give rise to.
5) Quail cells could survive but give rise to a cell type that CNCC do not
normally differentiate into in ovo.
With all of the different outcomes above (except scenario one) it is possible that
the cells can differentiate and integrate with the host tissues, so the structures
they contribute to are a mixture of host and donor tissue. The other possibility is
the CNCC does not integrate with the host tissue and so gives rise to ectopic
structures that are solely derived from the CNCC.

33

Explants are the region of the cranial neural crest that was removed from the host embryo,

see figure 2-5.
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5.1.1 Aim of chapter
The main aim of this chapter was to assess the ability of quail cranial neural
crest cells to contribute to structures in the chick host through the use of quailchick chimeras. In order for this investigation to be undertaken an accurate
staging series for the Japanese quail embryo needed to be established.

5.2 Results
5.2.1 Staging series
Table 5-1 shows the different rates of development of chick versus quail. There
is little or no difference in the time it takes quail embryos, compared to chick
embryos, to reach HH stages 19 to 28.

From stage 29 onwards the quail

embryo develops faster than the chick as is shown in figure 5-1. This highlights
how comparable the early stages of chick and quail development are and how
different the later stages are.
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Table 5-1: A comparison of the time it takes quail embryos and chick
embryos to reach each HH stage. Approximately 400 embryos were
analysed for this staging series.
Stage

Chick Hours (h) or Days(Hamburger and Hamilton, 1951)

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

18-19 h
19-22 h
23-25 h
23-26 h
26-29 h
29-33 h
33-38 h
40-45 h
45-49 h
48-52 h
50-53 h
50-55 h
51-56 h
52-64 h
72 h
3 days-3.5 days
3 days-3.5 days
3.5 days
3.5 days-4 days
4 days
4 days
4.5 days
4.5 days -5 days
5 days
5.5 days
6 days
6.5 days
7 days
7.5 days
7.5 days -8 days
8 days
8 days -9 days
10 days
11 days
12 days
13 days
14 days
15 days
16 days
17 days
18 days
19-20 days
20-21 days (Hatching)

131

Quail staging Days or
Hours (h) of incubation
18-19 h
19-22 h
23-25 h
23-26 h
26-29 h
29-33 h
33-38 h
40-45 h
45-49 h
48-52 h
50-53 h
50-55 h
51-56 h
52-64 h
72 h
3 days
3.5 days
3.5 days
4 days
4 days
4 days
4.5 days
4.5 days-5 days
5 days
5.5 days
5.5 days-6 days
6 days-6.5 days
6.5 days
7 days
7 days
7.5 days
8 days-8.5 days
8 days-9 days
9.5 days
9.5 days-10 days
10.5 days-11 days
11 days
11.5 days
12-13 days
14 days
15 days-16 days
16 days- 16.5 days
16.5 days (Hatching)

Figure 5-1: Graph showing the average developmental rate (hours
incubation) for the Japanese quail and chick embryos, related to HH
stages.

The next section will describe in detail the developmental state of quail embryos
at set time points and will suggest a new staging series for quail, as well as
suggesting an equivalent HH stage for each time point. Pigmentation patterns
of the dorsal surface of the embryo as well as the wing are represented
schematically, figures 5-4 to 5-5.

Stages 4 to 35
Embryos from stages 4 to 35 were extensively examined and revealed that
there are no significant anatomical difference (except size) between chick
embryos of HH stages 4 to 35 and quail embryos of stages 4 to 35. For this
reason no description of these stages are required as these have previously
been reported (Hamburger and Hamilton, 1951) and incubation times are
included in table 5-1.

Some photographic evidence, for comparison, is

presented here, figures 5-2 and 5-3.
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Figure 5-2: Quail embryos from stages 4 – 18. A-O (stages 4 to 18
respectively) in ovo photographs of unfixed quail embryos with the
vitelline membrane removed and stained with neutral red.

Figure 5-3: Quail embryos stages 19 – 35. A-Q (stages 19 to 35
respectively) unfixed embryos washed in saline.
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Stage 36
8 to 9 days (HH stage 36) – Up to stage 35 the quail embryo was still very
similar to the chick embryo, however at stage 36 black and brown pigment had
appeared in feather buds. There was black pigmentation present either side of
the spine which tapers off in the region of the pelvis, in the region of the scapula
and ulna, on the thigh and the tail and finally there was a single line of black
feathers in the region of the coracoids, figure 5-4 B. There was golden brown
pigmentation in fewer regions most notably in the region of the tail, figure 5-4 A.
Beak length (mean length from anterior angle of nostril to tip of upper bill) was
1.2 mm and third toe length (mean length from middle of the metatarsal joint to
the end of the most extreme digital pad on the third toe) was 3.2 mm.

Stage 37
9.5 days (HH stage 37) - Pigmentation was now visible in the cranial region.
There was black pigmentation present on the forehead, crown, either side of the
spine which tapers off in the region of the pelvis, in the region of the scapula
and ulna, on the thigh and the tail, figure 5-4 D. There was a single distinct line
of black feathers in the region of the coracoids with a second and sometimes
third line beginning to appear either side of this first row. There was golden
brown pigmentation in fewer regions most notably in the region of the scapula,
ulna, thigh and tail, figure 5-4 C. There was some golden brown pigmentation
appearing in the lumbo-sacral region which was more obvious when examined
microscopically.
Beak length = 1.5 mm and third toe length = 4.1 mm.

Stage 38
9.5 to 10 days (HH stage 38) - There was more distinct black pigmentation
present on the forehead, crown, near the external auditory meatus, neck, either
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side of the spine which tappers off in the region of the pelvis, in the region of the
scapula and ulna, on the thigh and the tail, figure 5-4 F.

There were now

several distinct lines of black feathers in the region of the coracoids. Golden
brown pigmentation was increasingly found in regions that previously only
contained black pigmentation. There was now a distinct line of golden brown
pigmentation that runs parallel to the spine that begins at the level of the most
rostral trunk vertebra and tapers off at the level of the pelvis. The areas that
contained both brown and black pigmentation have also been observed to have
increased feather germ length, figure 5-4 E. No pigmentation was present on
the feet.
Beak length = 1.5 and third toe length = 4.7

Stage 39
10.5 to 11 days (HH stage 39) – There is little change in the black pigmentation
pattern other than more distinct black pigment appearing on the wing, neck and
thorax, figure 5-4 H. There is a very noticeable increase in length of all the
pigmented feather germs, figure 5-4 G. Very faint pigmentation visible around
the intertarsal joint was only just visible when a dissecting microscope was
used.
Beak length = 2.0 mm and third toe length = 6.0 mm.
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Figure 5-4: Quail embryos at stages 36 to 39. A, C, E, and G) Fixed quail
embryo at stages 36, 37, 38 and 39 respectively. B, D, F and H) Schematic
representation of pigmentation pattern present on embryos at stages 36,
37, 38 and 39 respectively.
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Stage 40
11 days (HH stage 40) – Pigmented feather germs could now be seen in both
cranially and caudally parts of the periocular region and more prominently near
the external auditory meatus, figures 5-5 A and B. Faint pigmentation on the
feet around the intertarsal and metatarsal joints that was only visible
microscopically. Note there were no noticeable white feathers at this stage.
Beak length = 2.0 mm and third toe length = 6.1 mm.

Stage 41
11.5 days (HH stage 41) – The length of the feather germs had increased over
the whole embryo. White feather germs had appeared throughout the length of
the embryo (figure 5-5 C), but were most noticeable in both the ventral and
caudal regions around the eye. Pigmentation on the feet was more prominent
around the metatarsal joint. From this stage onwards it was difficult to describe
specific pigmentation patterns as individualism in feather patterns had arisen,
therefore other anatomical features are described.
Beak length = 2.0 mm and third toe length = 6.1 mm.

Stage 42
12 to 13 days (HH stage 42) - Pigmentation on the feet was increasingly visible
to the naked eye and had spread further along the toes. The feathers germs
had become more dense than in previous stages, and this combined with the
increasing length gave the embryo a glossy look, figure 5-5 D. There was little
difference between stage 42 and 44 other than increasing size. The length of
the bird could be quite variable (Graham and Meier, 1975) so beak and third toe
length were used for more accurate staging.
Beak length = 2.3 mm and third toe length = 8.6 mm
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Stage 43
14 days (HH stage 43) – Beak length = 2.6 mm and third toe length = 9.4 mm,
figure 5-5 E.

Stage 44
15 to 16 days (HH stage 44) - Beak length = 3.0 mm and third toe length = 10.8
mm, figure 5-5 F.

Stage 45
16 to 16.5 days (HH stage 45) – pre-hatching – The yolk was almost completely
internalised which caused the abdomen to swell, figure 5-5 G.
Beak length = 3.5 mm and third toe length = 11.9 mm.

Stage 46
16.5 days (stage 46 HH) – Hatching – Newly hatched quail.
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Figure 5-5: Quail embryos at stages 40 to 45. A, C, D, E, F and G) Fixed
quail embryo at stages 40, 41, 42, 43, 44 and 45 respectively. B)
Schematic representation of pigmentation pattern present on a stage 40
embryo.
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5.2.2 Transplantations
Following on from the establishment of a data set for accurate staging of the
Japanese quail embryo, in a comparative manner with the established HH
staging, transplantations between quail and chick could be undertaken. The
dorsal half of the neural tube was removed from the midbrain/hindbrain region of
the quail embryo and transplanted into set regions of the chick hindlimb bud.
Host embryos, (n=12), were then allowed to develop to HH stage 36 before
being harvested and fixed using the special fixative, Serra (see appendix two,
general reagents). Embryos were analysed using a light microscope to detect
evidence of quail cells. If the donor quail cells were present in the epidermis
they gave rise to pigmented feather buds. The donor quail cells were easily
identified in this instance as chick feather buds are unpigmented. Any embryo
that showed evidence of pigmentation in the feather buds on the hindlimb were
wax sectioned and immunohistochemically analysed using the QCPN antibody,
(n=2). Sections containing only chick cells were used as negative controls and
showed no reaction with the QCPN antibody, figure 5-7 D; sections containing
only quail cells were used as positive controls and the cells were always
labelled with the QCPN antibody, figure 5-7 C. Quail derived cells within the
chick host were expected to stain the same colour as the quail positive control,
see figure 5-5 A and B.
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Figure 5-6: Whole mount results of transplantation study. Whole mount
pictures of chick embryos that underwent transplantations and
subsequently contain quail pigmentation patterns (n=2) (arrows
demonstrate pigmentation). Embryos were fixed at HH stage 36 with Serra
and photographed using a Camedia digital camera attached to a SZX12
microscope.
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Figure 5-7: Histological sections probed with QCPN antibody. A and B)
Wax sections of the hindlimb shown in figure 5-6. The QCPN antibody
was used to identify the quail cells (shown by arrows) present in the chick
host. C) Positive control wax section of a quail wing labelled with the
QCPN antibody. D) Negative control wax section of a chick hindlimb that
has been exposed to the QCPN antibody, but no positive labelling is seen.
Scale bar equals 100 µm.
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5.3 Discussion
The production of this staging series allowed accurate quail to chick
transplantations to be undertaken.

These transplantation studies were

performed to assess the ability of CNCC to integrate and differentiate in new
environments, such as the developing limb.

The developmental staging series that was produced for coturnix coturnix
japonica was based on the staging series produced by Hamburger and Hamilton
to allow the two species to be easily compared when used jointly in an
investigation.

The results obtained show that the first 19 stages of quail

development are very similar to the chick stages of development in both timings
and anatomical features of the embryos. Analysis of stages 20 to 35 revealed
that the quail embryo is very anatomically similar to the chick embryo during
these stages (apart from overall size, the quail embryo being smaller), so the
original descriptions by Hamburger and Hamilton are appropriate for the
Japanese quail at these stages.

From stage 20 onwards the quail embryo

moves through each developmental stage at an accelerated rate in comparison
with chick, so the descriptions from the Hamburger and Hamilton staging are
accurate, but the timings are not for these stages. From stage 36 until hatching
the descriptions of the chick embryo are not applicable to the Japanese quail
embryo and the time the embryo takes to reach each developmental stage is
different from the chick. It is interesting that the development of the Japanese
quail is similar to the chick during the early stages of development, but
progressively accelerates in comparison to the chick. This suggests that the
early developmental processes take a set period of time, e.g. the speed at
which cells move during gastrulation is set, and that only the later stages can be
shortened. The quail embryo is smaller than the chick embryo and therefore the
overall size of muscles and bones, for example, in the quail embryo is less than
in the chick embryo. This could be due to the presence of fewer cells and/or
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less ECM. If fewer cells and less ECM are required for the composition of
structures in the quail than in the chick (due to size differences) then cells
undergo fewer cell divisions and synthesize less extracellular molecules.
Therefore the developmental timings will be shorter.

Processes which are

under tight genetic control may happen at set times across avian species, e.g.
gastrulation and somite formation, as compared to the time it takes for a
structure to reach a set size, e.g. the size of any particular muscle can vary
greatly between individuals and small muscles will presumably take less time to
develop.

The current transplantation study that focused on introducing quail derived
CNCC to the presumptive joint region of the developing chick limb produced
some interesting results. Once the technique was established, using control
samples, experimental samples were analysed for evidence of the quail derived
CNCC. Quail derived cells were able to integrate (to a degree) and differentiate
(see figures 5-6 and 5-7).

Gross examination revealed that the CNCC did

differentiate into melanocytes (a known derivative of CNCC) as can be seen
from the pigmentation pattern observed in the feather buds located on the
hindlimb of the chick host, see figures 5-6. Melanocytes are cells that cause
pigmentation due to the presence of melanin, which is a cell marker for the
melanocyte phenotype (Cowell and Weston, 1970).

The other cell type that was observed was the chondrocyte, as defined by the
morphology of the cell (defined according to strict criteria34). Chondrocytes were
observed as single cells located in the phalanx and it was difficult to identify
34

1) Cells are ovoid in shape. 2) Cells have an irregular surface with projecting cell processes. 3) Cell

size is between 10 – 30 µm. 4) Nucleus is very large and almost completely fills the cell. 5) Nucleus
shape is ovoid. 6) There are large spaces between cells, up to approximately 10 µm. 7) Histological
sections demonstrate the cells are located within cartilage.
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these individual quail cells within the chick host, see figure 5-7. Only small
pieces of tissue could be explanted from the quail embryo as the embryo is
relatively small (as compared to the chick) and the region of the CNCC that
gives rise to facial cartilages of the aural and lower jaw region is restricted to a
small region, the posterior midbrain and anterior hindbrain, see chapter 3.
During isolation, cells were lost through damage caused by manipulation and so
there were a lower number of quail cells available to contribute to chick
structures.

Therefore, the possibility of looking for a single cell in multiple

sections was high (due to the lower number of cells being implanted each time)
and so a different technique was required to allow easy identification of single
cells.

The use of the QCPN antibody meant that the additional use of histological
stains to help identify cell types was not possible as these techniques were not
compatible.

This was due to the histological stains masking the colour

produced when using the alkaline phosphatase conjugated QCPN antibody.
Transmission electron microscopy (TEM) can be used to assess the
morphology of a cell. TEM can only be carried out on small areas of tissue so it
is important to be able to narrow the field to be examined as much as possible.
As CNCC are a migratory population of cells it is as yet unclear whether cranial
neural crest derived cells (CNCDC) retain this migratory capacity.

The

pigmentation observed in figure 5-6 was seen in the stylopod region of the limb,
but the quail derived chondrocytes were seen in a phalanx, see figure 5-7. This
demonstrated that where the pigmentation was visible in the whole mount
embryo was not necessarily near to where a quail derived chondrocyte would
be. Therefore the presence of pigmentation could not be used to define the
region of the limb that was likely to contain cranial neural crest derived
chondrocytes and so determine which region would be the most suitable area to
be analysed by TEM. This inability to reduce the size of sample to be analysed
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by TEM rendered this methodology unsuitable as it would have been too time
consuming.

This chapter has revealed that quail derived CNCC can survive and differentiate
into at least two different cell types, chondrocytes and melanocytes, in an
embryonic chick host. The ability to easily identify single cells or to fully assess
the phenotypic nature of a cell is lacking due to the incompatibility of the
methods used here with traditional histological techniques and TEM. The need
to be certain about the ability of the CNCC to give rise to chondrocytes in a
presumptive joint region is important when investigating the chondrogenic
potential of these cells.

The ability to assess the full range of cell types that can be derived from CNCC
when placed into the presumptive limb is also necessary. It is important to know
if these cells can give rise to a large variety of cells types in the developing joint
as it may mean that the CNCC must be manipulated in some way to ensure that
only the chondrocytic phenotype is found in the presumptive joint. If these cells
naturally only give rise to chondrocytes in the developing joint, the need for
manipulation is removed.

A key factor of this thesis was to observe the ability of the CNCC to integrate
with existing host tissue. This is extremely important as one of the main faults
with current cell-based treatments for cartilage defects (such as those observed
in patients with OA) is a lack of integration of the neo-cartilage with the existing
host cartilage. Quail derived CNCC that have been transplanted into a chick
host have previously been reported as remaining as large clusters of cells
(personnel

communication

Andrew

Lumsden,

King’s

College

London)(Schneider, 1999) and so appear to lack the ability to disperse and
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integrate fully with the chick host.

This lack of integration with this model

system renders this technique less useful and so chick to chick transplantation
were performed so as to allow a more effective assessment of CNCC ability to
integrate into host tissue.
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Chapter 6

Identifying the differentiation potential of

cranial neural crest cells in presumptive joint
regions
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6.1 Introduction
Chapter 5 investigated transplantations of CNCC using the quail-chick system.
The outcome of the experiments demonstrated that although this methodology
had proved successful for observing larger clusters of cells (see figure 5-6), it
was not suitable for observing individual cells due to a weak colour reaction
(figure 5-7) in relation to other staining methods, such as x-gal staining. The
use of the LacZ gene product to label cells a bright blue colour has been used
successfully in other areas of this project and the colour is easily detected even
if only one cell has been labelled (figure 5-11). This combined with the fact that
the chick embryo was more easily manipulated than the quail embryo (as the
chick embryo is larger) meant it was appropriate to undertake chick to chick
transplantations.

Following insertion of the LacZ gene into chick CNCC and their transplantation
into a different chick host there were several outcomes that may have been
observed:
1) The CNCC undergo necrosis or apoptosis due to damage during the
procedure
2) The CNCC could survive in the chick host but remain undifferentiated.
3) The CNCC could survive and differentiate into the full range of cell types
that CNCC are known to give rise to in ovo.
4) The CNCC could survive but fail to give rise to the full range of cell types
that CNCC are able to give rise to in ovo.
5) The CNCC could survive but give rise to a cell type that CNCC do not
normally give rise to in ovo.
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With all of the different outcomes above (except scenario one) it is possible that
the cells can differentiate and integrate with the host tissues, so the structures
they contribute to are a mixture of host and donor tissue. The other possibility is
CNCC do not integrate with the host tissue and so gives rise to ectopic
structures that are solely derived from the CNCC. These outcomes are very
similar to the outcomes stated in chapter 5 as a similar procedure was being
used.

6.1.1 Aim of chapter
Having identified and isolated the population of CNCC that had the ability to
give rise to cartilage in vivo and the region of the limb that gave rise to the joint
had been identified, the CNCC could be injected into the presumptive joint
region to assess their ability to survive and give rise to cartilage or other
structures in this new environment. X-gal staining procedures were used in
combinations with traditional histological stains and transmission electron
microscopy to analyse results.

6.2 Method development
Explants35 of CNCC were cultured with media containing the vector overnight to
allow maximum infection of the cells with the viral vector. The following day,
cells were separated from the media by centrifugation, which lead to the
formation of a pellet of cells. As transplantation of three dimensional tissue
structures had proved successful (see chapter 5) the first attempt to implant
CNCC into the chick host involved transplantation of whole or parts of the cell
pellet to the host limb. Despite trying various methods of manipulation, using a
variety of tools including electrolytically sharpened tungsten needles of different
35

Between 15 and 24 explants were collected for each set of implantations.

150

shapes and thicknesses and many different sized pipettes, this proved
unsuccessful as the pellet was too loose to allow it to be moved without the
pellet breaking up.

Thus it was decided to undertake cell injections rather than implantation of a
whole cell pellet. It was necessary therefore to devise a method of introducing
the cells into a micropipette with a small enough bore that did not cause
damage to the host but with a bore large enough to take up the CNCC pellet.
Various methods of filling the micropipette were tried, included using extra fine
gel loading tips to load the micropipette; using a Hamilton syringe to fill the
micropipette; and finally a vacuum line attached to the micropipette to back fill
the pipette with the cells. The use of the vacuum proved the most successful
way of filling the micropipette with the cells, but it took many attempts and many
cell pellets to establish the correct pressure to allow the cells to be gently
sucked into the micropipette and then to allow a set volume to be gently
released into the host embryo.

6.3 Results
6.3.1 Cell Counts
Once the CNCC had been prepared for injection a control injection was
performed into a microcentrifuge tube to assess the number of cells that were
being injected. This was repeated four times (results shown in table 6-1) and
the average number of cells injected per embryo was 3x103.
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Table 6-1: CNCC cell counts

Date

Number of
cells alive –
per ml

Number of
cells dead
(determined
by trypan blue
staining) – per
ml

220508

8.8x104

8.9x103

120608

5

1.6x10

3x10

1.9x10

2850

190608

6.0x104

4999

6.5x104

975

311008

3.25x105

1.28x105

4.5x105

6750

Total number
of cells – per
ml

Actual number
of cells per
injection

9.6x104

1440

5

4

6.3.2 Cell injections
Twenty cell injections were performed and 15 embryos had cells positive for βgalactosidase.

An anatomical guide showing the structures referred to in

descriptions and table 6-2 is located in appendix one.
060308-136- stage 1837, area B38- Extensive labelling was visible throughout the
limb along the length of the proximodistal axis. Labelling was present in the
obturatorius (OBT) tendon, the perichondrium of the femur, junctura genus, the
distal end of the femur, ishium, the junctura intertarsales as well as the loose
connective tissue around the junctura intertarsales, extensor tendons above the
tarsometatarsus, the interphalangeal joint, the perichondrium of phalanges, and
finally the phanlages.
060308-3- stage 18, area B- Labelling was more restricted than in 060308-1,
only being observed along the length of the femur and in the junctura genus.

36

Embryo identification number.

37

HH stage of the embryo when the injection was performed.

38

Area of the hindlimb that the injection was performed in.
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250408-2- stage 18, area B- Labelling was detected in the loose connective
tissue around the junctura intertarsales and the flexor perforans et perforatus
tendons.
300508-4- stage 18, area B- Labelling was only present in the loose connective
tissue around the junctura intertarsales, the tendon of the flexor digitorum
longus / flexor hallucis longus (FDL/FHL) and the tendon of the gastrocnemius
internus (GI).
300508-3- stage 18, area B- The perichondrium of the tibia and the loose
connective tissue of the tarsometatarsus were the only structures with βgalactosidase positive cells.
120608-1- stage 24, area A- Loose connective tissue and fibrocartilage of the
junctura intertarsales contained labelling as well as the FDL tendon.
120608-2- stage 24, area A- The labelling was confined to the perichondrium
and loose connective tissue around the junctura intertarsales
120608-3- stage 24, area A- Loose connective tissue around the junctura
intertarsales was the only structure labelled.
120608-7- stage 24, area A- Loose connective tissue and fibrocartilage of the
junctura intertarsales were the only structures that contained β-galactosidase
positive cells.
180608-6- stage 24, area A- β-galactosidase positive cells were confined to the
junctura intertarsales.
180608-4- stage 24, area D- Labelling was only present in the loose connective
tissue around the distal end of the tarsometatarsus.
190608-3- stage 28, area A- Labelling was only present in the loose connective
tissue around the junctura intertarsales.
200608-3- stage 28, area C- The labelling was localised to the perichondrium at
the proximal end of the femur.
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200608-4- stage 28, area C- The interphalangeal joint as well as the phalanges
themselves contained β-galactosidase positive cells.
200608-5- stage 28, area C- Loose connective tissue around tarsometatarsus,
fibrocartilage of the junctura intertarsales, gastrocnemius tendon and the flexor
perforans et perforatus tendons all contained labelling.

Figure 6-1: Illustration of the limb regions used in table 6-2

154

Table 6-2: Summary of cell injection results.
Labelling present
Zeugopod
Anterior
Posterior

ID

HH

Area

Description of structures that
contained labelling

060308_1

18

B

Extensive labelling was visible
throughout the limb

x

x

x

x

x

x

060308_3

18

B

Femur and junctura genus

x

x

-

-

-

-

250408_2

18

B

Junctura intertarsales and the flexor
perferatus et perfantes

-

-

-

x

-

-

300508_4

18

B

Junctura intertarsales, the tendons of
the FDL/FHL and GI

-

-

x

x

-

-

300508_3

18

B

Tibia and loose connective tissue of
the tarsometatarsus

-

-

x

x

x

x

120608_1

24

A

Junctura intertarsales and FDL
tendon.

-

-

x

x

-

-

120608_2

24

A

Junctura intertarsales

-

-

x

x

-

-

120608_3

24

A

Junctura intertarsales

-

-

x

x

-

-

120608_7

24

A

Junctura intertarsales

-

-

x

x

-

-

180608_6

24

A

Junctura intertarsales

-

-

x

x

-

-

180608_4

24

D

Tarsometatarsus

-

-

-

-

x

x

190608_3

28

A

Junctura intertarsales

-

-

x

x

-

-

200608_3

28

C

Proximal end of the femur

-

x

-

-

-

-

200608_4

28

C

Interphalangeal joint and phalanges

-

-

-

-

x

x

200608_5

28

C

Tarsometatarsus, junctura
intertarsales, gastronemius tendon
and flexor perferatus et perfantes

-

-

x

x

x

x

Stylopod
Anterior
Posterior
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Autopod
Anterior
Posterior

6.3.3 Histological analysis
Histological analysis was used to confirm the phenotype of the cranial neural
crest derived cells (CNCDC). Van Gieson’s, Masson’s trichrome and Alcian
blue, histological stains were used in order to differentiate between different
tissues types, such as muscle and cartilage, figures 6-2 and 6-3. To distinguish
nerves from other cell types a variety of methods were used, including a Cresyl
violet stain, S10039 antibody (NovaCastra™, UK) and TAG-140 antibody
(Developmental Studies Hybridoma Bank, USA). The cresyl violet stain was not
specific enough to use in chick embryonic tissue as it lacked the sensitivity to
distinguish nerve fibres from other structures (figure 6-4). The S100 antibody
required antigen retrieval in order to allow the antibody to work (figure 6-6).
However, as the variety of embryonic tissues in each section led to problems
with adherence of the section, antigen retrieval could not be used as sections
were lost from slides when this regime was used. Although the S100 is reported
to be a neural marker by the manufacturer, it should be brought to the reader’s
attention that Mohr et al. (1985) reported staining patterns in cartilage and
therefore should be used with caution when identifying nerves in sagittal limb
sections that contain cartilage. The TAG-1 antibody was successfully used to
identify larger nerves (figure 6-5), but as these nerves could be identified by
their anatomy during routine histological stains it was felt that the use of the
TAG-1 antibody did not aid the identification of cell phenotypes. To verify the
already existing histological evidence that some of the β-galactosidase positive
cells were chondrocytes (see table 6-3 for cell numbers), transmission electron
microscopy (TEM) was used to examine the cell phenotype more closely.

39

The S100 antibody binds the protein S100 which belongs to the family of calcium binding proteins such as calmodulin

and troponin C. Antibody S100 stains melanocytes, schwannomas, and peripheral neural tissue astrocytes.
40

The TAG-1 antibody binds the protein TAG-1 (transient axonal glycoprotein-1, also known as axonin-1) which is a

neuronal marker present on embryonic motor neurons, commissural and dorsal root ganglion (DRG) neurons
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Table 6-3: Assessment of cell types from cell injections. Total number of embryos injected with CNCC = 20.
Total number of embryos with labelling = 15. Alternate sections were analysed for cells positive for βgalactosidase activity.
Labelling present in
ID
Total number of
Stage Area
Loose
number
labelled cells
Tendon Cartilage Perichondrium
Fibrocartilage
connective
060308_1

18

B

25

353

290

110

6

784

060308_3

18

B

0

43

0

0

25

68

250408_2

18

B

2

0

0

11

0

13

300508_4

18

B

6

0

0

21

0

27

300508_3

18

B

0

0

1

3

0

4

120608_1

24

A

1

0

0

2

9

12

120608_2

24

A

0

0

0

3

0

3

120608_3

24

A

0

0

0

6

0

6

120608_7

24

A

0

0

0

3

5

8

180608_6

24

A

0

0

1

0

0

1

180608_4

24

D

0

0

0

0

2

2

190608_3

28

A

0

0

3

0

0

3

200608_3

28

C

0

0

1

0

0

1

200608_4

28

C

0

3

2

0

0

5

200608_5

28

C

7

0

0

6

10

23
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Figure 6-2: Histological sections showing the location of β-galactosidase
positive CNCDC in cartilage. A + B) Sagittal sections of hip joint (A) and
femur (B) stained with 1% Eosin. C) Sagittal sections of junctura genus
stained with Masson’s trichrome. D) Sagittal sections of junctura genus
stained with van Gieson’s. A-D) Show small clusters of positive cells that
were located in cartilage, suggesting these clusters are all clones. E)
Sagittal sections of phalange stained with Alcian blue. Scale bar equals
100 µm and arrows point to β-galactosidase positive cells.
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Figure 6-3: Histological sections showing the location of β-galactosidase
positive CNCDC in tissues other than cartilage. A + B) Sagittal sections of
junctura genus stained with van Gieson’s. A) Positive cells were localised
to the meniscus. B) Positive cells were localised to tendon and the
connective tissue surrounding tendon. C) Sagittal sections of junctura
intertarsales stained with Alcian blue. Positive cells were observed in
fibrocartilage. D + E) 1% Eosin. D) Sagittal sections of junctura genus,
positive cells were observed in the perichondrium. E) Sagittal sections of
proximal region of femur, positive cells were observed in tendon. Scale
bar equals 100 µm and arrows point to β-galactosidase positive cells.
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Figure 6-4: Histological sections stained with Cresyl violet. A + B) adult
nerve (chicken). C) Nerve from the hindlimb of HH stage 43. D + E) HH
stage 36 hindlimb. Scale bar equals 100 µm.
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Figure 6-5: Immunohistochemical staining using anti-TAG-1 antibody.
Anti-TAG-1 antibody is shown by red fluorescence and DAPI, blue
fluorescence, represents nuclei. Scale bar equals 100 µm.

Figure 6-6: S100 antibody used on wax sections that had not undergone
antigen retrieval. Immunohistochemical staining of: A) HH stage 36
hindlimb; B) adult nerve (chicken) and C) nerve from the hindlimb of HH
stage 43. Scale bar equals 100 µm.
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6.3.4 Transmission electron microscopy
Transmission electron microscopy (TEM) was used during this study to aid in
confirming the cell type of the cranial neural crest derived cells (CNCDC).
Limbs containing β-galactosidase positive cells (identified by whole mount x-gal
staining) were set in resin and semi thin sections were cut (see figure 6-7 A) to
identify the area in which β-galactosidase positive cells were located, and so
narrowing the area of the limb to be examined by TEM. Once β-galactosidase
positive chondrocytic cells were identified in semi thin sections, serial sections
were cut for examination using an ultramicrotome (figure 6-7 C and D). Using
TEM, both the host chondrocytes and the β-galactosidase positive CNCDC
exhibited the same phenotype which was consistent with the chondrocytic
phenotype criteria used throughout this thesis41. Although comparison of the
electron density of different cells present on different micrographs cannot be
made, comparisons in electron densities of different cells on the same
micrograph can be.

β-galactosidase positive cells (β-galactosidase positive

cells are the CNCDC) are markedly more electron dense than their
neighbouring control host cells.

This shows that this technique can easily

distinguish between β-galactosidase positive and β-galactosidase negative cells
and allows us to confirm the chondrocytic phenotype of β-galactosidase positive
cells.

41

1) Cells are ovoid in shape. 2) Cells have an irregular surface with projecting cell processes. 3) Cell

size is between 10 – 30 µm. 4) Nucleus is very large and almost completely fills the cell. 5) Nucleus
shape is ovoid. 6) There are large spaces between cells, up to approximately 10 µm. 7) Histological
sections demonstrate the cells are located within cartilage.
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Figure 6-7: TEM analysis of cell injections. A) Semithin resin sections
stained with Toluidine blue, scale bar equals 100 µm. B) Whole mount
embryonic hindlimb x-gal stained. C +D) Micrographs of resin sections.
Black arrows show chondrocytes that are β-galactosidase positive and
white arrows show perichondrium cells that are β-galactosidase positive.
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6.4 Trunk neural crest study
In the developing embryos of higher vertebrates the trunk neural crest does not
give rise to cartilage in vivo (Smith and Hall, 1990). Whether the trunk neural
crest does not give rise to chondrocytes due to inhibitory signals, lack of
chondrogenic signals or a loss of the ability to undergo chondrogenesis is as yet
unclear. Clues to unlocking this mystery may lie in studying the evolution of the
neural crest in organisms where it can give rise to cartilage in comparison to
organisms where this ability is more restricted (Donoghue et al., 2008).

It

appears that all cartilage in the developing embryo was originally formed by the
neural crest, but through evolution certain organisms have developed other
ways of producing this tissue (Smith and Hall, 1990). It could be postulated that
caudal regions of the neural crest gradually lost the ability to undergo
chondrogenesis and so the lateral plate and mesenchymal tissues of the limbs
may have had environmental pressures placed upon them to fill this role
gradually; or the lateral plate and mesenchymal tissues of the limb could have
developed the ability to undergo chondrogenesis and so the chondrogenic
potential of the trunk neural crest was made redundant. The second scenario,
suggests it is possible that although there is no longer a need to undergo
chondrogenesis, the trunk neural crest may nevertheless have retained this
ability. The trunk neural crest may be able to produce cartilage if placed in an
environment permissive to chondrogenesis.

In 2002 McGonnell and Graham showed that trunk neural crest cells have the
ability to form cartilage in vitro (McGonnell and Graham, 2002). This raises the
question as to whether trunk neural crest cells (TNCC) are inhibited from
forming cartilage by their local environment within the embryo. If they were in
an area of the embryo that is permissive to chondrogenesis would they be able
to give rise to cartilage? Previous results have shown that CNCC have the
ability to contribute to structures, such as cartilage, in the hindlimb and so other
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populations of neural crest cells, such as the trunk neural crest, may be able to
contribute to different structures within the developing limb as well.
There are a variety of possible outcomes from this preliminary study:
1) TNCC undergo necrosis or apoptosis due to damage during the
procedure of transplantation.
2) TNCC may survive in the chick host but remain undifferentiated.
3) TNCC may differentiate into the full range of cell types that TNCC are
known to give rise to in ovo (in the chick embryo).
4) TNCC may survive but fail to give rise to the full range of cell types that
TNCC are able to give rise to in the chick.
5) TNCC may survive but give rise to a cell type that TNCC do not normally
give rise to in vivo.
With all of the different outcomes above (except scenario one) it is possible that
the cells can differentiate and integrate with the host tissues, so the structures
they contribute to are a mixture of host and donor tissue. The other possibility is
the TNCC does not integrate with the host tissue and so gives rise to ectopic
structures that are solely derived from the TNCC.

Method
The same method as in section 2.5 was used here with the exception that trunk
neural crest cells were harvested, not CNCC. The trunk neural crest cells were
removed from the region of the youngest three somites in the embryo as
according to the method stated by McGonnell and Graham (McGonnell and
Graham, 2002).
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6.4.1 Results of trunk cell injections
The trunk neural crest cells, like the CNCC, were able to survive and contribute
to structures within the developing limb in a similar manner as seen with CNCC,
tables 6-4 and 6-5 and figures 6-8 and 6-9. The TNCC were able to contribute
to the following structures, cartilage, perichondrium, fibrocartilage, loose
connective tissue and tendon.
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Table 6-4: Trunk cell injections results.
Embryo id
number

170309-2

240309-3

310309-1

310309-2

HH stage
at time of
injection
28

28

28

28

Labelling present
Area of
injection

F

D

F

F

Stylopod

-

-

-

-

Junctura
genus

Zeugopod

Junctura
intertarsales

Autopod

-

-

Interphalangeal
joint

-

-

Fibrocartilage
and loose
connective
tissue

Interphalangeal
joint

-

Extensor
tendon and
distal end
of
tibiotarsus

Perichondrium

Interphalangeal
joint

-

Loose
connective
tissue

-

Perichondrium

-
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Table 6-5: Trunk cell injection cell counts. Number of embryos injected = 4. Number of embryos with positive
labelling = 4. Alternate sections were analysed for cells positive for β-galactosidase activity.
Embryo
id
number

170309-2
240309-3
310309-1
310309-2

Labelling present

HH
stage at

Area of

time of

injection

Loose
Tendon

injection
28
28
28
28

connective

Total
Cartilage Perichondrium Fibrocartilage

tissue
F
D
F
F

0
0
21
0

0
10
26
51

0
0
52
0

168

7
0
66
0

0
0
2
0

7
10
167
51

Figure 6-8: Results from trunk neural crest cell injections. A-D show embryos that were injected with trunk
neural crest cells. The arrows demonstrate where these cells, which are positive for β-galactosidase are found.
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Figure 6-9: Histological sections stained with Alcian blue and eosin.
Positive cells were observed in cartilage, perichondrium and the
surrounding loose connective tissue. Scale bar equals 100 µm and arrows
point to β-galactosidase positive cells.
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6.5 Discussion
This chapter investigated the ability of CNCC to contribute to structures within
the developing hindlimb, particular attention was paid to the contribution to
cartilaginous structures. The second half of the chapter focused on a study that
assessed the ability of TNCC to contribute to structures in the developing limb.

The CNCDC were able to contribute to a variety of structures within the
developing limb: tendon, loose connective tissue, fibrocartilage, perichondrium
and cartilage, figures 6-2 and 6-3. This demonstrated the ability of these cells to
integrate into developing structures and undergo chondrogenesis, in the case of
cells found within cartilage. Chondrocytes were identified using strict 7 point
criteria as no cell markers specific for chondrocytes are presently available. The
number of cells injected into each embryo was low, on average 3000 cells per
injection. The embryos at HH stage 18 had on average more cells positive for
β-galactosidase per embryo than the other stages analysed. This is possibly
due to two reasons; at HH stage 18 the embryo hindlimb did not move to any
great extent which improved the accuracy of the injection (depth was difficult to
assess during limb movement), and at this early stage blood vessels have not
invaded the limb. If the cell injection was too shallow then some cells were
observed to leak out of the injection site. If the cell injection hit a blood vessel
then this could also cause some cells to leak out of the injections site. Both of
these factors along with cell death could have contributed to the low cell
numbers seen at later stages.
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42% of all the cells positive for β-galactosidase activity42 were chondrocytes
located in cartilage and 31% were cells located in the perichondrium. The cells
located within the perichondrium have an unclear differentiation state. The cells
located within the perichondrium at the time of analysis, could have remained
within the perichondrium or could have moved away from the perichondrium, if
development had been allowed to proceed. It is unlikely that either of these
scenarios would result in these cells differentiating into chondrocytes. However,
the positive cells that were located within the perichondrium could have become
integrated in the cartilage template, if development had been allowed to
proceed, and so would have differentiated into chondrocytes. Thus, overtime
the number of cells positive for β-galactosidase may have increased at a greater
rate than other groups, due to the combined effects of proliferation of
chondrocytes located within the cartilage template and positive cells located in
the perichondrium migrating into the cartilage region.

Cells that were injected into the hindlimbs of HH stage 24 or 28 embryos were
most often observed in loose connective tissue or fibrocartilage. This could be
due to the cartilage or tendon primordia being a ‘closed’ population (a
population of which cells neither integrate into nor migrate out of).

The

injections performed at stage 18 resulted in the majority of positive cells being
observed in the cartilage template and perichondrium. 80% of all the positive
cells located within tendon were observed in embryos that underwent cell
injections at HH stage 18. This suggests that at HH stage 18 the cartilage and
tendon primordia are not closed populations and the CNCDC can become
integrated into these regions of the limb. At later stages the majority of CNCDC
have not entered these primordia, possibly due to the cells of the primordia
being too tightly associated to allow integration.
42

Alternate histological sections were analysed to prevent single cells being counted multiple

times.
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CNCDC were only ever identified in cartilage, tendon and loose connective
tissue around joints and bones and was never observed in the muscles, nerves
or blood vessels (nor in the connective tissue around muscle, nerves or blood
vessels) of the limbs. Could the reason that the CNCC gave rise to cell types of
the fibroblastic lineage (i.e. chondrocytes and cells found in tendon and
connective tissues) be due to the influences of the environment (i.e. the
developing hindlimb) or an inherent nature of these cells? One possible way to
assess this was to use neural crest cells from other areas of the embryo, which
do not normally form cartilage in vivo, such as the TNCC. TNCC have been
shown to be able to give rise to cartilage in vitro (McGonnell and Graham,
2002), but do not give rise to cartilage in vivo, even if transplanted into regions
that are conducive to chondrogenesis (such as the developing head) (Couly et
al., 2002; Lwigale et al., 2004). Studies that have investigated the chondrogenic
potential of the TNCC have transplanted the TNCC into another region of the
neural crest.

This study transplanted the TNCC into a completely different

environment, the developing limb, which resulted in the TNCC being able to
contribute to cartilaginous structures and so undergo chondrogenesis.

The

results from the trunk cell injections are similar to the CNCC injections
performed at stages 24 and 28. The trunk injections predominantly gave rise to
loose connective tissue. Some TNCC did differentiate into chondrocytes and
cells located within tendons but there were far fewer of these cells, table 6-5.
This could again be due to the cartilage and tendon primordia being closed
populations. Alternatively, TNCC may be less likely to give rise to tendon or
cartilage than other tissue types. For this to be fully assessed the preliminary
data from this study would need to be extended.
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Chapter 7

General Discussion
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Initially it was suggested that CNCC was a population of cells that could be used
to improve understanding of how cells integrate and undergo chondrogenesis.
These cells were subsequently identified using retroviral tracking, removed and
injected into presumptive joint regions to assess their ability to integrate and
undergo chondrogenesis in a new embryonic environment.

7.1 Identifying cranial neural crest cells
The results from the mapping study in chapter 3 showed that CNCC in the
posterior midbrain / anterior hindbrain region have a propensity to contribute to
the musculoskeletal system.

Representative embryos were examined

histologically and demonstrated that cells expressing β-galactosidase would
most often be found in cartilage or the perichondrium when the virus was
injected into the posterior midbrain / anterior hindbrain, see tables 3-2 and 3-3.
This is an interesting result as it may suggest that the default differentiation
state of CNCC is a chondrocytic phenotype or that the number of neural crest
cells pre-determined to become chondrocytes is higher than other cell types.
The question of whether CNCC have a default state has been raised before
(Abzhanov et al., 2003), but a conclusion is yet to be reached in the literature.
Different cell phenotypes were observed when explants were cultured, as
compared to when virus injections were used to label CNCC.

Further

investigation of the phenotypes observed in vitro may help to clarify whether
CNCC have a default differentiation state or not.

The differences in cell type observed in vitro and in vivo in chapter 3 could be
explained by the slight differences in methodologies. Injections into the cranial
region of the embryo were very superficial to avoid labelling deeper structures
that were not neural crest. Some structures (paraxial mesoderm) immediately
deep to the migrating neural crest were labelled, resulted in labelling of muscles
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in some whole mount embryos, see figure 3-4. However, when the neural tube
explants were isolated, the dorsal half of the neural tube was explanted to
ensure all of the CNCC were collected. A satisfactory method to assess the
precise level of the excision, to isolate the dorsal half, was not achieved.
Therefore there was some variation in the precise region of neural tube that was
collected for in vitro analysis. The ventral half of the neural tube gives rise to
various neural cell types. If a portion of the ventral half of the neural tube was
collected in some instances this could explain why some cultures exhibited
more neuronal like features than others.

Another possible explanation for variations in cell types is the timings of
injections and tissue collection. Viral injections were performed in chicks of HH
stage 9+ to 11+. This time frame of development was chosen as previous
groups had shown that this was when NCC migrated out of the neural tube.
Tosney (1982) reported the NC migrating out after neural tube closure in the
chick and this closure takes place between HH stage 8+ and 9. This provides
another possible explanation for the higher proportion of labelling being
observed in cartilage. It is possible that the CNCC that gave rise to cells that
are not of the musculoskeletal lineage migrated away from the neural tube
immediately after closure, between HH stage 8+ and 9. If cells fated to become
these other cells types, such as neuronal cells, migrated away from the neural
tube before HH stage 9+, then they would not have been labelled by the viral
injections. It has been previously reported that, in the trunk region, neural crest
cells that migrated at an earlier developmental time point gave rise to neuronal
lineages.

Whereas neural crest cells that migrated later gave rise to

melanocytes (Henion and Weston, 1997). This supports the hypothesis that the
reason why no neuronal lineages were labelled by viral injections was that the
cells fated to differentiate into neuronal lineages had already migrated away
from the site of injection.
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7.2 Limb patterning
The next part of this thesis was concerned with identifying the presumptive joint
region of the developing limb so that definitive injection sites for the CNCC
implantation experiments were located. Chapter 4 investigated mapping the
limb at three stages of development: HH stage 18, 24 and 28, by dividing the
limb into set areas. Although the presumptive joint region was identified in the
developing limb, the processes that define where the joint forms were not
investigated as part of this project. Currently, there is a wealth of knowledge
regarding joint formation and chondrogenesis, but despite this there are certain
areas of joint and limb development that are unclear. For instance, what defines
the shape and length of bones? Some groups have suggested that the position
of the chondrocyte cilia affect the shape and size of bones by co-ordinating
multiple signalling pathways (Kolpakova-Hart et al., 2008; Serra, 2008). Is the
shape of the cartilage anlage predefined or does it evolve out of a generic rod
shape and under the influence of the local signalling environment? What factors
determine where ligaments and tendons attach to bones and cartilage? There
is also the question as to whether the menisci, tendons and ligaments help
shape the cartilage anlage as it forms and so ultimately affect the shape of
bones and joints? What factors affect the length of bones and how is this length
and shape co-ordinated on both sides of the body? The results from HH stage
18 viral injections in chapter 4 suggested that some regions of the limb bud may
be pre-specified. If there are some pre-specified cells present in the developing
limb bud, could these cells provide some of the signals needed for these
processes?
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7.3 The differentiation potential of CNCDC
Chapters 5 and 6 assessed the ability of CNCDC to undergo chondrogenesis
and demonstrated that CNCC, when placed in the developing limb, could
contribute to cartilages that were not located in the cranial region. If this project
was taken further it could investigate how the CNCDC contribute to the
surrounding ECM. Do they produce all the factors seen normally in articular
cartilage and at the correct level, i.e. do not produce too much or too little of any
one component?

If they do not produce the same level of each ECM

component as native chondrocytes, do the surrounding native chondrocytes
produce more or less of certain factors to compensate?

Chondrocytes are

responsible for the ECM surrounding them and in cartilage this is a considerable
responsibility as the ratio of chondrocytes to ECM is very low. Do chondrocytes
have the ability to sense small differences in the ratios of ECM components and
then correct this (making more if said component is depleted or ceasing
production if levels are too high)? If they lack this ability to sense anomalies in
the ECM, they may only sense that repair is needed once a defect is too large
for the chondrocytes to repair themselves (due to the low cell number naturally
found in cartilage), could this suggest a reason for the inability of cartilage to
repair itself?

From the cell injections performed in chapter 6, clusters of CNCDC could be
seen in some embryos.

Whether these cells are all daughter cells of one

originally infected cell that subsequently proliferated in the hindlimb of the host
embryo, or whether these are clusters of cells that have failed to migrate away
from each other and fully integrate into the host tissue needs to be investigated.
As there are many examples of CNCDC that were seen individually it suggests
that at least some of the cells possessed the ability to fully integrate into the
host tissue, but did not proliferate. What are the possible explanations for these
observations? There could be two populations of CNCC within the cells that
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were harvested. One that can integrate and migrate to a greater degree and
either has a lower potential for proliferation or proliferates at a later point in
development. A second population may also exist that does not migrate at all or
migrates to a lesser degree and proliferates at a higher rate than the first group
or begins to proliferate earlier than the first group. If there are two different
populations of CNCC within the population harvested can these different cell
populations differentiate into different cell types? For example, is one more
likely to become a chondrocyte or tendon than the other?

7.4 Translation to human studies
How can the information obtained during this project using animals be translated
into information that can be used during human research?

Section 1.6.2

discussed the current problems with cell-based treatments for cartilage defects,
but does cartilage repair need medical intervention? It has been suggested that
cartilage does have some ability to self repair. Animal studies have shown that
although small cartilage defects can heal themselves (Shapiro et al., 1993),
larger defects have an inverse relationship to repair and regeneration (Jackson
et al., 2001) and therefore medical intervention is needed to restore the
functionality of the joint. ‘Wear and tear’ that results in primary OA, may only
become apparent in later life as the self repair mechanisms may not be able to
cope with how much destruction has occurred over time. It has been suggested
that this inability to counteract the damage done could be due to lower cell
counts in older tissue (Fibbe, 2002). Conservative treatments have been shown
to be ineffective in regenerating articular cartilage in an OA cartilage defect, and
as conservative treatments often involve treating the symptoms of the disease
these treatments may act to propagate the cartilage defect. The use of pain
medication during conservative treatment of OA can lead to an increase loading
on the defective joint and so a progression of the disease (Andriacchi et al.,
2000), which suggests that conservative treatments are not a suitable long term
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treatment option if the disease is to be halted or reversed. Currently there are
two main types of cell-based treatments, one that involves the use of MSCs and
one that involves the use of chondrocytes. MSCs from patients with OA have
different capabilities from MSCs collected from other groups. Murphy et al have
shown that MSCs have a lower proliferative capacity and are less likely to
undergo chondrogenic differentiation (Murphy et al., 2002).

Cell-based

treatments involving chondrocytes include mosaicplasty (also known as OATS),
ACI43 or MACI44. OATS uses cartilaginous plugs taken from non-weight bearing
regions of a patient’s limb, but lateral integration does not take place after this
procedure has been performed. Procedures in which integration, both laterally
and vertically, fails to take place will not result in fully functioning articular
cartilage (Hunziker, 2002).

ACI and MACI have used autologous chondrocytes harvested from non-weight
bearing regions of the patient’s joint. The ability of chondrocytes to produce
ECM, particularly aggrecan, is reduced as a person ages (Murphy et al., 2002),
this is particularly significant as most people who are diagnosed with OA are
elderly. The inability to produce the correct ECM could be one of the reasons
why cell-based therapies result in scar tissue formation, manifested by the
formation of fibrocartilage, as evidenced from patients that undergo follow up
studies. Such studies demonstrated that in biopsies from the grafted region,
78% of cases show the growth of fibrocartilage (Roberts et al 2003).

This

problem of fibrocartilage formation and a reduced ability to undergo
chondrogenesis, seen with MSCs and autologous chondrocytes, may be
overcome if a different population of cells was used in cell-based therapies.

43

Autologous chondrocyte implantation (ACI)

44

Matrix-induced chondrocyte implantation (MACI)
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As neither CNCC nor TNCC can be used in cell-based therapies, another
population of cells could be used in further research. Sieber-Blum et al have
shown that the bulge cells of the hair follicle (figure 7-1) are neural crest derived
by using Wnt-1-cre/R26R mice and that these cells are present both postnatally
and prenatally (Sieber-Blum and Grim, 2004; Sieber-Blum et al., 2004). They
have also shown that these neural crest derived bulge cells, which are present
in the hair follicle, posses many of the characteristics of stem cells. These cells
have the ability to self-renew and are pluripotent.

This pluripotent potential

allows the hair bulge cells to differentiate into chondrocytes (Sieber-Blum and
Grim, 2004; Sieber-Blum et al., 2004). Sieber-Blum et al suggested that these
cells could be used in cell-based therapies as they are easily accessible and are
present in adult life. They went on to use NCC derived from the hair follicle in
spinal cord injuries in mice to assess their ability to aid in regeneration of the
neuronal tissue (Sieber-Blum et al., 2006). This built on the previous work by
Amoh et al who investigated the ability of hair follicle bulge cells to differentiate
into neurons (Amoh et al., 2005). This implies that the hair bulge cells are a
plastic population of cells that could be used in regeneration studies.

This

information when combined with the data from the current study, which shows
that CNCC survive in the limb, but also undergo chondrogenesis, suggests hair
bulge cells offer a potential source of neural crest derived cells that could be
used in cell-based therapies without the controversy and difficult ethical
decisions that accompany the use of embryonic NCC.

Although hair bulge cells may provide a population of cells suitable for therapies
in the future, there is still the need for a model system that can be used to study
integration and chondrogenesis in damaged joints in a research environment.
Therefore the NCC may provide a population of cells that can be readily used by
the research community. Can CNCC undergo chondrogenesis in a damaged
limb? This could be investigated by using either a model organism where the
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articular cartilage has been surgically damaged (Glasson et al., 2007) or a
mouse model of OA (Jaeger et al., 2008; Walton, 1977). If these cells were
seeded into a cartilage defect in an animal model they would need to be held in
place in some manner to prevent them sloughing off, before they can integrate
into the host tissue. This could be done using a matrix like the ones used in
MACI (Cherubino et al., 2003). MACI currently uses a matrix formed of collagen
types I and III.

These collagen types were chosen over type II (the major

collagen type in cartilage) as collagen type II was found to be antigenic and able
to induce arthritis when injected intradermally in rats (Trentham et al., 1977).
This matrix of collagen types I/III may be appropriate for autologous
chondrocytes, but if a different cell type is used a matrix of a different
composition may be more appropriate. There is a wide range of biomaterials
that can be used for MACI45 (Coutts et al., 2001) and so provide a wide number
of materials that could be tested with NCC.

45

Bioactive glass, carbon fiber, chitosan, collagen, demineralised bone, devitalised cartilage,

fibrin, hyaluronan,hydroxyapatite, polylactic acid/polyglycolic acid.
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Figure 7-1: Illustration of a hair follicle demonstrating the presence of
neural crest cells (NCC).

Fourth generation treatments that involve gene therapy were discussed in
section 1.6.2. If NCC prove to be more adept at regenerating cartilage than
autologous chondrocytes, but fail to regenerate the tissue completely, the use of
gene therapies in conjunction with this cell type might help improve
regeneration. For example, if the NCC cannot produce one component of the
matrix a gene coding for this ECM component could be inserted into the NCC
before they are implanted into the cartilage defect. The vector carrying the gene
to be transferred would only be exposed to the NCC and not all the cells in the
joint, reducing the chance of any cells other than the NCC expressing the
transferred gene.
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7.5 Concluding summary
This project has clarified which region of the CNCC gives rise to the aural and
lower jaw regions of the avian head; as well as enhancing the current
understanding of limb development, by identifying the region of the developing
limb bud that gives rise to the junctura genus and junctura intertarsales. Results
produced as part of this project then demonstrated that both cranial and trunk
neural crest cells can give rise to chondrocytes in vivo, a previously unknown
fact. The fact that cranial and trunk neural crest have been shown to be a
population of cells that can integrate and undergo chondrogenesis in different
environments, such as the developing limb, demonstrates they are a good
source of readily available cells that could be used in research into treatments
for cartilage defects. The presence of NCC in the hair bulge may provide a way
of translating this animal research into a viable human therapy for cartilage
defects such as the ones observed in patients with OA.
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Chapter 8

Future Work
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8.1 Introduction
The work presented in this thesis has answered various questions in relation to
the fate of NCC but has raised several more which could be addressed in the
future.

The following outlines questions and experiments arising from the

presented work.

8.2 Cell manipulations
In chapter 3 a study was undertaken to assess the ability of CNCC to be
manipulated in vitro. As this was a preliminary study the results were only
analysed using light microscopy to assess the cells morphology. This study
could be extended to further define the percentages of different cell types that
were present in the different cultures. Immunocytochemical analysis could be
performed in the future to assess the presence of cell markers, such as
neuronal markers46, neural crest markers47 and fibroblast markers48. Once the
phenotypes and proportions of each phenotype have been assessed using the
culture conditions described in the study in chapter 3, growth factors could be
added to assess whether the cells could be manipulated to increase the
percentage of chondrocytes in each culture. Growth factors that already have a
role in chondrogenesis in vivo could be tested first, such as FGF and BMP.

46

1E8 antibody against dorsal root ganglia (DSHB, USA) (Bhattacharyya, et. al., 1991)

47

HNK-1 antibody against migratory neural crest cells (Sigma, UK)

48

C1 antibody against skeletal myocytes and fibroblasts (DSHB, USA) (George-Weinstein, et.

al., 1988).
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8.3 Cell injections
A study was undertaken to begin to assess differences in the chondrogenic
potential of different sub regions of the neural crest. It would be interesting to
extend this initial study to assess the ability of TNCC to integrate and undergo
chondrogenesis at different stages of development.

Chapter 6 showed that

CNCDC were mostly likely to be observed in cartilage if cell injections were
performed at HH stage 18. It was proposed that this was due to the cartilage
and tendon primordia being a closed population of cells at later stages of
development. However, it is unknown if the CNCC has a different integration
capacity to TNCC and so TNCC may be able to infiltrate these closed
populations. Alternatively, there may be no difference in the proportion of cells
that are found in cartilage when TNCC are injected at HH stage 18, 24 or 28
due to the TNCC having a lower chondrogenic potential.

8.4 Cell death and proliferation
One area that was not investigated in this project was cell death and
proliferation. Cell death and/or a lack of proliferation may have affected the
observed number of cells positive for β-galactosidase subsequent to
implantation into the host embryo. It may be possible to increase the yield of
cartilage formation from CNCC by reducing cell death and increasing
proliferation. Before the possibility of reducing cell death can be explored, the
extent of cell death that is currently occurring must be assessed, which would
involve the use of, for example, cytotox49 and FragEL™50 assays. Reducing cell
death is also relevant to current treatments for cartilage defects (Gilbert et al.,
2009).
49

Fluorescent assay that measures the relative number of dead cells in cell populations

(Promega, UK).
50

Identifies apoptotic nuclei through a colorimetric or fluorescent assay (Merck, UK).
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There is a higher level of cell death in articular cartilage from patients with OA
than occurs in healthy articular cartilage. In OA cartilage 2-3% of chondrocytes
are undergoing apoptosis at any one time, as compared to 0.6% of
chondrocytes in healthy cartilaginous tissue (Sharif et al., 2004). This increased
level of cell death in OA cartilage means that any autologous chondrocytes
harvested for use in cell-based therapies may result in these therapies being
less effective due to lower cell survival. A major part of research into cell-based
therapies for cartilage defects has concentrated on assessing cell death in order
to reduce the level of apoptosis and necrosis during and after treatment. Gilbert
et al (2009) attempted to reduce the level of cell death through the use of
inhibitors to necrosis and apoptosis to improve integration of donor tissue with
host tissue. Amin et al (2008) studied the effects of osmolarity of solutions on
the survival of chondrocytes. This is particularly important when considering
operations to treat cartilage defects as when preparing the site for implantation,
neo-cartilage is often washed with fluid by the surgical team to keep it moist
(personal observation) and the choice of fluid used to do this could affect the
level of cell death.

On their first clinical assessment, patients rarely present with OA in the initial
stages of the disease (Wluka et al., 2002). If OA was diagnosed earlier then the
patients may present with smaller defects in the articular cartilage and so
medical intervention using treatments described in section 1.6.2 may prevent
the disease from progressing. Currently no available treatments for OA result in
the regeneration of fully functional articular cartilage that has been both laterally
and vertically integrated into the surrounding host tissue.

Often treatments

result in the formation of scar tissue that lacks the capabilities of native articular
cartilage. A combination of cell-based therapies and gene therapies may result
in a treatment of cartilage defects that does result in a complete cure. The
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results from these future work experiments in combination with the results from
this thesis may allow neural crest cells to be used effectively in research to
improve cartilage repair strategies.
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Appendix One
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Anatomical Guide for gallus gallus domesticus
The following anatomical guide was produced to aid the identification of
muscles. Individual muscles are outlined in black and each figure contains a
key stating what each acronym stands for. Adapted from (Baumel, 1993).
Table 9–1: Anatomical guide glossary
Region

Thigh muscles
Stylopod

Shank muscles
Zeugopod

Muscle

Acronym

Ambiens
Femorotibialis externus
Femorotibialis internus
Iliotibialis cranialis
Iliofibularis
Iliofemoralis externus
Iliofemoralis internus
Iliotibialis lateralis post-acetabularis
Iliotibialis lateralis pre-acetabularis
Iliotrochantericus caudalis
Iliotrochantericus medius
Iliotrochantericus cranialis
Caudofemoralis
Flexor cruris lateralis accessoria
Flexor cruris lateralis pelvica
Flexor cruris medialis
Ischiofemoralis
Obturatorius
Puboischiofemoralis pars lateralis
Puboischiofemoralis pars medialis
Extensor digitorum longus
Fibularis brevis
Fibularis longus
Tibialis cranialis
Flexor digitorum longus
Flexor hallucis longus
Fibularis longus accessory
Flexores perforatus 3
Flexores perforatus 4
Flexores perforans et perforatus 2
Flexores perforans et perforatus 3
Gastrocnemius externus
Gastrocnemius internus
Gastrocnemius intermedia
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AMB
FTE
FTI
IC
IF
IFE
IFI
AIL
PIL
ITC
ITCM
ITCR
CF
FCLA
FCLP
FCM
ISF
OBT
PIFL
PIFM
EDL
FB
FL
TC
FDL
FHL
FLA
FP3
FP4
FPP2
FPP3
GE
GI
GM

Figure 9-1: Photographic guide to the dissection of the gallus gallus
domesticus thigh. Figures A-H demonstrate the muscles found in the
avian stylopod. Individual muscles are outlined in black.
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Figure 9-2: Photographic guide to the dissection of the gallus gallus
domesticus shank. Figures A-F demonstrate the muscles found in the
avian zeugopod. Individual muscles are outlined in black.
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Appendix Two

199

General Methods
CXL cells
Stable labelling of cells in a developing embryo is a difficult task as the label
needs to with stand many cell divisions and persist in cells that will differentiate.
Mikawa et al developed a vector using spleen necrosis virus (SNV) which is an
avian reticuloendotheliosis virus (Mikawa et al., 1991). This vector makes use
of part of the Lactose (Lac) operon which was originally found in Escherichia coli
(Santillan and Mackey, 2008). The Lac operon is made up of several genes that
are involved in the transport and metabolism of lactose. At the 5’ end of the
operon is a gene, LacI, involved in inhibiting translation of the rest of the genes
in the operon. Immediately downstream of the LacI gene are the promoter and
the operator which are involved in controlling when rest of the genes are
translated. The 3’ end of the operon contains the LacZ, LacY and LacA genes
which encode β-galactosidase, β-galactoside permease and β-galactoside
transacetylase respectively (Santillan and Mackey, 2008). It is the LacZ gene
that Mikawa made use of, their vector (designated pCXL) contained the LacZ
gene and the genes from SNV responsible for encapsidation, reverse
transcription and proviral integration. Although this vector contains several
genes of viral origin it does not possess the ability to replicate and so it is
referred to as a replication defective virus. This means that once the virus
enters a cell, the virus will remain in that cell and any daughter cells that are
produced. Although the replication defective virus does not possess the genes
to produce all the proteins necessary for replication it must have access to these
proteins or the virus would not be able to enter any cells. Mikawa et al
transfected the replication defective virus, pCXL, into a retroviral packing cell
line, D17 canine fibroblastic cells, that contained the genes missing from the
replication defective virus’s genome. This meant that with the genes from the
pCXL vector and the D17 genome, the replication defective virus could be
replicated and packaged into viral coats and pumped out of the cell. The media
surrounding the CXL packing cells will then contain replication defective virus
that can be used to label cells.
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Embryo Manipulations
Staining with neutral red
A ball-tipped glass rod was used to gently place a drop of 0.5% neutral red
(Fisher, UK) in PBS onto the vitelline membrane above the embryo, then used
to very gently spread the neutral red out by rubbing the tip of the glass rod
against the vitelline membrane until the area covering the embryo was stained.
Neutral red is slightly photo-toxic and therefore it was important to avoid excess
illumination after addition of neutral red. Saline or HBSS was used to keep the
embryo moist.

Preparation of tungsten needles
Needle handles were made using 4 mm diameter Pyrex tubing. 3 cm lengths of
tubing were pulled over a hot flame in order to create two needles
(approximately 130 mm in length) each with a sharp taper at one end. Careful
rotation during heating and constant, even pressure as the glass cooled
ensured that the taper was symmetrical and the shaft was kept straight. The
inside tip diameter should be less than 0.5 mm. For the tungsten wire, several
bends were made along the length of 75 mm pieces of 0.25 mm diameter
tungsten wire (Clare Electromedical Instruments, UK), and then inserted into the
tapered end of a needle handle. The wire was inserted into the handle so that
10-20 mm was exposed. The tip of the tubing was heated and a glue gun
(Bostik, UK) was used to place a small amount of glue at the opening. The
capillary action drew the glue into the holder and sealed the wire in place. The
needle end was then shaped and sharpened as desired. This was done by
making a small bend, approximately 45o, at the end of the needle. The needle
was then sharpened using electrolysis.

An electrical circuit was set up with an AC transformer and rheostat (delivering
approximately 1-10 V) connected to a carbon electrode placed in a saturated
sodium hydroxide (NaOH) solution.
The needle was connected to the
transformer using forceps and alligator clips. A dissecting microscope was used
to visualise the end of the needle, the needle was lowered horizontally until it
made contact with the NaOH. Then the tip of the needle was dipped in and out
of the NaOH solution until a gradual taper was formed and the needle thinned.
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Once the desired shape and sharpness was achieved, the needle end was
dipped in 95% IMS and flamed.

Histological applications
Manual processing
After NBF fixation, the embryo was incubated in the following manner:
•

70% IMS 1 hour x 2

•

95% IMS 1 hour

•

100% IMS for 1 hour x 3

•

Histoclear (Raymond A Lamb Ltd, UK) for 1 hour

•

Histoclear overnight

The tissue was finally transferred to molten physiowax (stored in a pre-warmed
oven, Raymond A Lamb Ltd, UK) and incubated at 50oC for 2 hours. This step
was repeated two more times. Finally the embryo was embedded in fresh
physiowax (Raymond A Lamb Ltd, UK) and allowed to cool before sectioning.

Microtome sectioning and floating out
Tissue samples, that had been processed and embedded were stored at 2-8oC
before 8 µm sagittal sections were cut using a microtome (RM2125, Leica, UK).
Ribbons of between six and eight sections were floated out on acid cleaned
slides (superfrost glass slides, Fisher, UK) with distilled water containing 4-6
drops of glycerine/albumin (Raymond A Lamb Ltd, UK). To aid floating out of
sections, the slides were placed on a bench top hotplate (Fisher, UK). Once the
sections had fully floated out, the excess water was drained off and slides
allowed to dry before staining.

Histological stains
Before any of the following staining methods were carried out the sections were
dewaxed and taken to water, using the following:
•

Histoclear 10 mins x 2
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•

100% IMS 5 mins x 2

•

95% IMS 5 mins

•

70% IMS 5 mins

•

Distilled water 5 mins x 2

Haematoxylin & Eosin
•

Mayer’s Haematoxylin (RA Lamb, UK) 10 mins

•

Rinse in distilled water

•

Differentiate in acid alcohol 10 seconds

•

Wash in tap water

•

Blue in tap water approximately 15 mins

•

Rinse in distilled water

•

Eosin (RA Lamb, UK) 5 mins

•

Rinse in tap water

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 2 x 10 mins and mount with histomount

Eosin
•

1% Eosin 5 mins

•

Dip in tap water

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 2 x 10 mins and mount with histomount

Alcian Blue
•

Alcian Blue 1.5 mins

•

Wash in tap water 5 mins
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•

0.5% Neutral Red 1 min

•

Wash in tap water

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 2 x 10 mins and mount with histomount

Van Gieson
•

Celestine blue 5 mins

•

Rinse in distilled water

•

Mayer’s Haematoxylin 5 mins

•

Rinse in distilled water

•

Differentiate in acid alcohol 10 secs

•

Wash in tap water

•

Blue in tap water approximately 15 mins

•

Van Gieson solution 5 mins

•

95% IMS 2 changes

•

100% IMS

•

Dry IMS

•

Clear in histoclear 2 x 10 mins and mount with histomount

Masson’s Trichrome
•

Celestine blue 5 mins

•

Rinse in distilled water

•

Mayer’s Haematoxylin 5 mins

•

Rinse in distilled water

•

Blue in tap water for approximately 15 mins

•

Acid fuchsin 5 mins

•

Wash in distilled water
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•

Differentiate in phosphomolybdic acid 8 mins (3 changes within the 8 mins
and rock)

•

Drain

•

Light green 2 mins

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 2 x 10 mins and mount with histomount

Cresyl Violet
•

Cresyl fast violet (0.5 % solution in distilled water) 5 mins

•

Rinse in distilled water

•

Differentiate in 0.25% acetic alcohol 10 secs

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 2 x 10 mins and mount with histomount

Toluidine Blue
1% Toluidine blue (Fisher, UK) in distilled water was prepared prior to staining.
•

Toluidine blue 2 mins

•

Wash in tap water

•

Drain

•

Histoclear 10 mins

•

Blot

•

Histoclear 10 mins

•

Mount with histomount.

QCPN immunohistochemistry
•

Histoclear 10 mins x 2

•

100% IMS 3 mins x 2

•

Distilled water dip
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•

PBS with 0.5% tween 20 (Fisher, UK) 5 mins

•

PBS 5 mins

•

1% Bovine serum albumin (BSA, Sigma, UK) 30 mins

•

QCPN antibody (diluted 1/5 with 1% BSA, Developmental Studies
Hybridoma Bank, USA) overnight

•

PBS 2 x 5 mins

•

AP buffer (see below) 10 mins

•

NBT/BCIP in AP buffer (see below) 6 mins

•

AP buffer 10 mins

•

Nuclear fast red 10 secs

•

Rapid alcohols (70%, 95%, 100%, Dry IMS)

•

Clear in histoclear 10 mins x 2 and mount with histomount

AP buffer
•

5 mls 1 M Tris pH 9.5

•

2.5 mls 1 M MgCl2

•

1 ml 5 M NaCl

•

2 mls 25% Triton

•

39.5 mls distilled water

NBT/BCIP in AP buffer
4.5 µl NBT (nitro-blue tetrazolium, Roche, UK) and 3.5 µl BCIP (5-bromo-4chloro-3-indolyl-phosphate, Roche, UK) were added to 1ml AP buffer. It is
important to note this is a different NBT/BCIP solution to the one used in in situ
hybridisations.

Immunolabelling
•

Wash with cold PBS
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•

Cold 0.1% Triton-X-100 in PBS 1 min

•

Ice cold ethanol (-20oC) 2 mins

•

Wash with PBS x 3

•

Blocking solution (2.5 mls normal goat serum (Fisher, UK), 1 g albumin,
bovine fraction V (Sigma, UK) in 48 mls PBS) 1 hour

•

Primary antibody diluted in blocking solution if needed overnight

•

Wash with PBS x 3

•

Secondary antibody diluted in blocking solution if needed

•

Wash with PBS x 3

•

DAPI 1/5000

•

Wash with PBS x 3

•

Mount
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General Reagents

Stains
Alcian blue
7.5 ml of acetic acid was added to 242.5 ml of distilled water and mixed. 0.125
g of Alcian Blue powder (Gurr, UK, colour index # 74240) was then added and
mixed well.

Neutral red
For 100 ml of neutral red: 0.5 g of Neutral Red powder (Gurr, UK, colour index #
50040) was added to 50 ml of distilled water and 50 ml of Chick Ringer’s
solution. Shaken well, passed through a 0.45 µm filter and aliquoted out into 1
dram vials. All vials were autoclaved before use.

Acid Fuchsin
5 g acid fuchsin (Fisher, UK) was dissolved in 500 mls distilled water and 2.5
mls glacial acetic acid and filtered before use

Phosphomolybdic acid
5 g phosophomolybdic acid (Fisher, UK) was dissolved in 500 mls distilled water
and mixed vigourously.

Celestin blue
25 g ferric ammonium sulphate was dissolved in 500 mls of cold distilled water,
then 2.5 g Celestin blue was added. The solution was brought to the boil and
boiled for 3 mins, stirring constantly, cooled, filtered and lastly the glycerol was
added.
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Van Gieson
•

50 mls Picric acid

•

9 mls 1% acid fuchsin solution

•

50 ml distilled water

Polybrene™
Polybrene™ is a registered trademark of Abbott Laboratories for hexadimethrine
bromide. Polybrene™ is a positively charged molecule that aids binding of the
virus to the membrane of a cell, by reducing the electrostatic repulsion between
the negatively charged virus and the cell surface. The concentration of
polybrene™ has been shown to be crucial to the infection rate (Sanes et al.,
1986). To prepare polybrene™ dissolved in 10 ml of double distilled water to
give a solution of 10 mg/ml. Then the solution was passed through a 0.45 µm
filter.

X-gal solutions
Step One
The following was added to 975 mls distilled water:
•

6.75 g potassium ferricyanide

•

8.80 g potassium ferrocyanide

•

0.4 g magnesium chloride

•

7.9 g sodium chloride

•

1.55 g sodium phosphate

•

0.6 g sodium phosphate monobasic

Step Two
Solutions for step two were always freshly made and used immediately. For
100 mls of x-gal solution: 100 mg 5-bromo-4chloro-3-indolyl-b-Dgalactopyranoside (Fisher, UK) was dissolved in 2.5 mls DMSO (dimethyl
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sulfoxide, Sigma, UK). This DMSO solution was added to 97.5 mls step one
solution.

Fixatives
Neutral buffered formalin
For 100 mls of 5% neutral buffered formalin (NBF, also known as 2% PFA): 2 g
powdered paraformaldehyde (Sigma, UK) was added to 50 ml 0.2 M Sorenson’s
buffer, heat to 65oC with constant stirring, a few crystals of 1N NaOH were
added until the solution went clear. The solution was allowed to cool to room
temperature before making up to 100 mls with distilled water; pH was adjusted
to 7.8 if necessary.

Sorensen’s buffer
For solution x: 28.4 g dibasic sodium phosphate (Na2HPO4) was dissolved in
500 mls distilled water. For solution y: 27.6 g monobasic sodium phosphate
(NaH2PO4•H2O) was dissolved in 500 mls distilled water. For a 100 ml solution
of 0.2 M Sorensen’s buffer, pH 7.4, 40.5 mls of solution x and 9.5 mls of solution
y were added to 50 mls distilled water.

Serra
•

60 mls 100% ethanol

•

30 mls 37% formaldehyde solution (Fisher, UK)

•

10 mls glacial acetic acid

Chick embryo extract
10 day old chick eggs were sterilised with 70% ethanol and the embryos
harvested and washed twice in PBS at room temperature. The embryos were
repeatedly passed through a sterile 10 ml syringe until the solution easily
passed through. An equal volume of HBSS (Sigma, UK) was added and the
solution was triturated with a sterile 5 ml pipette. Once the solution passed
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easily through the pipette the solution was frozen by storing at -20oC overnight.
The solution was thawed and triturated with a sterile Pasteur pipette, centrifuged
at 1500 g for 30 minutes. The resulting supernatant was collected and frozen in
aliquots. Aliquots were thawed as needed and passed through a 0.45 µm syring
filter prior to addition to medium.

Chick ringer’s saline
9 g sodium chloride, 0.42 g potassium chloride and 0.24 g calcium chloride
dehydrate were dissolved in 1000 mls distilled water.

Chrome alum slides
500 mls distilled water was heated to 55oC slowly 1 g chromium potassium
sulphate and 1.25 g gelatine was added, while stirring constantly. The solution
was slowly cooled to room temperature and filtered before storing at 4oC or
using immediately.
A rack of clean glass slides (Fisher, UK) was dipped into a dish containing the
gelatine solution for 90 secs and the slides were dried at 45oC overnight. Once
dried the slides were ready for use.

In situ hybridisation reagents
Detergent mix
•

1% IGEPAL (Sigma, UK)

•

1% SDS

•

0.5% deoxycholate

•

50 mM Tris-HCl pH 8

•

1 mM EDTA

•

150 mM NaCl

•

Distilled water to make solution to 100 mls
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Pre-hyb buffer
•

50% Formamide

•

5x SSC, pH 4.5

•

2% SDS

•

2% blocking solution

•

Distilled water to desired volume

Blocking solution (BBR)
Blocking reagent (Roche, UK) was dissolved in maleic acid buffer (100 mM
maleic acid, 150 mM NaCl pH 7.5) to give a final concentration of 10% (w/v).

Solution X
•

50% Formamide

•

2x SSC

•

1% SDS

•

Distilled water

MABT
•

100 mM maleic acid

•

150 mM NaCl

•

0.1% Tween-20, pH 7.5

NTMT
•

100 mM NaCl

•

100 mM Tris-HCl, pH 9.5

•

1% tween-20

•

Distilled water
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Glossary
Word

Description

Abrasion Arthroplasty

Surgically removing and reshaping
damaged areas of joints.

Apical Ectoderm Ridge

A region of ectoderm that overlies the
end of the developing limb and is
important in signalling interactions.

Autologous Chondrocyte
Transplantation

Transplantation of a patients own
chondrocytes into the defective area
of a joint.

Autopod

The distal division of the limb.

Branchial Arches

A series of mesodermal pouches
protruding from either side of the
developing pharynx.

Chondroblast

A cell which is not fully differentiated
that will give rise to chondrocytes.

Chondrocyte

A fully differentiated cell found within
cartilage.

Chondroitin Sulphate

Linear polymer with a repeating
disaccharide unit made up of
glucuronic
acid
and
Nacetylgalctosamine.

Chondron

The chondrocyte and its surrounding
pericellular layer.

Clone

Group of identical cells that share a
common ancestry.

Closed population of cells

a population which cells neither
integrate into nor migrate out of.

Contralateral

On the other side.

Debridement

Surgical removal of the cartilage flaps
from a defective joint.

Diarthroses/Diarthroidal Joint

Also known as synovial joint; refers to
joints with the following features:
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hyaline cartilage, articular cartilage
and synovial cavity.
Dorsolateral

Refers to a region, the back and sides,
of an organism.

Epiphyses

The area of a long bone where growth
occurs.

Glycosaminoglycan

A large macromolecule made up of
many branching side chains that are
themselves made up of repeating
disaccharide units.

Hyaluronic Acid

Repeating disaccharide units made up
of
glucuronic
acid
and
Nacetylglucosamine.

Interterritorial

Areas between territorial layers rich in
keratan sulphate and collagen.

Interzone

The area of limb mesenchyme that will
give rise to a synovial joint.

Ipsilateral

On the same side.

Junctura genus

Femorotibial joint or knee joint.

Junctura intertarsales

Ankle joint or joint where the end of
the tibiotarsus and tarsometatarsus
meet.

Keratan Sulphate

Repeating disaccharide units made up
of galactose and N-acetylglucosamine.

Lacunae

A cavity or depression in which
chondrocytes are contained.

Lamina Splendens

The densely packed collagen fibres of
the superficial layer of articular
cartilage.

Lateral Plate Mesoderm

Found below the ectoderm either side
of the intermediate mesoderm and
gives rise to structures such as the
heart.
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Lavage

Irrigation of a joint to remove damaged
tissue and inflammatory factors.

Mesenchymal Tissue

Tissue arising from the middle layer of
the three germ layers within the
developing embryo.

Microfracturing

Making small fractures in surrounding
bones to encourage cartilage growth
through stimulation of angiogenesis.

Osteophyte

A bony outgrowth or projection.

Pericellular

The area immediately surrounding a
chondrocyte.

Perichondrium

The tough fibrous membrane that
covers articular cartilage.

Periosteum

The tough fibrous membrane that
surrounds bones except at the end of
bones.

Progress Zone

The area immediately behind the AER
where the cells that will give rise to the
limb proliferate.

Proteoglycan

A high molecular weight protein which
is made up of GAGs.

Rhombomeres

The segments that make up the
hindbrain of a developing embryo.

Spongialisation

Involves wearing away any damaged
cartilage until the spongiosa of the
bone is exposed. The blood that then
ensues is hoped to encourage
cartilage growth.

Spongiosa

The area of the bone that was the
epiphysis during development that
now makes up the spongy lattice
found within bones.

Stylopod

The proximal division of the limb.
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Subchondral Drilling

Surgical technique that involves
drilling through the area of defective
cartilage to the underlying bone.

Synovitis

Inflammation
of
the
membrane within a joint.

Territoral

The area immediately surrounding the
pericellular region.

Tropocollagen

The subunit that will join together to
form the fibrils found within collagen.

Ventrolaterally

Refers to a region, the front and sides,
of an organism.

Zone of Polarising Activity

A signalling centre found within the
developing limb.

Zuegopod

The division of the limb found between
the stylopod and autopod.
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ABSTRACT
Osteoarthritis is a degenerative joint disease where the joint cartilage becomes damaged.
Despite the ability of cranial neural crest cells (CNCC) to form cartilage in the embryo,
this population of cells has been overlooked when designing cell-based therapies for
osteoarthritis and associated diseases We have begun to explore the potential of CNCC
in developing tissues. A LacZ-encoded replication-deficient retrovial vector was used to
tag explants of CNCC excised from stage 10 chick embryos before injecting into the
joint regions of developing limbs of stage 18-28 embryos. Tagged chondrocytes were
subsequently identified in the developing cartilage, particularly in the region of the
developing joints. The results appear to demonstrate that cranial neural crest derived
cells (CNCDC) retain their ability to give rise to cartilage when implanted into the
developing limb and are restricted to particular regions of the limb. The chondrocytic
potential of CNCC is now being refined to investigate the integrative properties of these
cells in developing and regenerating cartilage. Funded by Brighton & Sussex Medical
School.
Abstract presented at Experimental Biology summer meeting 2009 in New
Orleans, USA. Abstract published in the Journal of the Federation of American
Societies for Experimental Biology (2009) 23, 647.1.
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ABSTRACT
Coturnix coturnix japonica (Japanese Quail) is an avian species that has been
extensively used in developmental studies for many years. Unlike the domestic chicken,
Gallus gallus domesticus, the development of the quail has not been accurately staged,
despite being used as an important developmental tool. The chick was accurately staged
over 50 years ago in a seminal paper by Hamburger and Hamilton and although there
have been several papers looking at developmental stages of the quail, the process has
not been comprehensive or definitive and therefore researchers have often used the chick
staging criteria. One of the most obvious and dramatic differences between quail and
chick is hatching times, with the quail hatching some 4-5 days before the chick. This
more rapid developmental cycle means that the use of the Hamburger and Hamilton
stage series for all quail developmental studies may not be advantageous. Therefore, we
have constructed a comprehensive stage series of quail embryo development, which
covers the whole incubation period. It is hoped that such a series will provide
researchers with an accessible manual, when using the quail model. Funded by Brighton
& Sussex Medical School.
Abstract presented at Experimental Biology summer meeting 2009 in New
Orleans, USA. Abstract published in the Journal of the Federation of American
Societies for Experimental Biology (2009) 23, 825.11.
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