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Abstract
The choroid plexuses (CPs) are secretory organs that lie within the brain 

ventricles. Mature CPs produce cerebrospinal fluid (CSF) which surrounds the 

central nervous system (CNS). During embryogenesis, prior to terminal 

differentiation of neurons and glia, CPs are morphologically distinct and have 

secretory capacity, suggesting that CPs may influence the extracellular 

environment of the developing CNS. Although the roles of fibroblast growth 

factors (FGFs) as morphogenic and mitogenic signals during CNS development 

are well characterised, they have not been addressed in embryonic CPs. In this 

study, I investigated the FGF receptor (FGFR) family in relation to CP 

development and function. I found that several FGFRs are differentially 

expressed in the CPs during murine development. This finding was important 

because many individuals with the human disorder, syndromic craniosynostosis 

(SCS), have constitutively active FGFRs, and frequently suffer from raised 

intracranial pressure. This led to the hypothesis that increased FGFR signalling 

alters the function of the CPs.

In order to elucidate the functional role of FGF signalling in the 

embryonic CP, I used several approaches. Firstly, I cultured CP epithelial cells 

(CPe) in Matrigel, and demonstrated that CPe in this matrix formed hollow 

vesicles, maintained their ultrastructural characteristics, and had secretory 

activity. I found that the CPe marker, transthyretin, was expressed in culture. 

Treatment of CPe with FGF2 significantly increased vesicle diameter, but did 

not seem to alter secretion, indicating that the FGF2 effect was on vesicle 

formation. Secondly, I cultured CPe monolayers, and established that at least 

one effect of FGF2 was to stimulate CPe cell division.

An analysis of proteins in CSF of children with SCS showed no 

significant change in the concentration of transthyretin secreted by the CPs.

These data indicate that FGF signalling is involved in CP development, 

and that FGFs may function to stimulate CP proliferation, rather than affecting 

CSF constituents or CP secretion rates during embryonic development.
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Chapter 1: Introduction
This thesis presents a study of the embryonic choroid plexus in relation to 

fibroblast growth factor receptor mutations in syndromic craniosynostosis. To 

introduce the biological concepts, the three major themes of study will be 

described. These are:

The choroid plexus, an overview of function and embryonic development. 

The craniosynostosis syndromes in man.

The fibroblast growth factor family of ligands and their receptors.

Finally, these themes will be consolidated to form the hypothesis for this study.

1.1: The adult mammalian choroid plexus

This section presents a general overview of the adult mammalian choroid 

plexus in terms of anatomy, structure and function.

The choroid plexuses (CPs) are highly specialised secretory organs situated 

within the ventricular system of the brain. The human ventricular system is 

illustrated in Fig. 1.1. The position of the CPs in the ventricular system is 

illustrated in Fig. 1.2. The primary function of the CPs is to synthesise and 

secrete cerebrospinal fluid (CSF).

CPs protrude into the fluid-filled ventricular cavities. The forebrain CPs are 

situated in the median wall of each lateral ventricle of the cerebral hemispheres, 

(in the body, the collateral trigone and inferior horn) and in the roof of the third 

ventricle, situated in the diencephalon. In most mammalian species, the third 

ventricle CP is continuous with the lateral ventricle CPs, and so may be derived 

from a single cell population (Netsky and Shuangshoti, 1975). The hindbrain CP 

is located in the caudal roof of the fourth ventricle. Lateral ventricle CPs have a 

thin, veil-like morphology whereas fourth ventricle CP is thicker and more 

lobular in structure. The smaller third ventricle CP has an ‘intermediate’ 

morphology. (Strazielle and Ghersi-Egea, 2000).
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Ultrastructurally, CPs consist of a single layer of ciliated cuboidal epithelium 

(CPe), overlying a continuous basal lamina, which surrounds a highly vascular 

central core containing loose connective tissue (Gomez et al., 1981, Sturrock, 

1979, Chamberlain, 1973). The CPe is continuous with the ependymal cells that 

line the ventricular system. However, unlike the ependyma, the CPe is folded 

into numerous frond-like villi. Two CP villi are illustrated schematically in Fig.

1.3. The apical surfaces of CPe cells face the ventricular cavities. CPe cells 

interconnect by means of tight junctions at their apico-lateral borders. The 

apical surfaces of CPe cells have a tightly packed brush-border of microvilli, and 

intermittent bundles of elongated cilia that protrude into the ventricular cavities. 

The basal aspects of CPe cells are highly convoluted, and associate closely 

with the extracellular basement membrane. As a consequence of these 

morphological adaptations, the CPs have a large surface area relative to their 

size. It has been estimated that the total apical surface area of the CPs in the 

adult human is approximately 200 cm  ̂(Voetmann, 1949). More recently. Keep 

and Jones (1990) estimated the total surface area of adult rat CPs to be as high 

as 75 cm .̂

Underlying the CPe cells and basement membrane is the CP stroma. This is a 

fibrovascular matrix, which is continuous with the leptomeningeal membranes 

(the pia mater and arachnoid mater layers) that cover the brain. The CP stroma 

is highly vascularised with many large capillaries embedded in a loose 

connective tissue. The CP connective tissue contains fibroblasts, macrophages 

and dendritic cells (Fig. 1.3).

Epiplexus, or Kolmer cells are present on the ventricular surfaces of CPe.

These cells are closely associated with CPs and are regarded as part of the 

tissue. Kolmer cells are thought to be similar to macrophages in function (Ling 

et al., 1998).
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Fig. 1.1: The human ventricular system

A: Lateral view of the human brain, showing the ventricular architecture (blue). 

B: Frontal view of the human brain, showing the ventricular architecture.

The forebrain CPs are situated in the median wall of each lateral ventricle and 

in the roof of the third ventricle, situated in the diencephalon. The hindbrain CP 

is located in the roof of the fourth ventricle. Adapted from Martin, (1993).
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Third ventricle CP

Fourth ventricle CP

Fig. 1.2: Location of the choroid plexuses in the human ventricular system

Lateral view of the human brain, showing the location of the choroid plexuses 

(CPs) within the ventricular architecture. The lateral ventricle CPs are situated 

in the median wall of each lateral ventricle. The third ventricle CP is situated in 

the roof of the third ventricle. The fourth ventricle CP is located in the roof of the 

fourth ventricle. Adapted from Martin, (1993).
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Fig. 1.3: Schematic illustration of two choroid plexus villi

The choroid plexus (CP) is continuous with the ependymal cells lining the 

ventricular cavities. The CP consists of an outer cuboidal epithelial cell layer 

(CPe) lying on a basement membrane, overlying a highly vascularised loose 

connective tissue stroma. The CPe have numerous microvilli and groups of cilia 

on their apical surfaces, and are interconnected by apical tight junctions. Each 

villus contains a capillary network of fenestrated endothelial cells. The stromal 

connective tissue is made up of collagen fibres and fibroblast cells. Also within 

the stroma are globular macrophages and dendritic cells. Kolmer cells are found 

on the ventricular surfaces of the CPe. Adapted from Strazielle and Ghersi- 

Egea, (2000).
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1.2: Functions of the choroid piexus

It is estimated that the combined weight of the CPs represents just 0.2% of total 

brain weight in mammals (Johanson, 1999). However, in spite of their small 

size, the CPs have several important functions, which make a major 

contribution to the chemical and volume homeostasis of the brain.

1.2.1: Barrier properties

The blood brain barrier prevents the free-passage of substances from the 

circulation into the brain. It has been known for almost a century that 

intravenous administration of various dyes results in staining of virtually all 

tissues of the body, except for the brain (Davson et al., 1987). The work of 

Goldmann in the early twentieth century showed that vascular administration of 

trypan blue stains the tissues of the CPs and meninges, but not the CSF and 

brain matter (Goldmann, 1909, cited by Davson et al., 1987). However, direct 

administration of the dye to the brain ventricles results in heavy staining of the 

brain and the CSF (Goldmann, 1913, cited by Davson et al., 1987). Thus barrier 

properties are present between the blood and the brain, but this barrier can be 

circumvented by direct injection of substances into the ventricular CSF. Once 

substances are present in the CSF, they have relatively free exchange between 

the CSF and brain tissues. Goldmann was the first investigator to suggest that 

the mode of entry into the brain for many substances was via the cells of the 

CPs (Davson et al., 1987).

It is now known that the barrier properties of the brain are facilitated by the 

endothelial cells of the brain capillaries (Brightman, 1969, Rubin et al., 1991). 

The endothelial cells in the brain differ from other peripheral capillaries in two 

respects. Firstly, there are tight junctions with very high electrical resistance 

between endothelia (Crone and Opiesen, 1982, Butt et al., 1990). Tight 

junctions are occlusive regions of contact between cells, and as such they 

severely limit paracellular movement of substances between brain endothelial 

cells. Secondly, the rate of fluid endocytosis by brain endothelia is relatively 

slow in comparison with that of endothelia from other sites (Reese and 

Karnovsky, 1967). Thus transcellular flux is limited.
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The endothelial cells supplying the CPs differ from most brain endothelia. The 

vessels in the capillary beds of the CPs do not express tight junctions, and are 

‘fenestrated’, similar to non-brain capillary endothelia. These fenestrated 

endothelia allow passage of plasma-borne substances between the blood and 

the CP interstitium. In the CPs, barrier properties are present at the CPe/CSF 

interface. CPe cells interconnect by occlusive tight junctions at their apico- 

lateral borders, which severely restrict paracellular movement of fluid and 

solutes into the CSF. The presence of tight junctions is one of the distinguishing 

morphological features of CPe in comparison with ependymal cells, which do 

not have intercellular tight junctions.

1.2.2: Production of cerebrospinal fluid

The epithelial cells of the CPs produce approximately 70-90% of total 

cerebrospinal fluid (CSF) (Davson et al., 1987, Segal, 2001). The remaining 

volume of CSF is secreted by the capillary endothelial cells of the blood brain 

barrier (Segal, 2001). CSF surrounds the entire brain and spinal cord, filling the 

ventricular system, the spinal canal, the brain cisternae, and the subarachnoid 

spaces (Fig. 1.5). In humans, the total volume of CSF is approximately 150 ml. 

CSF is replaced every 6 hours, and so the total daily production rate in man is 

approximately 600 ml (Wright, 1978).

The CSF serves several functions; it provides the CNS tissues with hydraulic 

support and protection from mechanical injury. CSF provides a suitable 

homeostatic environment, essential to the normal functioning of the central 

nervous system. CSF may also contribute molecular signals to the central 

nervous system during development and beyond (Johanson, 1999).
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1.2.2.1: CSF composition

The composition of plasma and CSF is generally quite similar, although CSF 

has a higher Mg'""" concentration, and a lower K"", Ca^ ,̂ amino acid and glucose 

level than a simple dialysate of plasma. Protein content however, differs 

considerably. The CSF contains substantially less protein than the plasma, 

giving CSF a clear, watery consistency. The components of plasma and CSF 

are compared in Table 1.1.

Component/Properties Plasma CSF

N a ^  (mM) 155 151
(mM) 4.6 3.0

Mg (mM) 0.4 1.0
Ca (mM) 2.9 1.4
Cl (mM) 121 133
HCO3 (mM) 26.2 25.8
Glucose (mM) 6.3 4.2
Amino acids (mM) 2.3 0.8
Protein (mg/100g) * 6500 25

7.4 7.4
Osmolality mosmol/kg H2O 300 305

Table 1.1: Composition of the CSF and plasma in the dog
* Protein reading is from the rabbit. Adapted from Davson et al., (1987).

1.2.2.2: CSF production and secretion

The CSF is not simply an ultrafiltrate of the blood. The evidence against this is 

compelling. Firstly, the hydrostatic pressure on the capillaries of the CP is 

insufficient for ultrafiltration. Secondly, the osmolarity of the CSF is hypertonic 

with respect to the plasma. Thirdly, the ionic composition of CSF does not 

match the theoretical concentration as predicted for an ultrafiltrate using the 

Gibbs-Donnan equilibrium. Finally, CSF ionic concentrations do not alter in 

circumstances where plasma ionic concentrations are changed significantly. 

These factors indicate that there are specific pathways involved in the process 

of active secretion of CSF by the CPs (Speake et al., 2001). The CPe is well 

adapted for secretion. In addition to the high surface area of the apical and 

basal cell membranes already described, CPe cells have many mitochondria.
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and a well-developed endoplasmic reticulum. These features are typical of 

secretory cells.

The physiology of fluid production and secretion by the CP is highly complex, 

and lies beyond the boundaries of this thesis. However, secretory behaviour is a 

fundamental component of the CPs, and so secretion will be described in very 

brief terms for clarity.

Production of CSF is a continuous process, which occurs at a variable rate, 

depending upon many different factors such as time of day (Nillsson et al.,

1992), stress and activity (Myers and Sharpe, 1969) and age (May et al., 1990). 

The average CSF formation rate in humans is contentious, as values vary 

depending upon the method of measurement used, and the presence or 

absence of underlying pathology. The generally accepted figure for CSF 

production rate in man is 0.35-0.4 ml/min (Cutler et al., 1968, Lorenzo et al., 

1970, Minns et al., 1987, Davson et al., 1987). Recently, using non-invasive 

magnetic resonance imaging to detect and calculate CSF flow in healthy adults, 

Gideon et al., reported that CSF production rate averaged 0.69 ml/min, a total of 

> 900 ml over 24 hours (Gideon et al., 1994).

CSF production starts at the endothelial cells within the CPs. A simple dialysate 

of plasma passes across the fenestrated endothelial cell walls. The epithelia 

and vascular endothelia of the CPs are closely associated with one another via 

a basement membrane to accommodate the secretory function of the CPe. The 

CPe forms the CSF from this dialysate. There are four major transport 

mechanisms that have been identified in the process of CSF secretion at 

present, although other secretory processes may yet be determined. The basic 

model of CSF secretion is illustrated in Fig. 1.4 and described below.
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Fig. 1.4 Model of secretion of CSF by the mammalian choroid plexus

The movement of anions, sodium ions and water across the choroid plexus 

epithelium into the ventricles is driven by the various exchanger and transporter 

molecules indicated. Transport mechanisms operate in concert on the apical 

and/or basal surfaces of the choroid plexus epithelial cells to build osmotic 

pressure gradients. This facilitates the movement of water from the blood to the 

CSF. Adapted from Speake et al., (2001).

26



1) Anion transport. This is facilitated by carbonic anhydrase, an enzyme that 

catalyses the conversion of H2O and CO2 to HCO3" and H .̂ The HCO3' either 

leaves the CPe cell via the HCO3' transporter, situated in the apical membrane, 

or is used to drive the accumulation of Cl" via the HC0 3"/Cr exchanger in the 

basolateral membrane.

2) Sodium transport. Sodium ions enter the CPe from the blood via a chemical 

gradient in exchange for H* (produced during carbonic anhydrase catalysis). 

The Na^-H^ exchanger on the basolateral surface of the CPe facilitates the 

movement of sodium ions into the CPe cells. The Na^ is then secreted into the 

ventricular fluid via the Na^K^ATPase pump, situated on the apical surface of 

the CPe cells. Na‘"K‘"ATPase maintains the Na"" gradient for the Na^H  ̂

exchangers in the basolateral membrane.

3) Water transport. The secretion of N a \ Cl' and HCO3' creates an osmotic 

gradient, which is sufficient to drive the passage of water into the ventricles.

H2O movement is thought to be mainly transcellular via Aquaporin-1, also 

known as CHIP 28, a water channel, located in the apical membrane, and also 

possibly in the basal membrane of CPe cells (Neilson et al., 1993, Wintour, 

1997).

4) transport. Na'"K'"ATPase generates a rise in the concentration of K"" ions in 

the CPe. The efflux of across the apical membrane occurs via the Na^K*2CI' 

cotransporter, or via apical channels. There is a small retrograde flux of 

across the CPe (i.e. ions move from apical to basal surfaces). A small 

concentration of ions leaves the CPe cells via channels in the basal 

membrane, which as yet are unidentified (Speake et al., 2001).

1.2.2.3: The movement and re-absorption of cerebrospinal fluid

The movement of CSF is illustrated in Fig. 1.5 CSF ‘flows’ through the 

interconnecting ventricular system, and enters the subarachnoid spaces 

surrounding the brain and spinal cord via three foramina in the fourth ventricle. 

The medial foramen of Magendie is situated in the roof of the fourth ventricle, 

and allows passage of fluid from the fourth ventricle to the cisterna magna, 

situated caudal to the cerebellum (Fig. 1.5A). The foramina of Luschka are 

located in the bilateral recesses of the fourth ventricle, which extend anteriorly 

around the medulla oblongata. The foramina of Luschka allow passage of CSF
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from the fourth ventricle to the cisterna pontis, located on the basal aspect of 

the brain stem (Fig. 1.5A). The CSF passes caudally, around the spinal cord 

and rostrally around the brain, filling the subarachnoid spaces (Fig. 1.5B). The 

CSF is returned to the blood via portals, called arachnoid villi. Arachnoid villi are 

one-way valves’ of arachnoid meningeal membrane, which protrude through 

the dura into the superior sagittal venous sinus of the cranium, providing a 

direct route for drainage of CSF back into the blood (Davson et al., 1987). 

Hydrostatic pressure gradients drive the subarachnoid CSF across the 

arachnoid granulations, and into the blood. In addition to this ‘bulk flow’ model, 

small quantities of CSF are also absorbed at multiple sites via the central 

nervous tissues (Greitz et al. 1997).

Movement of CSF around the ventricles and the brain and spinal cord arises as 

a result of beating cilia on the surface of ependymal cells, the pulsatile blood 

flow close to the subarachnoid spaces, and the constant production of new CSF 

by the CPs (Grietz et al., 1997).

1.2.3: Synthesis of proteins

The production and/or transport of molecules by the CPs is of great 

significance, as substances passed into the CSF undergo convective 

distribution to the brain tissue underlying the ependyma and pia-glia walls. This 

is frequently referred to as volume transmission’. These proteinaceous signals 

and trophic factors are thought to have fundamental roles in maintaining brain 

homeostasis, in facilitating normal brain development, and in processes 

involved in injury repair (Nicholson, 1999).

The CPe synthesises protein molecules such as the transport molecules 

transthyretin (Dickson et al., 1986) and transferrin (Urban et al. 1998), enzyme 

inhibitors such as cystatin C and alpha-2 macroglobulin (Thomas et al. 1989), 

and proteins involved in brain metabolism such as beta-trace, and gamma-trace 

(Thompson, 1988). Several growth factors have been localised to the adult CP 

and CSF e.g. IGF II (Stylianopoulou et al. 1988) and FGF2 (Yoshimoto et al., 

1996, Stopa et al., 2001).
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Fig. 1.5: Flow of CSF around the brain

A: Sagittal section of the human brain, indicating the major brain landmarks.

B: CSF movement (blue arrows). CSF produced by the choroid plexuses (*) 

‘flows’ to the various areas of the brain and spinal cord via the foramina of 

Luschka, and Magendie, situated in the fourth ventricle. CSF passes into the 

subarachnoid spaces. The fluid flows caudally, surrounding the spinal cord, anç 

rostrally around the brain. The CSF flows into the blood via the arachnoid villi, 

situated in the superior sagittal venous sinus. Adapted from Martin, (1993).
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1.2.3.1: Transthyretin expression

One protein of particular interest in this study is transthyretin (TTR). The 

synthesis of TTR is a major function of the CPs. TTR is produced and secreted 

by the CPe (Kuchler-Bopp et a!., 1998, Thomas et al, 1988). The liver produces 

plasma TTR. However, per gram of tissue, the CPs contain 10 times as much 

TTR mRNA and secrete TTR at a rate 13 times faster than the liver (Dickson et 

al., 1986, Zheng et al., 1999). TTR production accounts for at least 20% of all 

protein synthesised by the CPs in the rat (Fung et al., 1988) and constitutes 

approximately 50% of all secreted proteins from the CPe cells into the CSF 

(Dickson et al., 1986).

TTR is a highly conserved 55 kDa tetramer protein, which binds thyroid 

hormone derivatives and retinoid binding protein. TTR is composed of four 

identical subunits of 127 amino acids each (Sunde et al., 1996). The central 

cleft of the TTR molecule is the binding site for the thyroid derived hormones,

T3 (triiodothyronine) and T4 (thyroxine) (Sunde et al., 1996). The outer aspects 

of the TTR molecule bind retinol-binding protein in association with retinol 

(Kopelman et al., 1976).

TTR is of particular importance for cerebral thyroid hormone homeostasis, I 

because it is the only thyroid hormone-binding extracellular protein that is ( 

synthesised in the brain (Schreiber et al., 2001). TTR synthesis by the CPs thus 

has a direct influence upon the thyroxine levels in the brain. Thyroid hormones 

are known to be essential for normal brain development. The mode of action of 

thyroid hormones on the developing brain is not clear, but a thyroid deficiency 

during brain growth leads to multiple abnormalities in the neuronal cells of the 

CNS. These include a decrease in the deposition of myelin, stunting of dendrite 

growth, and a reduction in the number of synapses (Thomas et al, 1988). The 

binding of thyroxine to TTR allows for a fine control of the levels of thyroid 

hormone in the CSF, and the extracellular spaces of the brain tissues.

Reduction of TTR in the CSF may lead to changes in the balance of thyroid 

hormone in the CNS (Southwell et al., 1993).
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TTR mRNA is detected in presumptive CPe cells at the earliest stage of 

development. This will be discussed later in this chapter.

1.2.4: Other functions of the choroid plexus

As well as the fundamental roles in maintaining brain barrier properties, the 

production of CSF, and synthesis and transport of proteins, the CPs have other 

key roles, which will not be described in detail. These are:

1) Transport of micronutrients to the CSF e.g. water soluble vitamins.

2) Retrograde transport of molecules from the CSF, such as organic anions 

and cations (Gao and Meier, 2001).

3) Immune system surveillance and response to pathogenic organisms 

(Engelhardt et al., 2001).

4) Metabolism of potentially harmful drugs (Ghersi-Egea and Strazielle, 2001).

5) Accumulation of heavy metals e.g. lead (Zheng, 2001).

In summary, CPs in the adult serve several important functions, which have 

been briefly described here. CPs act as a barrier to solutes between the blood 

and the CSF. The production of CSF by the CPe provides nutritional, 

hydrational and mechanical support to the central nervous system. CPs 

maintain extracellular homeostasis, in terms of controlling CSF composition, 

and they are sites of immunological and toxicological protection. The nature and 

function of the CPs during embryonic development is currently much less well 

understood. In the following section, embryonic CP development will be 

reviewed.

1.3: The embryonic choroid plexus

This section presents an overview of the CPs during embryonic development. 

The stages of development in the mouse and rat are represented by the prefix 

‘E’ (embryonic day) followed by the number of days post conception.
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1.3.1: Development of the ventricular system and choroid 

plexus

As the anterior neuropore of the neural tube closes, at approximately E9.5 in 

the mouse and during the fourth week in humans, the rostral neural tube is 

distinguished by three morphological dilatations, known as the brain vesicles. 

Fig. 1.6 shows a schematic illustration of a dorsal and lateral view of the neural 

tube in a 4-week human embryo. These early divisions are the prosencephalon 

(forebrain), the mesencephalon (midbrain) and the rhombencephalon 

(hindbrain) (Fig. 1.6A). There are two prominent flexures at this stage of 

development. These are the cervical flexure, and the cephalic flexure (Fig. 

1.6A). The large dilated cavities within the neural tube constitute the early 

ventricular system (Parent, 1996, Dziegielewska et al, 2000). At early stages of 

development, the ventricular system is large in comparison to the thin walled 

neuroepithelium that surrounds it. As brain development proceeds, the 

prosencephalon subdivides into two symmetrical telencephalic vesicles 

collectively called the telencephalon, and one centrally located diencephalic 

vesicle, the diencephalon. The mesencephalon does not subdivide, whereas 

the hindbrain divides into the metencephalon and the mylencephalon. The 

morphology of the human neural tube at 6 weeks is shown in Fig. 1.6B and C. 

During brain development, the telencephalic vesicles expand and fold caudally 

over the diencephalon, forming the cerebral hemispheres, which eventually 

envelop the entire diencephalon and midbrain, and part of the hindbrain. This 

morphological movement of the developing brain ultimately gives rise to the 

complex three-dimensional structure of the adult ventricular system, shown 

previously in Fig. 1.1. (Parent, 1996).

The CPs begin to differentiate when the brain has subdivided into the five brain 

vesicles, at approximately week 6 in humans, and E10 in the mouse.

The mammalian choroid plexus originates from two distinct embryonic lineages. 

The choroid plexus epithelium (CPe) is derived from the neuroepithelium of the 

neural tube, whereas the choroid plexus mesenchyme (CPm) is derived from 

primitive paraxial cranial mesoderm (Wilting and Christ, 1989). In the case of 

the lateral ventricle CPm, the mesodermal cells may be derived from the neural 

crest (Couly et al., 1993, Catala, 1998).
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Fig. 1.6: Schematic diagram of the brain vesicles and ventricular system 

in the embryonic human

A: Neural tube at 4 weeks gestation, a) Dorsal view of an outstretched neural 

tube in cross-section, indicating the three brain vesicles, b) Lateral view of the 

flexed neural tube. B: Dorsal view of an outstretched neural tube at 6 weeks 

gestation, in cross section, indicating the five brain vesicles and ventricular 

system. C: Lateral view of the flexed neural tube at 6 weeks gestation. Adapted 

from Parent (1996).

34



Rostral

Prosencephalon

Mesencephalon

Rhombencephalon

Caudal

Dorsal 
Rhombencephalon

Cervical 
flexure

B

Cephalic flexure

—  Mesencephalon 

4 /  Prosencephalon

Ventral

Rostral

Intraventricular foramen

Telencephalon

Third ventricle 

Optic vesicle

Future cerebral 
aqueduct

Fourth ventricle 

Central canal

Lateral ventricle 

Diencephalon

Mesencephalon

Myelencephalon

Caudal

Dorsal
Metencephalon

Pontine flexure
IsthmusMyelencephalon

Mesencephalon

Spinal cord Diencephalon

Telencephalon
Ventral

35



1.3.2; Morphological development of the choroid plexus
Signs of CP formation are first observed in the fourth ventricle between E10 and 

E10.5 in the mouse (0. Johanson, personal communication). The lateral 

ventricle CPs begin to form later, at approximately E11, and the third ventricle 

CP develops at approximately E12.5. CP morphogenesis occurs later in the rat 

than in the mouse. The fourth ventricle CP appears at E12, the lateral ventricle 

CPs at E13, and the third ventricle CP at E16 (Thomas et al., 1993, 

Dziegielewska et al., 2001). The order in which CPs develop in the fourth, 

lateral and third ventricles appears to be a consistent feature between many 

species (Dziegielewska et al., 2001). At the time of CP differentiation, most cells 

of the neural tube are undifferentiated pseudostratified neuroepithelium. CP 

differentiation is thus an early process in brain development, occurring before 

neurogenesis commences (Thomas et al., 1989; Chamberlain, 1973, Catala, 

1998).

The earliest evidence of developing CP primordia in the roof of the fourth 

ventricle has been identified as a single layer of cells expressing transthyretin 

(TTR) mRNA. TTR is expressed at low levels in these cells as early as E10 in 

the rat, before the cells of the presumptive CPe are morphologically apparent 

(Cavallaro et al., 1988). TTR-positive cells are sharply demarcated from the 

surrounding cells of the neuroepithelium, which do not express TTR (Thomas et 

al., 1988). Thus TTR is an excellent marker gene for distinguishing the CPe 

phenotype from all other tissues that surround it in the developing embryo 

(Thomas et al., 1992). By El 1.5 in the mouse, and E l2 in the rat, the TTR- 

positive cells of the fourth ventricle are morphologically distinct as transverse 

bilateral ridges of epithelial cells, protruding into the ventricular spaces (Thomas 

and Dziadek, 1993). These ridges are referred to as the ‘choroid folds', or the 

tela choroidea (Muller & O'Rahilly, 1990). In both mouse and rat, the ridges 

develop quickly, becoming highly vascular and forming primitive CP villi by El 3. 

As development proceeds, the CPe thins and the ridges become more 

convoluted and arboreous.

As seen in fourth ventricle CP development, TTR mRNA expression 

commences in cells within the presumptive lateral ventricle CP region prior to 

morphological development, between El 1 and El 1.5 in the rat (Cavallaro et al.
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1993, Thomas et al., 1988). Morphological development of the lateral ventricle 

CPs occurs at El 1 in the mouse (Sturrock, 1979) and E l3 in the rat (Cavallaro 

et al., 1993). The presumptive CPs of the lateral ventricles, often referred to as 

the ‘choroid plaques’, are evident as small ridges of thinning neuroepithelium in 

the dorsal midline of the invaginating telencephalic vesicles (Sturrock, 1979). 

The choroid plaques are distinguished by the presence of pyknotic cells at the 

sites of out-folding (Sturrock, 1979). The median wall of the murine 

telencephalon at El 1 has four distinct zones at this stage. From dorsal to 

ventral these are, a) the neuroepithelial layer of the cerebral cortex, b) the 

cortical hem, which is a region of thinning pseudostratified neuroepithelium, c) a 

junctional epithelium, which may contain CPe precursors, and d) the choroid 

plaque (Grove et al., 1998). Following morphological differentiation, the CPs of 

the lateral ventricles develop rapidly, becoming highly vascular and tortuously 

folded by E l4 (Sturrock, 1979).

Third ventricle choroid plexus development occurs later than that of the fourth 

ventricle and lateral ventricle CPs, and it is comparatively much smaller in size 

(Strazielle and Ghersi-Egea, 2001). It has been suggested that third ventricle 

CP develops from lateral ventricle CP via the interventricular foramina (Netsky 

and Shuangshoti, 1975, Catala, 1998). Third ventricle CP development however 

has not been well described.

As development proceeds, the folds of CP tissue enlarge, and change 

morphology into a lobular structure, with many undulations on the ventricular 

surface. It is postulated that the rapid growth in surface area of CPs during 

development is attained by morphological cell-shape changes rather than by 

cellular proliferation (Sturrock, 1979, Dziegielewska, 2001). The finger-like villi, 

consist of tightly packed pseudostratified or columnar epithelial cells 

surrounding a vascular mesenchymal core. The epithelial layer thins rapidly to a 

simple columnar and cuboidal epithelia (Sturrock, 1979, Chamberlain, 1973).

Netsky and Shuangshoti, (1975) described four distinct stages of CP 

morphogenesis in the lateral ventricle CPs of the human embryo, which 

summarise CP morphological development. These stages are shown in Table 

1.2 .
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Stage 1 Stage II Stage III Stage IV

Gestation Week 7 Week 9 Week 17 Week 29

Duration 2 weeks 8 weeks 12 weeks 11 weeks

Epithelium 
(Nuclear location)

PS, tall. 
(Central)

Low columnar 
(Apical)

Cuboidal
(Apical/central)

Cub/Squamous
(Central/basal)

Glycogen Absent? Abundant Moderate Minimal

Villi Absent Sparse - 
primary villi

Many - 
primary villi

Many -  
villi with fronds

Mesenchyme Loose V. loose Loose. Scant

Connective tissue None Small Moderate Large

Vascularity Islets of 
blood cells. 
Vascular 
walls
incomplete

Sub-epithelial 
capillaries. 
Large central 
blood vessels

(Same vasculature at both stages) 
Well formed vascular walls. 
Capillaries in villous core.
Large blood vessels in central 
stroma.

Plexus size* Minute Huge Moderate Small

Table 1.2: Stages of differentiation in human lateral ventricle choroid

plexus.
Abbreviations; PS: pseudostratified, Cub: cuboidal. *Plexus size is described in relation to the 

size of the ventricle. Adapted from Netsky and Shuangshoti, (1975).

1.3.2: Induction and gene expression of the choroid plexus

It is not clear at present as to what signals may initiate the development and 

subsequent specialisation of the CPs. There are very few studies that have 

assessed CP induction directly, although recent molecular work has implicated 

several signalling molecules that may be involved in CP ontogeny and early 

function.

The spatial and temporal aspects of CP determination have been assessed 

using an in vitro system. Thomas and Dziadek, (1993) cultured a variety of 

regions of embryonic neural ectoderm in the mouse, and assessed the cultures 

for the formation of polarised epithelial vesicles and TTR expression, as 

indicators of CP phenotype. At E8.5, all regions of the cranial neural ectoderm 

had the potential to form CPe, whereas spinal cord neural ectoderm did not. At 

E9.5, however, CP induction was restricted to subset of cultured neural 

ectodermal cells, from forebrain and hindbrain regions that would normally
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differentiate into CPe in vivo. Neural ectoderm cells from the forebrain and 

hindbrain regions that do not normally form CPe, could differentiate to a CPe 

phenotype only when normal celhcell contacts had been disrupted prior to 

plating. These experiments suggest that the potential for neural ectodermal 

cells to differentiate into CPe becomes progressively restricted as development 

proceeds, and also highlight the importance of cellicell interaction in the control 

of developmental processes involved in CNS differentiation.

It has been suggested that differentiation of the CPs occurs at sites of 

epithelial/mesenchymal interaction, where the neural tube is thinnest. Birge, 

(1962), demonstrated that CP could be induced in the chick embryo by 

apposition of primitive leptomeningeal tissue with neuroepithelium. He 

suggested that the primitive mesenchyme of the leptomeninges produces 

signalling factor(s) which result in the induction of a CP phenotype (Birge,

1962).

IGF-II. In the adult, insulin-like growth factor-ll (IGF-II) mRNA is expressed in 

abundance in the cells of the CPe, and in the leptomeninges, whereas the 

remaining CNS is essentially negative (Cavallaro et al., 1993). Cavallaro et al., 

(1993) proposed a model of CP induction implicating IGF-II as the putative 

mesenchymal signalling molecule in CP induction. In the rat embryo at E10, 

IGF-II mRNA is not expressed by the neuroepithelial cells of the primitive neural 

tube, but is expressed in abundance by primitive mesenchymal cells (Cavallaro 

et al., 1993, McKelvie et al., 1992). The model proposed by Cavallaro et al., 

(1993) states that IGF-II signalling occurs where the mesenchyme is in very 

close proximity to thinnest regions of the neural tube. Firstly, CP morphogenesis 

is induced by the persistent trophic action of IGF-II, synthesised by its adjacent 

mesenchyme. Secondly, CP primordia commence low-level expression of IGF-II 

themselves, supported by the continued mesenchymal expression of IGF-II. 

Thirdly, with further maturation of the CPe, more CP cells become committed to 

IGF-II synthesis and secretion, and mesenchymal expression of IGF-II is down 

regulated. Finally, maturation of the CPe depends on autocrine IGF-II 

regulation. This proposed model, however is based on IGF-II expression data 

only, and therefore requires experimental testing.
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Bmps (bone morphogenetic proteins) are members of the transforming growth 

factor p (TGFp) superfamily of peptide growth factors. The expression pattern of 

several Bmps provides some evidence that this family of growth factors may be 

involved in CP induction. In the mouse, Bmp expression precedes CP 

differentiation, and marks the future site of CP formation. At E10.5 and E11.5 

expression of Bmp2, Bmp4, Bmp6 and Bmp7 mRNA are co-expressed in the 

dorsomedial telencephalon, in the region where CP primordia develop (Furuta 

et al., 1997). By E l3.5, strong Bmp4, Bmp5, Bmp6 and Bmp7 expression is 

identified in the developing CP of the forebrain itself, and in the cortical hem, 

which lies immediately dorsal to the CP-forming region. This Bmp expression 

coincides with areas of reduced rates of cell proliferation in the dorsomedial 

telencephalon. Bmp expression domains are very similar to that of the winged 

helix DMA binding molecule, fork head homologue-4 (Hfh-4) at E l 3.5 in the 

mouse (Furuta et al., 1997). At this stage, Hfh-4 is specifically expressed in the 

CPe (Lim et al., 1997) (see below). These results indicate that Bmp 

transcription correlates well with CP differentiation (Furuta et al., 1997). During 

experimental testing in vitro, Furuta et al., (1997) discovered that Bmp4 or 

Bmp2 soaked beads induced discrete expression of the muscle segment 

homeobox-1 gene (Msx1) in explants of lateral telencephalon, a region where 

Bmps are not normally expressed. This finding is of interest as Bmp expression 

immediately precedes that of Msx1 in the presumptive CP forming region of the 

dorsal medial telencephalon in vivo (see below). In this assay Hfh-4 was not 

induced by Bmp soaked beads, although the effect of different combinations of 

Bmps on Hfh-4 expression was not evaluated (Furuta et al., 1997).

Msx1 and Msx2 (formally known as Hox-7 and Hox-8 respectively) are 

homologues of the Drosophila muscle segment homeobox gene. Msx genes in 

vertebrates encode DMA binding proteins that are involved in several 

epithelial/mesenchymal interactions. At El 1.5 in the mouse, Msx1 expression is 

present in the CP primordia of the lateral ventricle at higher levels than in the 

surrounding neuroepithelium. As CPe development proceeds, Msx1, and Msx2 

mRNAs are expressed in the CP cells themselves (Grove et al., 1998, 

Nishikawa et al., 1994). Msx genes have been implicated as downstream 

targets of Bmps (Furuta et al., 1997, Grove et al., 1998), suggesting that these 

molecules may be part of a signalling cascade involved in CP differentiation.
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Wnt genes encode secreted proteins that are involved in several developmental 

processes, particularly in the formation of embryonic boundaries. The 

Drospohila homologue is the wingless gene, which is expressed in the 

parasegments of the body axis and in the dorso-ventral boundary of the wing 

imaginai discs. Grove et al., (1998) studied the expression of several l/l/hf genes 

in the developing cerebral hemispheres of the mouse, and found that 

expression of Wnt 2b, 3a, 5a and 7a were expressed in the cortical hem just 

prior to, and as the telencephalic CPs differentiate. This Wnt rich region 

appears to form a ‘boundary zone’ between the developing hippocampus, and 

the precursors to lateral ventricle CPs. Wnt gene homologues in Drosophila are 

transcriptionally regulated by cubitus interruptus {ci), of which the mammalian 

homologue is G//3. Interestingly, G//3 deficient mice lack lateral ventricle CPs 

(Franz et al., 1994). However the CPs do not express G//3 themselves, 

suggesting that the effects of the mutation are on downstream targets. G//3 

mutant mice, however, do develop CPs in the third and fourth ventricles, 

suggesting that the induction mechanism for CPs at discrete locations in the 

CNS may be different. This suggestion is supported by the analysis of the 

mouse mutant, dreher  ̂which fails to develop a fourth ventricle CP, whereas 

forebrain CP development appears to be unaffected. Due to a deletion of the 

Lmx1a transcription factor, the dreher  ̂mutant lacks a roof plate in the early 

stages of patterning the dorso-ventral axis of the neural tube. This results in a 

failure of dorsalisation of the neural tube in caudal regions (Millonig et al, 2000).

Hfh4 (fork head homologue-4) is a winged helix DMA binding transcription 

factor that is expressed in the embryonic CPe. In the mouse embryo, Hfh4 

mRNA expression is first detected in the roof of the hindbrain, and at a lower 

level in the dorsal medial telencephalon at El 1 in the future CP-forming regions 

(Lim et al., 1997). By El 3.5, Hfh4 is detected specifically in the CPe of the 

fourth, lateral, and third ventricles. Hfh-4 expression continues in the adult CPs 

(Lim et al., 1997). Recent immunohistochemical studies reveal that Hfh-4 

expression during development is localised to ciliated epithelial cells. 

Furthermore, the timing of Hfh-4 expression suggests that this molecule may be 

involved in the generation of motile cilia, such as those on the surface of CPe 

(Blatt et al., 1999).
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1.4: Functions of the embryonic choroid piexus

The functions of the embryonic CPs are less well characterised than in the 

adult. However over recent years, evidence has accumulated to suggest that 

embryonic CPs perform several functions, which are similar to those in the 

adult. In addition, it appears that embryonic CPs may have an important role in 

brain development, by synthesising and/or transporting proteins and growth 

factors to the CSF during neurogenesis.

1.4.1; Barrier properties

For years it had been a widely held belief that barriers preventing passage of 

proteins and other solutes to the CSF were immature or ‘leaky’ in the embryo. 

These conclusions were based on experiments involving the intravenous 

injection of dyes, where passage into the embryonic brain matter and CSF was 

observed. However in most cases, the volume of dye and/or concentration of 

protein used was very high, and these experiments are now considered to be 

unphysiological’ (Saunders et al., 1999). There is no doubt, however that the 

concentration of total protein in the foetal CSF is greater than in the adult 

(Dziegielewska et al., 1981) (see Table 1.3 later in this section).

As described in section 1.2.1, one of the fundamental components of the adult 

blood brain barrier is the presence of tight junctions between brain endothelial 

cells. Similarly, tight junctions between adjacent CPe maintain the blood CSF 

barrier in the adult CP (Sarnat, 1998, Sturrock, 1979, Chamberlain, 1973). Over 

recent years, it has become clear that tight junctions between brain endothelia, 

and the CP in the embryo are functional and intact very early on in development 

(Saunders et al., 1999, Catala, 1998, Dziegielewska et al., 2001). Tight junction 

formation occurs between endothelia as soon as the blood vessels invade the 

developing brain, and between CPe as soon as the CP differentiates (Mollgard 

et al., 1976, Mollgard and Saunders, 1986). It appears that tight junctions 

between embryonic CPe are sufficiently well developed to prevent free passage 

of proteins across embryonic CPe from an early stage (Saunders et al.,1999). 

This has been confirmed by protein permeability studies (Dziegielewska et al., 

1981, 1991, Knott et al., 1997).
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Whilst tight junctions are present in embryonic CPe and endothelia, there is a 

general tightening' in the barriers which occurs as development proceeds 

(Dziegielewska et al., 1981)

In spite of the presence of functional tight junctions at barrier sites in the 

embryo, it is clear that the concentration of protein in foetal CSF is significantly 

greater than in the adult. This, understandably, has lead to further debate about 

the maturity of the embryonic blood brain barrier. Table 1.3 below indicates the 

differences in several species between adult and foetal CSF protein 

concentration.

Species Age CSF mg/cl Plasma mg/cl

Sheep
ESI 1143 ±304 1588 ± 117

Adult 26 ± 2 6912 ±304

Rat
E22 317± 15 2673± 134

Adult 24 ±88 5400± 1000*

Human 22 weeks pc. 535 ± 31 unknown

Adult 18-41 7460 ± 370

Table 1.3: Total protein concentration foetal and adult CSF and plasma
E: embryonic day. weeks pc: weeks post conception. Data are mean ± SEM, except for * which 

is ± SD. Foetal ages correspond to the time of peak protein concentration in the CSF. Adapted 

from Saunders et al., (1999).

During the past decade, the somewhat conflicting evidence as regards brain 

barrier maturity in the embryo has been explained to some degree. The 

embryonic CPe can actively transfer plasma proteins, such as albumin, into the 

CSF. This has been confirmed in several embryonic species, e.g. the rat 

(Habgood et al., 1992), the sheep (Dziegielewska et al., 1991), and the 

neonatal opossum (Knott et al., 1997). It appears that this mechanism involves 

the transcellular transport of plasma proteins across the CPe via the 

tubulocisternal-endoplasmic reticulum system (Dziegielewska et al., 2001). This 

process is developmentally regulated, and that the process declines 

progressively during development and neonatal life (Saunders et al., 1999). 

Interestingly, the highest concentrations of proteins in the CSF coincides with 

the onset and duration of neurogenesis, when the cells of the undifferentiated 

ventricular and subventricular zones undergo their terminal mitoses, and
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migrate to the various layers of the brain. This suggests that the protein-rich 

CSF at this stage may serve a trophic, and/or nutritive function during this time. 

An alternative explanation for the high concentration of protein in the foetal CSF 

is that it provides an osmotic driving force for the expansion and growth of the 

cerebral ventricles (Saunders et al., 1999). Further research is required to 

elucidate the nature and composition of the CPe transport mechanisms used in 

the embryo to facilitate the transport of large quantities of proteins into the CSF.

In summary, tight junctions forming a barrier to the free passage of 

macromolecules are present in the brain endothelia and the CPe from very 

early stages in development. However, the embryonic CPe actively transports 

some proteins into the CSF. The result of this transport is to create protein-rich 

CSF, which is significantly more concentrated than adult CSF. These proteins in 

the CSF may serve a trophic or nutritive function during neurogenesis, or may 

promote the expansion and growth of the brain.

1.4.2: Secretory capacity of embryonic choroid piexus

Ultrastructurally, embryonic CPe cells have cilia and microvilli at the apical 

(ventricular) surfaces as soon as the presumptive CP cells become evident 

(Sturrock, 1979). The CPe are particularly rich in intracellular Golgi apparatus 

and endoplasmic reticulum, and there are numerous mitochondria and glycogen 

stores within the cytoplasm of the CPe between E l 2 and E l 5 in the mouse 

(Sturrock, 1979, Catala, 1998). This suggests that CPe cells possess the 

ultrastructural components required for secretory function very early in CP 

development (Sturrock, 1979, Saunders et al., 1999, Catala, 1998). This view is 

supported by the findings of Catala, (1997), who investigated carbonic 

anhydrase expression in human embryonic CPe cells. As previously described 

in section 1.2.2, carbonic anhydrase has a pivotal role in the secretion of CSF 

by the CPe. Catala (1997) identified carbonic anhydrase protein expression in 

human lateral ventricle CP at 9 weeks gestation (the earliest stage tested). 

Similarly, expression of Na^K^ATPase in the embryonic rat CPe has been 

reported at El 5 (Gonzalez-Martinez et al., 1994). The expression of these 

secretory enzymes provides important evidence to suggest that immature CPe 

cells (at Netsky and Shuangshoti stage II) have secretory capacity.
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1.4.3: Protein synthesis

TTR: In the adult, transthyretin (TTR) synthesis is a characteristic feature of 

CPe. In the embryo, TTR expression is confined to the liver, the yolk sac, the 

CPe (Dickson et al. 1986), and, at low levels, the developing pigmented retina 

(Cavallaro et al., 1993). As described previously, the expression of TTR is a 

very early event in CP development, and TTR mRNA transcripts are detected 

prior to its morphological differentiation (Thomas and Dziadek, 1993). TTR 

expression by CPe is highest immediately prior to birth, before the onset of 

maximal brain growth in the post-natal period (Thomas et al., 1989), suggestive 

that thyroxine derivatives are required for normal brain growth and maturation at 

late gestational stages and the postnatal period.

IGF-II: IGF-II is not expressed in early neuroepithelium, but it is widely 

expressed in early mesenchymal cells, including the mesenchymal cells of the 

prospective CP. As development proceeds, IGF-II expression is gradually down 

regulated in the CPm. Simultaneously, CPe gradually commences IGF-II 

expression, which continues thereafter throughout life (Cavallaro et al., 1993, 

MacKelvie et al., 1992). IGF-II expression is not expressed elsewhere in the 

adult brain. It is not known what function IGF-II expression by the CP has in 

development. Although IGF-II knockout mice are growth deficient, they are 

otherwise fertile and phenotypically normal (De Chiara et al., 1991).

FGF: Fibroblast growth factors are low molecular weight polypeptides that can 

induce a wide variety of effects in developing systems. These will be reviewed 

in detail later in this chapter. Of the 23 FGF family members, several are 

ubiquitously expressed in the developing nervous system, e.g. FGF1 and FGF2. 

At E l2.5, FGF8 expression is located in the medial wall of the telencephalon, 

anterior to the 1/Vnf expressing domain (Grove et al., 1998). Very low levels of 

expression of FGF7 has been reported in the developing CP at E14.5 and 

E l6.5 (Finch, 1995). A function for FGF signalling is yet to be elucidated.

1.5: The embryonic choroid piexus - summary

CP differentiation is an early event in CNS development, occurring prior to 

neuronal cell differentiation. Following induction, the embryonic CPs quickly
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develop many of the characteristic ultrastructural and morphological features of 

adult CPs. Embryonic CPe express intercellular tight junctions from the moment 

the CPs become morphologically distinct, suggestive of an early barrier 

function. There is also evidence to suggest that embryonic CPe are capable of 

fluid secretion, protein synthesis and protein transport prior to neurogenesis. 

Indeed, the CPs are highly vascular at a time when the blood supply to the 

developing brain is still very limited. Combined, these factors are strong 

indicators that embryonic CPs influence the extracellular environment of the 

immature brain. Indeed CPs may play a fundamental role in the provision or 

maintenance of the extracellular environment required for normal brain 

differentiation and growth. It is probable therefore, that any insult to the normal 

development and/or function of the CPs during embryogenesis could lead to 

abnormalities in CSF fluid dynamics or composition, which would ultimately 

affect CNS development and function.

In this study, the embryonic CPs have been investigated in the context of 

genetic mutations associated with a group of craniofacial disorders, collectively 

called ‘syndromic craniosynostosis’.
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1.4: Craniosynostosis

Craniosynostosis is a congenital defect characterised by the premature fusion 

of one or more of the cranial sutures. It may be found in isolation (i.e. non- 

syndromic), as a feature in a particular syndrome (syndromic), or occur as a 

secondary consequence of a primary disease process. The combined incidence 

of these disorders is approximately 1 in 2500 births, with no difference in 

incidence amongst ethnic groups (Gorlin et al., 1990).

The cranial sutures are oppositional joints between the bones of the craniofacial 

complex. As the membrane bones of the calvaria increase in size during 

development, their borders approximate, and instead of fusing, form a suture 

(Cohen Jr, 1993). During cranial growth, the skull bones enlarge by the 

deposition of mineralised bone matrix along the margins. The sutures are 

maintained as sites of proliferating undifferentiated preosteogenic mesenchymal 

tissue. Some sutural cells differentiate into osteoblast cells, and contribute 

towards the formation of new calvarial bone, whereas other are maintained in 

an undifferentiated proliferative state (Cohen Jr, 1993, Wilkie, 1997). Cranial 

sutures accommodate brain growth and development, particularly during the 

first postnatal year of life in humans when the brain doubles in size. Fig. 1.7 

illustrates the major cranial sutures in the human skull.
Anterior

Metopic.,

Coronal

Sagittal-

Lambdoid -V

Posterior

mineralised
bone

unmineralised bone matrix 
(osteoid) and differentiated 
osteoblasts

periosteum suture:
undifferentiated 
proliferating 
osteogenic 
stem cells

dura mater

Fig. 1.7: Normal cranial suture development

A: Human skull viewed from above, showing the position of the major sutures. 

B: Diagrammatic cross-section through a coronal suture. The skull bones 

overlap slightly. In craniosynostosis, the skull bones are continuous and the 

space separating the bones is obliterated. OIF, osteogenic induction front. 

From Wilkie (1997).
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Growth in the bones of the skull vault occurs in apposition to the line of each 

suture. The premature fusion of one suture leads to a marked reduction in bone 

growth perpendicular to the line effusion. Continued bone growth in regions of 

the remaining patent sutures results in the development of an abnormal skull 

shape of varying severity. Table 1.4 describes the clinical classification of skull 

shape in the various craniosynostoses.

Classification Fused suture(s) Presentation/comments

Scaphocephaly Sagittal suture Elongated head, front to back. Frontal 

bossing, hollowing of temporal region 

Most common form of craniosynostosis.

Plagiocephaly Uni-coronal suture Asymmetric flattening of the head.

Trigonocephaly Metopic suture Keel-shaped forehead.

Brachycephaly Bicoronal sutures Loss of bilateral supraorbital contour, 

spherical head shape, elevation of 

sphenoid wings. Most common site of 

fusion in syndromic craniosynostosis.

Posterior Plagiocephaly Lambdoid suture Flattening of one side of the back of the 

head. Asymmetrical ears, abnormal neck 

position.

Cloverleaf Skull Bicoronal and sagittal 

sutures

Most severe form of craniosynostosis. 

Head is flattened from front to back. The 

skull assumes a tripartite 'cloverleaf 

shape when viewed en face.

Table 1.4: Clinical classification of human craniosynostosis.
Adapted from Thompson et a!., (1994).

The causes of craniosynostosis are numerous. Craniosynostosis can occur in 

isolation, or as a result of secondary pathogenesis such as metabolic diseases 

e.g. hyperthyroidism; haematological disease, such as thalassaemia; storage 

disorders such as Hurler syndrome, and foetal teratogenesis induced by drugs 

such as retinoic acid and phenytoin (Gorlin et al., 1990, Thompson et al., 1994). 

In 10-20% of cases of craniosynostosis there is evidence of Mendelian 

inheritance (Reardon and Winter, 1995, Cohen Jr., 1993).
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The most common craniosynostosis syndromes are Crouzon syndrome (1 in

25.000), Jackson-Weiss syndrome (1 in 26,000), Apert syndrome (1 in

100.000), Pfeiffer syndrome (unknown incidence) and Sathre-Chotzen 

syndrome (unknown incidence) (Gorlin et a!., 1990). Achondroplasia (1 in

26.000) and thanatophoric dysplasia (1 in 20,000) are skeletal dysplasias, but 

are included in this section due to their close links with craniosynostosis. A 

number of presenting features are shared between the syndromes, these are 

summarised in Table 1.5. An abnormal skull shape (generally tower-shaped), 

widely spaced eyes (proptosis), hooked nose and underdeveloped midface are 

characteristic features of these disorders. Hand and foot anomalies are 

observed in some, but not all craniosynostosis syndromes, and are frequently 

used to distinguish one syndromic phenotype from another in clinical diagnosis.

Phenotype AS 0 3 JW PS AC TD

Craniosynostosis + + + + - -

Underdeveloped m idface + + + + + +
Hand anom alies + - - + - -

Foot anom alies + - + + - -

Short limb dwarfism - - - - + +

Table 1.5: Phenotypes in craniosynostosis syndromes and skeletal 

dysplasias.
AS: Apert syndrome, CS: Crouzon syndrome, JW: Jackson-Weiss syndrome, PS: Pfeiffer 

syndrome, AC: Achondroplasia, TD: Thanatophoric dysplasia.

Adapted from Muenke and Schell, (1995).

The clinical phenotype is not limited to premature fusion of the cranial sutures 

and defective limb development. Individuals may present with additional 

cutaneous, dental, visual, aural and CNS abnormalities (Gorlin et al., 1990). In 

the CNS, agenesis of the corpus callosum and a generalised hypoplasia of the 

central nervous tissue has been described (Gorlin et al, 1990, Cohen and 

Krieborg, 1990, Hayward et al, 1992).

Children with syndromic craniosynostosis suffer from a variety of functional 

complications. These include difficulty in breathing, due to midface hypoplasia 

(Gonzalez et al., 1996), impaired cerebral blood flow, developmental delay.
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hydrocephalus, ventriculomegaly and raised intracranial pressure (Lundar and 

Hornes, 1991, Hayward et al., 1992, Gosain et al., 1994, Murovic et al., 1993, 

Thompson et al., 1995).

1.4.1; Raised ICP and syndromic craniosynostosis

Raised intracranial pressure (ICP) represents one of the most serious 

consequences of syndromic craniosynostosis. Raised ICP can cause retinal 

damage, leading to blindness (Stavrou et al., 1997), impairment of intellectual 

development (Renier et al., 1982), seizures, and, rarely, lead to premature 

death in this group of individuals (Gosain et al., 1995).

Normal ICP increases with age. In the neonate, ICP is approximately 2 mmHg 

(Philip et al., 1981), 5 mmHg at 1 year and 6-13 mmHg above 5 years (Minns, 

1991) Most studies classify ‘normal’ ICP in children above one year as up to 10 

mmHg when measured using an intraventricular pressure transducer (Renier et 

al., 1982, Thompson et al, 1995). Pathologically raised ICP is regarded as an 

intraventricular pressure of 15 mmHg or more (Thompson et al., 1995). 

Intracranial pressures of 10 to 15 mmHg in children are of uncertain effect and 

are generally classified as ‘borderline’ raised ICP.

The incidence of raised ICP in individuals with syndromic craniosynostosis is at 

least twice as high as in non-syndromic cases. In a study of 53 syndromic 

children with an age range of 1 month to 15 years, ‘normal’ ICP levels were 

detected in just 4 of the cases analysed. Individuals with Crouzon syndrome 

appeared to be most at risk of raised ICP, with no cases recording normal ICP 

levels (n = 20) (Thompson et al., 1995). Renier et al., (1985) suggested that the 

incidence of raised ICP in syndromic craniosynostosis could be as high as 83%. 

Some syndromic individuals may present with extremely high ICP pressures 

exceeding 50 mmHg (Thompson et al., 1995). In addition to raised intracranial 

pressure, high-pressure hydrocephalus is prevalent amongst individuals with 

syndromic craniosynostosis. Murovic et al., (1993) reported hydrocephalus in 

66% of patients with Apert syndrome. Collmann et al., (1988) described 

ventricular dilatation in 41% of syndromic cases as opposed to an incidence of 

1.5% in non-syndromic patients.
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These studies confirm that raised intracranial pressure is a significant feature of 

syndromic craniosynostosis. The causes of raised intracranial pressure in these 

individuals however, remain highly contentious.

1.4.2: Causes of raised ICP in syndromic craniosynostosis

Traditionally, raised ICP in craniosynostosis was attributed to the biomechanical 

constraint imposed upon the growing brain by the cranial vault, which has lost 

its capacity to expand in the regions of the affected sutures (David et al., 1982). 

However, cranial volume in craniosynostosis is often larger than normal, 

(Posnick et al., 1994), and there is no correlation between cranial volume and 

intracranial pressure (Gault et al., (1992), Fok et al., 1992). Whilst the fused 

suture(s) cannot facilitate further bone expansion, unaffected sutures are 

frequently widely patent (Cohen Jr, 1993). This suggests that the brain is able to 

expand in spite of the cranial malformation.

In cases of severe raised ICP in syndromic craniosynostosis, surgical 

craniotomy is performed to increase the vault capacity in order to decrease 

intracranial pressure on the brain (Collmann et al., 1988). This mechanistic 

approach to treating the problems of raised ICP however, appears unsuccessful 

in several cases. In spite of surgical intervention, some individuals continue to 

suffer recurrent raised ICP (Gosain et al., 1995, McCarthy et al., 1994), which 

can persist into adulthood.

Various other mechanisms have been proposed as causative factors of raised 

ICP in syndromic craniosynostosis, based on clinical observations.

Using magnetic resonance imaging, Hayward et al., (1992) discovered 

hindbrain abnormalities in 16 out of 30 children with syndromic 

craniosynostosis. Common findings included the descent of the cerebellar 

tonsils below the foramen magnum, hindbrain herniation to the level of the 

second cervical vertebra, brainstem ‘kinking’ and a downward shift in the 

pontomedullary junction. These anatomical displacements of brain tissue may 

partially obstruct the normal flow of cerebrospinal fluid (CSF). This results in 

reduced drainage of CSF, leading to a rise in ICP (Hayward et al., 1992).
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Children with syndromic craniosynostosis may have abnormal cranial venous 

sinus architecture. There is evidence of severe stenosis or non-visualisation' of 

major venous sinuses in some patients, in particular the sigmoid sinus-jugular 

complex, when they are examined using angiography (Taylor et al., 2001). In a 

study of cerebral blood flow, which included 16 syndromic craniosynostosis 

patients with raised ICP, 12 exhibited signs of moderately, or severely narrowed 

venous sinuses (Taylor et al., 2001). The authors hypothesised that in 

syndromic cases where hydrocephalus is absent, the anomalous venous 

anatomy may result in venous hypertension, which in turn may increase 

intracranial pressure. However, the authors found no direct correlation between 

the severity of venous stenosis, and the degree of raised intracranial pressure 

(Taylor et al., 2001).

Lundar and Nornes (1991) found high CSF outflow resistance (>12 mm Hg) in 7 

out of 17 children with syndromic craniosynostosis. This group found that there 

was significant impedance to CSF absorption in these individuals, which, they 

hypothesised, was possibly caused by a depression of the subarachnoid 

spaces (Lundar and Nornes, 1991).

Combined, these factors influencing ICP indicate that raised intracranial 

pressure in syndromic craniosynostosis does not arise merely as a secondary 

effect of the cranial vault constraint, but that the aetiology is more direct, 

affecting CSF dynamics at various levels.

Intracranial pressure is directly affected by the production and secretion rates of 

CSF, as well as flow and absorption of CSF (Davson et al., 1987, Minns, 1991). 

An alternative hypothesis, proposed in this thesis, is that raised ICP in 

syndromic craniosynostosis occurs as a result of over production and secretion 

of CSF. This implies that alterations in the development and/or function of the 

CPs are responsible for the disease process.

Until this experimental research project, the choroid plexus had not been 

considered as a feature of raised ICP in syndromic craniosynostosis. However, 

Hayward et al., (1992) commented that one four year old individual with Pfeiffer
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syndrome drained over 700ml of CSF via an external ventricular tap over a 24- 

hour period. This output rate is elevated above the normal value for adult CSF 

production, which is approximately 600 ml in 24 hours (Wright, 1978, Davson et 

al., 1987).

Mutations in fibroblast growth factor receptor (FGFR) genes attributable to 

syndromic craniosynostosis were discovered during the mid-1990s. There is 

now clear evidence of a direct correlation between the normal developmental 

expression pattern of these genes, and the structures that are affected in 

syndromic craniosynostosis (Chan and Thorogood, 1999).

Preliminary in-house investigations into the expression patterns of FGFRs 

during human development showed high expression in the CPs (Chan & 

Thorogood, 1999). This early finding provided impetus for the hypothesis that 

the mutations in syndromic craniosynostosis may directly affect the function 

and/or development of the CPs.

In the following section, I shall describe the discovery of the mutations in 

syndromic craniosynostosis, explain the developmental biology of these genes, 

and describe the nature of the mutations and their effects on developing 

systems.

1.4.3: Genetic mutations in syndromic craniosynostosis

Over recent years, the discovery of mutated genes that cause syndromic 

craniosynostosis, and the subsequent molecular investigations into these 

mutations, have enhanced our understanding of the biological events that 

underlie them.

The first genetic mutation identified in syndromic craniosynostosis was in the 

homeodomain of the transcription factor MSX2 (Jabs et al., 1993) However, 

MSX2 mutations are confined to the ‘Boston-type’ craniosynostosis syndrome 

which is described in a single extended family.
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In 1994, a breakthrough discovery revealed that the FGFR2 gene was mutated 

at various locations in children with Crouzon syndrome (Reardon et al., 1994). 

Since then Crouzon, Pfeiffer, Jackson Weiss and Beare Stevenson cutis gyrata 

syndromes have all been shown to arise as a result of mutations in FGFR2 

(Muenke et al 1994; Wilkie et al. 1995; Jabs et al. 1994). Mutations in FGFR1 

and FGFR3 can also occur in Pfeiffer syndrome and Crouzon patients with 

acanthosis nigricans respectively (Muenke et al., 1994; Schell et al., 1995; and 

Pryzlepa et al. 1996 id 235;). Mutations in FGFR3 have also been discovered in 

skeletal dysplasias with no craniosynostosis e.g. achondroplasia, and 

thanatophoric dysplasia (Shiang et al., 1994, Rousseau et al., 1994, Tavormina 

et al., 1995). To date, no mutations have been reported in FGFR4 (Gaudenz et 

al., 1998) or the newly identified FGFR5 (Kim et al., 2001).

More recently, mutations in TWIST, a basic helix loop helix transcription factor 

was identified in individuals with Saethre-Chotzen syndrome (Howard et al., 

1997, El Ghouzzi et al., 1997). The mechanism for mutated TWIST activity is 

not well understood, although most of the mutations result in a non-functional 

protein and are likely to result in haploinsufficiency (Wilkie, 1997). Wild type 

TWIST is thought to inhibit chondrogenesis, and so a reduction in functional 

TWIST protein provides a tangible explanation for the premature fusion of the 

cranial sutures in craniosynostosis (Rose and Malcolm, 1997).

Before describing the nature of the numerous FGFR mutations identified in 

syndromic craniosynostosis, it is necessary to introduce the FGF family of 

ligands and receptors, so that the mutations and their effects can be understood 

with greater clarity.

1.5: Fibroblast Growth Factors

Fibroblast growth factors (FGFs) bind and activate FGFRs. The FGF family 

consists of structurally related low molecular weight polypeptides. Defining 

features of FGFs include a homologous central core of 140 amino acid residues 

which form a compact p-barrel, similar in structure to interleukins la  and ip  

(Smallwood et al., 1996), and a strong affinity for heparin and heparan sulphate 

proteoglycan molecules (HSPGs) (Schlessinger et al., 1998). FGFs are capable
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of inducing a wide variety of effects, such as angiogenesis, chemotaxis, cell 

survival and differentiation in neuroectodermal, epithelial and mesodermal cell 

types (Basilico and Moscatelli, 1992, Szebenyi and Fallon, 1999). To date, 23 

FGFs have been identified, each with distinct functions and patterns of 

expression.

FGF1 and FGF2 (originally called acidic FGF and basic FGF respectively) share 

a 55% sequence identity and are widely expressed during embryonic 

development (Powers et al., 2000). FGF1 is translated in one protein form only, 

whereas FGF2 has four isoforms of 18-, 22.5-, 23.1- and 24.2-kDa arising from 

one FGF2 gene (Rifkin et al., 1994). Several other FGFs have more than one 

initiation codon for translation and utilise alternative exons which further 

increases diversity (Mason, 1994). Post-translational modifications are also 

evident, as some FGF family members possess an N-glycosylation site that 

may alter their biological effects e.g. FGF4 (Bellosta et al., 1993).

Most FGFs carry a secretion signal peptide, and are secreted from the cell into 

the extracellular matrix via the endoplasmic reticulum/Golgi transport 

mechanism. FGF1 and FGF2 however lack this classical leader sequence 

(Baird, 1994) although both of these FGFs are detected in extracellular 

locations. It is likely that the transport of these growth factors from the cells is 

facilitated by mechanisms distinct from the ER-Golgi mediated secretion route 

(Mignatti et al., 1992). FGF1 and FGF2 additionally possess a nuclear 

localisation motif that facilitates the transport of the growth factors to the 

nucleus (Rifkin et al., 1994). Nuclear localisation of FGF1 has been shown to be 

required for FGF1-induced mitosis (Imamura et al., 1990). The larger isoforms 

of FGF2 have also been detected in the nucleus. Nuclear FGF2 can bind 

chromatin, and it is postulated that nuclear FGF2 may control gene expression 

directly (Delrieu, 2000), although the role of nuclear FGF2 is yet to be clearly 

defined (Rifkin et al., 1994, Powers et al., 2000).

1.5.1: FGFs and nervous system development

FGFs are involved in neural development from the earliest stages. There is 

evidence to suggest that FGF does not directly induce neural tissue in vivo,
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FGF signalling is intimately involved in patterning of the neural plate as it forms, 

during gastrulation. FGFs, in conjunction with other signalling molecules, 

influence the early anteroposterior (A-P) pattern of the neural plate in Xenopus 

laevis embryos, (Slack, 1994, Doniach, 1995) and establishes the expression of 

posterior neural markers, such as Hoxb9 and Sax-1 during neural induction in 

chick embryos (Storey, 1998). Ye et al., (1998), found that various FGFs induce 

specific classes of neurons in precise locations in rat neural tube explants. This 

experimental series provided evidence that defined FGF expression in the 

neural tube, in conjunction with other signalling molecules, confers early 

neuronal cell identity in multiple regions of the neural tube by functioning as 

discrete signalling centres.

Thus FGFs are involved in establishing A-P identity along the neural tube, and 

in the transition to more refined patterning of neuronal cells at early stages.

Several FGFs are expressed at various sites in the developing CNS. These are 

briefly described below.

1.5.1.1: FGF1 and FGF2 in the developing nervous system
FGF1 and FGF2 are expressed during brain development. Their expression 

persists into adulthood (Ford-Perris et al., 2001). FGF2 exhibits a wider range of 

expression in central nervous tissue compared with FGF1. FGF2 expression is 

found in both neuronal and non-neuronal cell types, whereas FGF1 is mostly 

confined to neuronal cells, with little or no glial cell expression. FGF1 levels in 

the mouse are low in the developing nervous system until E l2 (Nurcombe et al.,

1993), with high levels being detectable from E l6 onwards. Although it has 

been suggested that FGF1 has a role in the maturation of neurons of the CNS, 

FGF1 null mutant mice, appear normal, and do not display any behavioural 

abnormality. This suggests that FGF1 is either not essential for neuronal 

development or maturation, and/or perhaps other FGFs could compensate for 

its absence (Miller et al., 2000).

FGF2 is localised in basement membranes around the neural tube, and within 

the neuroepithelium during early development (Ford et al., 1994, Murphy et al., 

1994, Nurcombe et al., 1993). FGF2 has been identified specifically in the
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ventricular zone of the developing neuroepithelium from E9 onwards (Nurcombe 

et al., 1993). To date, there have been no studies of FGF2 concentration in the 

CSF during embryonic development. At later stages, FGF2 is expressed in the 

ventricular region of the developing cortex in a dorsoventral gradient with FGF2 

levels increasing substantially between E l4 and E l8. Levels in the nervous 

tissues diminish thereafter, but nonetheless remain detectable during adulthood 

in the mouse and rat (Quian et al., 1997).

Many studies have reported the mitogenic and neurotrophic effects of both 

FGF1 and FGF2 on cells of the developing CNS (Murphy et al., 1990, Arakawa 

et al., 1990, Powers et al, 2000, Szebenyi and Fallon, 1999). FGF2 null mutant 

mice, although viable, have distinct neuronal abnormalities in the cerebral 

cortex (Dono et al., 1998). Parvalbumin-positive neurons in cortical areas are 

reduced, and there are neuronal and glial cell deficiencies in other cortical sites. 

Interestingly, cell survival is not affected in the FGF2 knockout, suggestive that 

cells of the developing CNS are not dependent upon FGF2 for protection from 

apoptosis. FGF2 deficient mice exhibit disruption to neurons situated in the 

deepest layers of the cortex, which indicates that FGF2 is important during the 

earliest stages of neuronal differentiation and migration (Vaccarino et al., 1999). 

As with FGF1, it is possible that other FGF molecules can compensate for the 

function of FGF2 in these knockouts.

1.5.1.2: Other FGFs involved in nervous system development

Other members of the FGF family are involved in nervous system development. 

These are briefly summarised below.

FGF3 mRNA is detected in the midline of the developing neural plate during 

extension of the head process, and in the boundary cells of hindbrain 

rhombomeres in the chick embryo (Mahmood et al., 1995). FGF3 and FGF10 

are expressed in the presumptive sensory regions of the otocyst from E8 to El 1 

in the mouse (Pirvola et al., 2000). More recently it has been found that FGF3 

induces chick inner ear development (Vendrell et al., 2000).
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FGF7 is expressed transiently in the ventricular zone of the lateral ventricles of 

the mouse from E14.5 to E15.5 in regions that form the frontal cortex, and 

parietal cortex (Mason et al., 1994).

FGF8 is expressed in the developing midbrain/hindbrain junction. FGF8 is a key 

signalling molecule in the patterning of the midbrain, isthmus and cerebellum of 

the chick (Crossley et al., 1996).

FGF9 expression during development is confined to developing spinal motor 

neurons, and cells in the olfactory bulb of the mouse (Colvin et al., 1999).

FGF15 is expressed in the nervous system of the mouse throughout 

development often in locations complementary to the expression patterns of 

FGF8 and FGF17. FGF15 is also expressed in early olfactory neuroepithelia 

and the neuroblast layer of the optic cup (McWhirter et al., 1997).

FGF17 expression patterns are similar to FGF8 expression in the early 

development of the nervous system. At later stages in murine CNS 

development, FGF17 is involved in the regulation of the number of cerebellar 

precursor cells (Xu et al., 2000).

FGF18, similar to FGF8 and FGF17, is expressed in the midbrain/hindbrain 

junction from E8.5 to E l0.5 in the mouse. At later stages, FGF18 is detected in 

the trigeminal ganglion and the dorsal root ganglia in the trunk (Maruuoka et al., 

1998).

FGF19 is expressed exclusively in the fetal brain in humans, Nishimura et al., 

(1999) hypothesised that FGF19 is involved in brain development during 

neurogenesis, although detailed analysis of expression and function of this 

protein remains to be elucidated.

1.5.1.3: FGF expression in the choroid piexus during deveiopment

In spite of numerous reports of FGF expression in the developing central 

nervous system, there are few papers that refer to the CPs directly. It is
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possible that expression of most FGFs is unremarkable in the CPs, or that 

these organs have been under-reported. One exception is FGF2.

FGF2 transcripts and protein have been detected in the ventricular zone of the 

early developing murine brain, including the CPs (Vaccarino et al., 1999,

Raballo et al., 2000). FGF2 immunoreactivity is lost from the ependymal cells by 

E l7, but remains high in the CPs, meninges and superficial tissues (Raballo et 

al., 2000). Interestingly, FGF2 immunoreactivity in the CPs persists during 

adulthood, where expression is confined to the epithelial cells of the CP (CPe) 

(Cuevas et al., 1994, Fuxe et al., 1996).

It is clear that many FGFs are expressed in the developing nervous system 

from the very earliest stages in its ontogeny. As development proceeds, distinct 

spatial and temporal patterns of FGF expression emerge. FGF expression and 

analysis indicates that certain FGFs have fundamental roles in patterning the 

brain (e.g. FGF8 and FGF3). By contrast, FGF1 and FGF2 are expressed in a 

more homogeneous fashion. It is of great significance that FGF2 has been 

identified throughout the ventricular zone of the murine CNS from E9 onwards 

(Nurcombe et al., 1993). It is possible that this ligand is present in the 

ventricular fluid at this stage, although no studies have been performed to 

determine FGF2 concentrations in the CSF at such early stages of 

development. Importantly, FGF2 expression has been identified in embryonic 

and adult CPs.

FGF signalling is mediated by the complex interaction between FGFs, their high 

affinity FGF receptors (FGFRs) and heparan sulphate proteoglycan molecules 

(HSPGs).

1.6: Fibroblast Growth Factor Receptors

The transduction of FGF signals to the cytoplasm is mediated by a group of five 

high-affinity tyrosine kinase receptors, the fibroblast growth factor receptors 

(FGFRs).
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FGFRs belong to the Immunoglobulin (Ig) superfamily of receptors (Muenke 

and Schell, 1995). The general structure of FGFRs is illustrated in Fig. 1.8. The 

extracellular portion of the FGFR molecule has three immunoglobulin-like loop 

domains, Igl, Igll, and Iglll, stabilised by disulphide bridges. These 

intramolecular disulphide bridges occur as a consequence of interaction 

between two highly conserved cysteine residues, which stabilise the loop 

conformation. Situated between Ig loops I and II is a region of 4-8 acidic amino 

acid residues, called the acid box’. Also in this region is the ‘cell adhesion 

molecule (CAM) homology domain’ (CHD) which is a stretch of 20 amino acids 

that shares sequence homology with N CAM, N-Cadherin and LI. Igll and III 

share a high degree of sequence homology and are more conserved between 

species than Igl. FGFRs have a single transmembrane domain (TMD), and, 

with the exception of FGFRS, a ‘split’ intracellular tyrosine kinase domain 

separated into two parts by a 14 amino acid insert. The FGFR molecule ends 

with a short carboxy terminus. FGFRS terminates in the region of the TMD and 

has no intracellular domain (Kim et al., 2001).

N^riably spliced exon

ABCHI TMD

Binding site for FGFs
Tyrosine kinase 

domain
Putative CAM 
binding site Heparin binding

sequence

Fig. 1.8: General structure of the FGF receptor

The extracellular portion of the FGFR molecule has three immunoglobulin-like 

domains, Igl, Igll, and Iglll, stabilised by disulphide bridges (s...s). The ‘acid 

box’ (AB) is situated between loops I and II). Also in this region is the CAM 

homology domain (CHD). The region of Iglll closest to the cell membrane, 

demarcated by the black line (*) is alternatively spliced, generating different 

isoforms which have differing ligand binding specificities. FGFRs have a single 

transmembrane domain (TMD), and a split tyrosine kinase domain. The FGFR 

molecule ends with a short carboxy terminus (COOH). Adapted from Green et 

al., (1996).
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1.6.1: FGFR isoforms

Although just 5 FGFRs have been identified, alternative splicing increases the 

number of different FGF receptors substantially. Splice variants alter receptor 

function, and in several cases, lead to different FGF-binding specificities. 

Structural and functional diversity amongst FGFR isoforms, combined with the 

numerous FGFs results in the potential for extremely complex and diverse 

FGFR-FGF interactions, making the relationships between FGFs and FGFRs in 

vivo exceptionally difficult to analyse.

Isoforms can be generated which result in several structural alterations to 

FGFRs. The most commonly described FGFR isoforms in vivo include those 

lacking the first Ig-like loop, those which transcribe alternative exons for the 

second half of Ig loop III, and those lacking the transmembrane domain and 

intracellular regions (Johnson et al., 1991). A schematic diagram of the various 

isoforms is shown in Fig. 1.9.

1.6.1.1: FGFR Ig loop III Isoforms
In FGFRs 1, 2 and 3, the Iglll extracellular loop domain is encoded by two 

distinct exons. Firstly the invariant exon, termed Ilia, and secondly, one of two 

exons, termed 11 lb and I Me respectively, to which the Ilia exon is alternatively 

spliced. Two receptor isoforms are generated, each possessing distinct ligand 

binding affinities. For example, FGFR2 lllb (KGFR isoform) is found mainly in 

epithelial cell types, and binds FGF-1,-3,-7,and -10, whereas FGFR2 lllc (bek 

isoform) is located generally in mesenchymal cell types, and, with the exception 

of FGF1, binds a different set of FGF ligands. (Miki et al., 1992, Orr-Urtreger et 

al., 1993, Ornitz et al., 1996).

De Moerlooze et al., (2000), generated FGFR2 lllb null mice, which survive until 

birth, but fail to develop limb buds, lungs and other organs. This transgenic 

mouse highlights the importance of epithelial/mesenchymal interactions during 

organogenesis, and demonstrates the vital role of specific FGFR isoforms in 

these processes.

61



A.

1.

2.

4.

5.

6.

7.

8.

9.

10.

KEY

Ig like loop domain 

I  Acid box

Q CAM homology domain

P I Transmembrane domain

Tyrosine kinase domain

Alternative sequences 

m. Alternative exon

B.

Fig. 1.9: Isoforms of FGFRs.

A: Structural FGFR isoforms. 1: General FGFR structure. 2-6: Membrane- 

bound FGFR isoforms. 7-10: Secreted FGFR isoforms. Isoforms include those 

lacking one or more Ig domains (3-9), the acid box (5-7), or the transmembrane 

domain (7-10). Other isoforms have a truncation in the carboxy terminus (2,4,6). 

B: Alternative splicing of the third immunoglobulin loop.

Receptors in vivo may exhibit one or more of these isoform variations.

Adapted from Green et al. (1996).
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1.6.1.2: FGFR I ligand specificity

The extracellular regions of FGFRs are involved in ligand binding. Loops II and 

III and the interlinker region between them are required for conferring specificity 

upon the interaction between the receptor and FGF (Plotnikov et al., 1999). 

Interaction between the various FGFR isoforms and FGF ligands are highly 

specific. Ornitz et al. (1996) measured the differences in ligand/receptor 

interaction by overexpressing different FGFR isoforms in BaF3 cells, which do 

not normally express FGFRs. [^H]thymidine incorporation was measured in 

transfected cells following treatment with various FGFs. The results proved that 

mitogenic responses to FGF signalling were highly specific, and dependent 

upon the combination of ligand and FGFR isoform. In this assay, FGF1 

stimulated all receptor isoforms, and this was used as an internal standard to 

determine the relative activity of other FGFs. Table 1.6 shows the relative 

specificities of FGFRs and FGFs based on this study.

FGFR FGF1 FGF2 FGF3 FGF4 FGFS FGF6 FGF7 FGF8 FGF9

1 lllb 100% ★ ★ ★ ★ - - - - -

1 lllc 100% ★ ★ ★ - ★ ★ ★ ★ ★ ★ ★ - - ★

2 lllb 100% - ★ ★ ★ - - ★ ★ ★ - -

2 lllc 100% ★ ★ - ★ ★ ★ ★ ★ ★ - ★ ★ ★ ★

3 111b 100% - - - - - - - ★ ★

3 lllc 100% ★ ★ ★ - ★ ★ ★ - - ★ ★ ★ ★ ★

4 100% ★ ★ ★ - ★ ★ ★ - ★ ★ ★ - ★ ★ ★ ★ ★ ★

Table 1.6: Specificity of FGFs for different FGFR isoforms.
FGF ligand binding specificity of cells transfected with various FGFR isoforms determined by 

[^HJthymidine incorporation. Symbols indicate mitogenic stimulation relative to FGF1/FGFR 

interaction. ★ ★ ★>75%, ★ ★ 40-75%, ★10-40%, - <10% or no response. Adapted from Ornitz 

etal. (1996).
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1.6.2: Heparan sulphate proteoglycans and FGFs

Heparan sulphate proteoglycan molecules (HSPGs) are sulphated 

glycosaminoglycans (GAGs), covalently bound to a core protein (Aviezer et al.,

1994). The conserved central core of FGFs facilitates low-affinity binding to 

heparin/ heparin sulphate proteoglycans such as syndecan, perlecan and 

glypican. HSPGs are located on the cell surface and/or within the extracellular 

matrix (ECM). Binding of FGFs to HSPGs may restrict the dispersion of FGFs in 

the ECM, providing a reservoir of FGF and maintaining a local source of the 

growth factor. In addition, binding to HSPGs in the ECM may protect the growth 

factor from degradation by proteases (Powers et al., 2000).

The importance of HSPG molecules in FGF signalling was highlighted by the 

work of Spivak-Kroizman et al., (1994), who found that FGF/FGFR dimérisation, 

a key event in FGF signal transduction, required interaction with HSPGs. 

Guimond and Turnbull (1999) found that structurally diverse heparan sulphate 

decasaccharides exhibited specificity for FGF ligands and receptors, and as a 

result exerted differential stimulatory or repressive effects on BaF3 cells.

1.6.3: FGF/FGFR/HSPG complex

A recent study of the FGFR1 ectodomain containing Igll and Iglll bound to 

FGF2 showed that FGF/FGFR/HSPG interaction involves two FGF molecules 

bound to two FGFR molecules in the region of Igll and Iglll, and the interlinker 

region between them. The binding conformation of two FGF ligands and two 

FGFRs produces a large anionic central canyon which is hypothesised to be the 

site spanned by long chain HSPGs that serves to stabilise the complex 

(Plotnikov et al., 1999). The formation of this complex permits receptor 

dimérisation, and brings the intracellular tyrosine kinases of both receptor 

molecules into close proximity. Dimérisation results in an increase in kinase 

activity, ultimately causing autophosphorylation and biological signalling.

1.6.4: FGF/FGFR/HSPG signal transduction

The FGF/FGFR binding interaction facilitates the homo- or hetero- dimérisation 

of two FGFRs. HSPGs stabilise this interaction, and prolonged FGFR
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dimérisation results in the subsequent transphosphorylation of the intracellular 

receptor tyrosine kinases (Spivak-Kroizman, 1994, Ornitz, 2000). Following 

phosphorylation, signal transduction continues via one of several different 

signalling pathways. One pathway involves the activation of proteins containing 

Src homology 2 domains (SH2), such as phospholipase Cy (PLCy). Activated 

PLCy cleaves phosphatidyl-inositol-4,5,bisphosphate to inositol triphosphate 

(IPS) and diacylglycerol (DAG). IPS promotes the release of calcium stores from 

the endoplasmic reticulum, whereas DAG and calcium activate protein kinase C 

(PKC). Another pathway recruits molecules required for activating the mitogen- 

activated protein kinase (MAP kinase) cascade, important for progression 

through the cell cycle and for the phosphorylation and activation of transcription 

factors (Klint and Claesson-Welsh, 1999, Wilson, 1994). These complex 

intracellular signal transduction cascades facilitate the numerous biological 

effects of FGFs, such as differentiation, migration and proliferation (Boilly et al,

2000).

1.6.5: Other FGFR ligands

It should be noted that FGFs are not the only ligands able to bind and activate 

FGFRs. Cell adhesion molecules N-CAM and LI can promote axonal growth by 

activating FGFRs in neurons (Doherty and Walsh, 1996, and Green et al.,

1996). Activation of N-CAM and LI leads to phosphorylation of the FGFR and 

subsequent neurite outgrowth.

1.6.6: FGFR expression in the centrai nervous system

FGFR1 mRNA has been identified in neurones of the adult rat brain, including 

certain neuronal populations in the hippocampus, the cerebellum and 

pedunculopontine tegmental nucleus (Yazaki et al., 1994). FGFR1 mRNA is not 

expressed in adult rat CPs. By contrast, FGFR2 mRNA expression is high in 

adult rat CPs. FGFR2 expression in other areas of the CNS are restricted to 

discrete ‘fibre rich' regions of the brain, such as the corpus callosum, external 

capsule, internal capsule and olfactory bulbs (Yazaki et al., 1994).
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As with FGFs, FGFRs are expressed in distinct and overlapping spatiotemporal 

patterns during development of the central nervous system.

Several groups have studied FGFR expression in the embryonic CNS. FGFR1 

protein expression has been described in the dorsal and basal parts of the 

neuroepithelium, and in the developing telencephalon at E12.5 to E14.5 in the 

mouse embryo (Raballo et al., 2000). At later stages of development, there is a 

down-regulation of FGFR1 immunoreactivity in the CNS (Raballo et al., 2000). 

FGFR1 mRNA has been identified in the ventricular zone and germinal cell 

layer of the developing murine cortex at E9.5-10.5, and later at E16.5 (Peters et 

al., 1992). In both of these reports, however, no direct reference to expression 

of FGFR1 in the CPs was made.

FGFR2 expression in the embryonic mouse CNS is ubiquitous at E9.5-10.5. But 

by E l6.5, the levels of FGFR2 mRNA expression falls markedly in the 

developing CNS with the exception of the neuroepithelium closest to the 

ventricles, and the CPe, which maintains a high level of FGFR2 mRNA 

expression (Ford-Perris et al., 2001). Expression of two distinct isoforms of the 

FGFR2 gene, FGFR2lllb (KGFR) and lllc (bek) in the CPe of the embryonic 

human between 10 and 18 weeks gestation have been reported (Chan and 

Thorogood, 1999). The CPe expresses both of these isoforms. FGFR2 lllb 

mRNA expression in the mouse at E14.5 and E l6.5 has also been described 

(Finch, 1995). In addition, high levels of low-affinity HSPG binding sites for 

FGF2 (labelled with ^̂ ®l) have been identified in the murine CP at E l 5.5 (Fayein 

etal., 1992).

FGFRS is generally confined to the CNS and bone of the developing embryo 

(Peters et al., 1993). FGFRS is strongly expressed in the ventricular zone of the 

neural tube from E9 to E l6 in the mouse. After E l6, expression seems to be 

confined to the glial cell population, and the inner hair cells of the cochlea 

(Peters et al., 199S).

FGFR4 expression in the developing CNS has not been studied in detail in the 

mouse or chick. FGFR4 has been identified in the ventricular zone of the cortex 

at E l6 (Ozawa et al., 1996).
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FGFRS is a newly discovered FGF receptor. FGFRS localises predominantly in 

adult pancreatic tissue. The expression pattern of this gene in the embryo has 

not been characterised at present (Kim et al., 2001).

1.6.7: FGFR mutations in syndromic craniosynostosis

As described in this chapter, section 1.4.3, mutations in FGFRs have been 

described in several of the most common forms of syndromic craniosynostosis. 

These are summarised in Table 1.7.

Gene Syndrome Typical mutation sites/regions

FGFR1 Pfeiffer Igll - Iglll Interlinker

FGFR2 Crouzon

Pfeiffer

Apert

Jackson-Weiss 

Beare Stevenson

Ig III -  mainly the creation of unpaired 

cysteine residues

As for Crouzon, sometimes the mutations 

are identical 

Igll-lglll interlinker 

As for Crouzon

Creation of new cysteine residues

FGFRS Craniosynostosis 

Achondroplasia 

Crouzon (with a n.) 

Thanotophoric dysplasia I 

Thanatophoric dysplasia II

Igll -  Iglll interlinker 

Transmembrane 

Transmembrane 

Creation of cysteine residue 

Tyrosine kinase domain

Table 1.7: Craniofacial syndromes associated with mutations in FGFRs
Abbreviations: Ig: Immunoglobulin, a.n.: acanthosis nigricans. Adapted from Burke etal., (1998)

All the mutations in the coding regions are in-frame mutations that result in a 

functional protein. The mutations may be missense, deletions, insertions and 

missplice events. The mutations exhibit a dominant phenotype. Although many 

different mutations have been reported, there is distinct clustering of mutation 

sites along the FGFR genes. Point mutations occur in particular at the 

interlinker region between Igll and Iglll, in the third immunoglobulin like domain, 

between Iglll and the transmembrane domain and within the transmembrane
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domain itself (Fig. 1.10A). Interestingly, homologous mutations have been 

identified at equivalent positions in more than one FGFR. For example, in the 

interlinker region between Ig II and Ig III, Pro252Arg substitution of FGFR1 

causes Pfeiffer syndrome, Pro253Arg substitution in FGFR2 causes Apert 

syndrome, and Pro250Arg substitution in FGFR3 causes Muenke 

craniosynostosis (Muenke et al., 1994, Wilkie et al, 1995, and Bellus et al., 

1996).

There have been several biochemical studies that suggest that mutations in 

FGFRs cause ligand-independent receptor dimérisation leading to constitutive 

activation. Neilsen and Friezel (1995) injected animal pole explants of Xenopus 

laevis embryos with RNA encoding an FGFR2 protein with the Cys342Tyr 

Crouzon mutation. The mutated receptor induced tyrosine phosphorylation and 

expression of mesodermal markers in the absence of FGF. In 1996, the same 

group reported a similar effect by mutated FGFR1 proteins. The effects of 

FGFR1 and FGFR2 mutations could be abolished by the addition of soluble 

dominant negative FGFR constructs. This strongly suggested that ligand 

independent dimérisation was required for the mutant receptors to exert their 

stimulatory effects (Neilson and Friezel, 1996). FGFR/Neu chimeras have been 

used in several experimental series to test the nature of FGFR mutations. A 

number of Crouzon mutations in FGFR2, and the Gly380Arg mutation in the 

transmembrane domain of FGFR3, when combined with the intracellular portion 

of the Neu receptor are able to stimulate oncogenic transformation of NIH 3T3 

cells (Galvin et al., 1996 and Webster and Donoghue 1996 respectively). These 

effects are also abolished in the presence of dominant-negative soluble FGFR 

proteins.

Two Apert mutations in FGFR2 at the interlinker region between Igll and Ig III, 

Ser252Trp and Pro253Arg increase receptor affinity for FGF2 but not FGF1 or 

FGF4 (Anderson et al., 1998). These results confirm that the Igll-lglll interlinker 

region of the FGFR molecule is involved in ligand binding, and that mutated 

FGFRs have varying affinity for FGF molecules.
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^ I g  like loop domain, |Acid box, |c A M  homology domain, Transmembrane domain,

I^Tyrosine kinase domain, i=C> Mutation site, ®  ®  trans-phosphorylation of receptors, 

r  HSPG molecule, H...H hydrogen bond, C -C  ‘free’ cysteine residues, 0 FGF ligand.

Fig. 1.10: Mutations in FGFRs described in syndromic craniosynostosis

A: General structure of FGFR indicating mutation site ‘hotspots’.

B: Schematic representation of common mutations in syndromic 

craniosynostosis. a) Normal FGFR activation. Transphosphorylation of the 

intracellular domains requires FGF/FGFR/FISPG interaction, b) Intermolecular 

disulphide bridge formation, resulting from mutations leading to unpaired 

cysteine residues, c) Flydrogen bond formation in the transmembrane domain 

due to interaction between mutated residues, d) Mutation leading to increased 

affinity for FGF ligand.
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Mutations can be classified depending upon their effect upon the FGFR protein. 

Illustrated schematically in Fig. 1.1 OB:

1) Alteration In the number of cysteine residues, either by addition or 

removal of cysteine at the point of the Ig loop disulphide bridges. Unpaired 

cysteine residues at these sites are able to covalently bind with another mutant 

receptor, thus causing receptor dimérisation in the absence of ligand (Kannan 

and Givol, 2000). Fig. 1.108b

2) Destabilisation of the disulphide bridge. Mutations within Iglll that do 

not lead to the formation of unpaired cysteine residues are thought to affect the 

tertiary structure of the molecule, with the potential effect of disrupting 

disulphide bridge formation. Altered structure may result in the formation of 

alternative intermolecular bonds (Burke et al., 1998).

3) Formation of hydrogen bonds at the TMD. Mutations in the TMD which 

replace the GlySBO residue with residues with a basic side chain, such as Arg, 

are thought to form a hydrogen bond with another receptor, leading to 

conformational change, and constitutive activation (Webster and Donoghue, 

1996). The strength of the signal is dependent upon the number of tyrosine 

residues that autophosphorylate (Powers et al., 2000). Fig. I.IOBc

4) Increased affinity for ligand. Mutations in the Igll Iglll interlinker region 

can reduce the dissociation kinetics of FGF ligand leading to prolonged FGFR 

signalling (Anderson etal., 1998). Fig. I.IOBd.

1.6.8: The effects of FGFR mutations in vivo

Several mouse strains have been generated very recently in an attempt to 

further understand the effect of FGFR mutations in syndromic craniosynostosis. 

Efforts to characterise these mice have focussed primarily on the development 

of skeletal elements, particularly the crania and facial bones, rather than on 

other systems such as the central nervous system and CPs. Over forthcoming 

years, these mouse strains will provide invaluable information regarding the 

effects of FGFR mutations on multiple organs and systems. Most mutant mouse
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strains support the in vitro conclusions described earlier, that the FGFR 

mutations identified in humans with syndromic craniosynostosis are 

constitutively activating.

Targeted disruption of FGFR1 or FGFR2 in mice both result in homozygous 

mutant embryos which die immediately prior to gastrulation (Deng et al. 1994, 

Yamaguchi et al.,1994, Arman et al., 1998). This problem of embryonic lethality 

was circumvented by the development of a membrane bound dominant- 

negative FGFR. This mutant receptor cannot convey an intracellular signal, but 

can bind a subset of FGFs, therefore disrupting the signalling of various FGFR 

isoforms in vivo. These mice have craniofacial and limb abnormalities 

reminiscent of human skeletal disorders, associated with FGFR mutations. 

Effects on the CPs had not been reported, although the brain was described in 

general terms as hypocellular and disorganised (Celli et al., 1998). It is 

intriguing that dominant negative FGFR mutations should result in a phenotype 

that resembles craniosynostosis syndromes in man. Celli et al., (1998) 

hypothesised that reduced FGFR signalling caused similar effects as increased 

FGFR signalling. This rather contradictory hypothesis was clarified earlier this 

year by the work of Hajihosseini et al., (2001). This group demonstrated that 

heterozygotic deletion of exon 9 of the FGFR2 gene in mice resulted in a 

splicing ‘switch’ from expression of FGFR2 lllc to FGFR2 lllb in tissues that 

normally expressed lllc. The effect was the generation of a gain of function 

mutation similar to some Apert and Pfeiffer phenotypes (Hajihosseini et al.,

2001).

A recent mouse strain has been generated which is heterozygous for the 

Pro250Arg mutation in FGFR1 (Pfeiffer syndrome phenotype). This mutant 

presents with premature fusion of the cranial sutures, and additional craniofacial 

abnormalities associated with Pfeiffer syndrome. Studies have yet to be 

published regarding the development of the CNS in these mice (Zhou et al., 

2000).

Over-expression of FGF ligands in mice has also provided information about 

increased FGF signalling in vivo. The Bulgy-eye (Bey) mouse mutation results 

in the upregulation of both Fgf3 and Fgf4 (Carlton, et al., 1998). Phenotypically
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the Bey mouse has cranial features comparable to those found in Crouzon 

syndrome. Development of the CNS and choroid plexus/ventricular system 

remains to be characterised in this mutant.

Overexpression of FGF2 in mice also results in skeletal malformations, 

reminiscent of craniosynostosis syndromes (Coffin, et al. 1995). Again, 

emphasis was placed upon the development of skeletal elements in this report. 

Although FGF2 over-expression was described in the CNS, no reference was 

made about its effects in this region.

Collectively, these data provide indirect evidence for the hypothesis that FGFR 

mutations in vivo are constitutively activating. Importantly, over-production of 

FGF ligands can simulate the effects of FGFR mutations in syndromic 

craniosynostosis.

1.6.9: FGF2 administration to the brain ventricies

Several groups have investigated the effects of exogenous administration of 

FGF2 to the ventricles of the brain in both adult and embryonic models. As 

demonstrated in the previous section, excess FGF ligands partly simulate the 

effects of mutated FGFRs in syndromic craniosynostosis.

1.6.9.1: Aduit models

In a study to determine the effect of FGF2 treatment on the symptoms of 

Parkinson's disease, Pearce et al (1996) administered FGF2 continuously via a 

ventricular infusion pump for 7 weeks to adult Marmosets, pre-treated with the 

Parkinson syndrome-inducing drug, 1-methyl-4-phenyl-1,2,3,6,- 

tetrahydropyridine (MPTP). Animals treated with a continuous ventricular 

infusion of 1 ng of FGF2 per day, over seven weeks, developed hydrocephalus, 

whereas control animals did not. On histological examination, the authors 

described a gross enlargement’ of the choroid plexus and ependyma. These 

results indicated that FGF2 administration might have caused choroid plexus 

hypertrophy and over-secretion of CSF in these primates.
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Johanson et al., (1999) induced hydrocephalus in wild-type adult rats by 

continuous ventricular infusion of 250-1000 ng of FGF2 per day over 10-12 

days. Hydrocephalus was evident in all treatment groups within 2 days. After 12 

days, the ventricles had doubled in size, although the rate of secretion of CSF 

by the choroid plexuses was reduced in these animals. Johanson et al., (1999), 

measured an increase in resistance to CSF absorption in these animals. On 

histological examination, collagen deposits were identified in the arachnoid villi, 

the sites of CSF absorption. Based on these findings, it was hypothesised that 

the rapid onset of hydrocephalus resulted from an FGF2-induced reduction in 

CSF absorption.

From these two experimental series, intraventricular infusion of FGF2 has been 

shown to alter CSF dynamics, inducing hydrocephalus and ventriculomegaly. 

The aetiology however, appears to be different. FGF2 stimulated over 

production of CSF by the CP in the marmoset, yet FGF2 reduced CSF 

absorption in the rat. These differences, although seemingly contradictory, may 

have occurred as a consequence of the 250-fold difference in FGF2 

concentration infused, the length of treatment and species differences.

1.6.9.2: Embryonic models

Intraventricular administration of FGF2 has also been attempted in embryonic 

systems. Vaccarino et al., (1999) demonstrated that a single ventricular 

injection of 75 ng FGF2 at E l5.5 in the embryonic rat results in an increase in 

brain volume, and in the number of neurons in the adult cortex. By contrast, a 

ventricular injection of 75 ng FGF2 at the end of neurogenesis, at E20.5 

selectively increases the number of glial cells in the adult cortex. In this study, 

however, the ventricular morphology was not described, suggesting that there 

was no evidence of ventriculomegaly, or enlargement of the CP.

Ohmiya et al., (2001) injected a single bolus dose of FGF2 to embryonic mouse 

cerebral ventricles in utero at E l4. Enlarged cerebral ventricles, deformation of 

the calvarium, and thinning of the cerebral cortex were evident within 2-3 days 

after birth in embryos treated with 200 ng or 300 ng FGF2. Interestingly, lower 

doses of FGF2 (100 ng) did not cause hydrocephalus or ventriculomegaly. This 

finding indicates that hydrocephalic symptoms are initiated above a 'threshold'
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intracranial pressure in individuals with syndromic craniosynostosis suggests 

that the CPs may be directly affected by FGFR mutations.

1.8: Hypothesis and experimental strategy

The overall aim of this study was to determine whether FGFR stimulation and 

expression were correlated with altered CP function. These results may be used 

to help explain the consequences of activation of FGFRs in terms of raised ICP 

in children with SCS.

The research questions were therefore:

• Does FGFR protein and mRNA expression occur in the CP during the 

second half of gestation, and what is the timing and nature of this 

expression?

• Does the addition of FGF to murine CP cell cultures result in altered function 

in terms of fluid secretion and/or protein expresssion?

• Does the addition of FGF to murine CP cell cultures result in increased cell 

proliferation?

• Is the CSF concentration of transthyretin protein synthesised by the CPs 

altered in SCS patients compared to controls?

Throughout this research, I have used the mouse embryo as a mammalian 

model for my investigations. Given that relatively little is known about CP 

development and gene expression in the mouse, an important first step was to 

assess the murine CPs in vivo. This was achieved using a combination of 

histochemical techniques (chapter 4).

Although the FGF and FGFR families have been extensively studied during the 

development of the nervous system in many animal species, the CPs have 

frequently been under-reported, or omitted from publications of expression data.

I used immunohistochemical analysis and RT-PCR to assess FGFR protein and 

mRNA in the CPs during the second half of murine gestation, in order to define 

the timing and nature of FGFR expression (chapter 5).
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In order to test the research hypothesis, I developed two in vitro models to 

stimulate FGFR signalling in embryonic mouse CP epithelial cells (OPe). This 

was achieved by the addition of various doses of FGF2 to primary cultures of 

dissociated OPe. In the first culture model, secretory OPe vesicles were grown 

within a basement membrane gel matrix in the presence of FGF2. The vesicles 

responded dramatically in a highly significant and dose-dependent way to the 

addition of the ligand. These results prompted further investigation into the 

timing of the cellular response to FGF2. It was clear from the vesicle 

experiments that the main effects of FGF2 on OPe in vitro occurred at early 

culture stages (chapter 6).

The findings from the vesicle cultures prompted the development of the second 

in vitro technique in which embryonic OPe were cultured as monolayers. This in 

vitro system was designed to assess the proliferative effects of FGF2 upon CPe 

proliferation (chapter 7).

In order to assess potential changes in CP functionality in children with 

syndromic craniosynostosis, I analysed the concentration of two proteins, 

albumin and transthyretin, in the CSF and in the plasma. Although 

craniosynostosis syndromes are rare, I was able to build up a collection of 

ventricular samples of cerebrospinal fluid (CSF) from children with these 

disorders. From these measurements I was able to calculate the concentration 

of TTR synthesised and secreted by the CPs in these individuals (chapter 8).

This work shows that the CPs express a variety of FGFRs during the second 

half of gestation in vivo, and that expression of FGFR2 and FGFR4 is specific to 

CPe cells at later gestational stages. The data provides strong evidence that 

embryonic CPs in vitro are highly responsive to FGF2, and that at least one of 

the effects of FGF2 is to stimulate CPe proliferation in vitro. However, mitotic 

figures are rare in the developing CPs in vivo. These experiments suggest that 

in syndromic craniosynostosis, where FGFR signalling is increased, the CPe 

cells might exhibit a substantial proliferative response, whilst maintaining their 

secretory function.
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Chapter 2: Materials
The manufacturers of all materials used are detailed below. The region and 

country of the manufacturer is given with the product description. In cases 

where the same manufacturer has supplied multiple items, the region and 

country will be shown once. Subsequent references to the same manufacturer 

will show the country of manufacture only.

2.1 : Histological reagents and equipment

Glass staining troughs and racks, storage containers and all histological stains 

with the exception of Hoechst nuclear stain were obtained from BDH 

(Leicestershire, UK). Hoechst nuclear stain was from Sigma Aldrich (Dorset, 

UK). Sections were cut on a Microm HM330 rotary microtome using disposable 

blades (both from Raymond Lamb, East Sussex, UK). Heraeus Instruments 

(Essex, UK) supplied the T6030 wax oven. Glass microscope slides, coverslips 

and paraffin wax, (Lambwax - melting point 57-58°C) were obtained from 

Raymond Lamb (UK). HistoClear was purchased from National Diagnostics 

(Atlanta, GA, USA). Wax pen was purchased from DAKO (Buckinghamshire, 

UK). Poly-l-lyseine was purchased from Sigma Aldrich (UK). Mounting media 

were dextropropoxyphene (BDH, UK) or Citifluor aqueous mount (Citifluor 

Scientific, Cambridge, UK). Clear nail varnish was used to seal aqueous 

samples.

2.2: Surgical Tools

All dissecting instruments were purchased from John Weiss and Son Ltd (Milton 

Keynes, UK). 4.5 mm straight bladed iris scissors were used for fine dissection 

of choroid plexus tissue. 0.25 mm bore tungsten wire (Agar, Cambridge, UK) 

was used to make sharp tungsten needles. Tungsten needles were made by 

inserting a 3 cm length of tungsten wire into a glass pipette and secured into 

place using Araldite™ glue (Jana, Saudi Arabia). The glue was left to set 

overnight. Needles were sharpened by repeatedly dipping and rotating the 

secured tungsten wire into boiling sodium nitrite (Sigma Aldrich, UK) until the tip 

had been reduced to a very fine point. The needles were bent into an obtuse 

angle using forceps.
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2.3: Tissue culture media and equipment

HEPES buffered Dulbecco's modified essential medium (DMEM), alpha 

modification of Eagle’s minimal essential medium with ribosides and 

deoxyribonucleosides (a-MEM), Leibovitz’s medium (L-15) and Dulbecco’s 

calcium-, magnesium- and sodium bicarbonate-free phosphate buffered saline 

(ORBS), were all supplied by Gibco BRL (Paisley, UK). Foetal calf serum (PCS) 

was purchased from Sigma-Aldrich (UK). The same batch of PCS was used in 

all cultures. Penicillin/streptomycin solution (100,000 units per ml) was 

purchased from Sigma-Aldrich (UK).

Matrigel® is an extract of the Elgelbroth Swarm mouse sarcoma cell line, 

manufactured by Becton Dickinson (Massachusetts, USA) and supplied by 

Stratech Scientific Ltd, (Dudley, UK).

Enzymes used for cellular dissociation during choroid plexus epithelia (CPe) 

isolation were pancreatin, trypsin, and trypsin EDTA (Sigma-Aldrich, UK). 

Dispase® was manufactured by Becton Dickinson (USA) and supplied by 

Stratech Scientific Ltd (UK). Laminin for coating of plates and coverslips was 

obtained from Sigma-Aldrich (UK).

Tissue culture grade petri- dishes and other plastics were supplied by Philip 

Harris (Stone, Staffordshire, UK), Nunc Inc (Naperville, IL, USA) and Helena 

Bioscience (Sunderland, UK).

2.4: Growth factors

Bovine brain-derived PGP2 (basic PGP, code number 133-PB-025) was 

purchased from R&D Systems (Oxford, UK).

2.5: Primary antibodies

Anti-human transthyretin (TTR) goat polyclonal antibody was obtained from 

Sigma-Aldrich (UK). In all experiments, the antibody was used at a dilution of 1 

in 20. The immunogen used to raise this antibody was purified human 

transthyretin (pre-albumin), isolated from normal human plasma.
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Anti-phospho-Histone H3 (mitosis marker) rabbit polyclonal IgG was obtained 

from Upstate Biotechnology (New York, USA). In all experiments, the antibody 

was used at a dilution of 1 in 500. The immunogen used for the antibody 

production was a KLH-conjugated peptide corresponding to amino acids 7-20 of 

the human histone H3.

Anti-proliferating cell nuclear antigen (PCNA) mouse monoclonal lgG2a 

antibody was obtained from Santa Cruz Biotechnology, Inc. (California, USA). In 

all experiments, the antibody was used at a dilution of 1 in 100. This antibody 

was derived by the fusion of BALB/c mouse spleen cells with recombinant 

PCNA, with Sp2/0-Ag14 myeloma cells.

Anti-FGFRI affinity-purified rabbit polyclonal antibody was obtained from Santa 

Cruz Biotechnology, Inc. (USA). In all experiments, the antibody was used at a 

dilution of 1 in 100. The immunogen used to raise this antibody was a peptide 

mapping to the carboxy terminus of human FGFR1, which is identical to the 

mouse sequence.

Anti-FGFR2 affinity purified rabbit polyclonal antibody was obtained from Santa 

Cruz Biotechnology, Inc. (USA). In all experiments, the antibody was used at a 

dilution of 1 in 100. The immunogen used to raise this antibody was a peptide 

corresponding to amino acids 805-821 mapping to an area within the carboxy 

terminus of both human and mouse FGFR2.

Anti-FGFR3 affinity-purified rabbit polyclonal antibody was obtained from Santa 

Cruz Biotechnology, Inc. (USA). In all experiments, the antibody was used at a 

dilution of 1 in 100. The immunogen used to raise this antibody was a peptide 

mapping to the carboxy terminus of human FGFRS.

Anti-FGFR4 affinity-purified rabbit polyclonal antibody was obtained from Santa 

Cruz Biotechnology, Inc. (USA). In all experiments, the antibody was used at a 

dilution of 1 in 100. The immunogen used to raise this antibody was a peptide 

mapping to the carboxy terminus of human FGFR4.
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2.6: Secondary antibodies

Peroxidase-conjugated rabbit anti-goat immunoglobulins were obtained 

from DAKO Ltd (Birmingham, UK). In all experiments, the antibody was used at 

a dilution of 1 in 100. The immunogens were immunoglobulins (predominantly 

IgG), isolated from goat serum.

Peroxidase-conjugated goat anti-rabbit immunoglobulins were obtained 

from DAKO Ltd (UK). In all experiments, the antibody was used at a dilution of 1 

in 100. The immunogens were immunoglobulins (predominantly IgG), isolated 

from rabbit serum.

FITC-conjugated F (ab’ )2 fragment of goat anti-mouse immunoglobulins

was purchased from DAKO Ltd (UK). In all experiments, the antibody was used 

at a dilution of 1 in 40. The immunogens used for raising this antibody were 

IgGs isolated from mouse serum.

2.7: Sera as blocking agents

Goat serum was obtained from DAKO Ltd (UK). FCS and bovine serum albumin 

were obtained from Sigma-Aldrich (UK).

2.8: Other immunohistochemical detection reagents

StreptABComplex/HRP (ABC duet kit), used for the labelling and signal 

amplification of secondary antibodies used in immunohistochemistry was 

purchased from DAKO Ltd (UK). Diaminobenzidine tetrahydrochlorodihydrate 

(DAB) tablets were obtained from Sigma-Aldrich (UK).

2.9: Microscopy and image capture

Micro-dissections of murine tissue for primary culture were carried out under 

Perspex housing using a Zeiss SV6 stereomicroscope (Carl Zeiss, Oberkochen, 

Germany). Photography of large specimens was performed on a Zeiss SV11 

stereomicroscope (Carl Zeiss, Germany). Cultured cells were observed under a 

Zeiss inverted microscope, and photographed using a Yashika 108 multi 

program 35mm camera and Kodak TMax 100 colour reversal film. Brightfield 

microscopy was performed on either an Olympus BH2 microscope, using 

objective lenses of 4x, lOx and 20x magnification (Olympus, Chiyoda-Ku, Tokyo
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101, Japan) or a Zeiss Axioplan 2 microscope (Carl Zeiss, Germany) using 

objective lenses of 2.5x, lOx, 20x and 40x. Digital images from these 

microscopes were captured electronically using a Klontron Prog Res 3012 digital 

camera (Imaging Associates Ltd, Oxford, UK), and version 2.0 of the associated 

software. Images were saved in formats compatible with Adobe Photoshop 

version 3.0 (Adobe Systems Europe, Edinburgh, UK). Cells labelled with 

fluorescence were viewed under a Zeiss Axiophot microscope (Carl Zeiss, 

Germany), and photographed using the integral Zeiss camera and Fuji Provia 

1200 colour reversal film. Images taken on colour reversal film were scanned 

digitally using an Epson film scan 200 slide scanner and the associated Twain 

32 software (Epson, Hemel Hempstead, UK). Images were processed using 

Adobe Photoshop version 5.0 where necessary (Adobe Systems Europe, UK). 

Vesicles stained with fluorescence were viewed under a Zeiss Axioplan 

microscope (Carl Zeiss, Germany) and imaged using a Hamamatsu digital 

camera (C4742-95 Hamamatsu Photonics, Japan). The images were captured 

as TIFF files using the Open Lab̂ *̂  computer software package, version 3.03 

(Improvision, Coventry, UK) and a Macintosh G3 computer.

2.10: Source of animals

Charles River Mouse Farms (UK) provided outbred CD-I (wild type) albino 

mice. They were housed under home office regulations.

2.11: General laboratory reagents

The reagents used for experimental procedures were analar grade supplied by 

BDH Ltd (UK) unless otherwise stated. Sigma-Aldrich (UK) supplied bovine 

serum albumin (BSA), diethylpyrocarbonate (DEPC), ethidium bromide, orange 

G, paraformaldehyde (PFA), tween-20, citric acid and hydrogen peroxide. 

Phosphate buffered saline (PBS) tablets were purchased from Oxoid 

(Hampshire, UK).

2.12: Gel electrophoresis and molecular size markers

Agarose powder was supplied by Gibco BRL (UK). Agarose gels were run in the 

Horizon horizontal gel electrophoresis system (Gibco BRL, UK). 1Kb ladders for 

DNA and RNA analysis were either from Gibco BRL, or Bioline (London, UK). 

Synergel® agarose clarifier was purchased from Diversified Biotech (Boston,
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USA). Trisma base, glacial acetic acid, EDTA (used to make Tris acetate EDTA 

electrophoresis buffer-TAE) were purchased from Sigma Aldrich (UK). Gel 

images were captured using Alphalmager'r^1200 computer software (Alpha 

In notech Corporation, USA).

2.13: Reagents and equipment for RT PCR

Reverse transcriptase, random hexamer primers, dithiothreitol, deoxynucleoside 

triphosphates (dNTPs), RNA inhibitor, magnesium chloride and 10x buffer set, 

and Tag polymerase were all purchased from Promega (Southampton, UK). 

Thermostable PCR tubes were purchased from Elkay Laboratory Supplies Ltd. 

(Hampshire, UK). PTC-1000 thermal cycler machine was from MJ Research 

Inc. (Boston MA, USA).

2.14: Oligonucleotides

Oligonucleotides were custom synthesised by Genosys (Cambridge, UK). The 

oligonucleotides presented in Table 2.1 were each designed from published 

records of cDNA using the Pubmed nucleotide enquiry facility on:

w w w .ncb i.n im .n ih .q o v /en trez /q u erv .fq c i? d b =N u c leo tid e .
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FGFR1 lllb

Forward

Reverse

M28998

688-707
931-912

243bp 56"C

5' GCCACCTGGAGCATCATAAT 3'

5' GCTTCAGCCACTGAATGTGAT 3"

FGFR1 lllc

Forward

Reverse

M28998

688-707
1138-1129

450bp 5 6 X

5' GCCACCTGGAGCATCATAAT 3'

5' CTTCCAGAACGGTCAACC 3'

FGFR2lllb

Forward

Reverse

M63503

960-979
1382-1363

422bp 56*0

5' AAACCAGCACTGGAGCCTTA 3’ 

5' TGGTTGGCCTGCCCTATATA 3'

FGFR2IIIC

Forward

Reverse

M86441

1236-1255
1716-1695

480bp 56*0

5' AAACCAGCACTGGAGCCTTA 3’

5' CGTGATCTCCTTCTCTCTCACA 3’

FGFR3lllb

Forward

Reverse

L26492

823-842
1294-1277

471 bp 56*0

5’ AGTGGAGCTTGGTCATGGAA 3’

5' TGAACACGCAGCCAAAAG 3'

FGFR3IIIC

Forward

Reverse

X58255

823-842
1251-1232

428bp 56*0

5’ AGTGGAGCTTGGTCATGCAA 3’ 

5’ ACGCAGAGTGATGGGAAAAC 3'

FGFR4

Forward

Reverse

NM 008011

1273-1292
1670-1651

397bp 56*0

5’ AAGTCATCCGTGGCCACTAC 3' 

5' GTCTGCCAAATCCTTGTCGG 3'

GAPDH

Forward

Reverse

M32599

179-200
670-651

491 bp 55/56*0

5' TTCCAGTATGACTCCACTCACG 3'

5' GGATGCAGGGATGATGTTCT 3'

PGM1 Human

Forward

Reverse

XM 001442

437-459

855-832

417bp 55*0

5’GAAAAATCAAAGCCATTGGTGGG 3' 

5'GGCACCGAGTTCTTCACAGAGGAT 3'

TTR

Forward

Reverse

NM 013697

4-23
509-490

505bp 55*0

5' CAGATCCACAAGCTCCTGAC 3' 

5' CTGCTTTGGCAAGATCCTGG 3’

Table 2.1: Oligonucleotide sequences of primers used for reverse 

transcriptase polymerase chain reaction (RT-PCR).
The accession number is underlined. Bold characters indicate the expected product size in 

base pairs. Italics indicate the position of the primer sequence relative to the position of the 

corresponding base pairs in the cDNA sequence. Primer annealing temperatures used are 

shown to the right of the base pair number. All primers are murine cDNA sequence derived, 

unless stated otherwise.
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2.15: Centrifuges

Samples were centrifuged in a Heraeus Biofuge 13R (Heraeus instruments, UK) 

or a Sigma 113 microfuge (Sigma, Osterode, Germany).

2.16: Electron microscopy

Gluteraldehyde, cacodylate, red wax and embedding resin were purchased 

from Agar Scientific Limited (Essex, UK). Osmium tetroxide was from Oxkem 

Limited (Oxford, UK). Absolute alcohol, borax, methylene blue and propylene 

oxide was from BDH (UK). Thin sections were cut on a Reichert-Jung Ultracut E 

microtome (Leica Microsystems AG. Wetzlar, Germany ) using a diatome 

diamond knife (Agar Scientific Limited (UK), and mounted onto formvar/carbon 

film 2 x 1  mm slot copper grids (Agar Scientific Limited, UK). Sodium hydroxide, 

Uranyl acetate and lead citrate were purchased from Sigma. Electron 

microscopy was performed on a Joel 1200 EX2T electron microscope (Joel UK, 

Welwyn Garden City, UK). Images were captured on Kodak Estar thick base 

electron microscope film (6 cm x 9 cm) (Kodak, New York, USA)

2.17: Rocket eiectroimmunoassay

Acetic acid, calcium lactate, Coomassie brilliant blue stain, isopropanol, 

polyethylene glycol (PEG), sodium azide, sodium chloride and thymol were all 

obtained from BDH (UK). Barbitone and sodium barbitone were purchased from 

Sigma-Aldrich (UK). Ethanol and methanol were obtained from Hayman (Essex, 

UK). Medium electroendosmosis agarose and Gelbond film (102 mm width) 

were obtained from Flowgen (Leicestershire, UK). Glass plates 100 x 200 x 

1mm with ground edges were from Express Glazing Ltd (London, UK). Dymo 

tape (used as a U-frame spacer device) was purchased from PADS Stationary 

Suppliers (London, UK). 30 ml glass bottles were from Aimer (London, UK). 

Holes for sample application were cut in the immunogel using a 2 mm diameter 

gel cutter, from Shandon Scientific (Cheshire, UK). The precise location of each 

hole was achieved using a custom-made Perspex® template. This template 

consisted of a single length of Perspex (150 x 250 mm), with a line of 32 holes 

(2 mm in diameter with their centres spaced 6 mm apart), 1 cm in from one of 

the long edges. The template had two additional strips at each end so that it 

rested over the gel with a gap of 3mm from the surface of the gel to the surface
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of the Perspex. Hardened filter paper for blotting gels following electrophoresis 

was from Hollingsworth and Vose Ltd (London, UK).

Anti-transthyretin and anti-albumin antibodies used for rocket 

eiectroimmunoassay were obtained from Diasorin (Wokingham, UK).
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Chapter 3: Methods

3.1 : Primary culture of choroid plexus epithelial cells

Choroid plexus epithelial cells (CPe) from the fourth ventricles of E12.5 CD1 

wild-type mice were prepared using the method of Thomas et al., (1989). This 

method isolates a very pure population of embryonic CPe.

3.1.1: Sterile technique

All tissue culture plates, dishes, pipettes, containers and solutions used were 

sterile. All aliquotting and preparation of plates was performed under a laminar 

flow tissue culture hood which had been switched on at least one hour prior to 

use, and cleaned with 70% IMS/dH20. Clean latex gloves were used during all 

procedures, and these were regularly sprayed with 70% IMS and changed 

periodically. Clean dissecting instruments were flamed twice in 100% IMS, 

under the laminar flow hood, and allowed to cool before use. Dissection of 

mouse embryos was performed under an enclosed dissecting microscope. 

Sterile conditions were maintained throughout the procedure.

3.1.2: Preparation of plates and media

All media were prepared and aliquotted into the correct dishes under the 

laminar flow hood prior to embryo collection. All enzymes were defrosted and 

diluted in Dulbecco’s phosphate buffered saline (DPBS) immediately before 

use.

3.1.3: Dissection

All procedures were carried out at room temperature, unless othen/vise stated. 

Female CD-I mice aged between 8 weeks and 5 months were time-mated 

overnight. Midday of the morning of detection of a vaginal plug was designated 

as embryonic day 0.5 (EG.5). On E12.5, the mother was killed by cervical 

dislocation. The abdomen was immediately swabbed with 70 % ethanol to 

reduce the risk of pathogenic contamination. The skin overlying the abdomen 

was lifted with forceps and cut with a small transverse incision. The skin either 

side of the cut was pulled apart longitudinally by hand to expose the entire 

peritoneum. The peritoneum was lifted up from the abdominal contents using
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clean forceps, and a large transverse cut was made across the midline to 

expose the uterus and bowels. The uterus was removed whole, taking care not 

to touch the outside of the mother’s body, and placed into a 30 ml tube 

containing sterile DPBS at 4 °C before rapid transfer of the embryos to the 

laboratory for dissection.

The uterus was placed in a 10 cm petri-dish of cold DPBS. The embryos were 

removed from the uterine horns, and released from the placenta and 

extraembryonic membranes using curved dissecting scissors. All embryos were 

transferred into a 10 cm dish of fresh DPBS, with fine forceps. Each embryo 

was transferred individually into a separate dish of DPBS for removal of the 

fourth ventricle choroid plexus (CP). This helped to minimise the risk of bacterial 

contamination. Under a dissecting microscope, the ectoderm covering the 

hindbrain was removed by making a longitudinal incision from the base of the 

neck to the crown of the head. This ectodermal tissue was peeled away to 

either side of the hindbrain, taking care not to damage the underlying thin layer 

of neuroepithelial tissue in the roof of the fourth ventricle (Fig. 3.1 A). The roof of 

the fourth ventricle was opened with an upward incision, along the side of one 

lateral border, and across the top of the hindbrain, and peeled back. The 

exposed CP was cut at the base (Fig. 3 .IB), using fine forceps and 4.5 mm iris 

scissors. The whole CP (Fig. 3.1C) was carefully transferred to a 5 cm petri dish 

of warmed Dulbecco’s minimal essential medium (DMEM) at 37 °C using a 

PI 000 pipette. Fourth ventricle CPs of approximately 20 embryos were 

removed in this way. The pooled CPs were swirled gently, so that they clustered 

together in the centre of the dish, and were transferred with a P I 000 pipette into 

a 2.5 cm petri dish containing 2 ml of 1% pancreatin/trypsin in DPBS. The CPs 

were incubated in these enzymes at 4 °C for 30 minutes, to aid separation of 

the CPe from the underlying mesenchyme (CPm). The treated tissues were 

transferred to a 5 cm dish of DMEM (at room temperature) using a P I000 

pipette. Under the dissecting microscope, the CPe sheets were gently teased 

away from the CPm using sharpened tungsten needles. Epithelial sheets (Fig.

3. ID ) were collected together at one side of the dish and examined under high 

power for mesenchymal contamination. Any remaining mesenchyme was 

removed from the CP sheets. Once most epithelia had been cleanly isolated, 

the CPe sheets were transferred in a drop of medium to the base of a 10 ml
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falcon tube using a P1000 pipette, and treated with 1 ml of 1% trypsin/EDTA in 

a warm water bath at 37 °C for 2 to 3 minutes.

The dissociation reaction was arrested by adding a few drops of 10% foetal calf 

serum and a minimal essential medium (FCS/aMEM - hereafter referred to as 

‘medium’). The cells were gently pipetted up and down with a P I GOD pipette to 

mechanically dissociate the CPe cells from one another, and then centrifuged 

slowly at 1000 g for 7 minutes. The supernatant was discarded, and 0.5 ml 

fresh medium was added, again using repeated gentle pipetting to produce a 

single cell suspension. Cell number was recorded using a haemacytometer.

Cell counts ranged between 15 and 20 x 10  ̂per ml on different experimental 

days, depending upon the number of embryos available.
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Fig. 3.1: Dissection technique for isolation of choroid plexus epithelium

A: Site of dissection of fourth ventricle choroid plexus (CP). The surface 

ectoderm was cut along lines 1. and 2., and peeled back (3. arrows) to expose 

the roof of the fourth ventricle. B: The CP was cut along its base (dotted lines) 

liberating the intact CP. 0: Isolated whole fourth ventricle CP. The CP 

epithelium (CPe) overlies a highly vascular mesenchymal core (CPm). D: 

Whole CPe sheet. Following enzymatic digestion, the mesenchymal core is 

teased away from the CPe, using sharpened tungsten needles leaving a sheet 

of CPe cells. E: Schematic diagram of CPe isolation method. The CPe and 

CPm of whole fourth ventricle CPs were separated, and the CPm discarded. 

The CPe sheets were collected together and dissociated into a single cell 

suspension. Cells were plated onto various substrata.
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3.1.4: Plating choroid plexus epithelia onto Matrigel®

Matrigel® is a laminin-rich basement membrane matrix extracted from the 

Engelbroth-Holm-Swarm mouse sarcoma. The main components of Matrigel 

are predominantly laminin, collagen IV, heparan sulphate proteoglycans, 

entactin and nidogen (Kleinman et al., 1986). In addition to these major 

components, Matrigel contains low concentrations of TGFB, FGF, and tissue 

plasminogen activator. The choice of tissue culture method is discussed in 

chapter 6.

The Matrigel-coated plates were prepared prior to dissection. A frozen 500 pi 

aliquot of Matrigel was placed at 4 °C to liquefy for at least 1 hour. Once liquid 

the Matrigel was gently mixed, using a cooled pipette tip, and 200 pi aliquots 

were added to each of two wells (16 mm) of a cooled 24 well plate. The plate 

was tilted in a horizontal plane to ensure that the Matrigel coated the entire 

base. The coated plate was placed in a humidified tissue culture incubator in 

5% CO2 at 37 °C for more than one hour, for the Matrigel to solidify completely.

The suspension of isolated CPe (0.5 ml) was gently mixed using a PI 000 

pipette. Half of the cell suspension (0.25 ml) was added to a 10 ml falcon tube 

containing 0.75 ml plain medium (control) that had been pre-warmed to 37 "C. 

The other half of the cell suspension was added to a falcon tube of 0.75 ml 

medium, pre-warmed to 37 °C, containing 1, 10 or 100 ng/ml FGF2, resulting in 

a final concentration of 0.75, 7.5 or 75 ng/ml FGF2. Each 1 ml suspension was 

gently transferred using a P I000 pipette to the pre-coated wells, and labelled 

clearly. The plate was put back into the humidified tissue culture incubator, and 

left undisturbed for 24 hours. The cultured cells were fed every 3 to 4 days, by 

removing half of the medium, and replacing it with an equal volume of fresh 

medium, pre-warmed to 37 °C. FGF2 was added to 0.5 ml fresh medium at the 

desired concentration and mixed well using a PI 000 pipette prior to feeding. 

Cells were observed daily under an inverted microscope, and photographed 

when necessary.
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3.1.5: Delayed addition of FGF2 to vesicle cultures

In the second set of vesicle experiments, CPe were dissected and dissociated 

into a single suspension as before (section 3.1.3), and plated onto Matrigel in 

plain medium only. Measurements of vesicle diameter were recorded on days 4 

and 6 (see section 3.2 for measurement method). Immediately following 

completion of measurements on day 6, all media was removed from each well, 

and replaced with warmed fresh medium, either supplemented with 75 ng/ml 

FGF2, or with no additional additives (controls). The plates were returned to the 

incubator, and measurements of vesicle diameter continued on days 8 and 10. 

This set of experiments was carried out over a period of four successive weeks, 

with matched controls on every occasion. All data were analysed at the end of 

this series of experiments.

3.1.6: Primary culture of choroid plexus epithelia as 

monolayers

Dissociated CPe cells were plated either directly onto tissue culture grade 

plastic cell wells (16 mm), or onto sterile 10mm glass coverslips placed inside 

16mm cell wells. Where laminin-coated glass coverslips were used, 100 pi of 

sterile laminin in PBS (14 pg/ml) was added to the well, containing a pre

sterilised glass coverslip, and left for at least 1 hour at room temperature. The 

laminin solution was then removed, and the coverslip left to dry completely 

under a sterile laminar flow hood for approximately 15 minutes.

Dissociated CPe were prepared as described in section 3.1.3. The CPe were 

resuspended in 1 ml of warmed medium at 37 °C, and divided between two 10 

ml falcon tubes. FGF2 at the desired concentration was added to one tube of 

CPe cells. 125 pi of the cell suspension was plated into each well. Cells were 

fed every 2-3 days, and observed daily under an inverted microscope.

3.2: Vesicle measurement protocol

The cultured CPe cells readily formed vesicles in Matrigel, forming small, fluid- 

filled spheres within several days of culture (chapter 6). Each individual vesicle 

could be identified easily by recording the co-ordinates on a finely graduated x-y 

stage, fitted to the Zeiss inverted microscope. The precise location of specific 

vesicles identified on day 4 of the culture period was recorded. The diameter of
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each vesicle was measured using a graticule eyepiece at x20 magnification. 

Measurements were taken to within the nearest quarter graduation on the 

eyepiece. Diameters were recorded as ‘graticule units’. The graticule eyepiece 

was later calibrated using a 1 mm graticule slide, as 1 unit to 16 pm. Diameter 

readings were converted to pm by multiplying them by 16 once all data had 

been collected. Each vesicle was measured at 2-day intervals at approximately 

the same time of day on days 4, 6, 8, and 10. The diameters were recorded 

‘blind’ without prior recollection of the previous measurement. On several 

occasions, measurements were repeated after one hour to check for accuracy 

in the measurement technique. The protocol was found to be reliable and 

repeatable. If there was any doubt as to the vesicle identity on different days, 

the data was not recorded, to avoid risking false diameter readings. Diameters 

were plotted graphically and analysed for statistical significance (section 3.2.1). 

The entire experiment was repeated many times over a period of 193 days in 

order to minimise experimental measurement error. All data were analysed at 

the end of this series of experiments.

3.2.1: Statistical analysis of vesicle data

Vesicle diameter measurements were stored in Microsoft® Excel, and then 

transferred to the statistics software package, SPSS® for Windows, standard 

version, release 8.0.2 (SPSS Inc.) for analysis. Statistical tables, providing 

information on count, mean, minimum/maximum, percentiles, standard 

deviation and standard error were computed using SPSS. Graphs of all data 

presented in Appendix I and Appendix III were constructed using the SPSS 

graphics package, and exported to Microsoft PowerPoint® for presentation. 

Unpaired student t-tests were carried out using the statistics software in Sigma 

Plot for Windows, version 4.01 (SPSS Inc.). Mean vesicle diameter and mean 

vesicle volume graphs with standard error of the mean (SEM) bars were 

constructed in Sigma Plot, and exported to Microsoft PowerPoint for 

presentation.

Multilevel modelling analysis was carried out using the multilevel modelling 

statistical assessment software package, ML WiN (Institute of Education, 

London). Graphs of linear trends of diameters for each treatment group 

calculated using ML WiN were constructed in Sigma Plot.
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3.3: Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out at the Institute of 

Laryngology, Grays Inn Road, London, under the guidance of Dr Andy Forge, 

and Graham Nevill. CPe vesicles were cultured in Matrigel as described before 

in section 3.1.4, except that the Matrigel (100 pi) was aliquotted into sterile 

glass rings (1 cm diameter), placed on a 5 cm petri dish. This was done in order 

to contain the Matrigel during TEM processing, and reduce the risk of the gel 

disintegrating. The CPe cells were pipetted directly onto the Matrigel within the 

glass ring, and fresh culture medium (without cells) was applied to the petri dish 

around the outside. Cells were fed every 3-4 days as before. All processing for 

TEM was performed at room temperature, unless stated otherwise. At the end 

of the culture period, all medium was removed, and the glass ring containing the 

Matrigel and vesicles was placed onto a clean glass petri dish. The vesicles 

were fixed within the Matrigel in 2.5% gluteraldehyde in cacodylate buffer (0.1 M 

cacodylate, 1.5M calcium chloride in dH20, pH7) for one hour. Following 

fixation, the samples were washed in cacodylate buffer three times for five 

minutes each. Samples were post-fixed in 1% osmium tetroxide in cacodylate 

buffer for one hour, followed by three more washes in cacodylate buffer, and 

two washes in dH20. The samples were dehydrated in a gradient series of 

alcohol in dH20, of 30%, 50%, 70%, 80%, 90%, 95%, and 100% for ten minutes 

each. Samples were placed in 100% alcohol twice more for five minutes, to 

ensure complete dehydration. Samples were removed from the glass rings with 

a pointed scalpel and placed into propylene oxide twice for fifteen minutes each, 

and then immersed in resin:propylene oxide (1:3) for two hours. The samples 

were left overnight in 1:1 resin propylene oxide. The next day, samples were 

immersed in 100% resin, and placed in an incubator at 60 °C 24 hours in order 

for the resin to polymerise. The embedded samples were stored at room 

temperature prior to cutting.

1 pm sections were cut from the resin on a microtome. When three sections had 

been cut, each section was placed onto a glass microscope slide and stained 

with methylene blue/1 % borax for 3 minutes. The sections were observed under 

a microscope to detect the presence of vesicles. If no vesicles were present on 

the sections, the process was repeated. If vesicles were seen, the microtome 

blade was changed to a diamond knife, and 0.1 pm sections were cut. The thin
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sections were floated on dH20, lifted onto a copper TEM grid and allowed to air 

dry for five minutes. The mounted sections were placed onto a drop of saturated 

uranyl acetate on a wax mat inside a glass petri dish that had been lined with 

filter papers coated in sodium hydroxide (1M) for thirty minutes. The sections 

were then washed in dH2 0 , and then placed onto a drop of lead citrate for ten 

minutes. Sections were finally washed in dH20 and air dried for ten minutes 

before being loaded into the electron microscope. TEM was performed at 80 kV.

3.4: Embryo fixation and embedding

The duration of each step was altered depending upon the size and nature of 

the tissue. The times given below were used for embryonic tissues of 

approximately 0.5 cm .̂ Smaller tissues required shorter processing times, and 

larger tissues required longer times in each solution. All procedures were 

carried out at room temperature unless stated otherwise. Female CD-1 mice 

aged between 8 weeks and 5 months were time-mated overnight. Midday of the 

morning of detection of a vaginal plug was designated as embryonic day 0.5 

(E0.5). Pregnant mice were killed by cervical dislocation at various stages of 

embryonic gestation.

Tissue was dissected in PBS or DMEM, transferred into cold paraformaldehyde 

(PFA) 4% in PBS, and placed onto a slow-speed rocker at 4 °C for 12 to 15 

hours overnight. Fixed samples were washed twice in PBS at 4 °C, followed by 

50% ethanol in PBS at 4 °C (30 minutes in each solution). The samples were 

transferred into 70% ethanol/MilliRO water solution, which was exchanged 

twice. Specimens that were not intended for immediate processing were stored 

in 70% ethanol/Milli RO. Samples for further processing were dehydrated 

through an alcohol gradient of 85%, 95% and 100% ethanol for 5 minutes in 

each solution. Following complete dehydration, samples were transferred into 

small glass containers, and immersed in fresh HistoClear twice for 30 minutes 

each in order to permeabilise the tissues. This was replaced with a 1:1 

HistoClear/paraffin wax mixture at 60 °C for 20 minutes, followed by immersion 

in 100% wax at 60 °C. The wax was exchanged 3 times, each for 20 minutes at 

60 °C. Samples were then transferred to plastic moulds where they were 

orientated into the desired plane for sectioning using warmed seeker needles. 

The wax was allowed to set at room temperature, before being stored at 4 °C.
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3.5: Sectioning

Excess wax was trimmed from the block, and the specimen was orientated to 

the microtome blade. Sections were cut at 6 - 8 pm thickness and either placed 

onto a 0.5 ml distilled water droplet on top of a Poly-L-lysine coated glass slide 

(small sections), or floated in a warm water bath before being lifted out with a 

Poly-L-lysine coated slide (larger sections). Poly-L-lysine is highly cationic, and 

hence interacts with the anionic sites of the tissue, resulting in good adhesion 

between the slide and the sample. The water served to flatten the samples. 

Excess water was removed using a Pasteur pipette, and the slides were put to 

dry vertically in a rack at 37 °C overnight. Slides were stored un-mounted at 4 

°C until use.

3.6: Haematoxylin and eosin staining

The wax was removed from the embryonic sections by complete immersion in 

HistoClear twice, for 10 minutes each. The sections were then rehydrated by 

sequentially passing them through a graded ethanol series of 100% (x2), 95%, 

85%, 70%, 50% and 30% each for 5 minutes. The slides were then washed in 

MilliRO water for 5 minutes. Nuclei were stained by immersing the slides in 

Erhlich's or Mayer’s haematoxylin for 2-5 minutes, followed by a 30 second dip 

in acid alcohol (1% HOI in 70% ethanol). Slides were then placed into a trough 

of running tap water for a further 5 minutes to develop a blue colouration. The 

sections were dehydrated once more from 30% to 95% ethanol, (5 minutes in 

each grade), before being immersed in 1% eosin in 95% ethanol for 5 minutes 

to stain the cytoplasm of the cells. The eosin treatment was followed by a wash 

in 95% and 100% ethanol. Finally, the slides were immersed in HistoClear 

twice, for 10 minutes each before mounting in DPX and drying overnight in a 

fume hood.

3.7: Immunohistochemistry

Immunohistochemistry is a well-established technique, which utilises the highly 

specific binding properties of mammalian antibodies to detect protein epitopes 

in sections of tissue, or fixed cells (Polack and Van Noorden, 1997).
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For all immunohistochemical reactions, I used an indirect method of epitope 

detection. The indirect method requires a primary antibody and a secondary in 

solution. The primary antibody was generally IgG, raised against the specific 

antigen of choice in an animal species different from the species of the sample. 

The secondary antibody was obtained from a different species to that of the 

primary antibody, and was conjugated with a peroxidase or fluorescent marker 

(Fig. 3.2A). Low levels of signal detection were improved using an avidin-biotin 

complex amplification kit (Fig. 3.2B).

3.7.1: Fixation, wax embedding and sectioning

This was carried out as described in sections 3.4 and 3.5.

3.7.2: Rehydration and pre-treatment

Rehydration was performed by passing the sections through a series of 

decreasing ethanol solutions, as described in section 3.6. Once rehydrated, the 

sections were generally pre-treated, in order to improve antibody penetration 

and accessibility, by microwaving in citric acid buffer. To unmask by 

microwaving, the slides were transferred into a rack and placed into a plastic 

trough containing citric acid buffer (2.1 g citric acid in 1 litre of MilliRO water, pH 

6.0). These were then microwaved for 7 to 10 minutes at either 60 %, or full 

power in a 700 W oven. The time and power was adjusted for the number and 

type of specimens to be treated. Slides were left to cool in a tray of gentle 

running tap water for 10 minutes, before washing twice in MilliRO water, and 

finally in PBS for five minutes.

3.7.3: Blocking

Blocking of endogenous peroxidase and charged proteins was an important 

step to reduce the risk of false positive results. Slides were placed into a Coplin 

jar containing 3% hydrogen peroxide in PBS for 15 minutes at room 

temperature to quench endogenous peroxidase activity (Fig. 3.2C). The slides 

were then washed well in PBS three times for 5 minutes each. The edges of the 

slides were dried slightly with a tissue, and a wax pen was used to put a 

hydrophobic border around the samples. The slides were then placed flat in a 

humidified trough. Charged proteins (Fig. 3.2D) were blocked by applying a 

non-specific protein-rich solution (block), containing 10 % FCS, 1 % BSA in
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PBS (except slides for H3 detection, which were blocked in 10 % goat serum in 

PBS) for at least 30 minutes at room temperature.

3.7.4: Primary antibody appiication

All antibodies were diluted in block at various concentrations, as stated in 

chapter 2, section 2.5. Each slide was coated in a thin layer of primary antibody 

(approximately 150 pi per slide), and incubated in a humidified chamber at 4 °C 

overnight. This incubation protocol allowed for slow molecular motion, whereby 

the antibody molecules could interact with and bind to the protein epitopes that 

they have been raised against. Negative controls were performed alongside all 

immunohistochemical experiments, where the primary antibody was omitted 

from the block.

3.7.5: Washes and choice of secondary antibody

Post antibody washes were important in order to ensure that only specifically 

bound primary antibody remained attached to the section. Rinsing consisted of 

at least three separate washes, with rocking, in PBS containing 0.1 % Triton X- 

100, or 0.1 % Tween® 20. These detergents reduced background levels, as 

they removed non-specifically bound antibodies, without disturbing antibody- 

antigen binding. The samples were finally rinsed in plain PBS to remove traces 

of detergent. The chosen secondary antibody varied depending upon the 

primary antibody, and the nature of the investigation. Either a peroxidase- 

conjugated or biotin-conjugated secondary antibodies were used for whole 

tissue sections. The various secondary antibody tags have different advantages 

for use. Peroxidase and biotin based markers are permanent and can therefore 

be observed after many months following the experiment. The peroxide 

precipitate can be visualised using brightfield or phase microscopy, permitting 

easy location of positive cells within a complex multicellular structure. The 

peroxidase method of detection is sensitive for low-level antigen detection, 

particularly with the use of the avidin/biotin complex described earlier. The 

peroxidase reaction does have some drawbacks however, background staining 

may be problematic, and the reagents needed for the colour development are 

highly toxic. Fluorescein isothiocyanate (FITC) conjugated antibodies do not 

require a colour development step, and positive cells can be identified 

immediately when viewed under fluorescent light. Fluorescent conjugates
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should be imaged as soon as possible as the fluorescence fades over time. 

Slides need to be stored in the dark at 4 °C to reduce fading. I chose peroxidase 

secondary antibodies for studying protein expression in vivo, and for several 

experiments examining protein expression of CP cells cultured in vitro. I opted 

to use FITC labelling for the measurement of cellular proliferation for easier 

visualisation and counting.

3.7.6: Peroxidase secondary antibody application

The selected secondary antibodies were diluted in block at various 

concentrations, varying between 1 in 100 and 1 in 1000, as stated in chapter 2, 

(section 2.5). The secondary antibody was applied for 30 minutes at room 

temperature. The slides were then washed 3 times in 0.1 % Triton X-100, or 0.1 

% Tween® 20 / PBS and rinsed in PBS.

3.7.7: Detection

Peroxidase activity was detected by colorimetric changes in its substrate, 

diaminobenzidine tetrahydrochlorodihydrate (DAB). DAB tablets were made up 

to a 5 ml solution in MiiliQ water according to manufacturers instructions, 

vortexed, and filtered through a 0.4 pm pore filter. Approximately 300 pi of DAB 

was applied to each slide. An insoluble brown precipitate was produced when 

DAB reacts with peroxidase. The length of reaction time was monitored under a 

dissection microscope. The colorimetric reaction was left to develop between 1 

and 10 minutes, depending upon the speed of the reaction. The slides were 

washed in MilliRO water twice, for several minutes each, to stop the DAB 

reaction. Where a signal amplification kit was used, as in the case of 

phosphorylated histone H3 (p-H3), the biotinylated secondary antibody was 

applied for 30 minutes as before, rinsed and then followed by an avidin- 

peroxidase conjugate (reagents A and B from the DAKO ABC kit) which binds 

to the biotin tag on the secondary antibody. Reagents A and B were diluted 1 in 

100 each and mixed together 30 minutes prior to application. The amplification 

kit consists of four peroxidase molecules anchored to an avidin molecule which 

reside on the biotin, tagging the secondary antibody. The ABC kit therefore 

amplifies the intensity of the signal fourfold (Fig. 3.2B). The ABC reagent 

mixture was applied to the slides for 30 minutes, and then washed well in
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PBS. The preparation and application of DAB was identical to that described 

above.

3.7.8: Counter staining and mounting

Slides labelled with DAB were counter stained with methyl green, which 

coloured the nuclei a blue/green colour. This provided a good contrast with the 

brown stain from the peroxidase precipitate, so that positive and negative cells 

could be identified easily. The solution contained 0.5 % methyl green in 0.1 M 

sodium acetate at pH 4.0. Sections were immersed in methyl green for 10 

minutes and washed quickly three times in MilliRO water. Slides were left to 

stand in two troughs of butanol for five minutes each. This step removed all 

traces of water from the samples, so they could then be placed directly into 

HistoClear for ten minutes, prior to mounting. Following immersion in 

HistoClear, the samples were drained of excess fluid, and gently placed face

down on to long glass cover slips coated in a thin strip of DPX mount, taking 

care not to introduce air bubbles. The slides were left to dry completely in a 

fume hood overnight.

3.7.9: Immunohistochemistry of choroid plexus epithelial cell 
vesicles

Immunohistochemical processing of vesicles was carried out directly in cell 

wells or within glass cloning rings placed inside 5 cm petri-dishes depending 

upon where the vesicles had been plated. All procedures were carried out at 

room temperature unless otherwise stated. CPe vesicles, embedded within 

Matrigel were fixed in 200pl 4% PFA at 4 °C for 3 hours, and washed three 

times for 5 minutes each in 500 pi PBS/0.1% Triton X I00. Endogenous 

peroxidase was quenched in 500pl 3% H2O2/90% methanol/PBS for 15 

minutes. Following three more washes in 500 pi PBS/0.1% Triton X I00, 200pl 

block (1 % B SA/10 % FCS in PBS) was applied to the wells and left for 1 hour. 

The primary antibody was diluted in block (at the dilutions stated in chapter 2, 

section 2.4) and 500pl of this was applied for 12 to 15 hours at 4 °C. The next 

day, the cultures were washed in PBS / 0.1% Triton X I00 for 5 to 10 minutes on 

an orbital shaker. The wash solution was exchanged for fresh and the washing 

process was repeated every five minutes for one hour to ensure that the
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unbound primary antibodies had been removed. 200 pi of secondary antibody, 

diluted in block (at the dilution stated in Chapter 2, section 2.6), was then 

applied for 2 hours. The cells were washed extensively in 500 pi PBS/0.1 % 

Triton X I00 as before. If using a peroxidase-conjugated secondary, DAB, 

diluted in 5 ml Milli Q water was applied to the wells (200 pi in each) for ten 

minutes. The DAB was removed, and rinsed twice in SOOpI MilliQ water. Finally 

the vesicles were covered in 400 pi of glycerine (100%), and observed under an 

inverted Zeiss microscope. When fluorescent secondary antibodies were used, 

the secondary antibodies were washed from the vesicles as before, and then 

the well was covered with 400 pi C/f///t/or aqueous mount. Plates were wrapped 

in silver foil, and stored at 4 °C prior to observation under a fluorescent inverted 

microscope.
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Fig. 3.2: Indirect method of immunohistochemical antigen detection

A: The primary antibody binds the tissue antigen, and the peroxidase labelled 

secondary antibody binds to the primary antibody. The peroxidase tag can be 

detected with a colour reaction with diaminobenzadine 

tetrahydrochlorodihydrate (DAB). B: The signal can be amplified further if the 

secondary antibody is tagged with biotin, and treated with an 

avidin/biotin/peroxidase conjugate before exposure to DAB. C: Blocking with 

hydrogen peroxide depletes endogenous peroxidase, which may be present in 

the tissues. This step ensures that no false positive results arise from an 

endogenous peroxidase reaction. D: Primary antibodies may bind to charged 

collagen molecules and connective tissue, leading to non-specific signals. E: 

Pre-treatment with a protein rich solution blocks these 'sticky' epitopes, so that 

primary antibodies cannot adhere to sites other than the epitope of interest. Th 

blocking' step reduces background staining.
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3.8: Cellular proliferation assay

One of the first steps in cell division is the replication of DNA during S-phase of 

the cell cycle. Assessment of cellular proliferation in cultured cells can be 

carried out using various techniques that detect the synthesis of new DNA. 

Incorporation of tritiated thymidine during S-phase of the cell cycle is one such 

example. Because of the hazards associated with radioactive materials, 

alternative methods have been developed. Bromodeoxyuridine (BrdU) 

incorporation during S-phase can be detected using fluorescent anti-BrdU 

antibodies (Gratzner, 1982). Alternatively, expression of proliferating cell 

nuclear antigen (PCNA) can be detected using immunohistochemistry.

PCNA is a 37 kOa ring shaped molecule through which the DNA strand passes 

when DNA is being replicated. The PCNA molecule acts as a ‘platform’ that 

binds various enzymes required for DNA replication, bringing them into close 

association with the DNA strand. PCNA is synthesised only during S-phase and 

its expression is tightly controlled by transcription factors such as E2F and Spl 

(Jonsson and Hubscher, 1997). Maximal levels of PCNA are detected between 

late G1 and S-phase in the cell cycle, during which time the PCNA molecule is 

abundant, and tightly bound to the chromatin in an insoluble form (Hyde Dunn 

and Jones, 1997). PCNA is not expressed in quiescent cells.

CPe cells were cultured as monolayers on laminin-coated glass coverslips (as 

described in section 3.1.6). Half of the prepared CPe were cultured in medium 

containing FGF2 (10 ng/ml) from the onset of the culture period. Fresh FGF2 

was added every 2-3 days, when all cells were fed. After 4 or 6 days in culture, 

the cells on coverslips were washed gently by exchanging the medium in the 

well with PBS warmed to 37 °C. Cells were then fixed in 4% PFA for 10 minutes 

at 4°C, rinsed in LI 5 and treated with block (10% FCS, 1% BSA in PBS) for 20 

minutes. PCNA primary antibody (diluted 1 in 100 in block) was applied to all 

coverslips, except for one which was left untreated as a negative control, at 

room temperature for 45 minutes, then washed off with LI 5. FITC-conjugated 

goat anti-mouse secondary antibody (diluted 1 in 200 in block), and Hoechst 

nuclear stain (diluted 1 in 500) was applied in the dark, and the cells were 

incubated for 30 minutes, and again rinsed well in LI 5. Coverslips were gently
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removed from the plate using a hypodermic needle and forceps, mounted on a 

glass slide using Citifluor aqueous mount, blotted with a tissue and sealed with 

clear nail varnish. The cells were imaged under fluorescent lighting immediately, 

or kept in the dark at 4 °C for no more than 5 days before imaging. This was to 

reduce loss of signal from the fluorescent tag on the secondary antibody, which 

fades over time. All cells were photographed under different wavelengths to 

excite Hoechst nuclear stain, and FITC. Exposure times varied between 6 and 

36 seconds between different experiments, although exposure times for all cells 

cultured in the same experiment were kept at the same level between FGF2 

treated, and untreated cultures, in order to make a direct comparison of 

fluorescence between the two groups.

3.8.1: Proliferation count

Once the films had been processed, all of the transparencies were scanned 

digitally, labelled with a code number, and stored as TIFF image files. The 

digital images were transferred to a Mac 20S computer so that the cell counting 

could be performed using the Open Lab computer software system. The order 

of images counted (labelled with only a code number) was randomised, so that 

all PCNA and Hoechst counts were carried out ‘blind’. The number of nuclei per 

field (Hoechst staining) or the number of PCNA positive nuclei for that field 

(FITC staining) was counted using the Open Lab software package. Briefly, the 

computer mouse was used to ‘click’ on each positive nucleus. Each ‘click’ 

labelled the nucleus with a mark and a number, so that the user could see 

which nuclei, and how many, had been counted for any particular field of view. 

Using this system reduced counting error. After all images had been counted 

three times each, the counts were tabulated using Microsoft Excel computer 

software, where the Hoechst count and FITC counts were placed alongside 

each other for the same field of view. The FITC positive cells were expressed 

as a percentage of total nuclear count, using the following equation:

% proliferation = number of FITC positive nuclei
______________ L______________  X 100
total number of nuclei in field
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Finally, the codes for each count were translated, and the data separated into 

controls and FGF2 treated cells. Proliferation rates were analysed for statistical 

significance using an independent two-tailed student t-test.

3.9: RNA analysis

All solutions for RNA work were made using diethylpyrocarbonate (DERC) 

treated water. DERC is a potent inhibitor of ribonucleases (RNAse) which 

rapidly degrades RNA molecules. 1ml DERC was added to 1L Milli Q water.

This was incubated at 37 °C overnight to kill the RNAse. The DERC in the 

treated water was finally degraded to ethanol and carbon dioxide by 

autoclaving. All reagents used for RNA extraction were kept separate from other 

laboratory agents to reduce the risk of RNAse contamination. RNAse-free 

equipment was used throughout the procedure.

3.9.1: RNA extraction from whole embryos or isolated tissue 

samples

Total RNA was extracted from tissues and cultured cells using TRI 

REAGENT^. TRI REAGENT^ promoted the formation of RNA complexes with 

guanidinium and water molecules, and inhibited hydrophilic interaction between 

the DNA and protein. The RNA was isolated in the aqueous phase, which was 

subsequently removed and purified. The aqueous extract therefore contained all 

cellular RNA molecules.

Volumes of reagents stated are those used for embryos or tissue samples of 1 

cm  ̂or smaller.

1 ml of TRI REAGENT™ was added to each tissue sample. Cells were broken 

down completely in the TRI REAGENT™ using an electrical homogeniser for 

several minutes and left to stand for 5 minutes at room temperature. 200 pi 

chloroform was added, and the mixture vortexed vigorously. Samples were left 

to stand at room temperature for 15 minutes, in order to optimise the separation 

of RNA, DNA and proteins. The samples were centrifuged at 12 000 rpm for 15 

minutes at 4 °C. The top aqueous layer containing the RNA was removed 

carefully and put into a separate eppendorf tube. 500 pi isopropanol was added 

to this in order to precipitate the RNA. The extract was centrifuged at 12 000 

rpm for 10 minutes at 4 °C. The resultant RNA pellet was visualised, and the
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supernatant removed. The pellet was washed gently in 1ml of 75% ethanol in 

DEPC water and centrifuged at 12 000 rpm for 2 minutes. The supernatant was 

removed completely, and the last traces of liquid were left to evaporate from the 

pellet for several minutes before gently re-suspending the RNA in 20-50 pi 

DEPC water.

3.9.2: RNA extraction from cultured choroid plexus epithelia in 

Matrigel

All tissue culture media was removed from the surface of the Matrigel 

containing the cultured CP vesicles, using a Pasteur pipette and a P200 pipette 

to remove as much medium as possible. 500 pi neat Dispase was added to 

each well, and the plate was returned to a humidified tissue culture incubator, at 

37 °C in 5% CO2 for two hours. During this time, the Matrigel liquefied in the 

presence oi Dispase although individual vesicles remained intact. The resultant 

solution was gently pipetted up and down, using a P I000 pipette tip to aid 

release of the intact cells. This suspension was spun slowly at 1000 G for 5 

minutes. The supernatant was discarded, and all traces of liquid removed from 

the cells using a fine glass pipette. 1 ml of TRI REAGENT™ was added to the 

cellular pellet, and pipetted up and down using a P200 tip for several minutes to 

promote complete cell lysis. The sample was left for 5 minutes at room 

temperature, treated with 200 pi chloroform, vortexed and centrifuged. The 

aqueous layer was isolated and treated with 500 pi isopropanol. In addition, 10 

pi linearised polyacrylamide was added to the sample in order to aid 

visualisation of the tiny RNA pellet. This was centrifuged, drained and washed 

in 75% ethanol as described. The RNA pellet was re-suspended in 5 pi DEPC 

water.

3.9.3: Denaturing gel for mRNA detection

The denaturing gel allowed for the purity of the RNA sample to be inspected. It 

separates the different species of transcribed RNA, which can be visualised 

under UV light. 10X 3- (N-morpholino) propanesulphonic acid (MOPS) buffer 

was made using 0.2M MOPS, 50mM sodium acetate and lOmM EDTA in 1L 

DEPC water, the pH was adjusted to pH 7.0 using NaOH. To make the gel, 1 g 

agarose, 9.5 ml 10XMOPS and 81 ml DEPC water were boiled in a 700 W  

microwave oven for 2 minutes until all of the agarose had dissolved. This was
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swirled and allowed to cool slightly before adding 5 ml formaldehyde 

(denaturing agent). This was poured into a gel mould. A well comb was applied 

and the gel was left to set for 1 hour.

5 [i\ of the RNA sample, 1pl of ethidium bromide (1 mg/ml), and 14pl loading 

buffer (750|il formamide, 240 pi formaldehyde, 200 pi glycerol, 80 pi orange G, 

150 pi 10X MOPS) were mixed well using a P20 pipette tip at 4 °C. An RNA 

ladder was made using 3 pi RNA ladder, 14 pi loading buffer and 1pl ethidium 

bromide (1 mg/ml). All tubes were heated at 65 °C for 10 minutes to denature 

any secondary RNA structures. 1.75 I of MOPS (IX ) in Milli Q was poured into 

an RNAse free electrophoresis gel tank. The denaturing gel was orientated with 

the wells closest to the cathode. 25 pi each sample was added to the wells. This 

was run at 100V for 1 hour. The gel was viewed under UV light.

3.9.4; Reverse transcriptase polymerase chain reaction

The reverse transcriptase polymerase chain reaction (RT-PCR) is a powerful 

molecular technique that is widely used to assess gene transcription in whole 

embryos, tissues, or isolated cells. The technique allowed for highly specific and 

sensitive amplification of specific mRNA transcripts. RT-PCR was very useful in 

the detection of low amounts of mRNA, particularly from CPe vesicles, that 

would not be detected using other methods such as Northern blots. The RT- 

PCR method involved an initial reverse transcription (RT) step in which all 

mRNA transcripts were reverse-transcribed by a retroviral enzyme using 

specific primers, short random hexamers or oligo-dTs as primer templates (Fig. 

3.3). This process lead to the formation of a set of double helices, each made 

up of the original mRNA template, and its complementary strand of newly 

transcribed cDNA. Subsequently, the cDNA of interest was separated from the 

mRNA and amplified exponentially using gene-specific primers and a thermo

stable DNA polymerase enzyme, such as Taq polymerase (Fig. 3.4).

3.9.5: Reverse transcription

Reverse transcription (RT) involved the synthesis of complementary DNA 

(cDNA) using single stranded RNA as a template, as illustrated in Fig. 3.3. The 

Maloney murine leukaemia virus (M-MLV) reverse transcriptase was used for all 

RT reactions. Using RNAse-free equipment, 1 pg of RNA, made up to 10 pi with
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DEPC water, was added to 1 |il of 100 pmol random hexamer primers (pN6) in 

a 0.5 ml microfuge tube. The tube was placed into a PGR thermal cycler and 

heated to 70 °C for 10 minutes. This step removed secondary mRNA structure. 

The reaction mix was cooled rapidly on ice. 9 pi of a mix containing 4 pi of 5x 

first strand buffer, 2 pi of 100 mM dithiothreitol (DTT), 1 pi of 10 mM 

deoxynucleoside triphosphates (dNTPs), 1 pi of RNAse inhibitor and 1 pi M- 

MLV RT (20 U) was added. This was incubated at 42°C for an hour then heated 

to 95 °C for 10 minutes to destroy the RT enzyme. The RT products were 

stored at "20 °C until use.
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AAAAAA3’

1: Denature at 70 °C for 10 minutes, then cool at 4 °C

I
AAAAAA3’

I
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2: Add RT enzyme, primers, oligonucleotides and buffers

I
5’------------------------------- AAAAAA3’

N6 N6 1^ nTg N6

I
3: Primers anneal, and reverse transcriptase transcribes cDNA 

strands from the mRNA templates

5’ ---------- — ----------------- AAAAA3'
3’------------------------------- 5'

native mRNA strand 

AAAAAA3' poly A tail of mRNA

denatured mRNA strand 

random hexamer primer 

--------------- cDNA strand

Fig. 3.3: The reverse transcriptase reaction

1: All native mRNA was denatured to linearise the molecules. 2: Random 

hexamer primers, reverse transcriptase, oligonucleotides and buffer were added 

to the reaction mixture. The primers then annealed to their complementary base 

pairs on the mRNA transcripts. 3: The reverse transcriptase enzyme transcribed 

complete complementary strands of cDNA for each mRNA molecule present in 

the extract.
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Non linear cDNA

Linear cDNA

I 3’ - 5’ primer

I 5’ to 3’ primer

Fig. 3.4: The polymerase chain reaction.

A: The mRNA/cDNA templates were heated to 95 °C to denature and separate 

the strands. B: Upon cooling the reaction mix to a suitable annealing 

temperature, specific primers (corresponding to the cDNA of the gene of choice) 

annealed to the cDNA template. C: DNA polymerase then transcribed a 

complementary strand of DNA at 72 °C D: Re-heating the molecule to 95 °C 

separated the strands. Upon cooling, more primers annealed to the newly 

transcribed strands, and the process of DNA replication began again (E). The 

process was repeated many times (F,G,H) ranging from 20 - 35 cycles resulting 

in an exponential growth in the number of cDNA strands transcribed. The 

process was completed with a ten minute polishing step (72 °C). Samples were 

stored at 4 X  prior to agarose gel electrophoresis.
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3.9.6; Polymerase chain reaction

The purpose of the PCR was to amplify and detect specific cDNA molecules 

from the many that had been reverse-transcribed from the mRNA template 

during RT. This specificity was attained by homologous binding of primer pairs 

to the cDNA template of interest. The integrity of RNA used in each RT reaction 

was verified by amplification of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), or phosphoglucomutase-1 (PGM-1), which are ‘house keeping’ 

genes believed to be expressed in all cells at constant levels.

3.9.6.1: Primer design

Primers were designed from cDNA records published in original papers, or from 

‘Pubmed Nucleotide Enquiry’ as described in chapter 2, section 2.14.

Primers consisted of 20 to 26 bases, and flanked specific regions of the cDNA 

of interest, usually spanning a region of 350 to 600 bases. cDNA sites were 

chosen to match specific isoforms (in the case of FGFRs), and to cross 

intron/exon boundaries in all cases, in order to detect potential contamination by 

genomic DNA. The expected product sizes for genomic DNA and cDNA would 

be very different, allowing detection of genomic DNA contamination of the 

sample. Primers were selected to have approximately 55% guanidine or 

cytosine residues. Complementarity between primers was avoided to prevent 

the formation of primer dimers, which could disrupt the efficiency of the 

polymerase chain reaction. Care was taken to avoid sequences that could 

potentially produce internal secondary structures. Primer concentrations were 

optimised for each PCR amplification procedure. Generally, the primer 

concentration was 50 pM in a 50 pi reaction, although this was reduced to 25 

pM for transcript detection in vesicle cDNA.

The primer annealing temperature can affect the stringency of primer/cDNA 

interaction. The optimal annealing temperature was calculated from the 

nucleotide composition of the primer using the following formula:

Annealing temperature (°C) = 4 (G+C) + 2 (A+T) -  5.

This temperature was not always used for the primers in this study though it 

was a convenient mid-point for optimising the annealing temperature for each 

primer. Annealing temperatures of primer pairs were kept the same, thus
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permitting annealing (and therefore transcription) at the same rate for each 

strand.

A ‘master mix’ of PCR reagents was made up at 4 °C prior to dispensing into 

separate tubes and the addition of cDNA. This was to ensure that all tubes had 

exactly the same proportions of PCR reagents, to allow for comparison between 

reactions. The master mix for one 50 pi, or one 25 pi reaction is given in Table 

3.1. 2 pi cDNA (50 pi reaction) or 1 pi cDNA (25 pi reaction) was then added to 

each tube. These were placed into a thermal cycler with a heated base and lid 

for DNA amplification. Table 3.2 illustrates a typical PCR cycle programme. 

Samples were kept at 4 °C prior to band separation and detection using 

agarose gel electrophoresis.

Reagent 1 X 50 pi reaction 1 X 25 pi reaction

DEPC water 36.75 pi 18.375 pi

MgCb 3 pi 1.5 pi

MgCl2 -free buffer 5 pi 2.5 pi

dNTPs 10 mM 1 pi 0.5 pi

Forward primer 1 pi 0.5 pi

Reverse primer 1 pi 0.5 pi

Taq polymerase 0.025 pi 0.125 pi

Total per reaction 48 pi 24 pi

Table 3.1: PCR reagents
The reagents listed were first made up as a master mix, before adding to individual 0.5 ml PCR 

tubes. This helped to maintain consistency in reagents between reactions. 2 pi cDNA was 

added per 50 pi reaction mix, and 1 pi cDNA was added in a 25 pi reaction mix.
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Temperature/time Function

Cycle number 

(n)

1)95 X 4 minutes (denatures secondary structures)

2) 95 X 20 s (separates cDNA strands)

3) 55 X 20 s (primer annealing)

4) 72 X 40 s (Taq transcribes cDNA)

5) 72 X 10 minutes (completion of all cDNA strands)

6 ) 4 X (storage temperature)

Table 3.2: Typical thermal cycler programme
The thermal cycler follows steps 1 to 6, cycling ‘n’ times between steps 2 and 4, before 

advancing to the polishing step (5).

3.9.7: Agarose gel electrophoresis

Agarose gels for electrophoresis of amplified cDNA were made by heating 1.5% 

pure agarose in 100ml tris acetate EDTA electrophoresis buffer (TAB) with 

0.0025% ethidium bromide (1 pi /ml) for 1 minute at full power in a 700 W 

microwave oven. When detecting low levels of cDNA, 0.8% agarose, and 0.8% 

Synergel™ (agarose gel clarifier) were added to the TAB, resulting in a 2.5% 

gel that was virtually transparent, enhancing ultraviolet detection of cDNA 

products. The liquid gel was allowed to cool slightly, and poured into a gel 

mould. Appropriate sized combs were fitted, and the gel was left to set at room 

temperature for at least 30 minutes. The finished gel was placed into an 

electrophoresis tank, containing 800 ml TAB and 0.0025% ethidium bromide.

5 pi of orange G solution (10 g sucrose, 50mg orange G, 5mg sodium azide in 

20 ml H2O) was added to each 25 pi PCR product. 15 pi of this was carefully 

loaded into the wells in sequence. A Ikb DNA ladder was put into the first well 

of each lane, so that the size of cDNA products could be determined. The 

voltage was set to approximately lOOmV, and the current applied. The cDNA 

was left to migrate towards the anode through the agarose gel for approximately 

1 hour.
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3.9.8: Band detection

Ethidium bromide intercalates between molecules of DNA, and is fluorescent 

under long wave ultra violet (UV) light. This permitted visualisation of the DNA. 

bands. Gels were exposed to UV and captured digitally using the Alphaease 

software imaging system.

3.10: Cerebrospinal fluid collection

Great Ormond Street Hospital for Children is one of three craniofacial tertiary 

referral centres in England. Although craniosynostosis syndromes are very rare, 

there are over 100 children with syndromic craniosynostosis (SOS) registered 

with the unit. It has therefore been possible to study some of these cases in 

relation to cerebrospinal fluid (CSF) constituents, with permission from the in- 

house research ethics committee.

CSF from the lateral ventricles is the most suitable when analysing potential 

changes in CP functionality, as the majority of the CSF in the lateral ventricles is 

secreted by the CPs (chapter 8). Ventricular CSF can only be obtained from 

patients undergoing various types of neurosurgery. All patients analysed had 

ventriculo-peritoneal (VP) shunts in situ. The VP shunt has a proximal end, 

situated in the left or right lateral ventricle of the brain, and a distal end that 

drains into the peritoneal cavity. CSF was removed from the ventricular port 

under sterile conditions. A small sample (0.5 to 1 ml) of CSF was reserved for 

this study. The samples were placed into a sterile, labelled container and stored 

at 4 °C on site. Samples were collected from the theatre on the same day 

(usually within 1 hour), aliquotted into sterile 1 ml eppendorf tubes, labelled and 

stored at '20 °C. Preoperative blood samples from the same patients were 

stored at 4 °C in the hospital biochemistry department for 72 hours, before they 

could be released for this study. Blood was centrifuged at 12 000 rpm for 3 

minutes in order to separate the cells from the plasma. The plasma was 

carefully removed using a sterile P200 pipette tip, spun at 12 000 rpm to 

remove any last traces of cells, and aliquotted into one or two 200 pi sterile 

eppendorf tubes. All tubes were carefully labelled and stored at "20 °C 

alongside the CSF sample.
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3.11: Rocket electroimmunoassay 

3.11.1: Principles of the rocket technique

Rocket electroimmunoassay is a sensitive technique that can be used to detect 

and quantify the concentration of proteins from a very small sample volume of 

fluid which may contain many protein species (Wier, 1973). In brief, the 

technique involved running samples of CSF, or diluted plasma, on a thin 

handmade electrophoresis gel containing monospecific antibodies to the protein 

of interest. When an electric potential was applied across the gel, negatively 

charged proteins in the samples migrated towards the anode. As they did so, 

the protein of interest in the samples reacted with the antiserum in the gel, 

forming an insoluble immune complex that precipitated along the line of 

migration. As the sample continued to migrate, the protein of choice became 

depleted, and the immunoprecipitate tapered to a point. The protein precipitate 

could be visualised by staining the gel with Coomassie brilliant blue stain. The 

length of the resultant rocket', called the peak height, was proportional to the 

concentration of protein in the sample. This was compared with the peak height 

of rockets from calibrant samples of known concentration, which had been run 

concurrently on the same gel. The concentration of the protein of interest in the 

sample could be deduced mathematically, based on the calibrant peak heights. 

Rocket electroimmunoassay was used to measure albumin and transthyretin 

(TTR) concentrations in ventricular samples of CSF and plasma.

3.11.2: Preparation of calibrant standards

Calibrant standards were made using serial dilutions of commercially processed 

serum, of known albumin/TTR concentration. From the serum, secondary stock 

containing exactly 500 mg/l albumin, or 100 mg/l TTR in PBS was made. From 

this, serial dilutions of 500, 400, 300, 200, 100 and 50 mg/ml in PBS were 

produced to make the albumin calibrants, and 100, 75, 50, 40, 30, 20 and 10 

mg/ml in PBS were produced to make the transthyretin calibrants. Calibrants 

were stored in 1.5 ml polypropylene tubes at "20 °C prior to use.

3.11.3: Gel Preparation

The gel was made from 2 g medium electroendosmosis agarose and 6 g 

polyethylene glycol (PEG) 6000, dissolved in 200 ml barbitone buffer (2.1 g
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barbitone, 13 g sodium barbitone, 0.6 g calcium lactate in 500 ml water). This 

was placed in a boiling water bath until the gel had dissolved completely. 20 ml 

was aliquotted into a small, warmed glass bottle, and left to cool to 65 °C for 10 

minutes. The gel casting frame was constructed as shown in Fig. 3.5. A piece of 

Gelbond™ film was placed hydrophobic side down onto a few drops of 

methanol on the back glass plate, smoothed with a roller, and covered with a 

spacer (2 mm for anti-albumin gels and 3 mm for anti-TTR gels) and then the 

second glass plate. These plates were secured with bulldog clips. The casting 

plate was warmed gently with an electric hairdryer. Once the gel had cooled to 

65 °C, 90 \i\ anti-albumin or 100 \x\ anti-TTR antibody was added to the gel and 

swirled to ensure good dispersion of the antibody throughout the gel mix. Using 

a warm 26 gauge metal needle and warm syringe, the molten gel was applied 

between the glass plates, taking care to avoid bubbles, until the frame was 

completely filled with gel. This was left to cool at room temperature for 10 

minutes, and then placed at 4 for at least 1 hour. Sample wells were cut in 

the gel using a Perspex™ template and a 2 mm diameter gel cutter under light 

vacuum suction. Care was taken to ensure that the holes were cut vertically and 

cleanly, leaving no gel behind.

3.11.4: Electrophoresis

The electrophoresis tank was filled with 800 ml fresh barbitone buffer. The gel 

was placed onto the cooling plate of the electrophoresis tank, using 0.5 ml 

methanol to flatten the gel onto the plate completely. The cloth wicks were 

positioned along the front and back edges of the gel, with the cathode closest to 

the sample wells. The electrical current was started at 30 mA, 150 V prior to 

loading in order to prevent any lateral diffusion of samples during the loading 

procedure.

3.11.5: Sample preparation and running

Plasma samples were defrosted, mixed thoroughly with a P200 pipette and 

diluted 1 in 200 (anti-albumin gel) or 1 in 10 (anti-transthyretin gel) in PBS and 

mixed thoroughly. CSF samples were defrosted and vortexed before loading.
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2 1̂1 of each calibrant standard was loaded to the first six wells in sequence 

using a P2 pipette. The pipette tip was changed between each sample. The 

PBS used for diluting the samples was loaded to one well as a control. The 

patient samples were then loaded on the gel, noting the order of sample 

application. When all samples had been applied, the gel was covered with a lid 

and left to run for 16 hours overnight at 30 mA, 150 V.

Cb Q )o
C 3

£ 3

Fig. 3.5: Template for Laurell’s rocket gel.

A: glass front plate. B: 2mm thick spacer. C: Gelbond film. D: glass back plate. 

E: bulldog clips to hold the edges together tightly. The liquid immunogel is 

poured between A and C once all of the plates had been clipped together 

securely.

3.11.6: Visualisation of rockets

The gel was removed and pressed between 10 sheets of Phoprinto'^  ̂paper 

under a thick glass plate and 1 kg weight for 10 minutes to remove excess fluid. 

The gel was then washed gently in PBS on an orbital shaker for 15 minutes, 

blotted under fresh Phoprinto'̂ '  ̂ paper, and dried under the hairdryer for 10 

minutes. The gel was put in a tray of Coomassie brilliant blue stain for 30 

minutes to stain the immunoprecipitate, rinsed, and cleared in de-staining 

solution (550 ml water, 350 ml ethanol, 100 ml glacial acetic acid) for 10
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minutes. Finally the gel was rinsed in PBS, and dried under the hairdryer once 

more.

3.11.7: Quantification of protein concentration

Fig. 3.6 shows a typical set of albumin rocket calibrants, the resultant calibration 

curve, and CSF/plasma sample rockets. Peaks were measured to the nearest 

0.5 mm from the centre of each loading well to the tip of the peak (Fig. 3.6A). In 

general, the calibrant peaks ranged from 5 to 30 mm. The peak height for each 

calibrant was plotted Vs calibrant concentration using Microsoft Excel computer 

graphics software. A curved line of best fit was applied to the calibrant points 

(Fig. 3.6B). The equation of the fitted line was used to calculate the protein 

concentration for the samples in mg/l. For plasma samples, the value was 

multiplied by the dilution factor. An example of a rocket gel is shown in Fig.

3.6C. The calibrant standards (a-f) were loaded onto each gel, alongside a 

negative control of plain PBS (g). An example of a very high concentration of 

CSF albumin is shown in (h), this sample was re-run on a new gel, after having 

diluted the sample in PBS at a ratio of 1 in 5 and 1 in 10. Albumin or TTR 

concentrations in plasma and CSF from the same patient were assessed. Fig. 

3.6C (i & j) show a CSF albumin peak and a plasma albumin peak (1 in 200 

dilution) from the same patient respectively. All CSF and plasma samples were 

assessed using rocket electroimmunoassay at least twice. Where possible, 

plasma results were compared with the clinical laboratory values for albumin 

from the same blood sample.
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Fig. 3.6: Laurell’s rockets for detection of specific proteins in CSF and 

plasma samples

Rocket gels shown were used to assess albumin concentrations. A: Calibrant 

rockets. Measurements (mm) were taken from the middle of each well 

(baseline) to the tip of each peak. The calibrant measurements were used to 

create a calibrant standard curve (shown in B). B: Standard curve of the peaks 

shown in A. A polynomial trendline (red line) was fitted to the calibrant points 

(blue marks). On each occasion, the equation that best described the fitted line 

(shown above the graph) was used to calculate the concentration of protein in 

the samples, according to their peak height. C: Typical Laurell’s rocket gel for 

albumin, a-f = calibrant standards, g= PBS negative control, h = CSF sample 

with a very high concentration of albumin, i & j = albumin rockets from CSF (I) 

and plasma (j) samples from the same individual.
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Chapter 4: Analysis of the developing 

choroid plexus in vivo

4.1: Introduction

Several groups have described the morphological development of the choroid 

plexuses (CPs) in the mouse (Sturrock, 1979), although detailed information 

regarding the longitudinal changes in CP morphology during the second half of 

gestation is sparse. In order to assess the changing morphology of the CPs in 

CD-I mice, I undertook a histological study of the CP in the forebrain and 

hindbrain from E l2.5 to E l8.5, using haematoxylin and eosin to stain 7 pm 

sagittal sections of whole heads.

Many authors attribute the changing morphology of the CP, from a thick fold of 

tissue in the early stages of CP morphogenesis to a thin and highly convoluted 

structure at later stages, to changes in cellular shape rather than by cellular 

proliferation (Dziegielewska et al., 2001, Sturrock, 1979, Strazielle and Ghersi- 

Egea, 2000). Mitotic figures in the developing CPs are considered to be 

uncommon (Chauhan & Lewis 1979, Ariens Kappers, 1958). Two authors have 

described a low-level of cell division in the CPs. Both groups found that mitosis 

was mainly confined to the base or ‘stalk’ of the embryonic CP rather than in 

distal CPe cells (Chamberlain, 1973, Knudsen, 1964). In order to assess 

whether cellular proliferation was an additional factor contributing to the 

increase in CP size and surface area in vivo, I used an immunohistochemical 

assay to identify cells undergoing mitosis. In order to do this I used a primary 

antibody raised against human phosphorylated histone H3 (p-H3). Histones are 

major structural components of chromosomes, and are extremely conserved 

between species (Alberts et al., 1989). Histones are small proteins that are 

highly positively charged, and thus bind strongly to DNA. The function of 

histones is to facilitate the ordered folding of DNA into nucleosomes, which 

constitute the basic units of chromatin (Alberts et al., 1989). H3 is extensively 

phosphorylated only during the relatively short period of mitosis (M-phase) of 

the cell cycle (Ajiro et al., 1996, Chadee, 1995). Thus the antigenic 

phosphorylated form of H3 is an excellent marker of dividing cells in M-phase.
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As described in the introduction, the CPs and the liver express the transthyretin 

(TTR) gene throughout life. TTR plays a major role in the transport of thyroid 

hormones both in the circulation and in the CSF In addition, TTR binds retinol- 

binding protein in association with retinol. In the embryo, TTR expression is 

confined to the liver, the yolk sac, the CPe, and, at low levels, the developing 

pigmented retina (Cavallaro et al., 1993). The cells of the presumptive CPe 

transcribe the TTR gene immediately prior to morphological differentiation of the 

CP. Transcription of the TTR gene by the CPe continues thereafter throughout 

life. TTR is therefore an excellent marker gene for distinguishing the CPe 

phenotype from all other tissues that surround it. The aim of the remaining work 

described in this chapter was to assess TTR mRNA expression and protein 

distribution in the embryonic mouse at El 2.5 using RT-PCR and 

immunohistochemistry. This analysis was performed as a preliminary step 

towards the future assessment of TTR expression by CPe cells cultured for 

several days in vitro, described in chapters 6 and 7.

4.2: Results

4.2.1: Histological analysis

At E l 2.5 the CPs of the forebrain and the hindbrain are clearly distinguishable 

as protrusions into the lateral and fourth ventricles. Fig. 4.1 is a parasagittal 

section of a whole mouse head at El 2.5, showing the CPs and other major 

brain structures developing at this time. Fig. 4.2 is a coronal section of a whole 

mouse head at E l2.5, showing the lateral ventricle CPs, and other developing 

structures of the forebrain. The lateral ventricle (LV) CP emanates from the 

dorsal median telencephalon (Fig. 4.2) as a fold of epithelial tissue (CPe) 

surrounding the vascular mesenchymal core (CPm). Fig. 4.3 shows the lateral 

ventricle and fourth ventricle CPs of the mouse at E l 2.5. The CPe is continuous 

with the ventricular neuroepithelium (Fig. 4.3A) and has a 

pseudostratified/columnar morphology, with closely packed nuclei and 

substantial cytoplasm (Fig. 4.3B). By contrast, the neuroepithelium, which forms 

the rest of the CMS in the telencephalon, is considerably thicker and 

pseudostratified, with densely packed nuclei at this stage. The CPm consists of 

loose connective tissue, with a capillary network that supplies the CPe (Fig. 

4.3B arrowheads). The CP of the fourth ventricle develops as a transverse band
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of tissue that passes across the midline of the roof of the hindbrain. As in the 

lateral ventricles, the CPe is continuous with the surrounding neuroepithelial 

cells. At E12.5, the CP has a lobular structure with several folds and 

undulations that protrude into the cavity of the ventricle (Fig. 4.3C). The 

epithelial cells are tightly packed together, and have a columnar morphology, 

with basally situated nuclei (Fig. 4.3D). The CPm of the fourth ventricle has a 

capillary network that extends into each lobe of the CPe (Fig. 4.3D 

arrowheads). The size of the developing CP in the lateral ventricles and fourth 

ventricle is small in comparison with the large size of the ventricles at this stage.

At E14.5, the LV CPs are considerably larger than at E12.5, and extend into the 

body of the lateral ventricles (Fig. 4.4A). The CPe has a simple columnar 

morphology, with more basally situated nuclei (Fig. 4.4B). The cells of the CPe 

are more spread, and less densely stacked together than at E12.5. The CPm is 

thinner than CPm at E12.5, and remains very vascular (Fig. 4.4B arrowheads). 

The fourth ventricle CP fills a large proportion of the ventricular space and is 

more convoluted and lobular than at E12.5 (Fig. 4.4C). The CPe of the fourth 

ventricle at E14.5 has a low columnar morphology (Fig. 4.4D). The CPm is 

extremely vascular with many capillaries supplying the most distal folds of the 

CPe (Fig. 4.4D arrowheads).

At E16.5 the CPs occupy most of the space in the lateral and fourth ventricles 

(Fig. 4.5A). The CPs of the lateral ventricles are folded and undulating, and 

extend across the body of the lateral ventricles (Fig. 4.5B and C). The fourth 

ventricle CP is highly branched and lobular (Fig. 4.5D). The cells of the CPe 

have flattened to a more cuboidal morphology. The CPm remains highly 

vascular (Fig. 4.5C and D arrowheads). The morphology of the CPs at E 18.5 is 

similar to that at E16.5 (Fig. 4.6).
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Fig. 4.1: Haematoxylin and eosin stained parasagittal section of a 

developing mouse head at E12.5.

The section is stained with haematoxylin and eosin. Major brain landmarks at 

this stage of development are labelled (Schambra et al., 1992). The choroid 

plexuses of the lateral and fourth ventricles are morphologically distinct as folds 

of neuroepithelium and mesenchyme protruding into the ventricles. Insert: CD-I 

mouse embryo (unstained). The white square indicates the plane of section.
Aq = aqueduct of Sylvius, Cb = cerebellum, Cfr = frontal cortex (ventricular zone), CP = 

choroid plexus, Ge = ganglionic eminence, LV = lateral ventricle. Me = medulla, Npr = nasal 

prominence. Sc = spinal cord. To = tongue. Te = tegmentum, T = tectum, Vf = interventricular 

foramen of Monroe, IV = fourth ventricle. Bar = 1 mm.
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Fig. 4.2: Haematoxylin and eosin stained coronal section of a developing 

mouse head at E12.5

Major brain landmarks at this stage of development are labelled (Schambra et 

al., 1992) The bilateral choroid plexuses arise form the dorsal medial 

telencephalon, and extend into the lateral ventricles. Insert; E12.5 CD-I mouse 

embryo. Line indicates plane of section.
Cfr = frontal cortex, CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid 

plexus mesenchyme, DT = dorsal thalamus, DMT = dorsal median telencephalon. Hi = 

hippocampus, IZ = intermediate zone, LGe = lateral ganglionic eminence, LV = lateral ventricle, 

MGe = medial ganglionic eminence, POR = preoptic recess, Vf = ventricular foramen of 

Monroe, VZ = ventricular zone. III = third ventricle. Bar = 500 pm.
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Fig. 4.3: Haematoxylin and eosin stained parasagittal sections of the 

lateral ventricle and fourth ventricle choroid plexuses at E12.5

A: Lateral ventricle choroid plexus. B: Higher power magnification of the choroid 

plexus in A. C: Fourth ventricle choroid plexus. D: Higher power magnification of 

the choroid plexus in C. Arrowheads indicate blood cells within the vascular 

beds of the CPm.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme,

E = ependyma, LV = lateral ventricle, N = neuronal cells, IV = fourth ventricle.

Bar = 500 pm in A and C, 100 pm in B and D.
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Fig. 4.4: Haematoxylin and eosin stained parasagittal sections of the 

lateral ventricle and fourth ventricle choroid plexuses at E14.5

A: Lateral ventricle choroid plexus. B: Higher power magnification of A. C:

Fourth ventricle choroid plexus. D: Fourth ventricle choroid plexus at high power 

magnification. Arrowheads indicate red blood cells within the rich vascular beds 

of the CPm.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme,

E= ependyma, LV = lateral ventricle, N = neuronal cells, IV = fourth ventricle.

Bar = 200 pm in A and C, 100 pm in B and D.
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Fig. 4.5: Haematoxylin and eosin stained parasagittal sections of the 

lateral ventricle and fourth ventricle choroid plexuses at E16.5

A: E16.5 mouse brain, detailing the location and size of the ventricles and 

choroid plexuses. B; Lateral ventricle CP. C; Higher power magnification of B. 

D: Fourth ventricle choroid plexus at high power magnification. Arrowheads 

indicate blood cells within the rich vascular beds of the CPm.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme, 

E= ependyma, N = neuronal cells, LV = lateral ventricle, St = ‘stalk’ of the fourth ventricle CP, 

IV = fourth ventricle. Bar = 500 pm in A, 200 pm in B, 100 pm in C and D.
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Fig. 4.6: Parasagittal sections of the lateral ventricle and fourth ventricle 

choroid plexuses at E18.5

A: Lateral ventricle CP. B: Fourth ventricle CP. 0: Higher power magnification 

of B. D: Fourth ventricle choroid plexus at high power magnification.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme, 

E = ependyma, N = neuronal cells, LV = lateral ventricle, St = ‘stalk’ of the fourth ventricle CP, 

IV = fourth ventricle. Bar = 400 pm in A, 200 pm in B, 100 pm in C and D.

130



4.2.2: Proliferation of CP in vivo

At E12.5 the ventricular zone of the developing telencephalon had many cells 

which were immunoreactive for p-H3, indicating that this region was undergoing 

a high level of cellular mitosis at this time (Fig. 4.7A). By stark contrast, p-H3 

labelling in the CP of the lateral ventricles was rare (Fig. 4.7A, no labelled cells 

of the CP, Fig. 4.78, red arrowhead marks single cell in the CPe that was 

labelled for p-H3, Fig. 4.7C, one p-H3 labelled cell at the root of the CPm). This 

result suggests that the cells of the CP at E12.5 were not frequently dividing, 

unlike cells of the neuroepithelium at this stage. In the fourth ventricle at E12.5, 

several cells were labelled for p-H3 in the CP. Some cells in the CPm and CPe 

were positive for p-H3 (Fig. 4.8ABC red arrowheads), as were some cells in the 

CP ‘stalk’ (Fig. 4.8B green arrowheads). Fig. 4.8ABCD and E detail the 

increased number of p-H3 labelled cells in the developing neuroepithelium 

(black arrowheads). Fig. 4.8C and D show the high level of proliferation in the 

neuronal cells lining the aqueduct of Sylvius. In this region, p-H3 positive cells 

were located in the ventricular zone, and in the intermediate zone of the 

neuroepithelium. These results suggest that at E12.5, a low number of CPe and 

CPm cells in both forebrain and hindbrain CP undergo cell division. Cell division 

in the stalk of the CPs, closest to the non-CP neuronal cells seems to be more 

frequent than in the CP itself. By contrast, the neuronal cells lining the ventricles 

with a non-CP phenotype were dividing more frequently.

From E16.5 and E18.5, the number of mitotic cells in the CP, as detected by 

immunoreactivity to p-H3, was again lower than in the surrounding 

neuroepithelium. At E16.5 I found frequent labelling of cells for p-H3 in the 

ventricular zone of the neuroepithelium, but no p-H3 positive cells in the lateral 

ventricle CPe nor CPm (Fig. 4.9B and C). Fig. 4.9A is a negative control, 

indicating that there was no staining of any cell types in the absence of primary 

antibody. At E18.5 I found no labelling of CP in the lateral ventricle (Fig. 4.9E).

In the fourth ventricle at E16.5 I found occasional p-H3 labelling in both CPe 

and CPm (Fig. 4.9D red arrowhead in CPm), but the majority of the CP cells 

were not immunoreactive to p-H3. The developing neuroepithelium however, 

continued to exhibit mitosis (Fig. 4.9B and C), although the frequency of p-H3 

labelling in the ventricular zone was less than was observed at E12.5. At E18.5,
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I detected p-H3 immunoreactivity in the neuroepithelium surrounding the fourth 

ventricle (Fig. 4.9F, black arrowheads), and several cells that were 

immunoreactive for p-H3 in the ‘stalk’ of the fourth ventricle CP (Fig. 4.9F, green 

arrowheads). No p-H3 immunoreactivity was seen in the CP itself at this stage.
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Fig. 4.7: Coronal sections of the lateral ventricles of E12.5 mouse brains, 

labelled with an antibody raised against the proliferation marker, 

phosphorylated histone H3 (p-H3)

Brown peroxidase reaction product was used for detection of p-H3 labelled 

cells. All nuclei were counter stained with methyl green.

A: Whole brain, including the choroid plexuses of the lateral ventricles. 

Neuroepithelial cells of the ventricular zone were frequently labelled with p-H3 

whereas p-H3 labelling in the CPs was rare. B: High power magnification of LV 

CP. Red arrowhead indicates one p-H3 labelled cell in the CPe. C: Root of the 

LV CP and ventricular zone of the surrounding neuroepithelium. Red arrowhead 

identifies one p-H3 labelled cell in the CPm.
CP = choroid plexus, LV = lateral ventricle, N = neuronal cells, VZ = ventricular zone. III = third 

ventricle. Bar = 500 îm in A, 100 pm in B, 200 pm in C.
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Fig. 4.8: Sagittal sections of the fourth ventricles in E12.5 mouse brains, 

iabelled with an antibody raised against the proiiferation marker, 

phosphoryiated histone H3 (p-H3)

Brown peroxidase reaction product was used for detection of p-H3 labelled 

cells. All nuclei were counter stained with methyl green.

A: Fourth ventricle choroid plexus (CP) and surrounding tissues. Black 

arrowheads indicate some of the p-H3 labelled cells in the neuroepithelium; red 

arrowheads indicate p-H3 labelled cells in the fourth ventricle CP mesenchyme. 

B: Fourth ventricle CP. Black arrowheads indicate some of the p-H3 labelled 

cells in the neuroepithelium, green arrowheads indicate p-H3 labelled cells in 

the ‘stalk’ of the fourth ventricle CP, red arrowheads indicate p-H3 labelled cells 

in the fourth ventricle CP epithelium. 0: High power magnification of fourth 

ventricle CP. Red arrowheads indicate p-H3 labelled cells in the CP 

mesenchyme. D: Neuroepithelial cells surrounding the aqueduct of Sylvius. E: 

High power magnification of D, indicating the two layers of neuroepithelium that 

are labelled for p-H3, in the ventricular zone, and in the intermediate zone.
AQ = aqueduct of Sylvius, CP = choroid plexus, CPe = choroid plexus epithelium, CPm = 

choroid plexus mesenchyme, IZ = intermediate zone, N = neuronal cells, VZ = ventricular zone, 

St = ‘stalk’ of the fourth ventricle CP, IV = fourth ventricle.

Bar = 200 pm in A, B and D, 50 pm in 0  and E.
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Fig. 4.9: Sagittal sections of the lateral and fourth ventricles in the E16.5 

and E18.5 mouse brain, labelled with an antibody raised against the 

proliferation marker, phosphorylated histone H3 (p-H3)

Brown peroxidase reaction product was used for detection of p-H3 labelled 

cells. All nuclei were counter stained with methyl green.

A: E16.5 lateral ventricle choroid plexus and surrounding tissues, negative 

control (no primary antibody applied). B: E16.5 lateral ventricle CP and 

surrounding tissues. 0: E16.5 lateral ventricle CP and surrounding tissues. D: 

E16.5 fourth ventricle CP under high power magnification. Black arrowheads 

indicate p-H3 labelled cells in the neuroepithelium and red arrowhead indicates 

p-H3 labelled cells in the fourth ventricle CP mesenchyme. E: Lateral ventricle 

CP and surrounding tissues, E18.5. F: Fourth ventricle CP and surrounding 

tissues, E18.5. Black arrowheads indicate p-H3 labelled cells in the 

neuroepithelium; green arrowheads indicate p-H3 labelled cells in the stalk' of 

the fourth ventricle CP.
CP = choroid plexus, Ct = cartilage of the skull base, N = neuronal cells, LV = lateral ventricle, 

St = 'stalk' of the fourth ventricle CP, VZ = ventricular zone, IV = fourth ventricle.

Bar = 200 pm in A, B and 0 , 100 pm in D, E and F.
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4.2.3; Transthyretin expression in vivo 

4.2.3.1:TTR mRNA

Following mRNA extraction, and reverse transcription (as described in chapter 3 

section 3.9.1 and 3.9.5), the samples were prepared for polymerase chain 

reaction amplification of TTR and GAPDH transcripts in separate reaction 

tubes. TTR primer pairs were designed against nucleotides 4-509 from the 

published sequence of murine TTR mRNA spanning 3 intron/exon boundaries 

(Wagasugi et al., 1986). Primer pairs designed against nucleotides 179-670 of 

murine GAPDH were used as a positive control to test the integrity of the mRNA 

samples. TTR mRNA expression bands (505 bp) were detected in adult liver 

and E l2.5 whole head samples (Fig. 4.10A). TTR mRNA expression was also 

identified as a strong band in all extracts of isolated CP, whereas no expression 

of TTR was detected in El 2.5 murine heart tissue, as expected (Fig. 4.1 OB). 

GAPDH mRNA expression was detected (491 bp) in all the samples tested, 

including the heart tissue. This showed that the mRNA in all samples had been 

successfully extracted, reverse transcribed, and amplified.
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A. (TTR)
L Hd -ve Lv -ve

505 bp

B. (TTR)

505 bp

C. (GAPDH)

491 bp

L Ht Hd CP CP -ve

L Ht -ve Hd -ve CP -ve CP -ve

Fig. 4.10: RT-PCR of TTR and GAPDH mRNA expression

TTR (505 bp) and GAPDH (491 bp) PGR band detection following agarose gel 

electrophoresis in buffer containing ethidium bromide. cDNA bands were 

detected under UV light. L = DNA ladder for determining the approximate length 

of the amplified cDNA. Negative controls (-ve) consisted of DEPC water in 

place of cDNA samples.

A: TTR cDNA bands are present in extracts of E l2.5 whole head (Hd), and 

adult liver (Lv). B: E l2.5 heart (Ht) does not express TTR, whereas E l2.5 head 

(Hd) and dissected fourth ventricle choroid plexus (CP, two separate samples) 

did express TTR. C: GAPDH positive controls using the mRNA as in B. All 

cDNA tested expressed GAPDH.
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4.2.3 2: TTR protein expression

Immunohistochemical analysis of TTR protein expression was carried out using 

a commercially produced polyclonal antibody raised in goat against human 

TTR, which shares at least 80% homology with murine TTR. I used the 

immunohistochemical detection method described by Li et al (1997), as 

described in chapter 3.4, without microwaving the samples in citric acid buffer 

prior to antibody application.

At E12.5 I detected TTR protein expression along the length of the CPe in both 

the lateral ventricle and fourth ventricle CPs (Fig. 4.11 and 4.12 respectively). It 

was my impression that the immunohistochemical staining of CPs on the same 

section appeared to be more intense in the fourth ventricle CP compared with 

the lateral ventricle CP in each section analysed. In addition to differential 

staining between fourth and lateral ventricle CPs, the immunohistochemical 

stain seemed more intense at the distal ends of the CPe, furthest from the 

‘stalk’ (Fig. 4.11 B and C and Fig. 4.12, B-F). TTR immunoreactivity was 

present throughout the CPe cytoplasm, but in some areas there was increased 

intensity of staining at the apical surfaces of the CPe (Fig. 4.11 and Fig. 4.12). 

Although these differences in staining intensity appeared to be a consistent 

finding, protein levels are not quantifiable by immunohistochemistry alone. The 

CPe nuclei were not labelled for TTR protein. CPm was slightly immunoreactive 

for TTR, although this tissue was considerably less intensely stained than the 

CPe. The apical surfaces of the ependymal cells lining the ventricles were also 

positive for TTR protein, with some focal areas of reactivity (Fig. 4.1 IB  and C 

and Fig. 4.12B), although again, less intensely than that observed for CPe. The 

CNS did not exhibit TTR protein immunoreactivity, as anticipated.
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Fig. 4.11: Immunohistochemical analysis of TTR protein expression in the 

lateral ventricles at E l2.5

Brown peroxidase reaction product was used for the detection of TTR 

immunoreactivity. All nuclei were counter stained with methyl green. Black 

arrowheads indicate strong TTR immunoreactivity in the apical CPe. Blue 

arrowheads indicate immunoreactive sites in local lateral ventricle ependymal 

cells. A: Negative control in the absence of primary antibody application. B, 0: 

Lateral ventricle CP from different embryos. D: Higher power view of B.
CP = choroid plexus, CPe = choroid plexus epithelia, CPm = choroid plexus mesenchyme, E= 

ependyma, Ge = ganglionic eminence, N = neuronal cells, LV = lateral ventricle, VZ = 

ventricular zone, -ve = negative control. Bar = 200 pm in A, 100 pm in B and C, 50 pm in D.
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Fig. 4.12: Immunohistochemical analysis of TTR protein expression in the 

fourth ventricle at E l 2.5

Brown peroxidase reaction product was used for the detection of TTR 

immunoreactivity. All nuclei were counter stained with methyl green. Black 

arrowheads indicate strong TTR immunoreactivity in the apical CPe. Blue 

arrowheads indicate immunoreactive sites in the lateral ventricle ependymal 

cells. A: negative control in the absence of primary antibody application. 8 ,0 ,D: 

fourth ventricle CP from different embryos. E,F, higher power view of D.
CP = choroid plexus, CPe = choroid plexus epithelia, CPm = choroid plexus mesenchyme,

E= ependyma, N = neuronal cells, IV = fourth ventricle, -ve = negative control.

Bar = 200 ^m in A, C and D, 100 pm in B and 50 pm in E and F.
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4.3: Discussion

4.3.1: Morphological development of the murine choroid plexus

In the histological analysis described above, I found that from E12.5 to E18.5, 

the CPs undergo substantial morphological change. At E12.5, the newly 

emerged CPs are visible as tightly packed epithelial cells overlying a thick 

mesenchymal core. A rich vascular bed is already evident at E12.5. As 

development proceeds, from E14.5 to E18.5 the CPe cells flatten from a 

columnar morphology to a simple cuboidal morphology. The CPe and the 

mesenchymal stroma beneath it become considerably thinner. The high 

vascularity is maintained throughout the second half of gestation, supplying the 

entire CPe, including the most distal cells, with a rich blood supply. These 

morphological changes increase the surface area of the CPe during the course 

of the second half of gestation. These histological findings were similar to the 

morphological description of human CP development (Shuangshoti and Netsky, 

1966), rabbit CP development (Tennyson and Pappas, 1968) and murine CP 

development (Chamberlain 1973).

4.3.2; Proliferation of choroid plexus cells in vivo

I found that the developing CP did not exhibit a high degree of cellular 

proliferation in vivo. This is in agreement with previous histological reports that 

mitotic figures in the CPe are uncommon (Dziegielewska, 2001, Chamberlain, 

1973) and tend to be located in the root of the CPe rather than interspersed 

along the length of the epithelial surface (Knudsen, 1964). As expected, cellular 

division in the surrounding ependyma and CNS tissues was pronounced during 

the second half of murine gestation. At E l2.5 the neuronal and glial precursor 

cells of the CNS in the ventricular zone are undifferentiated, and are maintained 

in a proliferative state. This region was intensely labelled for p-H3 in this study. 

These results indicate that the CPe at E l2.5 are distinct from the neuroepithelial 

cells from which they originated, in terms of cell division. This brief assessment 

of proliferation was not intended to be quantitative, however the results 

presented here suggest that shortly after differentiation, the behaviour of CPe 

differs from the neuroepithelial cells from which they are derived. CPe show a 

marked reduction in the levels of mitosis, which was detectable using a
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sensitive marker of proliferation, p-H3. From E14.5, the principle site of cell 

division in the CNS was in the intermediate zone, where neurones and glia 

undergo terminal mitoses, and migrate to the various layers of the embryonic 

brain (Sturrock, 1979). As expected, I detected mitosis in the ventricular and 

intermediate zones of the developing neuroepithelium at these later stages in 

development. The use of immunohistochemical detection of p-H3 was a highly 

effective method in the identification of mitotic cells. Interestingly, I found that 

some cells of the CP did exhibit immunoreactivity to p-H3, both in regions at the 

base or ‘stalk’ of the CP, and in a few distal cells within the CP itself. There was 

sparse labelling of both CPm and CPe, suggestive that both of these cell types 

are capable of division in distal regions of the CP. Other groups have reported a 

low level of cell division exclusively in the ‘stalk’ of the CP (Chauhan and 

Lewis,1979, Sturrock, 1979), whereas Knudsen (1964) reported that the 

presence very scant numbers of cells undergoing mitosis in distal murine CPe 

and CPm cells. My results, although not quantitative, showed that mitosis does 

occur in CPe and CPm cells, but that cell division is indeed uncommon in both 

tissues. These previous studies used histological analysis to identify mitotic 

figures in the CP, a method that is likely to be less accurate than the use of an 

immunohistochemical marker for proliferation. The anti-human p- H3 antibody 

used for this study was very specific for the detection of dividing cells, and so 

this was a highly sensitive method to detect cell division. In conclusion, CPe 

and CPm cells do divide during the second half of murine gestation, however 

the rate at which cellular division occurs in CP cells is lower than in the 

surrounding cells of the CNS.

4.3.3: TTR expression

Using 20 bp cDNA primers, which spanned 3 intron/exon boundaries of 

genomic TTR DNA, I detected TTR mRNA using RT-PCR. Previous in situ 

hybridisation studies report that TTR mRNA transcription in the developing rat 

brain is highly specific to the CPe, whereas the CPm and surrounding neuronal 

tissues are negative for the mRNA signal (Fung et al., 1988, Thomas et al., 

1988). My results, using RT-PCR, agree with these findings. I found TTR cDNA 

bands of the predicted size from extracts of mRNA from whole head (which 

included CP), and isolated CP at E l2.5. I used E l2.5 whole heart mRNA as a 

control, and, as expected, I found no TTR band under identical experimental
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conditions. These results confirmed the specificity of the TTR primers. These 

primers were designed for the future analysis of TTR mRNA expression, and 

hence CPe phenotype, in cultures of embryonic CPe. In conclusion, the primers 

I selected were specific for TTR mRNA identification, and were suitable for 

assessing TTR mRNA expression in vitro at a later stage.

Several groups have described TTR protein expression in the mammalian 

embryo (Aleshire et al., 1983, Li et al., 1997, Kuchler-Bopp et al., 1998). 

Aleshire et al., (1983) found strong TTR immunoreactivity in embryonic human 

CPe with TTR expression evenly distributed throughout the CPe cytoplasm. In 

that study the CPm, the ependyma and the CNS tissues were all negative for 

TTR immunoreactivity. Li et al., (1997) also reported strong TTR 

immunoreactivity in the CPe of the developing South American opossum. 

However, unlike Aleshire et al., (1983), Li et al (1997) found TTR protein to be 

localised strongly in the cytoplasm apical to the CPe nuclei. Again, no nuclear 

localisation was identified. This group also found TTR immunoreactivity in the 

cells of the CPm, although the intensity of staining was less than that observed 

for CPe, and reported that there was no TTR protein expression in the CNS 

tissues. In agreement with these results, I did not observe nuclear staining for 

this protein, and the apical surfaces of the CPe in my study were more intensely 

labelled for TTR immunoreactivity than the basal surfaces in general. 

Interestingly, I consistently found TTR immunoreactivity to be most intense in 

distal CPe, a finding that had not been reported previously. This could indicate 

increasing maturity of the CPe along the proximo distal axis. A third group, 

Kuchler-Bopp et al., (1998) investigated TTR expression in the embryonic rat 

CPe at E10 and E20. The investigation by this group found strongest TTR 

immunoreactivity at the apical surfaces of the CPe, in the cilia, microvilli and 

plasma membranes. In agreement with my findings, they reported low level 

immunohistochemical detection of TTR in the ependymal cells lining the 

ventricles of the brain, unlike the other two groups. Further analysis of TTR 

mRNA expression by Kuchler-Bopp et al., (1998) confirmed that TTR mRNA 

expression was confined to the cells of the CPe. It was concluded that the 

source of the ependymal cell TTR immunoreactivity was due to endocytosis of 

TTR, synthesised by the CPe and secreted into the CSF.
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Following these experiments, I was confident that both the RT-PCR technique 

and the immunohistochemical technique for TTR mRNA and protein detection 

were sensitive and specific enough for the future confirmation of CPe 

phenotype for my in vitro studies.

4.4: Final Comments

In this chapter, I have described the basic morphological development of the 

CPs in the lateral and fourth ventricles from E12.5 to E18.5 in the murine 

embryo. I found that the CPs thin and elongate into the ventricles as 

development proceeds, filling the ventricular spaces almost entirely by E16.5. In 

order to assess whether this growth of CP was due to morphological shape 

changes exclusively, I assessed the level of proliferation of the cells of the CP. 

Unlike previous reports, I found that the cells of both the CPe and the CPm 

were able to divide. There was scant labelling of both CPe and CPm using the 

mitosis marker, p-H3. Cellular division, however was markedly less common in 

the CP than in the rapidly dividing neuronal cells, which were frequently 

immunoreactive for p-H3. Interestingly, the regions immediately adjacent to the 

CP ‘stalk’ showed p-H3 immunoreactivity, and it remains possible that post 

mitotic cells from the ependymal regions adjacent to the CP stalk could 

contribute to the growth of the CPs as the CPs extend into the ventricles. In 

order to assess the CPe phenotype for future experiments, I assessed the 

normal expression of the TTR gene in vivo, in both CP and non-CP tissues, 

using RT-PCR. TTR gene expression is exclusive to the CPe in the embryonic 

CNS, and my results confirmed the efficiency and suitability of the primer pairs I 

had designed for detection of the TTR gene. I assessed TTR protein expression 

in vivo in CP and surrounding CNS structures using immunohistochemistry.

TTR protein expression was intense in the CPe, although other nearby cell 

types were immunoreactive, but markedly less so than the CPe. This in vivo 

work underpinned my future tissue culture experiments, in which I assessed the 

behaviour and phenotype of CPe in vitro.
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Chapter 5: Expression of FGFRs In the 

developing murine choroid plexus

5.1: Introduction

As outlined in the chapter 1, fibroblast growth factors (FGFs) are important 

polypeptides that are involved in numerous aspects of vertebrate development. 

The responses of cells to FGF signalling is mediated via the fibroblast growth 

factor receptors (FGFRs), in conjunction with low affinity heparan sulphate 

proteoglycans (HSPGs). Although many groups have studied FGF and FGFR 

expression in the adult and the developing CNS, there is considerably less 

direct information regarding expression of either of these families of molecules 

in the choroid plexuses (CPs).

The adult CPs express FGF2 and FGFR2 (Fuxe et al., 1996, Kataoka et al., 

1994, Cuevas et al., 1994, Yazaki et al., 1994), but not FGFR1 (Yazaki et al., 

1994). In the rat embryo, FGF2 is expressed strongly in the CPe from at least 

E l5.5 onwards (Raballo et al. 2000). High levels of low-affinity HSPG binding 

sites for FGF2 have been identified in the murine CP at E l5.5 (Fayein et al., 

1992), and murine CPs also express FGF7 mRNA at E14.5 and E16.5 (Finch et 

al., 1995). Previous research in our laboratory has identified strong expression 

of two distinct isoforms of the FGFR2 gene, FGFR2lllb (KGFR) and lllc (bek) in 

the CPe of the embryonic human between 10 and 18 weeks gestation (Chan 

and Thorogood, 1999). These published data suggest that CPs express some 

FGFs and FGFRs during various stages of development and in the adult in 

different mammalian species. FGFR expression data regarding the CPs 

however, are often unclear. This is usually because most investigators focus on 

expression of FGFs and FGFRs in the developing CNS or cranium, rather than 

on the CPs per se. Consequently, the expression patterns of genes and 

proteins in the CPs are generally poorly described. For example, many reports 

do not distinguish between forebrain and hindbrain CP; few authors describe 

differences in expression patterns between CPe versus CPm, referring to the 

CP as a whole. Also CPs may be referred to at one developmental stage, and 

then not referred to again at other stages analysed.
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The aim of the research described in this chapter was to perform a detailed 

analysis of the expression patterns of FGFRs 1-4 in developing murine CPs, 

using immunohistochemistry and RT-PCR. I intended to study FGFR protein 

expression in both forebrain and hindbrain CPs during the second half of 

gestation. I set out to compare the spatial and temporal differences in FGFR 

protein expression between the CPe, the CPm, the cells of the ependyma, and 

the periventricular CNS. In order to do this, I used affinity-purified polyclonal Ig 

G antibodies raised against peptides mapping to the carboxy (3’) terminus of 

each FGFR molecule (chapter 2, section 2.5). In addition, I analysed CP FGFR 

mRNA expression to clarify the FGFR isoforms expressed at E l2.5 using in- 

house designed primers (chapter 2, section 2.14).

Time-mated wild type CD-I mouse embryos, ranging between E l2.5 and 

El 8.5, were used for all analyses. For immunohistochemistry, at least two 

embryos from different litters were assessed at each developmental stage, and 

for each receptor. Brown peroxidase substrate was used for detection, and the 

nuclear marker, methyl green, was used as a counter stain in all cases (chapter 

3, section 3.7).

5.2: Results

5.2.1: FGFR1 protein expression 

5.2.1.1: FGFR1 expression at El 2.5

At El 2.5, the epithelial cells (CPe) and mesenchymal cells (CPm) of the CPs 

were immunoreactive for FGFR1 (Fig. 5.1). There was no obvious difference in 

intensity between lateral ventricle CP, and fourth ventricle CP (Fig. 5.1 B and C 

respectively). Similarly, the ependymal cells lining the ventricles expressed 

FGFR1 protein, as did the neuronal cells of the developing central nervous 

system (CNS), particularly in the regions closest to the ventricles. FGFR1 

protein expression was ubiquitous in these regions at this stage of murine 

development. Fig. 5.ID  is a negative control with no detectable levels of
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peroxidase, indicating that there was no immunoreactivity in the absence of 

application of the primary anti-FGFR1 antibody.

5.2.1.2: FGFR1 expression at El5.5

Immunoreactivity for FGFR1 had decreased significantly in the CPe and CPm of 

the lateral and fourth ventricles, compared with the levels observed at E12.5 

(Fig. 5.2A and B respectively). In addition, the ependyma and surrounding CNS 

did not express FGFR1 at this stage. By contrast, the developing eye 

demonstrated strong FGFR1 immunoreactivity, particularly in the cells of the 

corneal epithelium, the mesenchyme of the eyelids, and the neural retina. This 

result confirmed that the immunohistochemical technique was sufficient to 

detect the FGFR1 antigen, but that the cells of the CPe, CPm, CNS and 

ependyma did not express FGFR1 protein at this stage.

5.2.1.3: FGFR1 expression at El8.5
At E18.5 the CPm was not immunoreactive to FGFR1. There was however, 

slight expression of FGFR1 in the CPe of both the lateral and fourth ventricles 

(Fig. 5.2E and F) although the staining intensity was very similar to the 

generalised low level immunoreactivity of the CNS and ependyma. By contrast, 

the cells of the developing salivary gland of the same embryo were strongly 

immunoreactive for FGFR1 (Fig. 5.2D). These results indicated that FGFR1 

protein expression at later stages of development remained low in the CNS, 

ependyma and CPs, whereas in the same embryo, strong FGFR1 expression 

was detected at other sites.
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Fig. 5.1: FGFR1 protein expression at E l2.5

A: sagittal section of the lateral ventricle choroid plexus. B: higher power 

magnification of A. C: sagittal section of the fourth ventricle choroid plexus.

D: negative control in the absence of primary antibody application.

Brown peroxidase was used as the detection agent for FGFR1 

immunoreactivity. All nuclei were counter stained with methyl green.

Bar = 200 |im.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme,

E = ependyma, Ge = ganglionic eminence, LV = lateral ventricle, N = neuronal cells, IV = fourth 

ventricle.
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Fig. 5.2: FGFR1 protein expression at E15.5 and E18.5

A: sagittal section of the lateral ventricle choroid plexus and surrounding 

tissues, E15.5. B: sagittal section of the fourth ventricle choroid plexus and 

surrounding tissues, E15.5. C: sagittal section of the orbit, E15.5. D: sagittal 

section through mandible and salivary gland, E18.5. E: lateral ventricle choroid 

plexus and surrounding tissues, E18.5. F: fourth ventricle choroid plexus and 

surrounding tissues, E18.5. Brown peroxidase was used as the detection agent 

for FGFR1 immunoreactivity. All nuclei were counter stained with methyl green. 

Bar = 200 pm in A,B,DE and F, 250 pm in C.
C = cornea, Ct = cartilage, CP = choroid plexus, CPe = choroid plexus epithelium,

CPm = choroid plexus mesenchyme, E = ependyma, EL = eyelid, L = lens, LV = lateral 

ventricle, N = neuronal cells, NR = neural retina, RPE = retinal pigmented epithelium 

(detached), Sg = salivary gland, IV = fourth ventricle.
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5.5.2: FGFR2 protein expression

5.2.2.1: FGFR2 expression at E12.5

At E12.5 the CPe of the lateral and fourth ventricles were strongly 

immunoreactive for FGFR2 (Fig. 5.3ABC and E). The CPm was considerably 

less immunoreactive than the CPe. In addition to the CPs, the ependymal cells 

lining the ventricles expressed FGFR2 protein strongly. The neuronal cells of 

the CNS were also positive for FGFR2 protein at this stage.

5.2.2 2: FGFR2 expression at E15.5 and E18.5

At E15.5 there was a change in FGFR2 immunoreactivity in the region of the 

CPs. The CPe remained strongly immunoreactive for FGFR2 (Fig. 5.4A and B) 

The most intense staining for FGFR2 was towards the apical surfaces of the 

CPe. In the fourth ventricle, I detected FGFR2 immunoreactivity in the ‘stalk’ of 

the CPe (Fig. 5.4B). FGFR2 immunoreactivity was considerably less intense in 

the CPm of the lateral and fourth ventricle CPs than the CPe. The ependymal 

cells and the neuronal cells in the CNS did not express FGFR2 protein strongly 

at E15.5 (Fig. 5.4A and B). Although a low level of peroxidase staining was 

apparent in these tissues, the intensity of staining was considerably less than 

that observed in the CPe.

At E18.5, there was strong immunoreactivity for FGFR2 in the lateral ventricle 

CPe, particularly towards the apical surfaces of the cells (Fig. 5.4C,D,E and F). 

FGFR2 immunoreactivity was additionally detected in the ependymal cells, most 

notably at their ventricular surfaces (Fig. 5.4D). The CNS tissue was negative 

for FGFR2 at E18.5 closest to the ventricles.
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Fig. 5.3: FGFR2 protein expression at E12.5

A: Coronal section of lateral ventricle choroid plexus (CP) and surrounding 

tissues. B: Coronal section of lateral ventricle CP and surrounding tissues. 0: 

High power magnification of a coronal section of lateral ventricle CP and 

surrounding tissues. D: fourth ventricle CP, negative control (in the absence of 

primary anti-FGFR2 antibody application). E: High power sagittal section of the 

fourth ventricle CP. Brown peroxidase was used as the detection agent for 

FGFR2 immunoreactivity. All nuclei were counter stained with methyl green. 

Bar = 200 pm in A B and D, 50 pm in C and E.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme,

E = ependyma, Ge = ganglionic eminence, LV = lateral ventricle, N = neuronal cells, IV = fourth 

ventricle.
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Fig. 5.4: FGFR2 protein expression at E15.5 and E18.5

A: sagittal section of the lateral ventricle choroid plexus (CP) and surrounding 

tissues at E15.5. B: sagittal section of the fourth ventricle CP and surrounding 

structures at E15.5. Black arrowheads indicate FGFR2 immunoreactivity in the 

CP stalk. 0: sagittal section of the lateral ventricle CP and surrounding tissues 

at E18.5. D: High power magnification of C. Black arrowheads indicate strong 

FGFR2 immunoreactivity at the apical surfaces of the CPe. Blue arrowheads 

indicate immunoreactivity of the apical surfaces of the ependymal cells. E: 

sagittal section of the lateral ventricle CP and surrounding tissues at E18.5. F: 

Sagittal section of the fourth ventricle CP and surrounding structures at E18.5. 

Brown peroxidase was used as the detection agent for FGFR2 

immunoreactivity. All nuclei were counter stained with methyl green.

Bar = 200 pm in A and E, 100 pm in B, C and F, 50 pm in D.

ct = cartilage of the skull base, CP = choroid plexus, CPe = choroid plexus epithelium,

CPm = choroid plexus mesenchyme, LV = lateral ventricle, N = neuronal cells, IV = fourth 

ventricle.
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5.2.3: FGFR3 protein expression

FGFR3 immunoreactivity was predominantly localised to the nuclei of all cells in 

the CNS, including the ependyma, and the CPe and CPm at E12.5 (Fig. 5.5A 

and B). This result was unexpected, given that FGFRs are transmembranous 

molecules, transducing signals from the extracellular environment to the 

nucleus (see discussion).

A similar result was found at E15.5, where FGFRS immunoreactivity was 

localised to the nuclei of all cells in the CNS, the ependyma, and the CPs (Fig. 

5.5C and D). Cytoplasmic immunoreactivity was not observed in any of these 

regions at this stage in development. Extra-nuclear staining was observed, only 

in the cytoplasm of cells forming the salivary gland in the developing mandible 

(not shown). As seen at E12.5, all nuclei were labelled for FGFRS in the 

embryonic head at E15.5.

At E18.5 nuclear labelling of FGFRS protein was again predominant in the CNS, 

the ependyma, and the CPs in the lateral and fourth ventricles (Fig. 5.5E and F 

respectively).
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Fig. 5.5: FGFR3 protein expression at E12.5, E15.5 and E18.5

A: coronal section of the lateral ventricle choroid plexus (CP) at E12.5. B: 

sagittal section of the fourth ventricle CP at E12.5. 0: sagittal section of the 

lateral ventricle choroid plexus and surrounding tissues at E15.5. D: sagittal 

section of the fourth ventricle choroid plexus and surrounding structures at 

E15.5. E: sagittal section of the lateral ventricle CP and surrounding tissues at 

E18.5. F: sagittal section of the fourth ventricle CP and surrounding structures 

at E18.5. Brown peroxidase was used as the detection agent for FGFRS 

immunoreactivity. All nuclei were counter stained with methyl green.

Bar = 200 pm.

CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme, 

Ge = ganglionic eminence, LV = lateral ventricle, N = neuronal cells, IV = fourth ventricle.
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5.2.4: FGFR4 protein expression 

5.2.4.1: FGFR4 expression at E12.5

At E12.5 FGFR 4 protein expression was present in the CP and ependymal 

cells in the lateral ventricles (Fig. 5.6A and B). FGFR4 expression was 

distributed throughout the cytoplasm of the CPe cells, with strong 

immunoreactivity on both apical and basal sides of the nuclei (Fig. 5.6B). The 

ependymal cells were most immunoreactive in the region of their ventricular 

surfaces. The neuronal cells were less immunoreactive than the CP and 

ependyma. Interestingly, there was marked localisation of FGFR4 

immunoreactivity in the neuronal cells in the base of the LV CP (Fig. 5.6A). The 

CPm was also positively stained for FGFR4 in the lateral ventricles. The fourth 

ventricle CP showed similar immunoreactivity to the CPe of the lateral ventricles 

(Fig. 5.6C and D), with FGFR4 immunoreactivity throughout the cytoplasm of 

the CPe (Fig. 5.6C). There was intense staining for FGFR4 on the apical 

surfaces of some CPe (Fig. 5.6D). Similar to the results for LV ependymal cells, 

the ependymal cells in the fourth ventricle were strongly immunoreactive for 

FGFR4 on their apical surfaces (Fig. 5.6C).

5.2.4 2: FGFR4 expression at E15.5

At E15.5 the expression of FGFR4 protein was highly specific to the epithelial 

cells of the CP in the CNS (Fig. 5.7A). At this time there was no FGFR4 

expression in the ependyma or in the surrounding tissues of the CNS. FGFR4 

immunoreactivity was exclusively located on the apical surfaces of the CPe in 

both the lateral (Fig. 5.7B) and fourth ventricles (Fig. 5.7C). By contrast to the 

other FGFRs examined, FGFR4 was not expressed, even at low levels, in the 

underlying CPm (Fig. 5.7B and C). In addition to specific immunoreactivity in the 

CP, I detected discrete staining for this protein in an outer layer of the CNS, 

particularly in the frontal cortex (Fig. 5.7B).

5.2.4.S: FGFR4 expression at E18.5

At E18.5 the expression domain of FGFR4 protein remained highly specific, and 

was restricted to the apical surface of the CPe (Fig. 5.7D,E and F). As shown 

previously for E15.5, neither the CPm nor the ependyma at E18.5 were 

immunoreactive for FGFR4.
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5.2.5: FGFR mRNA expression

Three E12.5 whole CPs were prepared for RT-PGR on five separate occasions 

to determine the mRNA expression pattern of the CPs in vivo. Embryonic heart 

mRNA was used as a control. Following mRNA extraction, and reverse 

transcription, (chapter 3, section 3.9.1 and 3.9.5), the samples were prepared 

for polymerase chain reaction amplification of FGFR1 lllb and lllc, FGFR2 lllb 

and lllc, FGFR3 lllb and lllc, and FGFR4. Either GAPDH or PGM-1 were used 

as mRNA positive controls. Water was used in place of cDNA as negative 

controls for each primer pair on each occasion. Fig. 5.8 shows the results of 

these experiments.

The mRNA results complimented the immunohistochemical analysis of FGFR 

expression at El 2.5. As anticipated from the immunohistochemical analyis, 

FGFR1, FGFR2, FGFR3 and FGFR4 mRNA was detected at this stage of 

development. Interestingly, both lllb and lllc isoforms of FGFR2 were 

expressed strongly, whereas only the lllc isoforms of FGFR1 and FGFR3 were 

detected. FGFR4 expression was present, but weak in all samples tested.
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Fig. 5.6: FGFR4 protein expression at E12.5

A: sagittal section of the lateral ventricle choroid plexus (CP) and surrounding 

tissues. Black arrowheads indicate strong immunoreactivity at the base of the 

CP. B: higher power magnification of A. Opposing black arrowheads show the 

strong immunoreactivity of the apical and basal cytoplasm of the CPe. Blue 

arrowheads show immunoreactivity of the ependyma. C: sagittal section of the 

fourth ventricle CP and surrounding structures. Opposing black arrowheads 

show the strong immunoreactivity of the apical and basal cytoplasm of the CPe. 

Blue arrowheads show immunoreactivity of the ependyma. D: higher power 

magnification of C. Black arrowheads indicate strong immunoreactivity for 

FGFR4 in apical CPe cells.

Brown peroxidase was used as the detection agent for FGFR4 

immunoreactivity. All nuclei were counter stained with methyl green.

Bar = 200 |im in A and C, 100 pm in B and D.
CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid plexus mesenchyme,

E = ependyma, Ge = ganglionic eminence, LV = lateral ventricle, N = neuronal cells,

IV = fourth ventricle.
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Fig. 5.7: FGFR4 protein expression at E15.5 and E18.5

A: sagittal section of frontal half of E15.5 mouse brain. Arrowhead indicates the 

location of the CP. B: sagittal section of the lateral ventricle choroid plexus (CP) 

and surrounding tissues E15.5. 0: High power magnification of a sagittal 

section of the fourth ventricle CP, E15.5. Arrowhead indicates strong 

immunoreactivity on the apical surface of the CPe cells. D: E18.5 root of lateral 

ventricle CP (as it approaches the third ventricle) and surrounding tissues. E: 

lateral ventricle CP and surrounding tissues, E18.5. F: fourth ventricle CP and 

surrounding tissues, E18.5. Brown peroxidase was used as the detection agent 

for FGFR4 immunoreactivity. All nuclei were counter stained with methyl green. 

Bar = 500 |im in A, 200 )im in B and D, 50 |im in C, 100 îm in E and F.

Cfr = frontal cortex, CP = choroid plexus, CPe = choroid plexus epithelium, CPm = choroid 

plexus mesenchyme, LV = lateral ventricle, Mb = midbrain, N = neuronal cells. III = third 

ventricle, IV = fourth ventricle.
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FGFR1 lllb FGFR1 lllc FGFR2 lllb FGFR2 lllc

L CP Ht -ve CP Ht -ve CP Ht -ve I L CP H -ve

FGFRS lllb FGFRS lllc FGFR4 GAPDH

FGFR1 IIIB FGFR1 m e FGFR2 IIIB FGFR2 m e FGFRS IIIB FGFRS me FGFR4

Expression 
in CPs

- *  * - * * *

Fig. 5.8: RT-PCR for FGFR isoforms in E12.5 choroid plexus

E 12 .5  w hole C P s from the fourth ventricle w ere  prepared for R T -P C R  to 

determ ine the m R N A  expression pattern of the C P s in vivo (CP). Em bryonic 

heart (Ht) m R N A  w as used as a control. Following m R N A  extraction, and  

reverse transcription, (chapter 3, section 3.9.1 and 3 .9 .5 ), the sam ples w ere  

prepared for polym erase chain reaction amplification of FG FR 1 lllb (243  bp) 

and lllc (450  bp), F G F R 2  lllb (422  bp) and lllc (4 8 0  bp), F G F R 3  lllb (471 bp) 

and lllc (428  bp), and F G F R 4  (397  bp). G A P D H  (491 bp) or PG M -1 (not 

shown) w ere  used as positive controls. W a te r w as  used in p lace of cD N A  as 

negative controls for each prim er pair on each occasion (-ve). T h e  bar 

sum m arises the results of 5 separate  experim ents. w eak  expression  

detected, ^ ^  expression detected.
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5.3: Discussion

I found differential expression of FGFR proteins during the second half of 

murine gestation in the CPs, ependyma and surrounding central nervous 

tissues. Table 5.10 below summarises these results.

E12.5
CPe CPm CNS

E15.5
CPe CPm CNS

E18.5

CPe CPm CNS

FGFR1 +++ ++ + + + +++

FGFR2 +++ ++ +++ +++ +++ +++

FGFRS

FGFR4 +++ ++ ++ +++ +++

Table 5.1: Summary table of FGFR protein expression in the murine 

choroid plexus and ependyma
+++ Strong expression, ++ expression detected, +minimal expression, -  no expression, 

n: nuclear expression of FGFRS. Shaded boxes indicate strong FGFR protein expression.

CP: choroid plexus, E: ependymal

These results are similar to several published reports from other groups, which 

have studied FGFR expression in the developing CNS and are discussed 

below.

5.3.1: FGFR1

In agreement with the findings of this study, FGFR1 immunoreactivity has been 

identified in the CNS of the early rat embryo, particularly in periventricular 

regions of the developing CNS at E11.5 (Raballo et al, 2000). The RT-PCR 

results complimented the immunohistochemical analysis of FGFR1 expression 

at E l2.5, and indicated that only the lllc isoform was expressed by the CP. 

Raballo reported that there was a gradual down-regulation of FGFR1 mRNA 

transcripts in the CNS of the embryonic rat by El 7.5 (Raballo et al., 2000). A 

similar down-regulation of FGFR1 mRNA transcripts in the CPs and CNS was 

reported in a study of human FGFR1 mRNA expression between 10 and 18 

weeks gestation (Chan and Thorogood, 1999). I also found that FGFR1

169



expression declines in the CNS and CPs during the second half of gestation. By 

contrast, I found that other tissues, such as the developing RPE of the eye 

exhibited strong immunoreactivity to FGFR1 at E15.5 and E18.5. 

Complementary to these results, Wanaka et al., (1991) reported strong FGFR1 

mRNA expression in the retinal pigmented epithelium, neural retina and the 

mesenchymal cells of fetal rat skin and hair follicles at El 7.5. My 

immunohistochemical data for FGFR1 expression therefore agrees well with 

previously published reports supporting the conclusions of this study that there 

is a reduction in FGFR1 immunoreactivity in the CPs during the second half of 

gestation.

5.3.2: FGFR2

In support of my immunohistochemical data for FGFR2, high levels of FGFR2 

mRNA transcripts have been identified in the mouse CP, but not in the rest of 

the CNS, at El 6.5 (Peters et al., 1992). Similarly, very high levels of discrete 

FGFR2 lllb and lllc transcripts in the CP of the human embryo between 10 and 

18 weeks gestation have also been described (Chan and Thorogood, 1999). 

These authors reported that the signals for FGFR2 lllb and FGFR2 lllc mRNA 

were particularly strong in the CPe. Using RT-PCR I detected strong expression 

of both of these FGFR2 isoforms in the CP at El 2.5. Chan and Thorogood 

(1999) reported that FGFR2 lllb was additionally associated with the cells of the 

ependyma. The antibody I used to detect FGFR2 in this study was raised 

against the intracellular domain of FGFR2, and so could not distinguish 

between the two isoforms of the receptor. However, I did not find strong FGFR2 

expression in the ependymal cells using immunohistochemistry. This difference 

in expression pattern between mRNA and protein may reflect postranslational 

control or highlight differences in FGFR2 expression between mouse and 

human species.

It is interesting that expression of FGFR2 has been reported in the CPs of adult 

rats (Yazaki et al., 1994). This suggests that CP expression of this receptor 

molecule persists throughout life and therefore may be necessary for the normal 

functionality of the CPs during postnatal life as well as during development.
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5.3.3: FGFR3

The immunohistochemical results that I obtained using antibodies to FGFRS 

were rather unexpected. Despite several attempts at varying the 

immunohistochemical method, there was always similar nuclear expression of 

this protein in all samples tested. FGFRs are generally expressed at the cell 

surface (by nature of their extracellular and transmembrane domains). It was 

surprising that immunological detection of this protein revealed a strong nuclear 

signal. However, similar nuclear localisation of FGFRS protein in breast 

epithelial cells has been reported (Johnston et al., 1995). Further analysis by 

this group revealed that there are two isoforms of FGFRS, of 1S5 and 110 kOa. 

The 110 kDa isoform was found to lack exons 7 and 8, which resulted in the 

deletion of the transmembrane domain of FGFRS, but an intact kinase domain. 

This molecule, they reported, was located in the nucleus of cultured breast 

epithelial cells, although its function, if any, is unknown at present. By contrast, 

the 1S5 kDa isoform of FGFRS was located primarily at the cell surface. The 

antibody that I used for FGFRS analysis was raised against the intracellular 

kinase domain of FGFRS, and so would not distinguish between the two 

different isoforms. It is possible that the immunological technique detected the 

110 kDa isoform in the nuclei of the cells in the CNS, whereas the signal for the 

1S5 kDa isoform of FGFRS was more discrete. I did not detect cytoplasmic 

staining for FGFRS in the developing CP at any of the stages tested, although a 

colleague in our laboratory found some discrete cytoplasmic expression in the 

developing palate at E l6.5. Cell signalling via exogenous FGF ligands requires 

transmembranous FGFRS, and so it is most likely that the cells of the CP would 

not respond to exogenous FGF ligands via FGFRS as it is in a nuclear location. 

However, FGFRS mRNA transcripts encoding the transmembrane and 

juxtamembrane portions of FGFRS have been identified in the germinal 

epithelium of the murine forebrain and hindbrain at E14.5, (Peters et al., 199S). I 

identified FGFRS lllc transcripts in CP at E 12.5.

5.3.4: FGFR4

There are conflicting reports regarding FGFR4 expression in the embryo. Stark 

et al. (1991) isolated and cloned FGFR4, and reported that mRNA expression 

was confined to the gut, myotomes and skeletal muscles at E14.5 whereas the 

CNS did not express FGFR4. At E l2.5 I found weak expression of FGFR4
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mRNA, although the immunohistochemical analysis suggested that protein 

expression was considerable in the CPs at that stage. More recently, mRNA 

transcripts have been identified using in situ hybridisation, in the ‘cells of the 

ventricular region' and outer cortical cells of the CNS in the embryonic mouse 

brain at E16.5, although no reference was made to FGFR4 expression in the 

CPs directly in this study (Ozawa et al., 1996). Complimentary to these results, I 

also observed discrete localisation of FGFR4 immunoreactivity in outer cells of 

the cerebral cortex at E15.5.1 identified FGFR4 immunoreactivity specifically on 

the apical surfaces of the CPe in both the lateral ventricle and fourth ventricle 

CPs from E l5.5 onwards, a finding that has not been previously reported. This 

exclusive localisation and strong immunohistochemical signal suggest that 

FGFR4 expression may be important for the normal development and 

functionality of the CP during embryogenesis. Although FGFR4 expression at 

late stages of gestation were found in this study, FGFR4 mRNA has not 

detected by RT-PCR analysis in the CNS tissues of the adult rat (Yazaki et al., 

1994) suggesting that FGFR4 is not expressed by the CPs at this time.

5.3.5: Final Comments

The expression pattern of FGFR2 in the CPs during development is particularly 

interesting in the context of syndromic craniosynostosis (SCS), as many 

different mutations in this gene have been identified in individuals with Pfeiffer 

syndrome, Jackson-Weiss syndrome, Apert syndrome and Beare Stevenson 

cutis gyrata syndrome (Burke et al., 1998). To date, all mutations leading to a 

Crouzon phenotype have been identified in FGFR2 (as opposed to FGFR1 or 

FGFRS). Interestingly, out of all individuals with SCS, those with a Crouzon 

phenotype appear to be most at risk of raised ICP (Thompson et al., 1995). I 

found that strong FGFR2 receptor expression is maintained in the CPe 

throughout the second half of gestation. Combined, these factors suggest that 

abnormal FGFR2 signalling in the CPs during development in individuals with 

SCS may influence these organs in terms of development and/or function.

As a consequence of these results, I set out to test the effects of increased 

FGFR signalling on developing CPe by exposing primary cultures of CPe to 

different concentrations of FGF2, a ligand that binds most isoforms of all the 

FGFRs (Ornitz et al., 1996).

172



Chapter 6: Primary culture of choroid plexus 

epithelial cell vesicles

6.1 : Introduction

In chapter 5 , 1 found that the choroid plexuses (CPs) differentially expressed 

various fibroblast growth factor receptors (FGFRs) during the second half of 

murine gestation. Following these results, it was my intention to investigate 

what role(s) FGF signalling may have in the development and/or functionality of 

embryonic choroid plexus epithelia (CPe).

The primary culture of cells and tissues provides a model for the study of cells 

in systems that are not easily accessible in vivo. Analysis and interpretation of 

cultured cells' responses to experimentation are best achieved when the cells 

display an authentic phenotype and behaviour that closely matches those in 

vivo. In order to carry out my investigations, I sought to establish a suitable 

tissue culture system whereby CPe could be isolated and cultured successfully 

under conditions that promote a normal CPe phenotype, state of differentiation, 

and behaviour. Once I had established such a culture system, I intended to test 

the effects of adding exogenous FGF2 to the CPe in vitro.

In order to explain my experimental approach, I shall first outline the various 

published methods that have been successfully employed to culture mammalian 

CPs. I shall then describe the tissue culture methodology that I developed and 

used to test the effects of FGF2 on developing CPe.

6.1.1: Primary culture of adult choroid plexus

Many groups have reported the successful analysis of isolated adult CPs, either 

as whole organs for observation over a period of weeks (Agnew et al.,1984), or 

whole organ cultures for physiological studies, (Preston et al., 1993, Smith and 

Johanson, 1991, Murphy et al., 1989). More recently, cell culture techniques 

have been designed in which the CPe alone has been extracted, purified and 

maintained in culture, devoid of other cell types. CPe culture techniques of this
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nature have been developed in adult mammalian species including the rabbit 

(Mayer and Saunders-Bush, 1993), rat (Zheng et al., 1998, Southwell et al., 

1993) and pig (Gath et al., 1997, Haselbach et al., 2001, Hakvoort et al., 1998). 

The isolation of CPe cells for culture is advantageous in that influences from the 

CP mesenchyme (CPm) and other cell types can be removed, making 

interpretation of the effects of experimentation more definitive. CPe isolation 

methods described in adult species involve either enzymatic digestion coupled 

with mechanical separation of CPe from CPm, or utilisation of the different 

adhesive properties between CPe and other cell types. The first method, using 

enzymes, was first described by Crook et al., (1981) in which CPs (both CPe 

and CPm) were incubated for up to three hours in trypsin. The CPe was 

mechanically separated from the mesenchymal layer, dissociated into single 

cells and seeded onto various substrata. Many groups have used this method of 

CPe isolation in adult culture systems (Gath et al., 1997, Nathanson, 1979, 

Esterle and Saunders-Bush, 1992, Southwell et al., 1993). More recently, 

contaminant cells, particularly fibroblasts have been reduced by the addition of 

cytosine arabinoside (ara-C), a nucleoside with arabinose instead of ribose as 

its sugar component. Contaminant cells, but not CPe, incorporate ara-C during 

DNA synthesis, which arrests cell division. Thus non-CPe cells have been 

reduced substantially from the CPe culture (Gath et al., 1997).

The second method of isolating adult mammalian CPe involved separating CPe 

from CPm according to the differential adhesive properties between these cell 

types. Chopped whole CPs of rat, were suspended in culture media and plated 

onto plastic tissue culture dishes. During the first few hours after plating, 

mesenchymal cells, fibroblasts, endothelia and macrophages attached to the 

dish surface, whereas CPe did not. The medium, containing the purified 

suspension of CPe was removed, and seeded onto fresh cell plates (Strazielle 

and Ghersi-Egea, 2000).

In both methods, CPe were usually plated either onto plain tissue culture grade 

plastic dishes, or plates/filters pre-coated with laminin, a basement membrane 

component, which favoured cell adhesion and survival.
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6.1.2; Primary culture of embryonic choroid plexus

The culture of embryonic CPe is considerably less well documented and 

characterised than adult CPe. Thomas et al. (1992) first reported successful 

isolation and culture of embryonic murine CPe on a Matrigel substratum. The 

dissection procedure, similar to the method of isolation for adult CPs described 

by Crook et al., (1981) involved the removal of fourth ventricle CPs from 20-30 

mouse embryos followed by gentle enzymatic treatment with trypsin and 

pancreatin, and mechanical separation of the CPe from the CPm. Once the 

CPe sheets had been isolated, the cells were dissociated further in trypsin 

before seeding. In contrast to adult CPe cultures, Thomas et al. (1992) plated 

the embryonic CPe onto a thick layer of Matrigel. Matrigel is a laminin-rich 

basement membrane matrix, extracted from the Engelbroth-Holm-Swarm 

mouse sarcoma. The main components of Matrigel are laminin, collagen IV, 

heparan sulphate proteoglycans, entactin and nidogen, components found in 

basement membranes in vivo (Kleinman et al., 1986). In addition to these major 

components, Matrigel also contains small quantities of TGFR, FGF2, and tissue 

plasminogen activator.

The characteristics and polarity of differentiated adult and embryonic epithelial 

cells in vivo often depends upon interaction between the basal surfaces of the 

epithelial cells with the extracellular matrix of the basement membrane 

(Sanderson et al., 1996, Rizzolo, 1991, Nogawa and Ito, 1995). Basement 

membranes are primarily composed of laminin and collagen IV polymers, with 

additional proteoglycans and other protein elements (Stoker et al., 1990). In 

culture, there are many examples of the importance of basement membrane 

components in the promotion of a normal epithelial cell phenotype, particularly 

in the absence of ‘supportive’ adjacent cells, such as mesenchyme. Matrigel is 

used in epithelial cell cultures as it contains all the major constituents of 

basement membranes. Matrigel can promote normal phenotypic characteristics 

and prevent dedifferentiation of cultured epithelial cells, and may stimulate a 

dramatic response in isolated epithelial cell cultures, particularly in secretory 

epithelia, compared with plating the same cells onto plain plastic, collagen or 

laminin alone. For example, plating mouse mammary gland epithelia in Matrigel 

stimulates the formation of structures that closely resemble functional alveoli in 

vivo, including the production of milk-specific proteins (Barcellos-Hoff et al..
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1989). Matrigel can promote human lacrimal gland epithelia to form secretory 

acini and produce lactoferrin, a tear protein (Yoshino et al., 1995). Matrigel has 

also been used in embryonic cell culture systems. Matrigel supports branching 

morphogenesis of embryonic lung epithelia in conjunction with FGF1 (Nogawa 

and Ito, 1995), and has been found to promote in vivo characteristics in terms of 

cellular ultrastructure and protein synthesis in cultures of embryonic enterocytes 

(Sanderson et al., 1996).

Similarly, Thomas et al. (1992) found that dissociated embryonic CPe cells 

responded dramatically to the Matrigel substratum, clustering into small 

aggregates within two days. By four days in culture, the CPe cells had formed 

small fluid filled vesicles, had apical and basal polarity, displayed ultrastructural 

characteristics of CPe in vivo, and transcribed transthyretin, (TTR). The vesicles 

were hollow and fluid filled, suggestive of a functional secretory capacity, 

despite the absence of a blood supply. Ara-C was not added to these CPe 

cultures, as this group found that mesenchymal cells did not grow well in a 

Matrigel substratum (Thomas et al., 1992). Conversely, CPe cultured on 

collagen alone did not exhibit the ultrastructural characteristics nor secretory 

capacity of CPe in vivo, although gene expression of transthyretin (TTR) was 

maintained.

I chose to adapt the method described by Thomas et al. (1992) to carry out my 

study of the effects of FGF2 on embryonic CPe in vitro. The method was highly 

suitable because CPe cells had been successfully isolated from a mid-gestation 

mouse embryo, and cultured for several weeks under conditions that favoured 

normal phenotypic and functional CPe characteristics. The first challenge was 

to become proficient at the dissection and culture procedure, and then to 

characterise the cultured CPe vesicles. Once these preliminary steps had been 

taken, I intended to add FGF2 at varying doses to the CPe prior to plating the 

cells in Matrigel and monitor the effects upon cell morphology and behaviour.
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6.2: Results

6.2.1: Characterisation of choroid plexus epithelial vesicles

The dissection procedure was technically very challenging, particularly at the 

stage of mechanical separation of CPe sheets from the underlying CPm, which 

needed to be as thorough and as rapid as possible, owing to the fragility of the 

cells, particularly following enzyme treatment. The dissection procedure 

required several repeat practices before any data was collected. Once familiar 

with the technique, the total dissection procedure lasted between 4 and 6 hours 

from the time of embryo collection, to plating of purified CPe onto Matrigel. Cell 

yields were generally rather low (<20 x 10  ̂cells/ml). Due to this low yield, the 

cells were divided between just two wells of a 24 well plate, in order to 

maximise the number of viable cells and vesicles that formed. On the day after 

plating, cell debris was minimal, suggestive that most of the cells had survived, 

and had begun to invade the Matrigel matrix.

Dissociated fourth ventricle E12.5 murine CPe cells cultured in Matrigel with 

control medium readily invaded the matrix and formed fluid filled vesicles within 

72 hours, as previously reported (Thomas et al., 1992, Stadler et al., 1994).

Two days after plating, some isolated spherical cells were visible within the 

Matrigel, whereas most cells had aggregated into small clusters'. In general, 

clusters were compact and somewhat irregular in shape, with no obvious 

central lumen, whereas others formed more smooth, spherical clusters at this 

early stage. On day 4, the aggregates of cells had become visibly hollow, 

forming fluid filled vesicles of varying sizes (Fig. 6.1A). There were some 

isolated cells dispersed in the Matrigel. By day 6, most vesicles had grown in 

size, and the central lumen of the vesicles had enlarged (Fig. 6.1 B). Similarly, 

on days 8 and 10 the vesicles tended to be larger than on day 6, although some 

vesicles showed downward fluctuations in diameter during these later days (Fig. 

6.1C and D). The addition of Hoechst fluorescent nuclear dye to vesicles fixed 

in paraformaldehyde showed that the outer wall of the vesicles consisted of a 

single layer of cells, and that each vesicle was completely hollow (Fig. 6.2). 

Trypan blue was excluded from the lumen of all vesicles, indicating the tight 

intercellular association between CPe cells. Vesicles could survive in Matrigel 

for several weeks.
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In occasional cultures, contamination by other cell types was noted. Neuronal 

cells were rarely seen, but were easily identifiable by the presence of axonal 

projections radiating into the Matrigel (Fig. 6.3A). Mesenchymal contamination 

was also rare, but more frequently observed than neuronal cell contamination. 

Mesenchymal ‘clumps’ were easily distinguishable from CPe vesicles on day 4, 

due to their compact and irregular shape that contrasted with the spherical 

hollow CPe vesicles (Fig. 6.3B). Mesenchymal cells did not grow in size in the 

Matrigel matrix, an observation also noted by previous groups (Stadler and 

Dziadek, 1996, Thomas et al., 1992).

6.2.1.1: Ultrastructure of choroid plexus vesicles

Vesicles cultured for eight days in Matrigel were fixed and prepared for 

transmission electron microscopy (TEM) ( chapter 3, section 3.3). Thin sections 

of vesicles (0.1 pm) were observed at 80 kV in a Jeol transmission electron 

microscope. Four cultures were prepared for TEM in this study. I experienced 

several technical difficulties in the preparation and sectioning of vesicles 

embedded in Matrigel. Vesicle morphology was sometimes disrupted following 

TEM processing. Locating the vesicles, once embedded in epoxy resin, proved 

to be extremely difficult, as the preparatory reagents for embedding stained the 

Matrigel black, so the sections had to be cut blind.

Fig. 6.4 and Fig. 6.5 show TEM images of CPe cells within vesicles cultured for 

8 days. Most CPe cells in the walls of the vesicles were cuboidal or squamous 

in shape. The cells had a distinct polarised morphology. The apical surfaces of 

the CPe cells were abundant in microvilli, which protruded into the central 

lumen of the vesicle. Tight junctions were evident at the apicolateral borders 

between adjacent cells. The basal surfaces of the CPe cells were often 

convoluted, and were in close proximity to the Matrigel substrate. The nuclei of 

the CPe cells were basally situated. In addition to tight junctions, zonula 

adherens junctions were situated immediately beneath the tight junction 

complex between adjacent CPe cells. Intracellular vesicles and mitochondria 

were abundant in all cells observed.
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6.2.1.2: Vesicle mRNA expression

The expression of the transthyretin gene (TTR) is exclusive to the cells of the 

CPe in the developing central nervous system (as described in chapter 4, 

Thomas et al., 1989, Kuchler-Bopp et al., 1998). It was therefore important to 

establish that TTR mRNA expression could be detected in the CPe vesicle 

cultures. In combination with the characteristic CPe morphology and 

ultrastructure identified under TEM, TTR mRNA detection would provide further 

evidence that the CPe phenotype had been maintained in culture. In order to 

detect TTR mRNA, I chose to use RT-PCR, a method that I had successfully 

adopted to detect TTR expression in freshly dissected CP (chapter 4, section 

4.2.3.1). The overall levels of mRNA in the vesicle cultures were very low, due 

to the low cell number. RT-PCR was a suitable detection method in this case 

because the mRNA transcripts were amplified exponentially, and transcripts 

with a low copy number could be identified (chapter 3, section 3.9.4).

The mRNA from vesicles cultured for 8 days was extracted and reverse- 

transcribed (chapter 3, section 3.9.2 and 3.9.4). Because the mRNA levels were 

low, no RNA quantification readings were detectable using spectrophotometry, 

nor were mRNA ‘smears’ detected from any vesicle samples run on a 

denaturing mRNA gel. In spite of the low levels of mRNA transcripts, RT-PCR 

was carried out successfully on vesicle mRNA extracts. Following several 

experiments to optimise the PCR procedure, 34 cycles were used to amplify 

both TTR and GAPDH (positive control) cDNA. Bands of 505 bp (TTR) and 491 

bp (GAPDH) were detected in all control vesicle samples (Fig. 6.6). No bands 

were evident when water was used as a control in place of the cDNA samples. 

Repeated experiments, on the same, and different vesicle cultures, confirmed 

the presence of both mRNA species in vesicle extracts. The identification of 

TTR bands confirmed that cells of CPe vesicles were actively transcribing this 

marker gene of CPe phenotype after 8 days in culture.

6.2.1.3: Vesicle protein expression

Immunohistochemical analysis of TTR protein in vesicles embedded in Matrigel 

was attempted in order to detect TTR immunoreactivity in CPe vesicles. The 

results of these experiments are shown in Fig. 6.7A and B (negative control). 

Interpretation of these analyses proved to be difficult, as the brown peroxidase 

staining, indicative of the presence of the immuno-labelled protein, appeared as
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a ‘halo’ surrounding the vesicles. The concurrent negative control, in the 

absence of primary antibody application, showed some evidence of reagent 

‘trapping,’ although the vesicles were considerably less stained by the 

peroxidase substrate than the experimental vesicles. Definitive positive staining 

of the experimental vesicle cells, however, was ambiguous. Microscopic 

analysis of the immunohistochemically-stained vesicles was difficult to visualise 

accurately, even under high power. The apical surfaces of the cultured CPe 

cells, closest to the central lumen did not appear to be strongly positive for TTR 

protein, contrary to my earlier findings in vivo, where apical immunoreactivity 

was generally strong. This may have been due to technical problems, as the 

primary and/or secondary antibodies may not have penetrated to the inside of 

the vesicles, despite treatment with detergents and light trypsinisation during 

processing. As a consequence of these difficulties, I assessed protein 

expression in vesicle cells that I had extracted from the Matrigel using 

Dispase®, and plated directly onto tissue culture grade plastic for two more days 

(this allowed complete adherence of the CPe cells to the substratum). The re

plated cells were subsequently processed for immunohistochemical detection of 

TTR protein. The results were more conclusive, as the re-plated CPe cells were 

strongly immunoreactive for TTR protein (Fig. 6.8A and B).
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Fig. 6.1: Choroid plexus epithelial vesicles cultured In Matrigel

Dissociated epithelial cells from several fourth ventricle murine choroid plexuses 

were plated onto Matrigel. The cells invaded the matrix, and clustered together, 

forming fluid filled vesicles within several days. The images show the growth of 

the same vesicles over a ten day culture period. A: day 4, B: day 6, C: day 8,

D: day 10. Bar: 200 pm.
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Fig. 6.2: Choroid plexus epithelial vesicles, stained with Hoechst 

fluorescent nuclear dye

A: Two eight-day vesicles stained with Hoechst fluorescent nuclear dye viewed 

under fluorescent light. The interior of the vesicle on the right is hollow, and 

devoid of cells. The brightly stained nuclei are situated only around the 

periphery of the vesicle. The vesicle on the left is also hollow, but the nuclei 

above the focal depth are evident. B: Bright field image under Hoffman optics of 

the vesicles shown in A. N: nuclei. Bar: 200 pm.
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Fig. 6.3: Contaminant cells in vesicle cultures

A: Neuronal cells in Matrigel. Neuronal contamination was rare in vesicle 

cultures. B: Mesenchymal contamination. Mesenchymal clumps were small and 

dense. They did not grow during the culture period of 10 days, and maintained 

this dense compact structure. Ax: axonal projection. Bar: 200 pm.
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Fig. 6.4: Transmission electron microscopy of an intercellular junction 

between two 8 day choroid plexus epithelial vesicle cells

Choroid plexus epithelial (CPe) vesicles embedded in Matrigel were fixed in 

situ, and prepared for transmission electron microscopy. The cellular 

ultrastructure of two adjacent CPe cells from one vesicle is shown.
BM: basement membrane, C: cytoplasm, CPt: coated pit, L: lumen, M: mitochondrion, MG: 

Matrigel, MV: microvilli, N: nucleus, rER: rough endoplasmic reticulum, V: intracellular vesicles.

Bar: 1pm.
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Fig. 6.5: Transmission electron microscopy of 8 day choroid plexus 

epithelial vesicle cells

Choroid plexus epithelial (CPe) vesicles embedded in Matrigel were fixed in 

situ, and prepared for transmission electron microscopy. The typical cellular 

ultrastructure of the CPe cells is shown. A: Apical surface of a CPe cell, 

showing abundant mitochondria, cilia and microvilli. B: Basal surface of a CPe 

cell showing the folded basement membrane (arrowhead) and vesicular 

transport (arrow). 0: Apical surfaces of two adjacent CPe cells, showing the 

close proximity of the cells along the lateral border, and the presence of tight 

junctions and adherens junctions at the apicolateral edge. D: High power 

magnification of C.
BM: basement membrane, C: cytoplasm, Ci: cilium, L: lumen, M: mitochondrion, MG: Matrigel, 

MV: microvilli, N: nucleus.

Bar: 1|im in A, 500 nm in B and C, 200 nm in D.
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—  # 501 bp 

498 bp

Fig. 6.6: RT-PCR of TTR and GAPDH mRNA expression in day 8 vesicle 

cultures

Agarose/SynergeF^ electrophoresis in buffer containing ethidium bromide was 

used to identify TTR (505 bp) and GAPDH (491 bp) bands. cDNA was detected 

under UV light.

CP: E l2.5 fourth ventricle murine choroid plexus cDNA, L: DNA ladder, Vc: 

vesicle cDNA, -ve: negative control using DERG water in place of cDNA 

samples.
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Fig. 6.7: Immunohistochemical analysis of transthyretin immunoreactivity 

of intact choroid plexus epithelial vesicles

A: Day 8 choroid plexus vesicles embedded in Matrigel were processed for 

immunohistochemical detection of transthyretin (TTR) expression. Brown 

peroxidase reaction product was used for the detection of TTR. B: Negative 

control in the absence of primary antibody application. Bar: 100 pm.

Fig. 6.8: Immunohistochemical analysis of transthyretin immunoreactivity 

of plated choroid plexus epithelial cells extracted from vesicle culture

Day 8 choroid plexus vesicles were extracted from the Matrigel using Dispase. 

The subsequent CPe sheets were washed and plated onto a plastic substratum 

for 48 hours. The cells were processed for immunohistochemical detection of 

transthyretin (TTR). Brown peroxidase reaction product was used for the 

detection of TTR. A: The cells were strongly stained indicating the presence of 

TTR protein in these cells. B: negative control in the absence of primary 

antibody application. Bar: 100 pm.
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6.2.2: Characterisation of choroid plexus epithelial vesicles 

treated with FGF2

CPe cells of the fourth ventricle were harvested from E12.5 mouse embryos as 

before. The resultant suspension of CPe cells was divided into two wells, and 

FGF2 was added to one well at a final concentration of either 0.75, 7.5 or 75 

ng/ml. As with control cultures, dissociated CPe cells treated with FGF2 readily 

invaded the Matrigel and began to cluster and form vesicles as early as day 2. 

The formation of CPe vesicles was not inhibited by the addition of FGF2 at any 

of the concentrations tested. From day 4 it was evident that the vesicles 

cultured in FGF2 were exhibiting a marked increase in size, when compared 

with the matched control cultures, particularly at the highest dose. This lead to a 

quantitative investigation into the effects of FGF2 on vesicle diameter, 

presented in this chapter (section 6.2.3). At a gross structural level, the vesicles 

of FGF2-treated (all doses) and untreated cultures were very similar when 

examined under the inverted microscope (Fig. 6.9). Similar to controls, the outer 

wall of FGF2 treated vesicles consisted of a single layer of cells, with a hollow 

interior. Most vesicles had the same basic morphological appearance as control 

vesicles when viewed using light microscopy, regardless of vesicle diameter. 

However, in some cases, the walls of the vesicles treated with FGF2 appeared 

to be thicker than controls. This was observed in larger vesicles, which had 

reduced in size.

6.2.2.1: Ultrastructure of choroid plexus vesicles

Vesicles cultured for eight days in Matrigel and 10 ng/ml FGF2 were fixed and 

prepared for transmission electron microscopy (TEM) in the same way as the 

controls. Thin sections (0.1 pm) were cut as before.

Fig. 6.10 and Fig. 6.11 show TEM images of CPe cells within vesicles cultured 

for 8 days in 10 ng/ml FGF2, Most CPe cells in the walls of the vesicles were 

cuboidal or squamous in shape, similar to controls. The apical surfaces of the 

CPe cells were abundant in microvilli, which protruded into the central lumen of 

the vesicle. Tight junctions were evident at the apicolateral borders between all 

adjacent cells observed. Zonula adherens junctions were situated immediately 

beneath the tight junction complex. The nuclei of the CPe cells were basally

187



situated. Intracellular vesicles and mitochondria were abundant in all cells 

observed, at a density similar to controls. The basal surfaces of the CPe cells 

were very interesting in the FGF2 treated group. A common feature of the 

basement membrane in FGF treated cells was the presence of exocytotic 

vesicles within the Matrigel, in close proximity to the basement membrane, or as 

membranous protrusions from the basal surfaces. This strongly suggested that 

the cells were actively exchanging substances at the basement membrane.

6.2.2 2: RT-PCR for transthyretin expression

In order to assess the nature of CPe vesicles in the presence of FGF2, in terms 

of gene expression, I assessed the expression of TTR and GAPDH using RT- 

PCR. As before, vesicle mRNA was extracted, and reverse-transcribed using 

the same method as for control vesicles. Again, mRNA concentrations were 

very low, and RNA quantification was not possible using spectrophotometry. 

Running the samples on an mRNA denaturing gel did not result in any visible 

mRNA ‘smears’. RT-PCR of the resultant cDNA, following reverse transcription 

of mRNA extracts from vesicles treated with FGF2 was carried out 

simultaneously with control vesicle samples, under identical conditions. The 

cDNA bands for TTR (505 bp) and GAPDH (491 bp) were detected under UV 

light (Fig. 6.12). Vesicles cultured in FGF2 also expressed TTR mRNA, and 

GAPDH mRNA.

Interestingly, the bands for TTR expression of FGF2 treated vesicles, when 

compared with the bands for control vesicles, appeared weaker in intensity, 

despite a greater intensity in the GAPDH band (Fig. 6.12). The reduction in TTR 

levels compared with controls was a consistent observation between three 

separate experiments, suggesting that there may be a down regulation in TTR 

expression in the presence of FGF2.1 attempted to investigate this difference 

further using semi quantitative RT-PCR.
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Fig. 6.9: Choroid plexus epithelial vesicles cultured in Matrigel with FGF2

Dissociated epithelial cells from several fourth ventricle murine choroid plexuses 

were plated onto Matrigel with 0.75, 7.5 or 75 ng/ml FGF2. In each case, the 

cells invaded the matrix, and clustered together, forming fluid filled vesicles 

within several days. The images show the growth of the vesicles over a ten day 

culture period. Control images are included for comparison. Bar: 200 îm. 

Controls: A: day 4, B: day 6, C: day 8. 0.75 ng/ml FGF2: D: day 4 E: day 6, F: 

day 8. 7.5 ng/ml FGF2: G: day 4, H: day 6, I: day 8. 75 ng/ml FGF2: J: day 4, 

K: day 6, L: day 8.
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Fig. 6.10: Transmission electron microscopy of 8 day vesicles treated with 

FGF2

Choroid plexus epithelial (CPe) vesicles embedded in Matrigel were cultured in 

10 ng/ml FGF2, fixed in situ, and prepared for transmission electron 

microscopy. The cellular ultrastructure of CPe cells within vesicles is shown.

A: Whole cell of the vesicle wall showing apical and basal surfaces. Arrowhead 

indicates an exocytotic vesicle in the Matrigel substratum. B: Apical surfaces of 

two adjacent CPe cells. C: basal surface of CPe cell, arrowheads indicate 

exocytotic vesicles and membranous protrusions. D: high power magnification 

of the tight junction complex shown in B.
BM: basement membrane, L: lumen, M: mitochondrion, MG: Matrigel, MV: microvilli, N: 

nucleus, rER: rough endoplasmic reticulum, V: intracellular vesicles.

Bar: 2 |im in A, 500 nm in B and D, 1 |im in C.
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Fig. 6.11: Transmission electron microscopy of one cell from an 8 day 

vesicle treated with FGF2

Choroid plexus epithelial (CPe) vesicles embedded in Matrigel were cultured in 

10 ng/ml FGF2, fixed in situ, and prepared for transmission electron 

microscopy. The cellular ultrastructure of the apical pole of one CPe cell of a 

vesicle is shown.
AJ: adherens junction, C: cytoplasm, L: lumen, M: mitochondrion, MV: microvilli, N: nucleus, 

TJ: tight junction, V: intracellular vesicles.

Bar: 1 pm.
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L CP CP CP CP Vc Vc Vc Vc Vf Vf Vf Vf

505 bp

491 bp

Fig. 6.12: RT-PCR of TTR and GAPDH mRNA expression in day 8 vesicle 

cultures treated with FGF2

Agarose/Synerger^ electrophoresis in buffer containing ethidium bromide was 

used to identify TTR (505 bp) and GAPDH (491 bp) bands. cDNA was detected 

under UV light.
CP: choroid plexus, L: DNA ladder, Vc: control vesicle, Vf: vesicle treated with 7.5 ng/ml FGF2, 

-ve: negative control using DERG water in place of cDNA samples.
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Quantification of very low levels of mRNA transcripts using RT-PCR proved to 

be extremely problematic. Owing to the very small quantity of mRNA extracted 

there was only a very small volume of sample to analyse from any one extract. I 

was unable to quantify mRNA levels prior to reverse transcription, and so it was 

not possible to determine whether I had begun the RT-PCR reaction with similar 

concentrations of mRNA between treatment groups.

One method of comparing cDNA (and hence mRNA) expression levels between 

samples after RT-PCR is to measure the intensity of band illumination of the 

gene of interest, and express this in relation to the intensity of a ‘housekeeping 

gene', such as GAPDH or PGM-1. Expression levels of housekeeping genes 

remains relatively constant, regardless of experimental perturbation, and as 

such may be used as a stable indicator of cDNA concentration following PCR 

(El-Husseini et al., 1994). Housekeeping gene cDNA band intensities are used 

as a standard to normalise' cDNA concentrations between different samples. 

Once cDNA concentrations for each sample have been adjusted according to 

the band intensity of the housekeeping gene, comparisons between samples of 

cDNA levels of other genes can be drawn.

In order to standardise the procedure, it was important to determine that the 

number of PCR cycles I had used were within the linear range for the reaction. 

As I had such small volumes of mRNA samples, establishing the linear range 

for each vesicle culture would have depleted the sample completely, leaving me 

with no mRNA for experimentation and comparison. In order to circumvent this 

problem, I performed PCR (at 34 cycles as before) on one cDNA sample from 

each vesicle extract, alongside serially diluted cDNA from CP tissue taken 

directly from the embryo. I made a comparison between the different band 

intensities between the vesicle samples, and the diluted CP samples, spot 

densitometry. Following two repeated experiments, I found that CP cDNA 

diluted 1:30 had GAPDH bands with a similar intensity as the vesicle extracts. I 

then attempted to identify the linear range for both TTR and GAPDH using this 

CP cDNA extract diluted 1:30. In order to identify the linear range for the PCR 

reaction for GAPDH and TTR, I used cycle numbers above and below 34, as 

this value had been used for confirmation of the presence of both GAPDH and 

TTR in the vesicle extracts. Following many attempts at establishing a
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repeatable linear range curve from the diluted CP extract, it was apparent that 

the method was unsuitable to quantify the relative mRNA levels in such small 

quantities of mRNA extracts. This was because at high cycle numbers, there 

was substantial variability in band intensity between separate experiments, and 

so the suitable linear range could not be identified accurately. As a 

consequence of this, I was unable to provide definitive evidence that FGF2 

treatment had reduced the levels of TTR mRNA in CPe vesicles, compared with 

controls.

In spite of the problems encountered with determining the linear range for the 

RT-PCR reaction, FGF2 treated vesicles had visibly lower cDNA band 

intensities than controls, whereas GAPDH intensities were generally as intense, 

or more so than the controls. This was a consistent observation. This showed 

that although I was unable to quantify the differences, TTR expression in CPe 

treated vesicles was reduced.

6.2.3: The effects of FGF2 on vesicle size

During the characterisation of CPe vesicles cultured in control medium alone, 

or in medium supplemented with FGF2, it was apparent that the diameters of 

most vesicles cultured in FGF2 was greater than that of control vesicles. In 

order to quantify this potential effect, vesicle diameters were measured on days 

4,6,8 and 10 days of culture. Data were collected from fifteen separate control 

cultures, four cultures supplemented with 0.75 ng/ml FGF2, five cultures 

supplemented with 7.5 ng/ml FGF2, and five cultures supplemented with 75 

ng/ml FGF2 over a period of 193 days. Each FGF2 treated group was plated at 

the same time as a control culture, under identical experimental conditions, 

except for the addition of FGF2. The date of plating was recorded alongside 

diameter measurements as ‘days from start’, with ‘start’ referring to the first day 

of the first culture included in this experimental series. The first culture included 

in the analysis was therefore ‘day from start 1,’ the second culture set, three 

days later, was recorded as ‘days from start 3’ and so on. Fig. 6.13 illustrates 

days from start’ data for all cultures. This allowed any effect over time to be 

taken into consideration when analysing the data using multilevel modelling 

(see section 6.2.4).
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Fig. 6.13: Programme of CPe culture

Many CPe vesicle cultures were set up over period of 193 days. The dot plot 

indicates the time of culture in relation to days from start for the various culture 

groups.

Individual vesicles were identified and located by their precise x-y co-ordinates 

on an inverted microscope (chapter 3, section 3.2). The diameters of 

approximately 10 to 30 vesicles per well were recorded on days 4, 6, 8, and 10. 

Most vesicles in each well were included in the analysis; however, vesicles in 

close proximity to contaminating neuronal or mesenchymal cells were not 

measured in order to avoid any potential influence that these cells may have 

had on the CPe. ‘Ambiguous’ vesicles such as those that were not hollow by 

day 4 were not measured. ‘New’ vesicles identified on day 6 were included in 

the study from day 6 onwards. These ‘new’ vesicles were those that were not 

visibly hollow on day 4, and as such had previously been excluded. On some 

occasions the identity of a particular vesicle was uncertain. As a consequence, 

the diameter measurement was not recorded in order to avoid false data. Other 

missing data arose as a result of vesicles that had collapsed. The majority of 

vesicles (66.1%) were measured on every occasion from day 4 to day 10.

Graphs of diameter Vs day of measurement were plotted for each vesicle in 

every culture set (Appendix I) Statistics for these data are given in Table 6.1.
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Mean vesicle diameter Vs day and standard errors were plotted for each 

treatment group (Fig. 6.14) and independent student t-test analyses between 

groups were assessed for significance between FGF doses (Table 6.2).

Finally, multilevel modelling (ML WiN) (as described in Appendix II) was used to 

assess the significance of FGF2 treatment on the longitudinal growth of 

vesicles during the ten-day culture period whilst taking into account the effect of 

days from start (Fig. 6.15).
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Fig. 6.14: Summary graph of mean vesicle diameter

Choroid plexus epithelial cells were cultured in Matrigel, where they formed fluid 

filled vesicles. Vesicle diameters were measured on days 4, 6, 8 and 10. The 

graph shows the mean diameters (in pm) of untreated vesicles (controls) and 

those treated with 0.75, 7.5 or 75 ng/ml FGF2. Bars indicate standard error of 

the mean. Asterisk (*) indicates reduction in mean vesicle diameter on day 8 for 

vesicles treated with 75 ng/ml FGF2 (refer to text, section 6.2.3.4).
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CONTROLS Min Max Med Mean SEM SD 5% 95%

Day 4 (232) 24 320 72 83 2.66 40.59 32 160

Day 6 (209) 24 368 88 101 3.66 52.97 40 200

Day 8(184) 24 464 96 113 5.06 68.64 42 236

Day 10(173) 24 544 104 124 5.96 78.4 48 263

0.75 ng/ml Min Max Med Mean SEM SD 5% 95%

Day 4 (63) 60 272 96 110 5.92 46.99 64 200

Day 6 (62) 48 320 116 137 7.54 59.41 65 255

Day 8 (57) 64 432 128 157 10.82 81.68 64 319

Day 10 (57) 64 400 152 172 10.89 82.2 64 348

7.5 ng/ml Min Max Med Mean SEM SD 5% 95%

Day 4 (88) 24 368 96 103 6.75 63.31 34 238

Day 6 (75) 32 384 128 124 7.79 67.43 35 272

Day 8 (66) 32 480 136 143 9.34 75.9 32 288

Day 10 (65) 24 424 136 144 9.13 73.61 32 299

75 ng/ml Min Max Med Mean SEM SD 5% 95%

Day 4 (54) 64 432 156 176 12.06 88.65 70 388

Day 6 (47) 72 472 176 188 12.93 88.65 80 382

Day 8 (47) 68 416 172 181 11.74 81.32 83 364

Day 10 (44) 72 408 204 204 12.72 84.39 86 396

Table 6.1: Statistical data of vesicles cultured ± FGF2
The tables summarise vesicle data collected for each culture group on each measurement day. 

Numbers in brackets indicate the number of vesicles measured. Min: minimum vesicle diameter 

(pm), Max: maximum vesicle diameter (pm), Med: median vesicle diameter (pm). Mean: mean 

diameter (pm), SEM: standard error of the mean, SD: standard deviation, 5%: diameter at 

which 95% of the data set lie above (pm), 95%: diameter at which 95% of the data set lie below 

(pm).
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DAY 4 0.75ng/ml FGF2 7.5 ng/ml FGF2 75 ng/ml FGF2

Controls 27 08 (15 3 to 38 8)

0.000008

19 47 (7.7 to 31.3) 

0.001

93.09 (77 3to 108 8) 

<0 00000001

0.75 ng/ml FGF2 7.60 ( 26.2 to i 1.0) 

0.4

66.01 (40.5 to 91.5) 

0.000001

7.5 ng/ml FGF2 73.61 (48 4 to 98.9) 

0 00000005

DAY 6 0.75ng/ml FGF2 7.5 ng/ml FGF2 75 ng/ml FGF2

Controls 36.75 (21.2 to 52.3) 

0.000004

23.19 (8.1 to 38.3) 

0.003

87.7 (68.4 to 107.2) 

<0 00000001

0.75 ng/ml FGF2 13 56 ( 38.3 to 8.1) 

0.219

51.05 (22.9 to 79.2) 

0.0004

7.5 ng/ml FGF2 64 6 (36.5 to 93.0) 

0.00001

DAYS 0.75ng/ml FGF2 7.5 ng/ml FGF2 75 ng/ml FGF2

Controls 43.64 (22.2 to 65.1) 

0.00008

29.99 (10 to 49.9) 

0.03

68.47 (45.7 to 91.3) 

<0 00000001

0.75 ng/ml FGF2 13.69 ( 41.8 to14 5) 

0.338

24 82 ( 6 8 to 56 5) 

0.123

7.5 ng/ml FGF2 38.51 (9 1 to 67 9) 

0.01

DAY 10 0.75ng/ml FGF2 7.5 ng/ml FGF2 75 ng/ml FGF2

Controls 47,88 (71.8 to 24) 

0.0001

20.42 (1.7 to 42.5) 

0.07

81 05 (54 6 to 107 6) 

<0 00000001

0.75 ng/ml FGF2 27 46 ( 55.4 to 0.5) 

0.54

33.17 (0.1 to 66.3) 

0.05

7.5 ng/ml FGF2 60 63 (30 4 to 90.9) 

0.0001

Table 6.2: Independent t-tests of significance in vesicle diameter between 

treatment groups
Independent student t-tests were performed to determine statistical significance between 

untreated (controls) and FGF2 treated vesicles. Mean difference and (95% confidence intervals 

of the mean difference) are shown in blue. P values are given beneath mean difference. P 

values in red indicate significance in vesicle diameter.
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6.2.3.1: Control Vesicles:

On day 4, 95% of control vesicles had diameters ranging between 32 îm and 

160 pm. The mean diameter for this group on day 4 was 83 pm (n=232). On 

day 4, two vesicles (cultured on separate occasions) were considerably larger 

in diameter than the overall mean (Appendix I, control graphs D and J, 

asterisks). On subsequent measurement days, at day 6, day 8 and day 10, 

most vesicles had increased steadily in diameter, so that by day 10, 95% of 

vesicles had diameters ranging between 48 pm and 263 pm. The mean vesicle 

diameter by day 10 had risen to 124 pm. In contrast to the majority, several 

vesicles exhibited large increases in diameter (Appendix I, control graphs J, L 

and O, crosses). There was a pattern of increasing vesicle size with days from 

start on day 6,8,and 10, but not on day 4. This suggested that there could have 

been a ‘learning effect’ on vesicle diameter over time, a factor that was taken 

into account during statistical modelling (section 6.2.4).

6.2.3.2: 0.75 ng/ml FGF2:

Vesicles treated with low doses of FGF2 (0.75 ng/ml) were significantly larger 

than controls by day 4 (p< 0.0001). On day 4, 95% of vesicles treated with 0.75 

ng/ml FGF2 had diameters ranging between 64 pm and 200 pm. The mean 

diameter for this group on day 4 was 110 pm (n=63). Most vesicles displayed 

steady rates of growth through the measurement period, although a few 

vesicles grew more rapidly (Appendix I, 0.75 ng/ml FGF2 graph D, cross). This 

occasional acceleration in vesicle growth had also been observed in control 

cultures. By day 10 the mean vesicle diameter for this group had risen to 172 

pm, a value significantly higher than the control group mean diameter on day

10 (p = 0.0001).

6.2.3 3: 7.5ng/ml FGF2:

Vesicles treated with 7.5 ng/ml FGF2 were significantly larger than controls by 

day 4 (p= 0.001). On day 4, 95% of vesicles treated with 7.5 ng/ml FGF2 had 

diameters between 34 pm and 238 pm. The mean diameter for this group on 

day 4 was 103 pm (n=96), this mean value was similar to the mean for 0.75 

ng/ml FGF2 (110 pm). Most vesicles displayed steady rates of growth during 

the measurement period. In one data set however, there was very little growth
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in the size of any of the vesicles measured (Appendix I, 7.5 ng/ml FGF2 graph 

B). Conversely, in a different culture, two vesicles grew rapidly (Appendix I, 7.5 

ng/ml FGF2 graph E, crosses). By day 10 mean vesicle diameter had risen to 

144 pm, a value higher than controls (p= 0.07).

6.2.3.4: 75ng/ml FGF2:

Vesicles treated with high doses of FGF2 (75 ng/ml) were significantly larger 

than controls by day 4, (p< 0.0001). On day 4, 95% of vesicles treated with 75 

ng/ml FGF2 had diameters ranging between 70 pm and 388 pm. The mean 

diameter for this group on day 4 (n=54) was 176 pm (in the control group, mean 

diameter on day 4 was 83 pm). Vesicles treated with 75 ng/ml FGF2 displayed 

fluctuating increases and decreases in diameter that were greater than those 

seen in the other groups. Often these large vesicles were smaller in diameter 

on day 6 than on day 4, although the overall mean value of vesicle diameter on 

day 6 was greater (188 pm) than at day 4. As some vesicles reduced in size, so 

others grew, counterbalancing this effect overall. The mean vesicle diameter 

fell on day 8 in this group (Fig. 6.14, asterisk). This fall in diameter was due to a 

proportion of the larger vesicles that had previously reached diameters of 

between 500 and 600 pm reducing in size and influencing the mean diameter 

recording (Appendix I FGF2 75 ng/ml graph B). It was my impression that there 

was a 'critical' vesicle size after which the physical restraints imposed by the 

Matrigel, or other restraining factors may have prevented a further increase in 

size. At no stage did I observe any vesicles with a diameter greater than 500 

pm. Vesicles with a diameter of between 400 and 500 pm tended to reduce in 

size at the next measurement. The overall trend in vesicle diameter growth over 

the whole ten-day period was in an upward direction. One culture did not exhibit 

the same growth characteristics as the other 75 ng/ml FGF cultures (Appendix 

I: 75 ng/ml FGF2 graph D,). There were just 4 vesicles in this culture, with 

diameters ranging between 72 and 120 pm on day 4 (mean diameter of this set 

was 92 pm, compared with a group mean diameter of 176 pm on day 4). This 

range of diameters on day 4 was more typical of control cultures. It is possible 

that the FGF2 used in this experiment was not biologically active, as I would 

have expected some response from the CPe in terms of vesicle diameter in the 

presence of the high dose of FGF2, particularly on day 4. The concurrent 

control culture (Appendix I, control graph N) displayed a more typical pattern of
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growth for its group. Other cultures of CPe vesicles exhibited a growth 

response to 75 ng/ml FGF2, particularly on day 4 suggestive that in the other 

cultures, the FGF2 had stimulated a response in terms of vesicle size.

6.2.3.S: Dose effect of FGF2

Independent two tailed t-tests for significance between the treatment groups on 

different days are shown in Table 6.2. Mean difference and 95% confidence 

intervals for the mean difference are also shown. On day 4 the 75 ng/ml FGF2 

group had vesicle diameters which were significantly larger than 0.75 ng/ml 

FGF2 group and the 7.5 ng/ml FGF2 group (p< 0.0001 in both cases). The two 

lower dose groups were not statistically different from one another on any of the 

days measured. The significance between the high dose and two lower dose 

groups on day 8 was much less than on the other days, this was due to the ‘dip’ 

in mean vesicle diameter on day 8 of the high dose group.

6.2.4: Multilevel modelling analysis of vesicle growth

Dr A. Wade, Senior Lecturer in Statistics, Epidemiology Department, ICH, 

assisted me with multilevel analyses. Appendix II gives a description of the 

principles of multilevel modelling.

As previously described, there was considerable variability in the growth of 

vesicles from the same treatment group, different treatment groups and ‘days 

from start’. Application of repeated-measure analysis of variance was unsuitable 

for this data set, because this would have resulted in discarding large quantities 

of data since 43.9% of vesicles had incomplete measurements from day 4 

through to day 10. Multilevel analysis (ML WiN) allowed modelling of 

longitudinal vesicle diameter changes as a function of day (number of days in 

culture), treatment group and days from start. The inclusion of ‘days from start’ 

in the model allowed for the potential effect of technical improvements in the 

dissection technique, and possible environmental effects to be taken into 

account, as these factors may have influenced subsequent vesicle growth. A 

linear trend was used to describe the change in the measurements over days 4, 

6, 8 and 10. Intercept and slope coefficients were allowed to vary according to
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days from start. The multilevel model that described vesicle growth is given 

below:

Constant + Day coefficient^ + Dose effect*

Diameter = 62.05 + 5.48 +

(Control) -------------------------------------------------------------------------------------- ► 0

(0.75ng/ml FGF2) 

(7.5ng/ml FGF2) 

(75 ng/ml FGF2)

-   ► 27.83 (se 12.9)

95% Confidence interval: [2.03 to 53.63]

► 29.32 (se 11.56)

95% Confidence interval: [6.2 to 52.44]

------------   ► 86.58 (se 12.6)

95% Confidence interval: [61.38 to 111.78]

+ Constant = mean vesicle diameter of controls on day 0. t  Day coefficient = effect on 

diameter of day 4,6,8,10 = (5.48 x day). * Dose effect = effect of FGF2 treatment, se: standard 

error.

Days in 
culture Controls

0.75ng/ml
FGF2

7.5ng/ml
FGF2

75ng/ml
FGF2

Day 4
83.98 pm 

(5.98)
111.81 pm 

(11 63)
113 31 iim 

(10 10)
170.56 pm 

(1127)

Day 6
94.95 pm 

(6.65)
122.78 pm 

(12 0)

124.28 pm 
(10 52)

181.52 pm 
(11.62)

Day 8
105.92 pm 

(7.7)
133.75 pm 

(1263)
135 24 pm 

(11.21)
192.5 pm 
(12 24)

Day 10
116.89 pm 

(9.0)
144,71 Mm 

(13 47)
146 21 pm 

(12 4)
203.46 pm 

(13.08)

Table 6.3: Fitted values for average vesicle diameters following MLWin 

analysis
ML Win multilevel analysis was applied to describe vesicle growth over the ten-day culture 

period. The average vesicle diameter (pm) at each measurement day and (standard error) are 

shown.
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The model allowed the average fitted values to be obtained for each treatment 

group across the four measurement days. These are shown above in Table 6.3 

and plotted in Fig. 6.15. There was some evidence, that the effect of days from 

start was greater at later start times (p= 0.02). After accounting for days from 

start in the model, modelling growth of each individual vesicle overtime resulted 

in the adjusted fitted values shown in Table 6.3. As expected from the previous 

mean data, the effect of 0.75 ng/ml FGF2 and 7.5 ng/ml FGF2 on vesicle 

diameter were similar. 75 ng/ml FGF2 elicited the greatest increase in vesicle 

size, which was greater than control cultures by an average of 86.58 pm on 

each day of measurement.

Addition of group by day interaction terms did not add significantly to the model 

(p = 0.098). Hence there was no evidence that the average rates of increase 

over time (day of measurement) was not the same for all treatment groups. The 

analysis of rate increase in vesicle diameter was extremely important to 

determine, because the rate of growth in vesicle diameter, once formed, could 

give an indication of CPe secretion in this model system.

6.2.5: Vesicle diameter and secretion rate in response to FGF2 

treatment

In order to address the question whether the volume of fluid secreted by the 

CPe cells within a vesicle was affected by the addition of FGF2, the volume (V) 

of every vesicle in each treatment group was calculated, using the equation for 

the volume of a sphere:

V sphere ” 4/3 (11 r̂ )

The increase in diameter of vesicles over the 10 day culture period resulted in 

large increases in vesicle volume. For example mean vesicle volumes of 

control vesicles rose from 572 pi to 5431 pi between days 4 and 10. All data so 

far had been analysed and interpreted in terms of vesicle diameter. However, 

an identical change in diameter between large and small vesicles would require 

the secretion of a much greater volume of fluid by the large vesicle, than by the 

small vesicle. The following example explains this:

A small vesicle’s diameter increases from 50 jum to 60 ^m. A large 

vesicle’s diameter increases from 200 jum to 210 /um. The diameters in
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both cases have increased by 10 jum. The volume of fluid in the small 

vesicle has increased from 65.4 pi to 113.1 pi (47.7 pi increase). The 

volume of fluid in the large vesicle has increased from 4188.8 pi to 4849 

pi (660.3 pi increase).

In this example, the volume of fluid secreted by the 200 |im vesicle was almost 

14 times greater than the volume of fluid secreted by the small vesicle, 

although the diameter increase in both cases was the same. So, does this 

suggest that the secretion rate of large vesicles in this study was greater than 

that of small ones? When analysing vesicles of different sizes, the area of the 

secretory surface must be taken into account, because large vesicles have a 

larger secretory surface area than small vesicles. The surface area (SA) of a 

sphere is calculated by the equation:

S A  sphere “  4  IT r^

When assessing the rate of secretion, the volume produced must be expressed 

in terms of ‘secretion per unit area’. The relationship between volume of a 

sphere and the surface area of a sphere is as follows:

V sphere = 4/3 H r̂  = 1/3r

SA sphere " 4 Ilr^

Thus the relationship between the surface area and volume of a sphere is 

linear, and relates to the radius. Therefore, changes in vesicle diameter over 

time are indeed a suitable representation of the secretion rate per unit area. 

From this, it was possible to conclude that because the rate of change in 

(f/ameter between the four treatment groups was constant, so the rate of fluid 

secretion was constant. However, when considering the possible effect of FGF2 

on secretion rate, the following assumptions had to be made: a) the vesicles 

were one cell thick, hollow and perfectly spherical, b) all of the cells of a given 

vesicle were actively secreting fluid into the central lumen at the same rate as 

each other, and c) reabsorbtion of fluid (if it occurred) was at similar levels 

between vesicles in all treatment groups.
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Fig. 6.15: Graph of predicted linear trends in vesicle growth following 

multilevel modelling analysis

Choroid plexus epithelial cells were cultured in Matrigel, where they formed fluid 

filled vesicles. Individual vesicles’ diameters were measured on days 4, 6, 8 and 

10. The graph shows the predicted mean diameters of untreated vesicles 

(controls) and those treated with either 0.75, 7.5 or 75 ng/ml FGF2, following 

multilevel modelling analysis (ML WiN) of growth over time. Bar: standard error 

of the mean.
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6.2.6; Summary of vesicle diameter results

Adding FGF2 to primary cultures of E12.5 CPe cells plated onto Matrigel 

increased the size of CPe vesicles in a dose-dependent fashion. This highly 

significant increase in vesicle diameter was evident by day 4. The difference in 

vesicle diameter between treatment groups was maintained during the culture 

period of 10 days. The rate of increase in vesicle size was constant between 

groups.

Vesicles treated with 0.75 and 7.5 ng/ml FGF2 were significantly larger than 

controls by day 4 (p<0.001 in both cases). Following multilevel modelling 

analysis, where data were adjusted for the effects of time from start, 

measurement day and treatment group, 0.75 and 7.5 ng/ml FGF2 stimulated a 

very similar and significant increase in vesicle size compared with controls. The 

highest dose of FGF2 (75 ng/ml) elicited the greatest response in terms of 

vesicle size by day 4, and on subsequent measurement days. As calculated in 

the model, vesicles were likely to be larger than control vesicles by between 

61.4 and 111.78 |im at each measurement time during the culture period. This 

finding strongly suggested that this high dose of FGF2 significantly enhanced 

processes either involved in the formation of vesicles such as cell proliferation, 

migration and celhcell adhesion (‘early effects'), or in processes involved in 

vesicle growth once formed, such as secretion and proliferation (‘late effects’).

6.2.7: Delayed addition of FGF2 to CPe vesicles

In order to determine whether FGF2 could stimulate an increase in vesicle 

growth after several days in culture without the growth factor, I performed a 

second set of experiments where CPe were plated onto Matrigel in control 

medium only. 75 ng/ml FGF2 was added after 6 days. This circumvented any of 

the effects of FGF2 upon the processes leading up to the formation of a CPe 

vesicle, and would give an indication as to whether FGF2 could stimulate a 

large increase in diameter of established vesicles.

CPe cells were harvested and seeded into two wells pre-plated with Matrigel in 

control medium, as before. Vesicles were identified and measured on day 4
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and on day 6. Following the day 6 measurement, all media were removed from 

both wells, and replaced with either fresh medium alone (control), or fresh 

medium supplemented with 75 ng/ml FGF2. This dose of FGF2 was used as it 

stimulated the greatest response in vesicle growth in the first set of 

experiments. Diameters of the same vesicles measured on days 4 and 6 were 

recorded on days 8 and 10. The experiment was repeated over four successive 

weeks. All vesicle data were plotted graphically, and are shown in Appendix III, 

the axis dimensions used in Appendix I have been retained in order for 

comparison between these new data, and data for the original vesicle 

measurements. Following completion of this set of experiments, mean vesicle 

diameters were plotted (Fig. 6.16). Table 6.4 shows the statistical mean data of 

the two treatment groups. Table 6.5 shows the results of independent two tailed 

t-tests for significance between the treatment groups on each day. Mean 

difference and 95% confidence intervals for the mean difference are also 

shown.

As anticipated, the diameters of all vesicles measured on days 4 and 6 were not 

statistically different (p= 0.62 and p =0.82 respectively), indicating that the 

vesicles in both groups prior to FGF treatment were following a similar pattern 

of growth. Mean vesicle diameters on day 4 were 80.9 pm (controls) and 83.5 

pm (pre-FGF2 treatment group). These values were comparable with the mean 

value of 83 pm obtained in control cultures in the previous set of experiments on 

day 4. Similarly on day 6, mean vesicle diameters were 103.6 pm (controls) and 

102 pm (pre-FGF2 treatment group). Mean vesicle diameter on day 6 in the 

previous set of experiments for controls was 101 pm. This compatibility between 

data on days 4 and 6 suggested that the culture conditions up to day 6 in the 

new experiment were very similar to those from the previous series of 

experiments, and thus the CPe cells exhibited a similar behaviour in both sets 

of experiments. This was an important factor to establish as an indicator of 

repeatability of the experimental procedure.

Immediately after the diameter measurements on day 6 had been recorded, all 

media were removed and exchanged. 75 ng/ml FGF2 was administered to one 

of the two wells. On day 8, mean diameters were 92 pm in the control group 

and 107.6 pm in the FGF2 treated group (p= 0.01). Although there was a
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significant difference in mean vesicle diameter between the two groups, the 

difference occurred as a result of a ‘dip’ in vesicle diameter readings for the 

control group, rather than because of a significant increase in diameter size as 

a result of FGF2 administration. Mean vesicle diameter of controls on day 8 in 

the previous set of experiments had been 113 pm whereas both the FGF2 

treated vesicles and controls in this experiment were smaller than the controls 

had been on day 8 in the previous set of experiments. This reduction in the 

diameter of vesicles in the control group may have occurred as a result of the 

complete removal of the conditioned culture medium from the Matrigel 

substrate, and subsequent replacement with fresh medium. The addition of 

FGF2 may have protected the vesicles from the effect of removal of the 

conditioned medium. However there was no significant increase in vesicle 

diameter as a result of FGF2 administration.

On day 10, the control vesicles had increased in mean diameter value to 106.5 

pm, a value similar to the FGF2 treated group (111.8 pm). These final mean 

diameter readings were less than the mean vesicle diameter recorded for 

controls from the previous set of experiments where mean vesicle diameter of 

controls was 124 pm.

The addition of FGF2 to the culture after 6 days did not have any significant 

effect upon vesicle diameters in either a downward or upward direction. This 

can be clearly seen in the graphs of data shown in Appendix III, and the graph 

of mean vesicle diameter (Fig. 6.16). There was no significant change in the 

growth of vesicles between the two groups over the ten-day period, despite the 

addition of a high dose of FGF2. These results differed from the previous set of 

experiments, where a highly significant increase in vesicle diameter was 

stimulated when 75 ng/ml FGF2 was added to CPe from the moment of plating.
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Fig. 6.16: Graph of mean vesicle diameter following delayed addition of 

FGF2 after day 6

Choroid plexus epithelial cells were cultured in Matrigel, where they formed fluid 

filled vesicles. Vesicle diameters were measured on days 4, and 6. Following 

the day 6 measurement, one culture was treated with 75 ng/ml FGF2 (arrow). 

Diameters of all vesicles were measured again on days 8 and 10. The graph 

shows the mean diameters over ten days of untreated vesicles (controls) and 

those treated with 75 ng/ml FGF2 on day 6. Bars :standard error of the mean.
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CONTROLS Min Max Med Mean SEM SD 5% 95%

Day 4 (96 16 216 74 80.9 3.0 29.8 48 136

Day 6(81) 40 256 96 103.6 5.1 45.8 52.6 209

Day 8 (79) 48 188 84 92.6 3.6 31.3 56 160

Day 10(77) 52 196 100 106.5 4.0 35.4 56 176

75 ng/ml dS Min Max Med Mean SEM SD 5% 95%

Day 4 (110) 28 296 72 83.5 4.0 41.4 40 176

Day 6(100) 32 312 90 102 4.8 47.6 40.2 192

Day 8 (90) 32 240 92 107.6 5.0 47.1 48 208

Day 10(88) 40 336 104 111.8 5.4 50.9 51.4 224

Table 6.4: Statistical data of untreated vesicles, and vesicles treated with 

75 ng/ml FGF2 after 6 days
The tables summarise all vesicle diameter data collected for each culture group on each 

measurement day. Numbers in brackets indicates number of vesicles counted. Min: minimum 

vesicle diameter, Max: Maximum vesicle diameter, Med: median vesicle diameter. Mean: mean 

diameter, SEM: standard error of the mean, SD: standard deviation, 5%: diameter at which 95% 

of the data lie above, 95%: diameter at which 95% of the data lie below.

Controls Vs 75 ng/ml FGF2 
(added after day 6)

Day 4 mean dif. (95% ci) 
P value

2 53 ( 12.59 to 7,51) 
0.619 ns

Day 6 mean dif. (95% ci) 
P value

1.556 (12.240 to 15.351) 
0.824 ns

Day 8 mean dif. (95% ci) 
P value

14.932 ( 27 373 to 2.491) 
0.01

Day 10 mean dif. (95% ci) 
P value

5.292 ( 18.833 to 8 25) 
0.441 ns

Table 6.5: Mean difference and t-tests of vesicle diameter following 

delayed addition of FGF2 to vesicle cultures after 6 days
Independent student t-tests were performed to determine statistical significance between 

untreated vesicles (controls) and vesicles treated with 75 ng/ml FGF2 after day 6. Mean 

difference (mean dif.) and 95% confidence intervals (95% ci) are shown in blue. Red arrow 

indicates addition of FGF2 at day 6 after diameter measurements were recorded.
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6.2.8: Delayed addition of FGF2: MLWiN analysis:

Vesicle diameters from this new set of experiments were assessed using 

multilevel modelling analysis (ML WiN). In this new set of analyses, day' was 

better fit as a categoric term, rather than as a continuous variable ("2 log 

likelihood fell by 25.98 (p<0.001). This had been anticipated because 75 ng/ml 

FGF2 was added after the measurement on day 6, rather than at the start of the 

culture procedure. By entering ‘day’ as a categoric term, interrupting the linear 

relationship between values was possible in these analyses. Separate 

interaction terms were included for each day in the statistical analysis, so that 

diameter measurements had freedom' to move in either direction for each 

separate measurement day. The multilevel model that described vesicle growth 

in this new set of vesicle experiments is given below:

constant + day coefficient^ + day/grp interaction* + FGF2 group*

Diameter = 81.552 + 0.0 d4 + 0.0 + 1.94(4.895)

19.76 (3.76) dS + 3.584

9.33 (2.96) d8 + 10.48 

23.87 (3.81) d10+ 0.16

+ constant: mean diameter of control vesicles on day 4. f  Day coefficient: effect of day on 

diameter, t  Day/grp interaction; interaction allowing slope to vary between days if in FGF 2 

group. * Effect on diameter of FGF2 treatment at day 4. (standard error).

Day Controls 75ng/ml FGF2 (day 6)
4 81.55 nm (3.7) 83.49 nm (4.45)
6 101.31 m  (5.18) 99.66 pm (4.45)
8 90.88 um (3.94) 103.296 pm (5.04)
10 105.42 nm (4.45) 107.52 pm (5.424)

Table 6.6: Fitted values for average vesicle diameters following MLWin 

analysis
Average vesicle diameter and (standard error) are shown.
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Table 6.6 shows the fitted values for the average vesicle diameters following 

MLWiN analysis. These results were very similar to the mean values calculated 

from the raw data, and have therefore not been shown graphically. There was 

no significant overall effect according to group. However, as described in 

section 6.2,7, the difference between the two groups on day 8 was a significant 

effect. This effect may have been due to experimental process whereby vesicle 

growth was interrupted by the complete removal of all culture medium and 

replacement with fresh medium supplemented with or without 75 ng/ml FGF2. 

This may suggest an effect of FGF2 upon cells which would not be observed 

when the cells are undisturbed and able to 'condition' their extracellular 

environment. However, overall these data provide evidence that the delayed 

addition of 75 ng/ml FGF2 to established vesicles does not stimulate a 

significant increase in vesicle size.

6.3: Discussion 

6.3.1 : Characterisation of untreated CP vesicles

I used an embryonic mouse tissue culture model to successfully isolate and 

culture embryonic murine CPe. The morphological characteristics of the 

resultant CPe vesicles, following plating onto Matrigel, were similar to those 

described by Thomas et al. (1992). The isolation and plating method was a 

technically challenging, but very effective technique, resulting in a pure 

population of CPe in most cultures. The presence of mesenchymal cells in the 

cultures was uncommon. On occasion mesenchymal contamination was 

identified and was likely to have been caused by incomplete removal of the 

CPm prior to the final cellular dissociation step. However mesenchymal cells did 

not grow in the Matrigel matrix, although it cannot be excluded that paracrine 

signals could not have affected growth of adjacent vesicles. Vesicles in close 

proximity to mesenchymal cells were therefore excluded from the vesicle 

measurement analysis.

The cellular ultrastructure of the cultured CPe was highly comparable with the 

ultrastructure of E12.5 (Thomas et al., 1992) and E14.5 (Sturrock, 1979) murine 

CPe described in vivo. Tight junctions and adherens junctions were present
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between all CPe cells observed under TEM, and vesicles excluded trypan blue 

from the central lumen. This indicated that following dissociation, the cells were 

able to construct new intercellular connections similar to those observed in vivo. 

There was strong evidence to show that the cultured CPe cells within each 

vesicle were able to secrete fluid from their apical surfaces in spite of the 

absence of a blood supply. Firstly, on an ultrastructural level, there were 

numerous microvilli on the apical surfaces of the CPe cells and an abundance 

of intracellular synthetic organelles, highly indicative of secretory behaviour 

(Sturrock, 1979, Saunders et al., 1999, Catala, 1998). Secondly, each cultured 

vesicle was hollow, with a fluid filled central lumen that grew in diameter over 

the ten day culture period, remaining spherical in shape.

TTR mRNA expression was detected in CPe vesicles using RT-PCR. TTR 

synthesis distinguishes CPe cells from other cell types in the central nervous 

system (Dickson et al, 1986, Kuchler-Bopp et al., 1998). In addition, TTR 

protein immunoreactivity was present in vesicle cells extracted from Matrigel 

and plated onto plastic. This data confirmed that isolated embryonic CPe cells 

grown in Matrigel maintained TTR gene expression, a feature of embryonic CPe 

in vivo.

Though I could successfully grow and carry out analysis of CPe vesicles at 

different levels, I found that there were some problems with this culture system. 

Matrigel is an ‘undefined’ matrix and there was some uncertainty as to the exact 

constituents of the extract. There was likely to have been some degree of 

variability between batches (two batches of Matrigel were used during the 

course of these experiments). Each experimental set of cultures was run in 

parallel to a control, to which the same aliquot of Matrigel had been added. This 

was to minimise the effects of heterogeneity between aliquots of Matrigel. 

Matrigel solidifies extremely quickly, can develop air pockets and tends to be 

rather viscous, even at 4 °C. As a consequence, mixing Matrigel to 

homogeneity effectively was difficult. Improper mixing would have resulted in 

areas of matrix with varying concentrations of components. This may have 

accounted for the variability in size and growth of individual vesicles grown in 

the same cell-well under the same conditions. Also, this may account for 

tendency for all vesicles to increase in size, the longer the days from start’, as I
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became more adept at mixing and plating Matrigel. Another technical hurdle 

was that access to the vesicles was difficult. Immunohistochemical analysis of 

vesicles ‘in situ' was problematic because the Matrigel tended to ‘trap’ 

reagents. However the positive immunoreactivity of plated vesicles and the RT- 

PCR analysis confirmed that the CPe cells within Matrigel expressed TTR 

mRNA and protein.

I found that Matrigel cultures were difficult to embed, either in paraffin wax, or 

compounds suitable for making frozen sections. Embedding the Matrigel 

cultures in resin for electron microscopy proved to be much more successful, 

which allowed me to examine the cellular ultrastructure of vesicle cells.

6.3.2: Effect of FGF2 on vesicle morphology

CPe grown in Matrigel in the presence of FGF2 readily formed vesicles at all 

the doses tested, and retained many in vivo CPe characteristics, including tight 

junctions between cells, apical microvilli and cilia, and numerous mitochondria. 

The presence of exocytotic vesicles around the basement membranes of many 

of the CPe cells in FGF2 strongly suggested that active exchange processes 

were occurring at the basement membrane with the Matrigel matrix. This was a 

feature that I had not observed in control vesicles. The CPe vesicles expressed 

TTR mRNA in the presence of FGF2 although it appeared that TTR gene 

expression was down regulated in the presence of FGF2.1 was unable to show 

this unequivocally using RT-PCR, as the yield of mRNA from the CPe cultures 

was very small, causing difficulties with accurate quantification.

These data showed that the addition of FGF2 to CPe cultures in Matrigel did 

not affect the main ultrastructural characteristics or gross morphology of CPe 

vesicles in vitro, but indicated that the behaviour of the CPe cells, in terms of 

TTR expression and cellular activity had been altered.

6.3.3: Effects of FGF2 on vesicle size

There was evidence that control group measurements at days 6, 8, and 10 

increased with increasing time from the beginning of the study. The relationship
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was strongest for the later days. Day 4 measurements showed a small (non

significant) tendency to increase with later start times. Hence there was some 

evidence that the pattern of changes over time was influenced by the stage at 

which the culture procedure was carried out. This may have been due to a 

‘learning effect’, as harvesting of CPe became a more familiar technique over 

successive weeks. As time progressed, I was aware that the distal CPe 

(furthest from the ‘stalk’ of the fourth ventricle CP) was most tightly adherent to 

the underlying mesenchyme. This may have been an indication of increased 

cell maturity along the proximo-distal axis of the CP (Knudsen, 1964). As I 

became more technically adept at CPe dissection, I was able to isolate this 

tightly adherent population of CPe more easily than at the start of the set of 

experiments. This may have affected the behaviour of the resultant CPe 

vesicles, in terms of CPe maturity, at the time of plating. The effect of ‘days from 

start’ may additionally have been due to fluctuations in culture conditions, such 

as the batch of FGF2 or Matrigel, or environmental factors such as the 

temperature of the laboratory during the dissection procedure, and the length of 

dissection time. Whilst every effort was made to reduce external influences, 

these factors may have affected the subsequent growth of the vesicles. 

Measurements for the treated groups (0.75, 7.5 and 75 ng/ml FGF2) were made 

over shorter time periods (four to five weeks), and so it was harder to detect a 

time-effect. Different dosages of FGF2 were assessed within time-blocks’, 

whereby a particular dose of FGF2 was used over a period of four weeks. 

Randomising FGF2 treatment dose each week would have helped in the final 

analysis of this effect. However, the concurrent controls cultured at the same 

time as treated cultures did allow for quantification and correction of these time 

trends was achieved using ML WiN analysis.

Generally the rates of growth between vesicles of a particular treatment group 

followed a similar trend. Occasionally, vesicles would display a significantly 

greater growth rate than the others in the same culture dish between 

measurements. This may have occurred as a consequence of incomplete 

dissociation of the CPe prior to plating, or differences in local concentrations of 

Matrigel components, possibly due to a lack of mixing of the Matrigel matrix 

when in the liquid phase, a feature that I had also observed in control cultures.
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The results of this study showed that E12.5 murine CPe cells responded to 

FGF2 in terms of increased vesicle size in a dose dependent fashion. This 

stimulatory effect was significant at all doses tested, but most significant when 

FGF2 was added at a high concentration (75 ng/ml). FGF2 stimulated early 

vesicle formation, resulting in significantly larger vesicles by day 4, and 

consequently at all later time-points. The rate of increase in vesicle diameter 

was remarkably constant between all treatment groups.

The effects of FGFs upon many different developmental processes have been 

described. FGF2 is a potent mitogen and can stimulate cell division in 

numerous cell types (Gospodarowicz et al., 1978) and in vivo models (Raballo 

et al., 2000). The effects seen in this study may have been due to increased 

cellular proliferation during the first few days of culture. Proliferation of the CPe 

population would lead to an increase in cell number, and thus larger vesicles, by 

culture day 4.

In several in vitro models, FGFs are survival factors and can protect cells from 

apoptosis without promoting mitosis (Szebenyi and Fallon, 1999). If FGF2 in 

this system promoted cell survival, again there would have been a greater 

number of viable CPe cells prior to the formation of vesicles. The presence of 

dead cells and cell debris was not pronounced in any of the cultures (including 

controls) after the first 24 hours following plating, suggesting that in all cultures 

cell survival was high.

FGFs can enhance cellular motility and basement membrane interaction 

(Kinoshita et al. 1993, Li et al., 2001). Invasion of Matrigel requires interaction 

between the cells and the matrix components. It is possible that FGF2 

enhanced matrix invasion by the CPe, which may have caused a larger vesicle 

size by day 4. The presence of exocytotic vesicles and basement membrane 

protrusions in FGF2 treated vesicles suggest that the interaction between the 

CPe cells and the matrix had been affected. These findings are supported by 

the recent work of Li et al., (2001) who found that FGFR signalling influences 

the synthesis of the basement membrane components laminin and collagen IV 

in embryonic stem cells.
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In these experiments, I found no evidence of adherent cells on the surface of 

the Matrigel, nor of cells that were floating in the culture medium in controls or 

FGF2 treated cultures. This indicates that few, if any, cells had failed to migrate 

into the Matrigel. The rate of migration into the Matrigel could not be measured, 

and it remains possible that FGF2 may have increased cell motility, and hence 

migration into the substratum. Under these circumstances, vesicles could have 

formed earlier, which could have resulted in a larger diameter than controls by 

day 4.

FGF2 can affect cellicell interaction, enhancing intercellular adhesion in thoracic 

neuroepithelial cells in chick (Kinoshita et al. 1993) and forebrain and midbrain 

neuroepithelial cells of the mouse (Drago et al., 1991). The formation of cell 

junctions is an important prerequisite to the formation of secretory vesicles. It is 

possible, therefore that FGF2 may have stimulated celkcell interaction and the 

formation of cellular connections, which may have increased the rate of 

development of CPe vesicles.

It is interesting to note that Matrigel contains significant quantities of heparan 

sulphate proteoglycans, which bind FGFs with low-affinity, and are required for 

the presentation of FGFs to FGF receptors on the cell surface (Spivak- 

Kriozman et al. 1994). The presence of HSPGs in the Matrigel substratum 

would have provided a reservoir of exogenous FGF2, and a means of delivery 

of the FGF2 ligand to the receptors (FGFRs) on the CPe surfaces. In addition, 

HSPGs may have controlled the supply of the ligand to the CPe cells (Powers 

et al., 2000).

Although these data are not inconsistent with my original hypothesis of a 

stimulatory effect by FGF2 on the secretory mechanisms of the CPe, this is not 

likely to be the case. An increase in secretion rate, during the early stages of 

vesicle growth in response to FGF2, could have resulted in larger diameters by 

day 4, but the parallel changes in diameter from days 4 to 10 between the 

vesicle groups indicated that the secretion rate of the cells was essentially the 

same. There is little evidence currently that FGFs directly affect secretory 

mechanisms, although FGF and FGFRs are strongly expressed in some
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secretory glands, such as the salivary gland (Amano et al. 1993), lacrimal gland 

(Nguyen et al., 1997) and lactating mammary gland (Gomm et al. 1997).

6.3.4: Delayed addition of FGF2

Addition of a high dose of FGF2 (75 ng/ml) to CPe vesicles following culture in 

control media for 6 days did not have a pronounced effect upon subsequent 

vesicle growth. These results contrasted with the results of the previous set of 

experiments, where the addition of 75 ng/ml FGF2 stimulated the formation of 

significantly larger vesicles when added at the time of plating. The results of this 

second set of experiments showed that established vesicles were unresponsive 

to high doses of FGF2 in terms of changes in vesicle diameter.

There are several possible explanations for these results. Firstly, the vesicles 

may have down-regulated expression of FGFRs, rendering the cells unable to 

respond to the ligand. Secondly, expression of FGFRs may have been confined 

to the apical surfaces of the cultured CPe, and hence, once within a vesicle, the 

FGF2 would need to be transported from the basal surface, to the apical 

surface of the CPe in order to activate the high affinity FGFRs.

Thirdly, it is also possible that the increase in vesicle size observed in the first 

set of experiments, where FGF2 was added from onset of the culture period, 

was due solely to the ‘early effects’ of FGF2, namely the proliferative, migratory, 

cell:cell interactive, and or early secretory effects.

In the next chapter, I have used a different in vitro approach to investigate 

whether FGF2 can stimulate a proliferative response in cultured CPe.
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Chapter 7: Proliferative effects of FGF2 on 

choroid piexus epitheiiai ceiis in vitro

7.1: Introduction

FGF signalling can stimulate many cellular responses, such as motility and 

migration (Kinoshita et al., 1993), and phenotypic differentiation and 

morphogenetic changes. For example, application of a bead soaked in FGF8 

induces an ectopic midbrain phenotype in neuroepithelial cells of the 

diencephalon (Crossley et al., 1998), and various concentrations of FGF2 can 

alter the generation of neurones and glia in cultures of embryonic neural 

explants (Qian et al., 1997). One major effect of FGF signalling is to stimulate 

cell division.

The proliferative effect of fibroblast growth factors (FGFs) on many adult and 

developing cells is well documented. Fibroblast growth factors were initially 

discovered for their stimulatory effect on cellular proliferation in cultured 

fibroblasts (reviewed Burgess and Macaig, 1989). Subsequently, many 

embryonic cell types have been shown to respond to different FGFs in terms of 

increased proliferation, including those in the developing central nervous 

system. FGF1 and FGF2 stimulate the proliferation and survival of 

neuroepithelial cells isolated from the telencephalon and mesencephalon of 

E10 mice (Murphy et al. 1990). In this study, the authors reported that at least 

50% of cultured cells divided in the presence of FGF2, whereas without the 

growth factor, cells died within 6 days (Murphy et al., 1990). Furthermore, it has 

been demonstrated that FGF stimulates proliferation of isolated embryonic 

spinal cord neuronal precursor cells, suggestive that FGF2 might stimulate 

proliferation of neural precursors in the whole CNS (Ray and Gage, 1994). The 

role of FGF2 in cellular proliferation has been highlighted by FGF2 null mice, 

which, though viable, display defects in neuronal number of specific neuronal 

cell types in the cerebral cortex (Raballo et al., 2000). Further analysis of these 

mice indicated that neurones and glia are affected by the loss of FGF2.
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In the previous set of experiments (chapter 6), CPe vesicles cultured in FGF2 

from the time of plating were found to be significantly larger in diameter than 

control vesicles. The highly significant effect of FGF2 upon vesicle size arose 

as a consequence of behavioural responses of CPe to the growth factor. As 

described in chapter 6 (section 6.2.6), the cellular response to FGF2 signalling 

could have been to enhance behaviours which would influence the formation of 

vesicles (‘early effects’) such as proliferation, protection from cell death, 

increased cell motility, and/or increased cell.cell adhesion. Alternatively, FGF2 

could have influenced cells once they had formed vesicles (‘late effects’) in 

terms of cellular proliferation and/or secretory activity. When FGF2 was added 

to vesicles at a later stage in the culture, there was no response to the growth 

factor in terms of increased vesicle size. The results of this second set of 

experiments showed that the growth of established vesicles was unaffected by 

FGF2. Thus the ‘early influences’ of FGF2 on vesicle formation were the most 

likely cause for the marked increase in the size of CPe vesicles by culture day 

4. As FGFs stimulate proliferation in many cell types, I set out to determine 

whether cultured CPe would also exhibit a significant mitotic response to 

exogenous FGF2.

Designing the most suitable in vitro assay to test the effect of FGF2 on CPe 

proliferation was a considerable challenge. There were many advantages of 

culturing embryonic CPe in a Matrigel substratum, as cell survival was high, 

and the cells penetrated the matrix to form polarised secretory vesicles, which 

displayed many of the characteristics of embryonic CPe in vivo (as described in 

chapter 6). However, there were technical difficulties with the handling of 

Matrigel cultures. Access to the Matrigel-embedded cells was difficult without 

disrupting cell morphology, the Matrigel tended to trap’ reagents, and accurate 

visualisation of individual cells through the gel was difficult. These technical 

issues precluded quantitative analyses of CPe vesicles cultured in Matrigel, 

such as immunohistochemistry, BrdU uptake or tritiated thymidine 

incorporation.

As a consequence of the technical difficulties associated with the Matrigel 

cultures, monolayer cultures of embryonic CPe were established. Several 

groups have cultured adult CPe successfully as monolayers on various
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substrata (Gath et al, 1997, Southwell et al., 1993, Gabrion et al., 1998). 

However, few groups have reported the successful culture of embryonic CPe 

monolayers. Thomas et al., (1992) found that embryonic CPe cells did not grow 

well on plain plastic. Stadler and Dziadek (1996), and Thomas et al. (1992) 

cultured CPe cells onto plates coated with collagen 1 gel. These authors 

discovered that CPe cells formed small monolayer patches of cells with a 

cobblestone morphology on top of the collagen 1 gel, without invading the 

matrix. Although CPe cell survival on collagen 1 was lower than in Matrigel 

cultures, gene expression typical of embryonic CPe was maintained.

In order to study the effect of FGF2 and CPe proliferation, I set up culture 

conditions for growing CPe as monolayers without using a gel substratum, and 

assessed the growth and survival of the cultured CPe on different substrata. 

Previous investigators indicated that adult CPe cell adhesion was improved by 

plating the cells onto a laminin-coated surface, and that CPe growth was 

enhanced by the addition of serum during the early stages of culture (Gath et 

al., 1997). Ara-C had been used to reduce mesenchymal contamination in adult 

CPe cultures. However embryonic CPe can generally be removed and isolated 

cleanly and so ara-C was not added during preparation of embryonic CPe 

monolayer cultures.

Following the establishment of embryonic CPe monolayer cultures, a 

quantitative analysis of cellular proliferation in response to FGF2 was carried 

out. Immunohistochemical detection of proliferating cell nuclear antigen (PCNA) 

was chosen as the most suitable method of determining the levels of mitosis in 

cultured monolayers of CPe in the presence or absence of FGF2. PCNA is 

immunoreactive in cell nuclei during mitosis, between late G1 and S phase of 

the cell cycle (Hyde-Dunn and Jones, 1997). Anti-PCNA antibody labelling 

provided a sensitive means of detecting proliferating cells. The method also 

permitted exclusion of contaminating non-epithelial cells from the count on the 

basis of their morphology.
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7.2: Results

7.2.1: Establishment and characterisation of monolayer 

cultures of embryonic CPe

E12.5 CPs were removed, and the CPe sheets were isolated and dissociated 

into a single cell suspension (as described in chapter 3 section 3.1). Cells were 

plated either onto plain plastic, plain glass cover slips or glass cover slips 

coated in laminin (14 pg/ml in phosphate buffered saline) (chapter 3, section 

3.1.4). During the initial set-up period of culturing embryonic CPe monolayers, it 

was apparent that the time taken to isolate the CPe cells had a profound 

influence on their subsequent survival. Initially 1 0 -1 2  CPs were used resulting 

in a cell count of approximately 20 xIO* /ml. The cell suspension was divided 

between 8 x 1 6  mm wells, and so the final plating density was very low. In order 

to increase the plating density, up to 20 CPs were used. However, increasing 

the numbers of CPs did not improve cell number because of the resulting 

increase in dissection time, which reduced cell survival substantially. CPe cells 

were considerably less adherent, and survival rates were lower, if the time 

taken to isolate a pure population of CPe cells exceeded 4 hours. Some 

rounded non-adherent cells were present on the surface of the culture medium 

after 24 hours in the monolayer cultures. By contrast, CPe survival was high in 

Matrigel cultures even when the dissection time exceeded 4 hours, and I did not 

observe dead cells on the top of the medium. As a consequence of this 

sensitivity to dissection time, 10-12 CPs were used for each experiment, and 

plating density remained very low.

As anticipated, embryonic CPe did not adhere well to plain plastic or glass 

substrata, and cell numbers were low after 2 days in vitro. Many cells did not 

adhere to the substratum within the first 48 hours. Similar difficulties in CPe 

adhesion and survival on plain plastic had been reported previously (Thomas et 

al. 1992). The application of a laminin coating to the glass coverslips prior to 

plating substantially improved embryonic CPe adhesion and survival. However 

it was my impression, following several weeks of setting up primary monolayer 

cultures and careful observation, that the numbers of viable cells after two days 

in monolayer culture remained lower than in Matrigel cultures.
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A proportion of the plated CPe cells adhered to the laminin-coated substratum 

within 24 hours, and spread to a flattened morphology extending filopodial 

contacts between individual cells. Cells adhered to the substratum in small 

clusters, or as isolated individual cells. After 4 days in culture the CPe cells 

were large and flat, with cell diameters of approximately 5 0 - 100 pm (Fig. 7.1 A 

and B). The cells were generally clustered into small groups, and 

interconnected via numerous filopodial contacts (Fig. 7.1A,B). In some cases, 

cells were very closely associated with their neighbours along the entire length 

of the cellular edge, resulting in 'pavement' type morphology (Fig. 7.1C). In any 

given cluster, peripheral cells were larger and flatter than more centrally 

situated ones. Immunohistochemical analyses of TTR expression in the plated 

CPe after 4 days in culture revealed the presence of TTR protein in some cells, 

with a perinuclear distribution in most cases (Fig. 7.1 D). Some peripheral cells 

of small clusters displayed more ubiquitous TTR immunoreactivity in the 

cytoplasm (Fig. 7.1 D) than the more centrally located cells. After 8 days in 

culture there was evidence that the size of the cell clusters had increased, but 

that growth was slow. The cells retained similar morphological characteristics as 

seen on day 4 (Fig. 7.1 E,F). The CPe cells were generally large and flat, and 

connected to other cells via filopodia. After 10 days in culture, cell numbers had 

increased. Some CPe in larger clusters of cells were elongated (Fig. 7.1G). On 

day 10, cells were considerably more uniformly immunoreactive to TTR. The 

distribution of the TTR protein in these older cultures of CPe was highest in 

perinuclear areas. The cells were also immunoreactive to TTR in the cytoplasm, 

and more weakly, in the nuclei (Fig. 7.1 H). Cultures were maintained for up to 

two weeks, after which time cells tended to develop vacuoles, detach from the 

substratum and die. At no stage did the plated CPe become confluent in 16 mm 

wells.

Contamination by other cell types was present on occasion. Small cells with a 

flat, spread morphology, were present in some cultures, which rapidly became 

confluent (Fig. 7.2A).These cells may have been astrocytes as in such cultures, 

low quantities of neurones were observed on top of this dense cell layer (Fig. 

7.2B), extending axons across the surface of the underlying cells. In one 

culture, small, dark bipolar cells were evident in large numbers, which may have 

been neural progenitor cells, based on their bipolar morphology (Fig. 7.2C).
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CPe cells were easily identifiable by their larger flat morphology, intercellular 

connections, and their immunoreactivity to TTR.

Immunohistochemical analyses of the tight junction marker ZO-1 failed to detect 

immunoreactivity in the cultured CPe, even when cells had a pavement 

conformation (data not shown).

7.2.2: Characterisation of CPe cells cultured in FGF2

CPe cultured in 10 ng/ml FGF2 displayed similar morphology to control cultures. 

On day 4 the CPe were large and flat, with filopodial extensions between cells 

(Fig. 7.3A,B). The diameter of these cells was similar to controls (40 - 100 pm). 

Cells cultured in 100 ng/ml FGF2 were also large and flat with numerous 

filopodia (Fig. 7.3C,D). CPe cultured in 10 ng/ml FGF2 were assessed for TTR 

immunoreactivity after 4 days in culture. TTR immunoreactivity was present in 

the nucleus and perinuclear areas in several, but not all cells. Not all FGF2 

treated CPe cells were immunoreactive to TTR on day 4, however. In general, 

the peripheral cells from a cluster were immunoreactive to TTR, whereas more 

centrally situated cells had little or no TTR immunoreactivity at this stage. Cells 

had a morphology similar to control cultures on days 8 and 10 (Fig. 7.4A,B,C). 

On day 10, TTR immunoreactivity in the FGF2 treated group was similar to 

controls, with generalised TTR immunoreactivity evident throughout most cells. 

Nuclear immunoreactivity was also less intense than cytoplasmic 

immunoreactivity, similar to control cultures (Fig. 7.4D).
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Fig. 7.1: Choroid plexus epithelial cells cultured as monolayers

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips. A,B,C: Phase contrast images of CPe 

clusters after 4 days in culture (arrowheads in A and B indicate filopodial 

contacts between cells) D: Bright field image of 0  processed for 

immunohistochemical detection of transthyretin (TTR). Brown peroxidase 

reaction product was used for detection of TTR positive cells (arrows indicate 

perinuclear immunoreactivity, arrowheads indicate cytoplasmic 

immunoreactivity in two peripheral cells). E,F: Phase contrast images of CPe 

morphology after 8 days in culture. G: Phase contrast image of CPe 

morphology after 10 days in culture. H: Bright field image of G processed for 

immunohistochemical detection of TTR. Bar =100 pm.
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Fig. 7.2: Cellular contaminants in cultures of CPe monolayers

A: Confluent cellular contaminants, resembling astrocytes after 8 days in 

culture. B: Neuronal cell (arrow) situated above this cell layer after 8 days in 

culture. C: Bipolar cells, resembling neuronal progenitor cells after 8 days in 

culture. Bar = 100 ^m.
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Fig. 7.3: Choroid plexus epithelial cells cultured as monolayers with 10 

and 100 ng/ml FGF2

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips with different concentrations of FGF2. A,B: 

Phase contrast images of CPe morphology after 4 days in culture treated with 

10 ng/ml FGF2. C,D: Phase contrast images of CPe morphology after 4 days in 

culture treated with 100 ng/ml FGF2. Bar = 100 pm.
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Fig. 7.4: Choroid plexus epithelial cells cultured as monolayers with 10 

ng/ml FGF2

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips with 10 ng/ml of FGF2. A, B: Phase 

contrast images of CPe morphology after 8 days in culture. C: Phase contrast 

image of CPe morphology after 10 days in culture. D: Bright field image of C 

processed for immunohistochemical detection of transthyretin (TTR). Brown 

peroxidase reaction product was used for detection of TTR labelled cells.

Bar = 1 0 0  pm.

230



7.2.3: Expression of FGFR proteins in CPe monolayers

Protein expression of FGFRs 1, 2 and 4 was assessed in controls and FGF2 

(10 ng/ml) treated monolayer cultures of CPe after 8 days in culture using 

immunohistochemistry. All experiments were performed in parallel with a 

negative control, where the application of the primary antibody was omitted. No 

brown peroxidase reaction product staining was evident (data not shown) in the 

negative controls.

Control cultures of CPe were immunoreactive for FGFR1 (Fig. 7.5). FGFR1 

reactivity was present in perinuclear and cytoplasmic regions of most cells with 

variation in the intensity of staining in the cytoplasm (Fig. 7.5B). Cell nuclei were 

not immunoreactive. Contaminating neuronal cell bodies were highly 

immunoreactive to FGFR1 (Fig. 7.5B). Fig. 7.5C and D show one CPe cell that 

had strong perinuclear FGFR1 immunoreactivity and focal sites of FGFR1 

immunoreactivity at the peripheral edges (Fig. 7.5D). FGF2 treated cultures 

showed a similar distribution of FGFR1 immunoreactivity to control CPe (Fig. 

7.5E-H). Perinuclear regions were most immunoreactive, whereas the nuclei 

were not positively stained for FGFR1 protein.

FGFR2 immunoreactivity was less intense than FGFR1 immunoreactivity in 

control cultures (Fig. 7.6B and D). Not all CPe cells displayed immunoreactivity 

to FGFR2 (Fig. 7.6A and B). FGFR2 expression was detected in perinuclear 

regions (Fig. 7.6B) with focal points of immunoreactivity within the cytoplasm of 

some cells (Fig. 7.6D). FGFR2 expression in FGF2 treated cultures differed 

from controls in that the intensity of labelling was somewhat stronger, and the 

distribution of the protein was more widespread in the cytoplasm of the cells 

(Fig. 7.6F&H). The perinuclear areas were most intensely labelled. CPe nuclei 

were negative for FGFR2 protein expression in both controls and FGF2 treated 

cultures.

FGFR4 protein expression was detected in the cytoplasm of control CPe cells 

(Fig. 7.7A-D). Again, areas of more intense FGFR4 immunoreactivity were 

evident in perinuclear areas of most CPe cells (Fig. 7.7B). FGFR4 

immunoreactivity was sometimes more generally expressed throughout the
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cytoplasm of the cultured CPe (Fig. 7.7D). FGFR4 expression in FGF2-treated 

CPe cultures was located in perinuclear and cytoplasmic regions (Fig. 7.7E-H), 

with a cellular distribution that was similar to controls.
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Fig. 7.5: Immunohistochemical detection of FGFR1 in CPe monolayers

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips under control conditions (A-D), or with 10 

ng/ml FGF2 (E-H). After 8 days in culture, cells were fixed and processed for 

immunohistochemical detection of FGFR1. Brown peroxidase reaction product 

was used for detection of FGFR1 labelled cells. A: Phase contrast image of 

CPe (controls). B: Bright field image of A showing FGFR1 immunoreactivity 

(arrowhead indicates a contaminating neuronal cell body with strong 

immunoreactivity to FGFR1). 0: Phase contrast of one CPe cell (control). D: 

Bright field image of C showing FGFR1 immunoreactivity (arrowheads indicate 

discrete focal sites of FGFR1 immunoreactivity at the peripheral edges). E: 

Phase contrast image of CPe (10 ng/ml FGF2). F: Bright field image of E 

processed for immunohistochemical detection of FGFR1. G: Phase contrast 

image of CPe (10 ng/ml FGF2). H: Bright field image of G processed for 

immunohistochemical detection of FGFR1.

Bar = 200 pm in A,B,E and F, 100 pm in G and H, 50 pm in C and D.
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Fig. 7.6: Immunohistochemical detection of FGFR2 in CPe monolayers

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips under control conditions (A-D), or with 10 

ng/ml FGF2 (E-H). After 8 days in culture, cells were fixed and processed for 

immunohistochemical detection of FGFR2. Brown peroxidase reaction product 

was used for detection of FGFR2 labelled cells. A: Phase contrast image of 

CPe (controls). Arrowheads in A and B indicate the same CPe cell with no 

FGFR2 immunoreactivity. B: Bright field image of A showing FGFR2 

immunoreactivity (arrows indicate perinuclear distribution of FGFR2 protein in 

some cells). 0: Phase contrast image of CPe (controls). D: Bright field image o 

0  showing scant FGFR2 immunoreactivity (arrowheads indicate focal points of 

FGFR2 expression). E: Phase contrast image of CPe (10 ng/ml FGF2). F: 

Bright field image of E processed for immunohistochemical detection of FGFR2 

G: Phase contrast image of CPe (10 ng/ml FGF2). H: Bright field image of G 

processed for immunohistochemical detection of FGFR2.

Bar =100 pm in A,B,C,D,G,H, 200 pm in E and F.
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Fig. 7.7: Immunohistochemical detection of FGFR4 in CPe monolayers

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips under control conditions (A-D), or with 10 

ng/ml FGF2 (E-H). After 8 days in culture, cells were fixed and processed for 

immunohistochemical detection of FGFR4. Brown peroxidase reaction product 

was used for detection of FGF4 labelled cells. A: Phase contrast image of CPe 

(controls). B: Bright field image of A showing FGFR4 immunoreactivity. C: 

Phase contrast image of CPe (controls). D: Bright field image of C showing 

FGFR4 immunoreactivity. E: Phase contrast image of CPe (10 ng/ml FGF2). Fj 

Bright field image of E processed for immunohistochemical detection of FGFR4 

G: Phase contrast image of CPe (10 ng/ml FGF2). H: Bright field image of G 

processed for immunohistochemical detection of FGFR4.

Bar = 100 pm in A,B,C,D,G,H, 200 pm in E,F.
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7.2.4: Proliferation of CPe in response to FGF2

Analyses of tritiated thymidine incorporation were initially carried out to assess 

whether it represented a suitable method of quantifying CPe cell division. 

Following several attempts, it became clear that this method was unsuitable for 

analysing CPe primary cultures. Confounding factors included the low cell 

number at the time of plating, the variability in cell number between plates after 

several days in culture due to the differences in cellular survival and adhesion, 

and the potential for low level contamination by neurones and/or fibroblasts in 

some cultures.

Immunohistochemical analyses of mitotic antigens, such as phosphorylated 

histone (p-H3) and proliferating cell nuclear antigen (PCNA) allowed for the 

evaluation of proliferation in a relatively small number of cells, and provided a 

means for excluding non CPe cell contaminants. The ’window’ for detection of 

p-H3 is narrow. p-H3 can only be detected during M-phase of the cell cycle 

(Ajiro et al., 1996), and as a result, p-H3 antigenicity was not detectable in 

control cultures using this antibody, due to the low rate of cell division in CPe 

cells (data not shown). PCNA, however, was detectable in both control cultures 

and FGF2-treated cultures, and hence provided the most suitable means of 

identification of dividing cells.

The level of cellular proliferation, in terms of PCNA antigenicity, between control 

cultures and CPe treated with 10 ng/ml FGF2 was assessed in CPe monolayer 

cultures. Clusters of CPe cells with minimal or no contamination by other cell 

types were selected for proliferation analyses on the basis of morphology. Cells 

were fixed and processed for detection of PCNA after 4 days (Fig. 7.8) or 6 

days (Fig. 7.9) in culture (chapter 3, section 3.8). All nuclei were labelled with 

Hoechst fluorescent nuclear stain (Fig. 7.8 and 7.9 A-D). FITC fluorescent 

secondary antibodies were used to detect PCNA labelled cells (Fig. 7.8 and 7.9 

A’ - D’). The total number of nuclei and the number of PCNA positive nuclei for 

each field of view were counted for each culture set. Proliferation was 

expressed as the percentage of PCNA positive nuclei against the total nuclear 

count per field of view. Two-tailed student t-tests were carried out to determine 

significant differences in proliferative rates between treatment groups (Fig 7.10).
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Fig. 7.8: Proliferation assay using immunohistochemical detection of 

proliferating cell nuclear antigen (PCNA) and Hoechst nuclear stain after 

days in culture

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips under control conditions (rows A and B), ( 

with 10 ng/ml FGF2 (rows 0  and D). After 4 days in culture, cells were fixed an 

processed for immunohistochemical detection of PCNA. Hoechst nuclear stain 

was used to label all nuclei in each field of view and FITC-tagged secondary 

antibodies were used to detect PCNA positive cells under fluorescence. Image 

of the same field of view under different wavelengths are presented in 

alphabetical pairs. A-D: Hoechst nuclear stain (all nuclei are labelled). A ’-D’: 

Bright green fluorescent cells indicate antigenicity to PCNA. Red arrowheads ir 

C and C  indicate an example of a cell that is immunoreactive for PCNA, grey 

arrowhead in C and C  indicates an example of a cell which is not 

immunoreactive to PCNA. Asterisk in 0  (*) indicates the edge of the coverslip 

that has refracted the Hoechst fluorescent light. Bar = 400 pm.
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Fig. 7.9: Proliferation assay using immunohistochemical detection of 

proliferating cell nuclear antigen (PCNA) and Hoechst nuclear stain after 

days in culture

CPe cells were isolated from E12.5 mouse embryos, dissociated and plated 

onto laminin-coated glass coverslips under control conditions (rows A and B),  ̂

with 10 ng/ml FGF2 (rows 0  and D). After 6 days in culture, cells were fixed ani 

processed for immunohistochemical detection of PCNA. Hoechst nuclear stain, 

was used to label all nuclei in each field of view and FITC-tagged secondary | 

antibodies were used to detect PCNA positive cells under fluorescence. Image 

of the same field of view under different wavelengths are presented in 

alphabetical pairs. A-D: Hoechst nuclear stain (all nuclei are labelled).

A ’-D’: Bright green FITC-fluorescent cells indicate antigenicity to PCNA. Red 

arrowhead in 0  and 0 ’ indicate an example of a cell that is immunoreactive for 

PCNA, grey arrowhead in 0  and C’ indicates an example of a cell that is not I 

immunoreactive to PCNA. Bar = 400 |im. |
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Mean rates of proliferation on day 4 were 9.4% in controls (n = 791 cells from 5 

culture sets) and 29.1% of FGF2 treated cells (n = 1173 cells from 8 culture 

sets), p = 0.00003 (Fig. 7.10). The mean difference was 19.6% greater in the 

FGF2 treated cultures (95% confidence interval of the difference was 27.6 to 

11.6) This indicated that there was a highly significant proliferative response of 

cultured CPe to 10 ng/ml FGF2 after 4 days in culture.

Fig. 7.11 shows all counts collected from each culture set and each field of view 

used in this assay. On day 4, control cultures tended to exhibit a low cell 

number per field of view. Mean cell count was 62. The proportion of PCNA 

labelled cells varied between 2.1% and 25%. There was a tendency for cells in 

small clusters of cells to proliferate at a higher rate than cells from larger 

clusters. The lowest PCNA values were observed in clusters exceeding 60 cells 

e.g. Fig. 7.11A, columns â  and â  (2.1% and 2.2% proliferation respectively).

By contrast, higher proliferation rates were found in smaller clusters of cells e.g. 

Fig. 7.11A column ĉ  and d̂  (25% and 22.2% proliferation respectively).

CPe cultured in 10 ng/ml FGF2 exhibited a low cell number per field of view 

after 4 days in culture. Mean cell count in the FGF2 group was 69, similar to the 

numbers of cells seen in control cultures. Two fields of view had cell numbers 

exceeding 150, (Fig. 7.1 IB, columns â  and f̂ ). The proportion of PCNA 

labelled nuclei in the FGF2 treated group was greater than controls in almost 

every culture set examined. There was less disparity between proliferation rates 

in large and small clusters of cells, e.g. Fig. 7.1 IB  column f \  56 PCNA labelled 

cells out of a total of 174 cells (32.2% proliferation), and column ĥ : 9 PCNA 

positive cells of a total of 24 cells (37.5% proliferation).

On day 6, mean rates of proliferation were 4.8% in controls (n = 3397 cells from 

5 culture sets) and 20.9% of FGF2 treated cells (n = 3457 cells from 7 culture 

sets), p = 0.00001 (Fig. 7.12). The mean difference was 16% greater in the 

FGF2 treated cultures (95% confidence interval of the difference was 22.1 to 

12.1). This indicated that there was a highly significant proliferative response by 

cultured monolayers of CPe in response to 10 ng/ml FGF2 after six days in 

culture.
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On day 6, the numbers of cells per field of view were greater in both groups 

compared with the numbers of cells counted on day 4. This confirmed that cell 

division was occurring in controls and FGF2 treated cultures. In several 

cultures, cell density was high in ‘patches’. As a consequence of this, cells were 

closer together and were smaller than the larger and flatter peripheral cells. The 

cell count was higher per field of view in these compact groups than in smaller 

clusters or peripheral cells (e.g. Fig. 7.13B columns b̂  (compact group) and b̂  

(peripheral group).

The mean rate of proliferation fell from 9.4 to 4.8% in the control group (p= 0.07 

ns) and from 29.1% to 20.9% in FGF2 treated cells (p = 0.03) between day 4 

and day 6. This suggested that there was a tendency for the number of 

proliferating cells to fall as the number of days in culture increased. This may 

have been due to a reduction in cell division as the number of CPe cells in the 

culture increased.
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Fig. 7.10: Histogram and pie charts of mean proliferation rate in CPe 

monolayers after 4 days in culture

CPe cells were cultured as monolayers on laminin coated glass coverslips for 4 

days and processed for immunohistochemical detection of proliferating cell 

nuclear antigen (PCNA). Proliferation was calculated as the percentage of 

PCNA positive nuclei Vs total nuclear count in controls (blue) and cultures 

treated with 10 ng/ml FGF2 (green). Two tailed student t-tests showed a 

significant difference between the groups (p = 0.00003) Columns represent 

mean % proliferation rate. Bar = standard error of the mean, n = total number of 

cells. * indicates significant effect of FGF2 treatment.

Pie charts show mean % proliferation.
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Fig. 7.11: Stacked histogram of PCNA positive nuclei as a proportion of 

total cell count in CPe monolayers after 4 days in culture

CPe cells were cultured as monolayers on laminin coated glass coverslips for 4 

days and processed for immunohistochemical detection of proliferating cell | 

nuclear antigen (PCNA). Proliferation was calculated as the percentage cf j 

PCNA positive nuclei Vs total nuclear count. A: controls, B: cultures j

supplemented with 10 ng/ml FGF2. Columns a-e (controls), and a-h (FGF2 

treated) represent separate cell cultures. Each letter represents counts td^en 

from the same culture, different fields of view are indicated by superscript | 

numbers. Brackets link cultures that were plated at the same time. Numbers (n) 

at the top of each column show % proliferation. i
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Fig. 7.12: Histogram and pie charts of mean proliferation rate in CPe 

monolayers after 6 days in culture

CPe cells were cultured as monolayers on laminin coated glass coverslips for 6 

days and processed for immunohistochemical detection of proliferating cell 

nuclear antigen (PCNA). Proliferation was calculated as the percentage of 

PCNA positive nuclei Vs total nuclear count in controls (blue) and cultures 

treated with 10 ng/ml FGF2 (green). Columns represent mean % proliferation 

rate. Bar =standard error of the mean, n = total number of cells. * indicates 

significant effect of FGF2 treatment. Pie charts show mean % proliferation.
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Fig. 7.13: Stacked histogram of PCNA positive nuclei as a proportioi of ] 

total cell count in CPe monolayers after 6 days in culture

CPe cells were cultured as monolayers on laminin coated glass coverslips for 6 

days and processed for immunohistochemical detection of proliferating cell 

nuclear antigen (PCNA). Proliferation was calculated as the percentage cf 

PCNA positive nuclei Vs total nuclear count. A: controls, B: cultures 

supplemented with 10 ng/ml FGF2. Columns a-e (controls), and a-g (FGF2 

treated) represent separate cell cultures. Each letter represents counts tdcen 

from the same culture, different fields of view are indicated by superscript 

numbers. Brackets link cultures that were plated at the same time. Numbers (n 

at the top of each column show % proliferation.
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7.3: Discussion 

7.3.1: CPe monolayer culture system

Primary monolayer cultures of E12.5 CPe were set up as a method for 

determining the effects of FGF2 on CPe proliferation in vitro. During the initial 

period of culturing CPe monolayers, I found that the CPe cells did not grow well 

as monolayers, and the rate of cell survival appeared to be low. The CPe cells 

were highly sensitive to the length of dissection time required to isolate the 

cells, when they were subsequently plated as monolayers. In the previous set of 

experiments, using Matrigel as a substratum, survival of CPe cells appeared to 

be much greater. These findings suggest that the basement membrane 

components of Matrigel supported CPe survival more effectively than the 

laminin in monolayer culture system. The lack of additional basement 

membrane factors in the monolayer cultures may have been the primary cause 

of reduced cell adhesion and growth after plating. These results are supported 

by Thomas et al., (1992), who emphasised the importance of the basement 

membrane in the maintenance of multicellular organisation in cultured 

embryonic CPe, and its influence over the re-establishment of cellular 

properties required for effective barrier function.

The number of viable cells plated on any particular culture day was variable, 

depending upon the number of embryos available, and the time taken for 

dissection. In order to carry out the proliferation assay, the cells were plated 

onto removable cover slips within 16 mm wells. I used the smallest cover slips 

available, and kept the volume of tissue culture medium to a minimum.

However, plating a more dense population of cells into smaller wells may have 

improved CPe survival and growth, as cell conditioning would have had a 

greater influence in a smaller volume of culture medium.

Plating the cells onto a laminin substratum substantially improved cell adhesion 

and survival during the first 2 days of culture. Laminin is a major component of 

basement membranes in vivo, and is present in Matrigel at a concentration of 

approximately 3 mg/ml (Kleinman et al., 1986). Previous groups have reported 

similar improvements in adult CPe cell culture with the use of a laminin
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substratum (Southwell et al., 1993, Gath et al., 1997, Gabrion et al., 1998, 

Hakvoort et al., 1998, Zheng et al., 1998). This suggests that laminin is a very 

important molecule in cultures of embryonic CPe and that adhesion may be 

mediated, at least in part, by integrin molecules which bind laminin to the 

cytoskeleton of cultured CPe, such as integrin a6pi (Mercuric and Shaw,

1991). Following the addition of laminin to the monolayer culture system, the 

number of viable cells was improved, although cell survival and growth over 10 

days remained lower than expected. A similar low level of attachment was 

found by Gabrion et al., (1998) who reported that only 20 to 40% of foetal and 

postnatal rodent CPe adhered to a laminin coated substratum within 48 hours in 

culture.

An alternative explanation for the slow growth of the plated CPe cells is that the 

‘natural’ rate of cell division is slower than other cell types. In previous 

experiments (chapter 4, section 4.2.2) I found that the level of cell division in 

CPe cells in vivo was substantially less than the rate of division of neural cells in 

the ventricular and subventricular zones of the brain, in terms of detection of p- 

H3 antigenicity. The low levels of proliferation in this monolayer culture may 

therefore reflect the normal cell behaviour of CPe in vivo. CPe cells were slow 

growing and their turnover rate was considerably slower than contaminant cells, 

such as astrocytes, for example, which rapidly became confluent under identical 

culture conditions.

After 4 days in culture, plated CPe cells had a large flattened morphology and 

were generally grouped together in small clusters of cells, with filopodial 

extensions between them. The flat morphology indicated that the cells were 

adherent to the laminin substratum at this later stage in culture. The CPe 

morphology in these cultures differed from cultured embryonic murine CPe on a 

collagen 1 substratum which displayed a compact cobblestone morphology 

(Stadler and Dziadek, 1996). This suggests that in my culture system, cells 

were more adherent to the substratum than to one another, whereas in collagen 

1 cultures, the cells were more adherent to each other.

The morphology of the CPe cells differed somewhat from reports of adult CPe 

monolayer cultures grown on laminin. Adult monolayers of porcine CPe
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commonly display a pavement epithelial cell morphology and become confluent 

in a 16 mm well within 7 days (Gath et al., 1997, Hakvoort et al., 1998).

However these adult CPe were plated as small sheets, rather than as a 

dissociated cell suspension. I attempted to culture CPe as whole sheets, but 

again adherence to the substratum was a substantial problem in these cultures. 

Gabrion et al., (1998) reported that survival of embryonic rat and mouse CPe 

was substantially less than adult CPe, which was attributed to the cells’ 

sensitivity to enzymatic digestion. It is likely that an increased plating density 

and ‘robustness’, in terms of enzyme tolerance, and differences in adhesive 

properties by adult CPe cells resulted in a greater number of viable cells in vitro, 

which promoted the subsequent formation of confluent monolayers of cells.

The culture conditions used here may not have included factors that favour 

optimal growth and behaviour for embryonic CPe. The addition of other factors 

to the system (such as some of the components of Matrigel) may have 

improved the survival, growth and phenotypic differentiation of the CPe cells in 

monolayer culture.

The CPe cells did not express the tight junction protein, zonula occludens 1 

(ZO-1) after 8 days in culture. This protein is a specific component of 

mammalian epithelial cell tight junctions, and is expressed in human and rat 

CPe (Watson et al., 1991). Various attempts at immunohistochemical detection 

of this antigen were unsuccessful. CPe cells generally interconnected via 

filopodia, rather than forming an epithelial monolayer with a pavement 

conformation. This may explain why ZO-1 expression was not detected. During 

the dissociation and plating process the CPe lose their cellicell adhesion 

plaques. The lack of ZO-1 immunoreactivity suggested that the monolayer 

culture conditions were not permissive to formation of new tight junction 

complexes. By contrast, I had found tight junctions at the apical surfaces of CPe 

vesicles (chapter 6, section 6.2.1.1), and adult monolayer cultures of CPe 

express tight junction proteins in vitro (Gath et al., 1997, Hakvoot et al., 1998). 

This may indicate that CPe cell confluence is an important prerequisite to the 

formation of tight junctions in vitro. Interestingly, it has been observed that 

although tight junctions are present when plated adult CPe reach confluence.
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ZO-1 expression becomes considerably more defined in the absence of serum 

once confluence has been attained (Hakvoort et al., 1998).

TTR expression after 4 days in culture was mainly confined to perinuclear 

regions, although the most peripheral cells of a cluster sometimes displayed 

more generalised cytoplasmic TTR expression. This pattern of TTR expression 

was unexpected, as TTR protein distribution in vivo is generally expressed 

throughout the cytoplasm of the CPe cells (chapter 4 section 4.2.3). The 

reduction in TTR protein expression however, was in keeping with the findings 

of Thomas et al. (1992), who detected a downward trend in the level of TTR 

mRNA expression against total RNA for up to 4 days in Matrigel cultures of 

embryonic CPe. Thomas et al. (1992) suggested that TTR synthesis declined 

as a consequence of the disruption to normal CPe behaviour during dissection 

and plating. The perinuclear distribution of TTR protein in plated CPe 

monolayers on day 4 may reflect de novo synthesis of TTR protein in this 

culture system. By day 10 ,1 found that TTR protein expression was ubiquitously 

distributed throughout the cell cytoplasm in most cells in the monolayer cultures. 

Similarly, Zheng et al. (1998) reported cytosolic TTR immunoreactivity in 

cultured adult rat CPe monolayers.

There are several other markers of CPe phenotype that could have been used 

to confirm the phenotype of CPe cells in this set of monolayer cultures. For 

example, the epithelial markers, cytokeratin and desmoplakin, and genes 

specific to embryonic CPe such as the forkhead transcription factor HFH-4 

(Blatt et al., 1999). However, in support of my conclusions that CPe cells were 

the predominant cell type in these cultures, the dissection technique generally 

resulted in clusters of cells which all exhibited a similar morphology, 

contaminating cells were easily distinguishable, as their morphology was 

significantly different from the CPe cells and, in spite of the reduced levels of 

TTR immunoreactivity on day 4, TTR expression was re-established in those 

cells with a large flat morphology.

4.3.2; CPe monolayers cultured in FGF2

The numbers of cells that adhered and survived during the first 2 days of culture 

in FGF2 (10 ng/ml) was comparable with controls. This indicated that FGF2 did
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not substantially enhance cell survival after plating, nor improve the number of 

cells that adhered to the substratum. FGF2 has been found to promote 

adhesive interactions between neuroepithelial cells and the extracellular matrix 

(Kinoshita et al., 1993), and to up-regulate the expression of certain integrin 

molecules, such as pi and p2, in developing neuronal cells (Drago et al. 1991). 

Expression of integrins may have increased CPe cell adhesion to the laminin 

substratum, and thus enhanced cell survival in monolayer cultures. However, 

the numbers of viable cells after 24 hours of plating was not increased when 

compared with controls at a similar time point. It is probable that FGF2 did not 

affect cell adhesive properties in these CPe cells.

Morphologically, CPe cells cultured in FGF2 were very similar to control cultures 

during the 10 day culture period. The numbers of cells within a cluster tended to 

be larger than in controls as time progressed. As seen in controls, not all plated 

CPe were immunoreactive for TTR protein expression on day 4. TTR 

expression was confined to the perinuclear region of some cells, with additional 

punctate labelling for this protein at the edges of cells. After 10 days, TTR 

protein expression was detected throughout the cytoplasm and perinuclear 

areas in most cells with CPe morphology. These data indicate that TTR protein 

expression in CPe cultures supplemented with 10 ng/ml FGF2 was similar to 

that found in control cultures.

The addition of FGF2 to CPe monolayers did not significantly alter CPe 

morphology or expression patterns of TTR protein during 10 days in monolayer 

culture.

4.3.3: FGFR expression in CPe monolayers

FGFR1, 2, and 4 protein expression in cultured monolayers of CPe cells after 8- 

days was assessed using immunohistochemistry. FGFR1 expression was 

identified in controls and FGF2 treated cells. In previous in vivo experiments, I 

found that FGFR1 expression was down regulated after E l6.5 (chapter 5). 

However after 8 days in culture, FGFR1 immunoreactivity was detected in CPe 

monolayer cultures. This suggested that the disruption to celhcell interactions in 

the in vitro culture had altered the mechanisms controlling FGFR1 expression.
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This may suggest that signalling for FGFR1 down regulation is not intrinsic to 

the CPe cells.

FGFR2 immunoreactivity was low in control cultures, and was confined to 

perinuclear regions and small focal points in certain cells. These results are in 

contrast to my earlier in vivo findings, where strong FGFR2 protein expression 

was detected at E12.5 and high levels of immunoreactivity persisted throughout 

the second half of gestation. By contrast, FGFR2 expression in FGF2 treated 

CPe was identified in a more ubiquitous pattern throughout the cytoplasm of 

most CPe cells. This may suggest that FGFR2 expression was maintained or 

up regulated in the presence of FGF2 ligand at a concentration of 10 ng/ml.

FGFR4 expression was identified in control cultures and FGF2 treated cells 

after 8 days in culture. This expression was similar to my earlier in vivo findings 

where FGFR4 protein expression was detected in CPe at El 2.5, and highly 

specific FGFR4 expression was maintained in CPe cells during later stages of 

gestation.

FGFR1 and FGFR2 protein expression in monolayer cultures of CPe differed 

from the expression data that I had observed for CPe in vivo. This suggested 

that expression of these receptor proteins varied according to the extracellular 

environment, and that the cultured CPe had lost certain signals or conditions 

that control expression of FGFR proteins in vivo. The changes in FGFR 

expression in culture contrasted with my earlier results for TTR expression in 

monolayer cultures. After an initial disruption to the cells immediately after 

plating, TTR protein expression was detected in cells with CPe morphology. It 

appears that whilst expression of some genes, such as TTR, are maintained in 

CPe cell culture, other genes, such as the FGFRs require extracellular cues to 

control their expression. Thomas et al. (1992) reported similar results, where 

TTR expression was found to be robust in CPe cultured in various different 

substrata, whereas expression of other proteins (unknown) changed according 

to the culture conditions.

257



7.3.4: Proliferative effects of FGF2

The proliferation assay involved the quantification of PCNA positive CPe cells 

as a proportion of the total cell number of cells in a cluster. PCNA analysis was 

very labour intensive as all cell nuclei and PCNA positive cells had to be 

counted manually for each field of view. The quantification procedure was aided 

by the use of ‘Open Lab' computer software, which marked all cells as they 

were counted, reducing user counting error substantially (see chapter 3, section

3.8.1). The PCNA antibody brightly labelled cells that were in late G I or early 

S-phase of the cell cycle. There was some variability in the intensity of 

fluorescence in cells from the same field of view, as PCNA antigenicity is 

strongest when a cell is in S-phase, and less antigenic in late G I (Hyde-Dunn 

and Jones, 1997). Inclusion of less intensely stained cells tended to be rather 

subjective, and so the values for rates of proliferation could not be considered 

as absolute. These analyses however, were used to directly compare PCNA 

antigenicity between FGF2 treated and untreated cultures. The difference in 

PCNA antigenicity was very distinct between the two groups, with low level 

antigenic detection in the control group and a substantially greater level of 

antigenicity in the FGF2 treated group. Therefore, this part of the study clearly 

demonstrated that CPe cells increase their rate of proliferation in response to 

FGF. This is consistent with the fact that expression of FGFRs are maintained 

in culture, because these receptors are likely to mediate the proliferative 

response to FGF2. It will be interesting to establish which of the FGFRs 

mediates the proliferative effect of FGF2 in CPe monolayer cultures.

Interestingly I found there was also low levels of cell division in control cultures. 

These results contrasted with the findings of Thomas et al. (1992) who reported 

a steady reduction in cell number and total RNA levels in cultured embryonic 

murine CPe when the cells were grown as monolayers on collagen 1. This 

difference in cell survival and growth may reflect the sensitivity of CPe cells to 

the culture conditions, and implicates the importance of a laminin substratum as 

a requirement in the culture of embryonic CPe.

In the previous chapter, I found that 75 ng/ml FGF2 stimulated the formation of 

the largest vesicles. In monolayer cultures, CPe morphology was similar in 10 

and 100 ng/ml FGF 2 in monolayer cultures. An intermediate dose of FGF2 was

268



used to assess the effects of FGF2 upon CPe proliferation. It remains feasible 

that there may be a different response to various doses of FGF2, and further 

investigations will be necessary to assess the effect of lower and higher doses 

of FGF2 on monolayer cultures.
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Chapter 8: Analysis of CSF in children with 

syndromic craniosynostosis

8.1 : Introduction

Although the CPs express FGFRs during embryonic development and postnatal 

life, it is not known whether FGFR mutations in syndromic craniosynostosis alter 

the function of the CPs in vivo. As described in previous chapters, a major 

function of the CPs is to synthesise and secrete the thyroxine carrier protein, 

transthyretin (TTR). Changes in TTR concentration in the CSF may suggest that 

CP function is altered. This chapter presents an analysis of TTR levels in 

ventricular samples of CSF from children with syndromic craniosynostosis, 

using rocket electroimmunoassay. TTR concentrations in CSF and plasma were 

measured in parallel with those of albumin, a protein also present in CSF and 

plasma, but one which is not synthesised by the CPs.

The blood brain barrier and blood CSF barriers prevent the free passage of 

plasma-borne substances into the brain extracellular fluid and CSF respectively 

(chapter 1, section 1.2.1). These barriers are highly restrictive to the movement 

of substances, but are not absolutely impermeable to blood proteins entering 

the CSF (Liverea et al., 1984, Rapoport, 1983). Passive diffusion across the 

barriers occurs at a very slow rate, and as a consequence, CSF concentration 

is normally 0.5% or less that of the plasma concentration for most blood 

proteins (Rapoport, 1983). The CSF concentration of a plasma protein derived 

solely from the blood is, in part, proportional to its plasma concentration. In 

general, proteins at high concentration in the plasma are more abundant in the 

CSF than those found in the plasma at a low concentration (Thompson, 1988). 

However, the size of the protein molecule (its hydrodynamic radius) has a 

substantial effect upon its ability to pass across the blood CSF barrier (Table

8.1). The combination of these factors, and their influence on the concentration 

of a particular protein in the CSF can be represented graphically (Felgenhauer, 

1974), by plotting the ratio between the concentration of a particular plasma 

protein in the CSF and the blood, against its hydrodynamic radius (Fig. 8.1). 

Proteins in CSF that are derived solely from the blood, such as albumin, show
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an inverse log-linear relationship between their hydrodynamic radius, and 

CSF/plasma concentration ratio (Felgenhauer, 1974). This inverse relationship 

is a continuous function for plasma borne proteins, suggestive that the 

mechanism for diffusion across the barriers is the same amongst different 

plasma proteins. Proteins synthesised in the CNS or CPs, such as TTR, 

however, do not adhere to this continuum, and their values are substantially 

higher than anticipated (Fig. 8.1 filled green circle indicates TTR value).

PROTEIN H RAD (A) MW *c#f (mg/l) Ccs|/Cbiood X l  0

Transthyretin 32.5 61.000 17.3 72.40
Albumin 35.8 69,000 155 4.22
Plasminogen 42.7 143,000 0.25 1.61
Immunoglobulin G 53.4 150,000 12.3 1.25

a 2-Macroglobulin 93.5 798,000 2.0 0.90

Immunoglobulin M 121.0 800,000 0.6 0.858

P-Lipoprotein 124.0 2,239,000 0.59 0.158

Table 8.1: Properties of blood proteins found in lumbar CSF in man
Selected plasma proteins are listed in order of increasing hydrodynamic radius (H RAD).

C; concentration. MW: molecular weight. The shaded row represents values for transthyretin 

which, as well as present in plasma, is synthesised de novo by the CPs. CSF concentrations 

are steady state values, blood concentrations are taken from serum. Adapted from Felgenhauer 

(1974).

TTR in the CSF originates from two separate sources. As with all plasma 

proteins, a small amount of TTR from the blood diffuses passively across the 

blood brain barrier via the endothelial cells. This is approximately 0.5 mg/l 

(Weisner and Roethig, 1983). However, most TTR in the CSF is synthesised by 

the CPe (Dickinson et al., 1986), and is secreted unidirectionally into the 

ventricles (Schreiber et al., 1990). The quantity of TTR secreted by the CPs can 

be calculated if one assumes that passive diffusion of TTR adheres to the 

general relationship between CSF/ blood concentration ratio, and the 

hydrodynamic radius (Fig. 8.1). This predicted value can be subtracted from the 

actual CSF TTR concentration to reveal the contribution directly from the CPs. 

Increases or decreases in the CP-derived TTR in the CSF may serve as an 

indicator of CP function (Vatassery et al., 1991, Zheng et al., 1999).
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Fig. 8.1: Relationship between steady-state CSF/blood concentration ratio, 

and hydrodynamic radius of different proteins

An inverse polynomial curve of best fit was applied to the data from 

Felgenhauer (1974). Filled black circles represent proteins that are not 

synthesised in the choroid plexuses (CPs). The filled green circle represents the 

value for transthyretin, which is synthesised and secreted by the CPs into the 

CSF. Whilst most plasma borne proteins fit the curve, the value for transthyretin 

is much greater than anticipated, showing that there is a substantial contribution 

to CSF transthyretin concentration by its manufacture in the CPs.
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The site of CSF extraction was an important factor to take into consideration 

when assessing concentrations of different CSF proteins. Ventricular samples 

of CSF are the most suitable for analysing the fluid secreted by the CPs for two 

main reasons. Firstly, there is a concentration gradient of proteins throughout 

the ventricular system and subarachnoid spaces in humans. Proteins that 

diffuse passively into the CSF are at their lowest concentration in the ventricles, 

increasing in the cisterna magna, and are at their highest concentration in the 

lumbar sac (Rapoport, 1983, Weisner and Roethig, 1983). Thus analysis of 

ventricular CSF avoids the rostro-caudal changes in protein concentration. 

Secondly, CSF taken from the ventricles represents the fluid secreted by the 

CPs most closely. All CSF used in this study was therefore extracted directly 

from the lateral ventricles.

Ventricular samples of CSF from suitable control children and those with 

syndromic craniosynostosis (SCS) are a rare commodity. As a consequence, 

the number of control and experimental samples collected over a period of 16 

months was small. CSF samples from 41 neurosurgical paediatric patients were 

collected. Each CSF sample was allocated a case number from 1-41 in order of 

collection. Six of the individuals had SCS, confirmed either by molecular genetic 

screening, or based upon clinical presentation (see below). Stable preoperative 

paediatric patients undergoing surgical insertion (or revision) of non-infected 

ventriculo-peritoneal shunts (VP shunts) were used as controls. Pre-operative 

plasma samples were collected from the hospital biochemistry laboratory after 

three days in storage at 4 °C. In some cases, however, there was no plasma 

available for this study. TTR and albumin were measured at least twice in each 

CSF and plasma sample, using rocket electroimmunoassay (chapter 3, section 

3.11).

8.2: Results 

8.2.1: Sample groups

The mean age in the SCS group was 2 years 8 months, and the age range was 

from 2 to 4 years. Three of the SCS cases had FGFR mutations confirmed by 

molecular genetic screening. These mutations are shown in Table 8.2. The 

remaining cases had not been tested for genetic mutation, but had been
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diagnosed with SCS by medical assessment of their presenting clinical features. 

Of the 6 ventricular CSF samples taken from individuals with SCS, case 1 did 

not have a plasma sample.

Case number Age (years) Clinical phenotype Mutation (if known)

Pfeiffer FGFR2 03428
21 2.5 Crouzon FGFR2 Tyr328Cys
22 Pfeiffer FGFR1 C342R
39 Pfeiffer unknown
40 Apert unknown
41 Apert unknown

Table 8.2: Case number, age, phenotype and mutation of individuals with 

syndromic craniosynostosis analysed in the CSF study

The original control group was larger in number than the SCS group (n= 35) 

with a broader age distribution, ranging from 2 weeks to 16 years (Fig. 8.2). 

Once all samples had been collected and stored, control samples from babies 

aged less than 6 months were excluded from the analysis for two reasons. 

Firstly, infant samples were non-representative of the experimental age group, 

and secondly, CSF from healthy babies between 0 and 4 months has a higher 

total protein concentration than that of older babies and children (Wenzel and 

Felgenhauer, 1975, Soldin and Hicks, 1995). This increase in CSF protein 

concentration may have affected the subsequent interpretation of the results for 

the SCS group. Controls excluded on the basis of age below 6 months were 

case numbers 3,4,13,20,23,30,33 and 34 (Fig. 8.2). Thus, the control sample 

size was reduced to 27 individuals. The mean age in the revised control group 

was 3.5 years whilst the median and mode values were lower, at 2 years and 1 

year respectively.

8.2.2: Determination of barrier integrity

The first stage of the analysis was to confirm that the brain barriers were intact. 

Underlying disease or mechanical injury can compromise brain barrier 

properties substantially. Barrier defects can be detected by elevated levels of 

plasma-borne proteins in the CSF. The concentration of albumin in the CSF 

was used as a suitable indicator of barrier integrity, because albumin is an
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abundant plasma protein, but it is not synthesised by the CPs or any other CNS 

organ. A high albumin concentration in the CSF indicated that the blood brain 

barrier and/or blood CSF barriers were not functioning effectively. Thus cases 

where barrier integrity was compromised could be detected and excluded from 

further analysis.
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Fig. 8.2: Scatter plot of age distribution

Ages ranged between 2 weeks and 16 years. Children below the age of 6 

months (dotted line) were excluded from the study (refer to text for details). 

Case numbers of individuals with syndromic craniosynostosis are shown on the 

plot.

265



Fig. 8.3: Scatter plot of mean CSF albumin concentration

Albumin concentrations were analysed in ventricular samples of CSF using 

rocket electroimmunoassay. Case numbers of children with syndromic 

craniosynostosis are shown on the plot. The black dotted lines indicate the 

normal range of CSF albumin concentration in ventricular CSF of adults 

(Weisner and Roethig, 1983). Cases with CSF albumin concentrations below 

330 mg/l (red dotted line) were selected for analysis of transthyretin. HI: CSF 

albumin concentrations above 330 mg/l. Red arrows indicate CSF readings 

greater than 600 mg/l.

Fig. 8.4: Scatter plot of mean plasma albumin concentration

Plasma albumin concentrations were analysed using rocket 

electroimmunoassay. Case numbers of children with syndromic 

craniosynostosis are shown on the plot. Dotted lines show the normal plasma 

concentration range for children aged between 1 and 18 years (Soldin and 

Hicks, 1995).
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Fig. 8.3 shows mean CSF albumin concentration. The normal range of albumin 

in adult ventricular CSF is between 33 mg/l and 135 mg/l (Weisner and Roethig, 

1983, Rapoport, 1983). The upper limit of the normal range of albumin 

concentration in lumbar CSF is 330 mg/l (Rapoport, 1983, Weisner and 

Roethig, 1983). Cases where CSF albumin concentration was greater than 135 

mg/l but below 330 mg/l were classified as intermediate'. Cases where CSF 

albumin exceeded 330 mg/l were classified as ‘high’.

Five of the six SCS samples had normal CSF albumin, whereas one SCS 

sample, case 41, had a very high CSF albumin (>600 mg/l). Of the controls, one 

individual (case 17) had a CSF albumin lower than the normal adult range. 

There were nine cases that fell within the normal range. There were six 

intermediate cases in the control group. These samples were included in future 

analyses, even though there was an increase in CSF albumin concentration 

above the normal range for ventricular CSF. Although suggestive of increased 

barrier permeability, moderate increases in CSF albumin could be ‘corrected’ for 

(see later in this section). There were eleven control cases where the CSF 

albumin concentration was ‘high’. In ten of the eleven high control cases, CSF 

albumin was more than four times greater than normal. Clearly, all ‘high’ 

albumin samples were not suitable for TTR assessment, as the CSF albumin 

concentration was so elevated. It was possible that the ‘high’ samples had been 

contaminated with blood during extraction, although this seemed unlikely as a 

member of the neurosurgical team took the CSF directly from the VP shunt 

when the child was under a general anaesthetic. A more probable explanation 

was that the blood brain and/or blood CSF barriers were not fully functional in 

these patients, and hence were more permeable to plasma proteins than under 

healthy conditions.

As a consequence of these CSF albumin results, eleven controls (cases 

5,6,7,10,11,12,24,26,27,31 and 32), and one child with SCS (case 41) were 

excluded from the TTR analysis on the basis that the blood CSF barrier was 

severely compromised, or that the sample had been contaminated with blood.

Fig. 8.4 shows the mean plasma albumin in all cases where blood samples 

were available. The normal range of plasma albumin concentration (dotted
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lines) in children up to 16 years is between 32 000 and 56 000 mg/l (Soldin and 

Hicks, 1995). SCS cases 21 and 22, and control cases 9, 10, 18 and 27 were 

higher than the normal range for plasma albumin. The overall distribution of 

plasma albumin concentrations in all cases showed a general upward shift in 

comparison with the normal range. This result was unexpected. Repeat rocket 

electroimmunoassay values were generally consistent to within 10% between 

assays. In order to determine why the plasma samples tended to show an 

overall increase in albumin concentration, I analysed a selection of normal adult 

plasma samples using identical reagents and an identical experimental rocket 

technique. In these samples, I found that the albumin concentrations were 

consistently within the normal adult range. This suggested that the plasma 

samples in my study were more concentrated than normal. To address this 

issue, I performed a retrospective comparison between my experimental 

plasma albumin rocket values and the hospital’s clinical laboratory results from 

the same blood sample. Of the 9 cases where clinical plasma albumin results 

were available, the hospital’ value for albumin concentration in the blood was 

lower than my result by an average of 30%. This showed that the plasma 

samples had deteriorated substantially before I used the samples for the rocket 

experiments. The most likely explanation for the elevated plasma albumin 

concentrations was that evaporation of water had occurred in the plasma 

samples, prior to the rocket analysis, in varying degrees. As previously 

described, all blood samples had been held in the hospital clinical biochemistry 

department for 72 hours, at 4°C, prior to their release for this study. During this 

time, samples were used for biochemical investigations, and subsequently 

exposed to conditions where evaporation may have occurred. In several cases, 

the volume of the sample available for this study was extremely small. 

Evaporation from low-volume samples in particular would have had a 

substantial effect upon the plasma albumin concentration results. Despite the 

problems with the plasma samples, the effects of plasma deterioration could be 

taken into account at a later stage of the rocket analysis by adjusting for parallel 

changes in plasma protein concentrations.
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Fig. 8.5: Scatter plot of mean CSF transthyretin concentration

TTR concentrations were analysed in ventricular samples of CSF using rocket 

electroimmunoassay. Case numbers of children with syndromic 

craniosynostosis are shown on the plot. Dotted lines indicate the normal range 

of TTR in ventricular samples of CSF from adult humans (Weisner and Roethig 

1983).

Fig. 8.6: Scatter plot of mean plasma transthyretin concentration

Plasma TTR concentrations were analysed using rocket electroimmunoassay. 

Case numbers of children with syndromic craniosynostosis are shown on the 

plot. Dotted lines indicate normal serum TTR concentration range for children 

aged between 1 and 18 years (Soldin and Hicks, 1995).
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8.2.3: Measurement of transthyretin in CSF and piasma

Fig. 8.5 shows the mean CSF TTR levels of all samples tested (those with 

mean CSF albumin below 330 mg/l). The normal concentration of ventricular 

CSF TTR in adults is between 12 mg/l and 24 mg/l (Weisner and Roethig,

1983). The distribution of TTR concentrations in this subgroup was narrower 

than in the CSF albumin group, where all cases had been analysed. Four out of 

five SCS cases had CSF TTR concentrations within the normal range, whereas 

case 39 had a slightly lower than normal TTR concentration. All but two control 

cases had CSF TTR levels that fell within the normal range. Control case 38 

had a low CSF TTR. Control case 2 had a high CSF TTR. Interestingly, this 

result contrasted with the low CSF albumin concentration identified previously in 

this same individual (Fig. 8.3).

Fig. 8.6 shows the mean plasma TTR levels for all samples analysed. The 

normal range of serum TTR concentration in children between 1 month and 16 

years is between 67 and 302 g/l (Soldin and Hicks, 1995). The overall 

distribution of plasma TTR concentration showed a slight general upward shift 

in comparison to the normal range. This effect was anticipated following the 

elevated plasma albumin results described earlier.

8.2.4: Calculation of transthyretin secreted by the choroid 

plexuses

The plasma TTR concentration was used in conjunction with the plasma 

albumin, CSF albumin and total CSF TTR to calculate the approximate 

concentration of TTR directly secreted by the CPs. Although the plasma 

samples had deteriorated prior to the study, the effects of evaporation would 

have affected both albumin and TTR concentrations to the same degree. Thus 

the effect could be ‘corrected’ for. TTR is very similar to albumin in terms of 

molecular weight, hydrodynamic radius, and charge (Weisner and Kauerz, 

1983). The quantity of TTR that diffuses passively into the CSF, that is, ‘barrier 

dependent TTR’, can be calculated based on the transfer of albumin, using the 

formula described by Weisner and Roethig (1983).
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Barrier dependent [T T R ] = [Albumincsp] X [TTRpiasma]

[Albuminpiasma]

The barrier dependent TTR value can be subtracted from the total CSF TTR 

concentration, to give the quantity of TTR secreted by the CPs (barrier 

independent TTR). The paired data of barrier dependent and barrier 

independent values are plotted in Fig. 8.7. The normal concentration of TTR in 

ventricular CSF secreted by CPs in the adult is between 11.5 and 23.5 mg/l 

(Weisner and Roethig, 1983). The SCS cases had CP-produced TTR 

concentration within the normal range, although case 39 had a marginally lower 

than normal value. There were two control cases where CP-produced TTR fell 

outside the normal range. Control case 2 had a high concentration of CP- 

produced TTR, and case 38 had a low contribution of CP-produced TTR. The 

mean values of CP-produced TTR between the SCS group and controls were 

compared. The results are shown in Table 8.3 below. The means of the two 

groups were analysed using a student t-test, and the differences were found to 

be non-significant (p = 0.3).

Group (count) Mean (SEM) Mean dif. 95% Cl of dif.
Controls (14) 16.7 mg/l (1.4)

2.61 ‘3.17 to 8.41
SCS (4) 14.1 mg/l (1.1)

Table 8.3: Comparison of transthyretin secreted by the choroid plexuses 

between CSF samples from children with syndromic craniosynostosis and 

controls
SEM: standard error of the mean. Mean dif.: difference between means. 95% 01 of dif.: 95% 

confidence interval of the mean difference.

This result showed that the concentration of TTR secreted by the CPs in 

individuals with SCS was within the normal range, and was similar to the control 

cases. There was no significant difference in CP-produced TTR concentration 

between the two groups.
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Transthyretin in CSF, contribution by the choroid plexuses
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Fig. 8.7: Transthyretin in CSF, contribution by the choroid plexuses

The concentration of transthyretin (TTR) secreted by the choroid plexuses 

(CPs) can be calculated by multiplying the ratio of plasma albumin to CSF 

albumin with the total TTR concentration in the CSF. Pale blue dots indicate the 

brain barrier-dependent TTR component, and dark blue dots indicate TTR 

secreted by the CPs. The dotted lines indicate the normal range of CP secreted 

TTR (Weisner and Roethig, 1983). Case numbers of children with syndromic 

craniosynostosis are shown on the plot.
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8.3: Discussion

Laurell’s rocket electroimmunoassay was used to compare the amount of 

transthyretin (TTR) secreted by the choroid plexuses (CPs) from individuals with 

syndromic craniosynostosis (SCS) with a control population. In order to 

calculate the amount of TTR secreted by the CPs, TTR and albumin 

concentrations were measured in the cerebrospinal fluid (CSF) and plasma for 

each individual. This approach took into account the plasma concentration of 

each protein and the integrity of the brain barriers, factors that are known to 

profoundly influence the concentration of plasma proteins in the CSF 

(Felgenhauer, 1974, Rapoport, 1983, Thompson, 1988). This study aimed to 

determine whether there were any relative changes in concentration of CP- 

produced TTR, which could indicate that the secretory function of CPs had been 

affected as a consequence of SCS. In this small study, I found no differences in 

concentration between CP-produced TTR in children with SCS, compared with 

controls. These findings suggest tentatively that there are no detectable signs of 

changes in CSF production by the CPs in SCS, when measured in terms of 

changes in CSF TTR concentration.

There were several difficulties with both sample groups. Firstly, there was a 

very low sample number, owing to the rarity of SCS as a disease, and the low 

number of suitable ventricular samples of CSF from children in general. Low 

sample numbers reduced the certainty of the results, and so conclusions from 

this study have to be interpreted cautiously. Secondly, the underlying genetic 

mutation was not known in three of the six SCS individuals. This was because 

these individuals had not been tested for FGFR mutations. In these cases it was 

not possible to confirm whether FGFR mutations were the underlying cause of 

SCS, despite the classical phenotype and clinical presentation (for this, genetic 

counselling and ethical permission would be required). Of the remaining three 

cases where FGFR mutations had been identified, each one had a different 

mutation-type. Sufficient numbers of ventricular CSF samples from individuals 

with the same FGFR mutation would clearly take many years to collect. Thirdly, 

although suitable controls were chosen carefully, the control group could not 

represent ‘normal’ healthy children. The collection of ventricular samples from a 

normal population is certainly not possible in humans. Stable, non-infectious
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children undergoing a neurosurgical procedure with direct access to the 

ventricular cavity with clear CSF were chosen as the only suitable controls for 

this analysis. This group of individuals clearly did not represent a ‘normal’ 

population. In spite of this however, a subset of the control group had CSF 

values that fell within the normal range for both albumin and TTR, suggestive 

that in these cases at least, comparisons could be made. In many cases, the 

CSF values for paediatric samples fitted well with the established normal range 

for adults, confirming that in children over the age of 3 months, the CSF protein 

concentrations for albumin and TTR are similar to the adult value (Soldin and 

Hicks, 1995). In several control cases, the ventricular CSF albumin level was 

elevated to a concentration more commonly measured in lumbar CSF. These 

cases were classified as ‘intermediate’ and were included in further analysis, as 

the moderate reduction in barrier properties could be taken into account when 

calculating the barrier dependent concentration of TTR.

Another set of problems arose as a result of deterioration in the plasma 

samples. The only samples available for this study had to be classified as 

‘discarded fluid’. In the case of CSF, 1-2 ml was routinely removed in theatre 

under anaesthetic for clinical purposes, and so an aliquot of this CSF sample 

was reserved for this study at the same time. The CSF samples were stored at 

4 °C, and were usually frozen at "70 °C within 1 hour of extraction, and so were 

very fresh. The plasma samples however, were more problematic. The only 

plasma samples available for this study were those that had been stored in the 

hospital clinical biochemistry department for 72 hours. This three-day delay had 

an effect upon the plasma results in this assay, and some samples showed 

plasma albumin concentrations that were higher than the normal range. These 

results did not correlate well with the hospital albumin analyses, performed 

using an automated technique, just after the sample had been taken from the 

patient. Calculating the concentration of barrier-dependent TTR in each CSF 

sample by taking into account the relative increases in plasma TTR and albumin 

counteracted the effect of deterioration in the plasma samples somewhat, 

although fresh plasma samples would clearly be more suitable.

Although TTR is the most suitable protein marker of CP function (Vatassery et 

al., 1991), it is not known how changes in concentration of this protein in
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ventricular CSF might reflect altered CP secretion. One can only speculate at 

this time as to how differences in CSF TTR might indicate changes in CP 

function. Zheng et al., (1999) showed that lead exposure in cultured CPe cells 

resulted in a down regulation of the production and secretion of TTR, whereas 

production of other proteins and the overall secretion rate were unaffected. This 

suggests that internal cellular mechanisms controlling fluid secretion differ from 

those controlling TTR synthesis and secretion. Increased CSF production, in 

terms of water movement into the CSF, may not correlate with an equivalent 

increase in TTR synthesis. One could speculate from this hypothesis that in 

situations where CSF production and secretion is increased, TTR and albumin 

concentration in the CSF would be more dilute than normal.

Owing to the difficulties in sample availability and the limited number of suitable 

control cases, a combination of different methods for testing the hypothesis that 

FGFR mutations in SCS stimulates an increase in CSF secretion would be 

advantageous. Nuclear magnetic resonance imaging (NMR) has been used 

previously to detect CSF movement in the ventricular system and to calculate 

CSF secretion rates (Gideon et al., 1994). Although the technique is extremely 

expensive, NMR is non-invasive and safe, and so control population figures for 

secretion and flow of CSF in different age groups can now be measured in 

otherwise healthy individuals.

An alternative method of analysis, in which the rocket electroimmunoassay 

would be applicable, would be to change the sample population to an animal 

model. Recently, a mouse strain carrying the FGFR1 Pro250Arg mutation 

identical to that discovered in human Pfeiffer syndrome has been generated 

(Zhou et al., 2000). The use of a mouse model carrying such a mutation would 

circumvent some of the problems I encountered with this human study, such as 

variability in mutation type and location, the low sample number and lack of 

normal controls.
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Chapter 9: Final discussion
It is generally considered that embryonic CP cells in vivo exhibit very low levels 

of cell division, and that mitosis of CP cells only occurs at the ‘stalk’ of the CPs, 

situated closest to the ependymal cells. In this thesis I have provided evidence 

that the cells of forebrain and hindbrain CP are able to divide in more distal CP 

locations, as well as the CP stalk region. Cell division in the CPs however, is 

substantially lower than in the surrounding neuroepithelial cells of the 

developing nervous system. Low cellular division is thus a feature of embryonic 

CPs in vivo, an important finding in the context of my later work.

It was evident from my expression studies that FGFR expression is a 

fundamental feature of embryonic CPs in vivo. Just after the murine CPs 

become morphologically distinct, at E12.5, I identified expression of FGFR1 

FGFR2 and FGFR4 protein, and mRNA of FGFRs 1-4 in the CPs. Although 

FGFRs are expressed at multiple sites of the developing central nervous 

system (CNS) at this stage, the expression of FGFR2 and FGFR4 substantially 

declines in many CNS tissues by El 5.5. By contrast, I found that the CPs 

continue to express both FGFR2 and FGFR4. This finding is particularly 

interesting because high levels of FGF2 immunoreactivity have been detected 

in the CPs, but not the ependyma at E l7 in the mouse (Raballo et al., 2000), 

suggestive that FGF signalling occurs in the CPs at later stages of gestation. 

Furthermore FGF2 (Cuevas et al., 1994, Fuxe et al., 1996) and FGFR2 (Yazaki 

et al., 1994) expression is maintained in adult CPs, providing further evidence 

that FGFR signalling is necessary for normal CP maintenance and/or function in 

wVo.

Using two in vitro models I demonstrated that CPe cells are highly responsive to 

FGF2. In Matrigel cultures, where plated CPe cells form fluid-filled secretory 

vesicles, FGF2 stimulated a highly significant growth response within the first 

four days of culture. This effect could only be achieved if FGF2 was added at 

the time of plating, rather than at later culture stages, when the vesicles had 

already formed. These findings indicated that FGF2 administration probably 

stimulated factors involved in vesicle formation, such as proliferation cell motility 

and celhcell or celkmatrix interaction. At an ultrastructural level, I found that
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FGF2 stimulated intense activity at the basement membrane, indicating that 

active exchange processes at the basal surface of CPe cells are stimulated in 

response to the growth factor. These effects pointed to a potential role for FGF 

signalling in celLmatrix interaction. FGF2 signalling in the CPs might therefore 

affect CPe interaction and exchange at the basement membrane. Li et al.,

(2001) reported recently that a dominant negative mutation in FGF2, expressed 

in embryonic stem cells, arrested synthesis of laminin-1 and collagen IV. This 

suggests that FGF signalling can affect basement membrane protein production 

in epithelial cell types, a process that might occur in embryonic CPe cells and 

influence basement membrane secretion and interaction.

Using a second in vitro technique, where CPe cells were cultured as 

monolayers, I demonstrated that at least one effect of FGF2 administration is to 

stimulate CPe proliferation. FGF2 administration stimulated a four-fold increase 

in CPe division compared with untreated cells. Given that CP cells in vivo are 

known to divide slowly during embryogenesis the results of this work pose some 

interesting questions. It is not known whether FGFs are present in embryonic 

CSF, or, if they are, at what concentration. Very low levels of FGF2 have been 

reported in adult human CSF. Yoshimoto et al., 1996, reported that FGF2 

concentration in CSF ranged between 0 and 27 pg/ml. In my study, I used a 

considerably higher concentration of FGF2 to stimulate a proliferative response 

in cultured CPe, however in the context of syndromic craniosynostosis, my 

findings are particularly interesting.

As described in the introduction, mutations in FGFRs have been identified in 

individuals with syndromic craniosynostosis. In many cases, the mutations 

result in constitutive activation of the FGFR molecule. One common clinical 

feature of these diseases is the high incidence of raised intracranial pressure. 

Although there are many factors that could influence intracranial pressure in 

these cases, the function of the CPs has not been explored before.

My in vitro work suggests that one effect of activating FGFR mutations might be 

to stimulate proliferation of the CPe cells during development. As described 

earlier, CPe cells do not divide frequently in vivo during normal embryonic 

development, however these cells proliferate in vitro in the presence of FGF2.
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This might suggest that increased FGFR signalling in CPe cells during 

development could lead to CP hypertrophy. If this were so, the volume of CSF 

produced during embryonic development, and perhaps postnatal life, might be 

expected to rise, owing to the increased number of CPe cells, which may 

influence intracranial pressure. In support of this hypothesis, CP hypertrophy 

has been induced by direct administration of FGF2 to the brain ventricles of 

adult marmosets, resulting in hydrocephalus (Pearce et al., 1996).

Choroid plexus hypertrophy would not be expected to alter the concentration of 

CP synthesised proteins secreted into the CSF, such as TTR. This is because 

the increase in volume would arise from a greater number of secretory cells 

rather than changes in the rate of fluid secretion by individual cells. This could 

provide evidence to explain why I did not find any changes in TTR or albumin 

concentration in the ventricular CSF of children with syndromic 

craniosynostosis. However, as discussed in chapter 8, my sample number was 

very small, and no definitive conclusions regarding CSF protein concentrations 

could be drawn from this study.

This work has identified that FGFR signalling in the developing choroid plexus 

can exert several effects which may reflect changes in CP development during 

embryogenesis in the context of FGFR mutations in syndromic 

craniosynostosis.
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APPENDIX I:

Vesicle diameter Vs day. Control cultures (1)

600

A n =28500

400

300

200

100

600

B n=23500

400

300

200

100

X

600 600

C  n =22 n =20500 500

400 400

300 300

200 200

100 100

600

F n =22500 500

400 400

300 300

200 200

100 100

X

KEY
X axis: time since plating in days. Y axis: vesicle diameter in pm
The number of days since the start of this set of experiments is given by the
number in the top right hand corner of each graph.
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APPENDIX I:

Vesicle diameter Vs day. Control cultures (2)
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X axis: time since plating in days. Y axis: vesicle diameter in pm
The number of days since the start of this set of experiments is given by the
number in the top right hand corner of each graph.
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APPENDIX I:

Vesicle diameter Vs day. Control cultures (3)
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The number of days since the start of this set of experiments is given by the 
number in the top right hand corner of each graph. Asterisks (*) illustrate 
large vesicles on day 4. Crosses (f) indicate rapidly growing vesicles.

283



APPENDIX I:

Vesicle diameter Vs day. 0.75 ng/ml FGF2
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The number of days since the start of this set of experiments is given by the
number in the top right hand corner of each graph.
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APPENDIX I:

Vesicle diameter Vs day. 7.5 ng/ml FGF2
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The number of days since the start of this set of experiments is given by the
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APPENDIX I:

Vesicle diameter Vs day. 75 ng/ml FGF2
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The number of days since the start of this set of experiments is given by the
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Appendix II: MLWIN statistical analysis
This appendix describes the principles of the steps taken during the multilevel 

analysis process in order to obtain the ‘best fit’ representation of the vesicle 

measurement data presented in chapter 6, section 6.2.3. Multilevel modelling 

analysis was performed using the computer software package ML WiN,

(Institute of Education, London), with the assistance of Dr A. Wade, Senior 

Lecturer in Statistics, ICH.

Fitting a line of best fit (linear regression) to the vesicle diameter data set would 

not have been appropriate, as this would have ignored the repeated nature of 

the data, with multiple vesicles measured on four separate occasions. Multilevel 

modelling analysis produced a line of best fit for each individual vesicle, but 

modelled these jointly so that the intercepts and slopes of the individual lines 

were normally distributed. A major advantage of multilevel modelling analysis 

over repeated measure AN OVA was that the method accommodated the 

presence of missing values in large tables of data so that all of the data 

collected could be used in the analysis. The model was used to assess the data 

by using a series of steps whereby potential influencing factors were added to 

the model, one following another. A "2 log likelihood value was initially 

calculated, as a measure for determining how well the model fitted the data. 

When used as it was here, in a stepwise fashion, the "2 log likelihood tested the 

null hypothesis that the coefficients of the terms added to the model were zero. 

Any large changes in "2 log likelihood suggested a highly significant effect (as 

determined by using Chi-square tables). The following list outlines the steps of 

complexity used to formulate the predicted mean vesicle diameters using 

MLWiN analysis:

1) Calculation of the overall mean.

Fitting a model consisting of a single constant to the diameter measurements 

was the first step in the analysis. This was the overall mean of all of the data, 

and did not take account of days from start or of non-independent 

measurements.
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2) Calculation of the slope of the line for all groups combined.

A slope coefficient was added to the model, allowing the mean vesicle diameter 

to vary according to the day of measurement. There was a significant reduction 

in ~2 log likelihood, indicating that the slope of the line was a better description 

of the data.

3) Separating data into the four different treatment groups.

Treatment groups terms were added to the model, separating the data of 

vesicles cultured in control conditions and the three doses of FGF2. The 

decrease in the 2 log likelihood value indicated significant differences between 

treatment groups.

4) Expressing the data in terms of ‘days from start’.

To assess whether there was an effect of the experimental date upon vesicle 

diameter, the first culture to be set up and measured was designated as day 

from start T. All subsequent experiments were assigned a days from start’ 

value, calculated as the number of days between the start date when the first 

experiment was set up, and the start date of the culture in question. The 

subsequent reduction in the ~2 log likelihood indicated that the overall size in 

vesicle diameter was significantly effected by days from start’;

5) Allowing for variability in diameter growth amongst individual vesicles. 

Modelling a normal distribution curve from individual vesicle growth patterns 

(according to group) also resulted in a significant decrease in the 2 log 

likelihood value.

6) Addition of a quadratic term.

Applying a quadratic term to the model did not produce a significant decrease in 

~2 log likelihood, thus the slope of each line for each treatment group was 

constant.

This final set of analyses produced coefficients of influencing factors, which 

included day position, days from start and treatment group. The resultant 

equation, taking all significant factors into account and the subsequent values of 

best fit (shown in chapter 6, Table 6.3) were used to construct the graph of 

linear trends in vesicle growth (chapter 6, Fig 6.16).
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APPENDIX

FG F2 75 ng/ml added after day 6
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X axis: time since plating in days. Y axis: vesicle diameter in pm
The red arrow indicates the application of 75 ng/ml FGF2 to the culture
immediately after the diameter measurement on day 6.
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PRODUCTION OF M ATRIX METALLOPROTEASES AND THEIR 
INHIBITORS BY ONTRLAPPING 
POPULATIONS OF ACTIVATED ASTROCYTES 
J. Rogers, E. Muir. K. Adcock, D. Morgenstem, K. Rhodes, C. Ellis, J. Fawcett 
Department o f Physiology, University of Canéridge, Cambridge CB2 3EG UK 
Matrix metalloproteases (MMPs) and tissue inhibitors of metalloproteases (TIMPs) 
are involved in many cell migration phenomena and produced by many cell types, 
including neurons and glia. To investigate which cells produce MMPs and TIMPs 
after brain injury, we made lesions o f adult rat cortex. Under general anaesthesia, a 
unilateral incision into cortex was made with a scalpel blade. At 3-17 d after lesion, 
the rats were perfused with 4% paraformaldehyde, and immunohistochemistry was 
performed on brain sections. MMP-2 and 9 were seen to be induced in activated 
astrocytes through the whole thickness o f the cortex but not deeper. MMP-3 was 
not seen in glia. TIMP-2. 3 and 4 were induced in activated astrocytes in deep 
cortex and the underlying white matter and hippocampus. We also investigated 
whether MMPs or TIMPs are produced by astrocytes in vitro, u.sing primary 
cultures from neonatal rat cortex, and several astrocyte cell lines. Medium was 
examined by western blotting. Primary astrocytes produced TIMP-I and 2, and 
MMP-3, while mixed glial cultures ptoduced MMP-2. The A7 astrocyte cell line, 
which is permissive for axon growth, produced MMP-2. The Neu7 cell line, which 
is more inhibitory, produced a variaWe amount of MMP-3, and TIMP-1 and 2. 
These results show that MMPs and their inhibitors may be dynamic players in brain 
injury and regeneration, and may contribute to making the glial scar and injured 
white matter more inhibitory than adjacent grey matter. Acknowledgements: 
Antibodies against MMPs were kindly provided by British Biotech.
This research was supponed by the International Spinal Research Trust and the 
Wellcome Trust, and by MRC studentships.
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PROCESSES INVOLVED IN LYMPHOCYTE-INDUCED BLOOD-BRAIN 
BARRIER ENDOTHELIAL CELL CYTOTOXICITY
K.H. Tan, J.D. McLeod. W. M. Purcell, S. Healcs (I), R. Hurst 
Biological and Biomedical Sciences, University of the We-tt o f England, Bristol, 
UK, ( I)  Neurmhemisirs, In.stilute of Neurology, London, UK 
Central nervous system inflammatory diseases often involve both a breakdown in 
the integrity of the blood-brain barrier (BBB) and the infiltration of activated 
leukocytes ( 1 ). Evidence suggests that the release of pro-inflammatory cytokines 
from infiltrating cells may Induce neuronal cell damage/death |2|. Perturbation of 
the BBB may also he mediated by such a process. Using an in vitro BBB model |3| 
and Jurkat T lymphocytes we set out to evaluate this possibility. Endothelial cell 
viability was assessed b) vital slain exclusion following co-culture with quiescent 
and activated (phytohaemogglutinin, 5 ug/ml) lymphocytes. Only activated 
lymphocytes induced significant (p<0.(X)l, Student s t-tcst) endothelial cell death in 
a concentration and time-dependent manner. Furthermore, the use o f anti-tumour 
necrosis factor a antibodies indicated that this cytotoxicity was independent of the 
action of this cytokine.
Funded by the University of the West o f England. Bristol.
11] Williams K.C. et al. 11994) Clin. Neuroscience 2: 229-2.34.
|2] Griffin. D.E, (1997) J. Clin, Invest. 100: 2948-2951.
[3] Hurst, R.Dand Fritz. I B. (1996) J. Cell. Physiol. 167: 81-89.
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THE EFFECT OF FGF2 ON DEVELOPING CHOROID PLEXUS IN 
VITRO.
S.L. Reid, A. Copp, P.Ferretti 
Developmental Biology, ICH, London
The choroid plexi (CP) arc .specialised secretory organs that lie in the ventricular 
cavities o f the brain. CP produce up to 70% of the cerebrospinal fluid, which 
surrounds the brain and the spinal cord. Unlike most brain endothélia, the blood 
vessel walls of choroid plexi do not have barrier functions, and so it is the CP 
epithelial cells (CPE) which form intercellular tight junctions, constituting the 
blood cerebrospinal fluid barrier. Little is known about the differentiation and 
function o f the choroid plexus during embryonic development.
We are interested in establishing the role of FGF signalling in CP development and 
function, as FGF receptors (FGFR) have been detected in the CPE. Our analysis of 
FGFR expression in the mouse CP demonstrates that these receptors arc present on 
the apical surface of the CPE and are differentially regulated during development. 
In order to elucidate the functional role of FGFR signalling in the CPE. we have 
studied the effects of FGF2 on cultures of embryonie CPE. Dissociated CPE form 
vesicles when grown in Matrigcl basement membrane matrix, and maintain their In 
vivo polarity, ultrastructure and secretory capability. We found that transthyretin 
(an early marker protein for CPE) and FGFR2 are maintained in culture. Treatment 
of CPE from the time of plating with various concentrations of FGF2 significantly 
increased vesicle diameter in a dose dependent fashion, when compared with 
matched controls. By contrast, delayed addition of FGF7 after six days in culture 
had no effect upon vesicle size.
These results suggest that FGF2 may stimulate early (CPE) proliferation. It is 
possible that CPE migration and secretion are also affected. We are currently 
developing new culture systems to distinguish between these potential effects.

163,03 p I9 l
DO NEURONAL CELLS INFLUENCE THE FORMATION OF THE 
BLOOD-BRAIN BARRIER? - USE OF A NOVEL TRI-CULTURE SYSTEM 
M. Dobbie. V. Stewart. S. Healcs, J. Clark, R. Hurstf 1 )
Neurochemistry, Inoiiuie of Neurology, UCL London ( / )  Biological and 
Biomedical Sciences, University o f the West of England, Bristol, UK 
The blood-brain barrier (BBB) which protects the brain from blood-bome 
components is believed to be formed by continuous cell-cell Interactions. While 
evidence suggests a local mediator(s) is released from astrocjiie cells, it is plausible 
that neuronal cells may also contribute to barrier function. Adapting a reproducible 
BBB model .system that consists of the co-culture of endothelial (ECV304) and 
glioma cells (C6) 11], we set out to investigate the influence of neuronal cells on the 
functional integrity of the BBB. In order to achieve this, we designed a triple 
culture/dual insert system in which primary rat foetal neurons were grown below 
porous polyester membrane inserts housing the BBB eo-cultures. Transendothelial 
electrical resistance (TEER), the most sensitive measure of barrier formation, was 
monitored daily. In comparison to the profile of the development of astrocyte- 
induced endothelial cell barrier function, there was no influence o f neuronal cells 
on TEER. After 4 days of culture, resistance values had increased from 35.5 ± 3.5 
Ohmem^ (Mean ± SE.M) in endothelial cells alone to 78.9 ± 5.8 in 
endothelial/astrocytic cell co-cultures with a similar increase (to 83,9 ± 8.5) in the 
tri-cultures. In conclusion, while our novel tri-culture system may be useful for 
investigations o f interactions occurring at this site, our data suggest that neuronal 
cells do not play a significant role in the formation of BBB integrity.
[ I ]  Hurst, Fritz (1996) J. Cell. Physiol. 167: 81-89.

163.04 p/92
GENE EXPRESSION PROFILE OF BRAIN ENDOTHELIAL CELLS 
EXPOSED TO BRAIN-DERIVED TROPHIC PEPTIDES
R.J.Boado
Department o f Medicine, UCLA School of Medicine, Los Angeles, CA, USA 
Brain-derived peptides in Cerebrolysin (Cl, EBEWE, Austria) possess neurotmphie 
action and increase the expression o f the blood-brain barrier (BBB) GLUTI 
glucose transponer via mRNA stabilization (I). Aiming to obtain Insights into the 
molecular mechanism of gene regulation by Cl, this study investigated the gene 
expression profile o f brain endothelial cultured cells (ECL) incubated with Cl using 
the suppression subtraction hybridization (SSH) technique. SSH was performed 
using the PCR-SeleclTM cDNA subtraction system (Clontech). Poly A-t- RNA 
isolated from Cl-exposed ECL was used as tester (forward subtraction, -f). and SSH 
procedure was completed using mRNA obtained from control ECL as driver. The 
reverse subtraction (-) was also performed. SSH products were cloned in the 
pCR2.l vector, and -t-/- cDNA-subtracted libraries prepared in E. coli DH5a cells 
yielded -7,5(X) independent recombinants, respectively. Positive clones were 
Identified by differential hybridization, wherein randomly selected bacterial 
colonies were cultured in 96-well dishes and subjected to Southern blot 
hybridization with subtracted and unsubtractcd ^"P-cDNA. Comparison of 
autoradiograms identified 27 gene products that were differentially expressed in Cl- 
incubated ECL. DNA sequencing and BLAST analysis of 11 clones showed 4 
novel sequences, an EST, adenyl kinase 2, integrin, cytochrome C reductase, 
cyclophilin and thrombospondin I. Data reported here demonstrate that factors in 
Cl induce changes in the gene expression profile of ECL. Fun her characterization 
of this gene profile will provide insights into the molecular regulation of BBB 
genes by brain-derived peptides in Cl, and identify genes participating in the 
regulation of GLUT I expression,
(I) Boado (1998) Neuros, Let, 255: 147-150.
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