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ABSTRACT
Kallmami's syndrome (KS) is defined as the association of hypogonadotrophic 

hypogonadism (IHH), caused by hypothalamic gonadotrophin releasing hormone (GnRH) 

deficiency, and anosmia, due to malformation of the olfactory bulbs and tracts. Patients most 

commonly present with delayed puberty and may also present in childhood with 

cryptorchidism. Renal agenesis seen in 40% and synkinesis observed in up to 90% of 

patients with X-linked KS (XKS) are likely to originate in the aberrant expression oîKAL 

(Xp22.3) during early foetal development. Failure of the olfactory axons in the accessory 

ol&ctory nerves to project through the cribriform plate and estabhsh synaptic contact with 

the developing olfactory bulb is thought to be central to the pathogenesis of these clinical 

features. GnRH neurons originating in the primitive nasal area consequently fail to migrate 

into the forebrain because of the absence of the "scaffolding" provided by these olfactory 

nerves.

This study has examined areas of KAL protein (680 amino acid protein containing a signal 

peptide but no membrane insertion or anchorage sequence, suggesting that this is a secreted 

protein) e?q)ression in the developing foetus and adult using anti-protein peptide antibodies 

generated in mice. A short sequence of the putative KAL sequence was used to synthesise 

a multiple antigenic peptide, which was then used as the antigen. Due to the non specificity 

of these antibodies the areas and stages of KAL gene expression were further investigated 

using in situ hybridisation and reverse transcriptase polymerase chain reaction (RT-PCR) 

on first trimester foetal tissue. This revealed KAL transcript in the olfactory bulbs, 

neuroretina and developing kidney. Patients with XKS and sporadic KS were investigated 

for mutations in KAL using estabhshed molecular biology techniques including PCR, direct 

DNA sequencing and single stranded conformational polymorphism (SSCP). Previously 

characterised mutations were confirmed and two new mutations identified. Using restriction 

jfragment length polymorphism (RFLP) analysis, a methodology was estabhshed to 

successfully screen XKS carriers in a selection of patient pedigrees.
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Chapter 1 

KALLMANN’S SYNDROME - AN INTRODUCTION

1.1 Definition of Kallmann's Syndrome.
KaUmann's Syndrome (KS) or olfactogenital dysplasia is defined as the association of 

hypogonadotrophic hypogonadism (HH), the result of isolated gonadotrophin releasing 

hormone (GnRH) deficiency, and anosmia or hyposmia (absence of sense of smell) due to 

defective development of the olfactory bulb (Kallmann et al. 1944).

1.2 History of Kallmann's Syndrome
The first description of a patient with both hypogonadism and anosmia was made by the 

Spanish pathologist, Maestre de San Juan in 1856. The first report of a possible syndrome 

associating these two clinical features was made by Weidenreich in 1914; in a review of nine 

cases of olfactory lobe agenesis, genital hypoplasia was noted in three. In a report of 

several cases of famihal hypogonadism and eunuchoidism (partial androgen deficiencies) 

Kallmann et al., in 1944 were the first to suggest a genetic aetiology to this syndrome. 

Looking back in more detail on studies performed on eunuchs, Sainton in 1902 (Sainton, 

1902) described the autopsy findings of familial testicular atrophy in a mentally defective 

eunuchoid patient with two normal sisters and a normal brother, but with two brothers, one 

maternal uncle and two maternal grand-uncles afifected by the same hypogonadal anomahes. 

Goldstein in 1912 described two eunuchoid sib ships consisting of two pairs of brothers with 

various degrees of mental deficiency and "adiposogenital dystrophy". Fumo in 1931 

documented a pedigree of twenty six members spanning three generations, with seven 

eunuchs and three non-gonadal endocrinopathies. Patterson, Bonnier and Moebius 

subsequently reported similar pedigrees (Patterson and Bonnier, 1937). These reports 

suggested a genetic aetiology to eunuchoidism, but also emphasised that the number of 

afifected males far exceeded the number of affected females.

The association of eunuchoidism and anosmia in patients has been reported by several 

investigators including Wemdemich in (1914),(Weidenreich, 1914; Oldberg ST, 1932;
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Kanai, 1940) Oldberg and Kanai Kanai reported nineteen cases of olfactory lobe defects and 

in six of these cases the anomaly was found to be associated with eunuchoidism Kanai’s 

interpretation was that, this was due to a common ectodermal defect in the development of 

the base of the brain. Peritz and Maas (1910) also described a mentally defective eunuchoid 

who had "lost his sense of smeU".

Kallmann et al, (Kallmann et al. 1944) investigated the tendency of primary gonadal defects 

to occur as a familial trait and estabhshed the particular clinical and genealogical conditions 

under which this occurred. In all, 42 famihes were investigated in which 48 eunuchoid 

patients comprising 12 female and 36 males were described. (Ten of the index patients 

belonged to kinships with more than one affected person). In the investigation of the index 

cases and their famihes, the dominant manifestations were hypogonadism, developmental 

defects, mental anomahes, diabetes, motor disorders, sex reversal, cerebral lesions, colour 

bhndness and disturbance of olfaction. No sex-linked anomahes were found other than 

colour bhndness. More signihcantly, eunuchoidism occurred together with colour bhndness 

only in cases Wiere hypogonadism was also present as a family trait. Synkinesis (congenital 

mirror movements of the hands) and mental defects were found only in conjunction with 

primary eunuchoidism Of twelve female cases, none was seen to have either anosmia or 

colour bhndness. In three other pedigrees, there was evidence of a wider spectrum of clinical 

defects, besides hypogonadotrophic hypogonadism and anosmia (Kallmann et al 1944). 

Kallmann et al, were able to ascertain primary hypogonadism in 3 out of 42 famihes, 

eunuchoidism being present in one female and eleven males. The number of non-eunuchoid 

members was 27 females to 31 males. In the famihes wiiere primary hypogonadism was seen, 

eunuchoidism was associated with colour bhndness, anosmia, synkinesis and mental defects. 

Kallmann first hypothesised a common genetic basis for these clinical features forming the 

basis of the syndrome eponymously named after him He described it in both males and 

females, and recognised the association with other congenital anomahes.

A connection between anosmia and agenesis of olfectory lobes was first made by DeMorsier 

in 1954 (De Morsier, 1954). The hypogonadism in KS was later attributed to 

hypogonadotropism by Nawakowski and Lenz in 1959 (Nowakowski and Lenz, 1961). Prior 

to the discovery of gonadotrophin releasing hormone (GnRH) in 1971 it was not possible 

to determine whether the defect in patients with KS was hypothalamic or pituitary gland
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in origin (Crowley, Jr. and Jameson, 1992). It has since been established that in aU patients, 

hypogonadism originates in the hypothalamus, since exogenous pulsatile injections of GnRH 

can induce gonadotrophin release and pubertal development in the majority of patients.

1.3 Clinical presentation and diagnosis.
KaUmann's Syndrome comprises two principal features: anosmia (iuabihty to smeU) and 

isolated hypogonadotrophic hypogonadism (IHH). The anosmia differentiates KS from other 

forms of HH and is essential for estabhshing the diagnosis. Diagnosis in males is sometimes 

made during early infancy (Evain-Brion et al. 1982; Conrad et al. 1978) or childhood 

because of cryptorchidism or rarely because of micropenis, but is more commonly made 

later in life as patients present with pubertal delay, arrested puberty or even primary 

infertihty. CharacteristicaUy, the gonadotropins luteinizing hormone (LH) and folhcle 

stimulating hormone (FSH) are inappropriately low for a circulating sex steroid. Occasional 

individuals with KS have been described in whom pubertal regression occurred, with 

shrinkage of testicular volume late in puberty and the appearance of a hypogonadotrophic 

hypogonadal state (Crowley, Jr. and Jameson, 1992).

1.4 Inheritance and Incidence.
KS shows genetic heterogeneity, occurring as X-linked recessive (Frawley and Boockfor, 

1991) (XKS), autosomal recessive (Santen and Paulsen, 1973) and autosomal dominant trait 

(White et al. 1983). It occurs most commonly in a sporadic form (SKS) however. Genetic 

analysis is comphcated by the occurrence of infertihty in patients (unless successfuUy 

treated). Early studies suggested that KS affected 1 in 10,000 males and 1 in 50,000 females 

(Jones and Kemmann, 1976). These figures were based on a survey performed on French 

army conscripts. A later study looking at HH and anosmia over a six year period 

(Pawlowitzki et al 1987) to determine the mean age of diagnosis and prevalence found that 

out of 791 males referred with HH, 19 had KS ie.l in 46 and that the mean age at 

presentation was 24.8 years, 12 years after the onset of normal puberty. The five fold excess 

of affected males over females (Jones and Kemmann, 1976) suggests that the X-hnked form 

is the most frequent inherited form of the disease. In the majority of cases no family history 

of KS is ehcited. (SKS)
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The autosomal recessive form of KS shows incomplete penetrance since the carriers of the 

somatic abnormality demonstrate little if any signs of being carriers (for example reduced 

sense of smell or abnormal levels of gonadotrophin). There is a less than 50% incidence of 

KS in each generation of offspring of known carriers and neither is there an equal male to 

female occurrence of KS (Santen and Paulsen, 1973).

1.5 Morphological abnormalities associated with Kallmann*s

Syndrome
The HH and anosmia of KS are often associated with other defects, both withm and outside 

the central nervous system.

1.5.1 Olfactory system

Anosmia can be easily overlooked if the patient is not specifically questioned about his or 

her ability to detect odours. Present since birth, it is often not recognised as a problem by 

the patient. The anosmia in these patients is due to defective development of the 

rhmencephalon (Lieblich et al. 1982), ie. absence or under development of olfactory bulbs, 

tracts and olfactory sulci. Traditionally, olfaction has been tested clinically by using seven 

odorants (Rosen et al. 1979). Recently, more refined techniques have been introduced to 

mq)rove the accuracy of olfaction testing. These new tests require the patient to scratch a 

patch on a card, causing release of an odorant. The patient is then given four possible 

options as to the identity of the odorant and he marks his or her response on a multiple 

choice score card. The responses provided by the patient will allow the degree of anosmia 

ie. complete or partial to be scored.

Histologically, the olfactory mucosa in KS is abnormal in appearance. Olfactory neurones 

lack ciliation, and there is disordered axonal growth . These findings resemble the long term 

changes seen in animals following experimental olfactory bulbectomy (Monti-Graziadei and 

Graziadei, 1992), and perhaps suggest that the primary defect does not reside in the 

olfactory mucosa.

1.5.2 Gonadotrophin and gonadal steroids

All patients with KS have low levels of serum sex steroids with inappropriately low FSH, 

LH and urinary gonadotropins (Lieblich et al. 1982; Males et al. 1973), confirming the
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presence of hypogonadotrophic hypogonadism Reports have been made of patients who 

appear normal and then regress during or after puberty to a hypogonadal state.

1.5.3 Central nervous system (CNS)

Defects in the CNS of KS patients are most commonly associated with the X-linked form 

of the syndrome. Associated neurological abnormahties include synkinesis (congenital 

mirror movements of the hands). This is an involuntary mirror movement of the opposite 

limb to that which is undergoing voluntary movement. These type of movements have to 

be distinguished from acquired symptomatic synkineses due to lesions of the extra pyramidal 

system (Conrad et al 1978). The abnormality is limited mainly to the lower arms and hands, 

and observed particularly when skilled movements of the hands are undertaken including 

writing, rapid finger tapping, wrist flexing and extension and fist clenching. All these 

movements when executed on one side are simultaneously and involuntarily mirrored by the 

contra lateral limb in a non-suppressible manner. Synkinesis is thought to result from a 

midline developmental defect during formation of the neural tube, with incomplete 

pyramidal tract decussation. Normally 95% of cortical signals decussate at the pyramids 

(signal from the left hemisphere of the brain controls movement on the right side of the body 

and vice versa) with only 5% of cortico-spinal tracts remaining ipsilateral (eg. signal for 

movement on one side of body originating from the brain hemisphere on the same side). In 

some stroke patients, the normally dormant ipsilateral pathways become activated. This may 

also occur in XKS patients. It is possible that during development failure of pyramidal tract 

decussation in the medulla oblongata could result in mirror movements.

Lack of inhibitory fibres within the corpus callosum has been proposed as another 

mechanism to explain synkinesis. Inhibitory transcallosal fibres are thought to originate in 

one hemisphere, pass through the corpus callosum, and inhibit the contra lateral uncrossed 

pyramidal tract. Defects in this pathway might, in theory, result in a disinhibition of the 

contra lateral cortical motor neurons.

Abnormal visuospatial attention, ocular motor abnormahties, sensory neural hearing loss, 

cerebellar dysfimction and pes cavity deformities (Schott and Wyke, 1981) have also been 

found in association with KS, though this has not been confirmed by other workers.
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1.5.4 Urogenital system

Unilateral renal agenesis (absence of one kidney) has been reported in almost 50% of XKS 

patients (Wegenke et al. 1975; Kirk et al. 1994). Bilateral renal agenesis has been reported 

in KS in occasional pedigrees with XKS. These reports have been made in neonates who 

failed to survive. Micropenis and cryptorchidism are also features of KS, cryptorchidism 

reported in almost 90% of X-linked patients. The vas deferens has been shown to be absent 

in some patients (Prager, 1993; Liebhch et al. 1982).

In the developing human, the genital and urinary systems arise in close proximity to each 

other. Primordial germ cells migrate form the yolk sac in the fifth week of gestation to the 

area of the future gonads were they proliferate to form a pair of genital ridges. The 

mesonephros and coelomic epithehum invade the mesenchyme in the region of the 

presumptive gonads by week six to form the presun^tive sex cords. By week six the 

MuUerian ducts begin to form lateral to the mesonephric ducts in both males and females. 

In both sexes, germ cells and sex cords are present in both cortical and medullary regions 

of the presunq)tive gonads.

Testis determining factor (TDF) is thought to be encoded on the sex determining region of 

the Y chromosome (SRY geneXSinclair, A. H et al. 1990; Hawkins et al. 1992). When SRY 

is synthesised in the undifferentiated sex cord cells of the presun^tive gonads, male 

development is triggered. If SRY is absent or defective, female development will occur. 

Under the influence of SRY cells in the medullary region of the sex cord begin to 

differentiate into Sertoh cells. The cortical sex cord degenerates at this point. During the 

seventh week of embryogenesis, the differentiating Sertoh ceUs form the testis cord (this 

region gives rise to seminiferous tubules during puberty). The testis cords distal to the germ 

cell region develop lunhna and differentiate into ducts called the rete testis. The tubules of 

the rete testis will become connected to residual mesonephric ducts which give rise to the 

vas deferens. During week seven the testis will round up and reduce its contact with the 

mesonephros. The close embryonic proximity of the mesonephros and metanephros during 

development, may form the basis for occasional reports of unilateral renal agenesis and 

absent vas deferens observed in males (Larsen Wilham James, 1993).

Renal ultrasound should be carried out in XKS patients because of the strong association 

of unilateral renal agenesis with XKS.
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1.5.5 Other clinical features associated with KS

Cleft lip and palate, cafe au lait pigmentation, müd hearing loss, short fourth metacarpal 

(Bardin, 1971), mild red-green colour blindness, gynaecomastia (Oppermann et al. 1987; 

Sunohara et al. 1985) and mental retardation have also been described in patients with KS. 

These associations, although weak, have been widely quoted in the hterature even though 

the number of patients in which they have been seen is small.

Single case reports of patients with KS have described numerous associations including 

cardiovascular anomahes (Randall Moorman et al. 1984), atrial septal defect, mitral valve 

prolapse and a large intracranial cyst. A study by Cowen and Green (Fantini et al. 1992) 

recently attributed a variant of schizophrenia to KS by comparing the various features of 

schizophrenia to those of KS. Rarer associations include KS with ulcerative cohtis (Turnbull 

et al. 1988), midline cerebral defects (Parr, 1988) and bilateral choanal atresia (Klein et 

al 1987). If these clinical features are in fact associated with KS they allude to the pleitropic 

effect of KAL in human development.

1.6 Diagnosing KS

1.6.1 Magnetic resonance imaging in Kallmann's Syndrome

Magnetic resonance imaging (MRI) has been used to show morphological abnormahties in 

olfactory sulci and bulbs in KS. KlingmuUer et al, (KlingmuUer et al. 1987) hypothesised 

that the clinical features of KS were secondary to defective development of the 

rhinencephalon and the hypothalamic site of GnRH secretion. Transverse MRI brain sections 

of five patients with IHH and four with KS demonstrated that patients with KS all had 

either absent or underdeveloped olfactory sulci, whereas normal men or men with IHH had 

normal sulci They failed to demonstrate any morphological changes in the hypothalamus of 

any of the men studied. Truwit studied nine patients with clinical and laboratory evidence 

of KS (Truwit et al 1993). All had abnormal olfactory sulci, three demonstrated bilateral 

aplasia of the anterior olfectory sulci, while rudimentary sulci were detected in four patients. 

The olfactory bulbs and tracts appeared hypoplastic in five patients and absent in one. The 

hypothalamus was found to be normal in all subjects. Yousem (Yousem et al 1993) studied 

two males (one black and one white) with KS. Neither had ol&ctory bulbs or tracts. One had
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unilateral and the other bilaterally absent olfactory sulci. Their temporal lobe size and 

volume were equivalent to normal controls (Yousem et al. 1993). Of the six patients 

reported by Knorr (1993) three had absent olfactory tracts, one had normal olfactory sulci 

and the other five had hypoplastic or aplastic sulci. All had normal pituitary glands. Three 

were cryptorchid and only one had a normal penis (Knorr et al. 1993). Further studies (Vogl 

et al. 1994; Takeda et al. 1992; Bimbacher et al. 1994) using MRI have confirmed the 

hypoplasia of the olfactory sulci which is more pronounced anteriorly. The olfactory bulbs 

were shown to be either rudimentary or absent and the olfactory tracts were either absent 

or hypoplastic in KS patients as opposed to the normal appearance in patients with IHH. 

Again the hypothalamus was seen to be unchanged in these KS patients as well as in the 

patients with IHH.

MRI can therefore be used as an aid in the diagnosis of KS, to confirm hypoplasia of the 

olfactory sulci and absence of the olfactory bulbs and tracts.

1.6.2 Hormone profiles in KS

Patients should have a shnple blood test to examine, testosterone, luteinizing hormone(LH) 

and folhcle stimulating hormone(FSH) levels. In a patient with KS, gonadotrophin and sex 

hormones would be expected to be low, confirming the diagnosis of hypogonadotrophic 

hypogonadism. Cortisol, T4, and TSH measures are indicated to exclude other anterior 

pituitary deficiencies, although in a patient with complete anosmia the latter tests are rarely 

contributory.

1.6.3 Olfactory testing

The patients olfaction would be tested as described above (1.5.1), and the results together 

with the hormone profile, MRI and ultrasound results and family history enable a definite 

diagnosis of KS to be made.(J.M.W.Kirk et al. 1994)
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Chapter 2 

THE GENETICS OF KALLMANN'S SYNDROME

KaUmann's Syndrome (KS) is inherited in a number of ways. Given that females are affected 

(Tagatz et al. 1970)(Levy and Knudtzon, 1993)(Jones and Kemmann, 1976) and the 

evidence of father to son transmission (Merriam et al. 1977) together with the presence of 

famihes showing autosomal inheritance (Hermanussen and SippeU, 1985) it is probable that 

one or more defective autosomal genes may be responsible for KS. The identity of these 

autosomal loci is currently unknown. The gene for the X-linked form of KS (XKS) has been 

identified {KAL) and characterised. Most patients presenting clinically do not however have 

a demonstrable family history of the condition. Such isolated cases are termed sporadic 

(SKS).

2.1 Autosomal Kallmann's Syndrome
2.1.1 The female Kallmann patient

HH and anosmia in females has been called "Olfacto genital dysplasia" and occurs rarely. 

Tagatz et al (Tagatz et al 1970) reported three affected females vrith primary amenorrhoea, 

infantile sexual development, anosmia and a normal 46XX karyotype. No other physical 

abnormality was recorded. In all cases, the females responded well to ovulation induction 

by gonadotropins and two achieved pregnancies and had normal babies. The association of 

anosmia and HH in these patients was probably due to a genetic lesion much the same as 

that described by Kallmann et al (KaUmann et al. 1944).

Levy et al (Levy and Knudtzon, 1993) documented two sisters showing all the clinical 

features of KS. However, their father did not show any of the signs of KS. He did have 

duplicate left sided ureters similar to his daughters. The fact that both daughters had the 

same synq)toms suggested a dominant form of inheritance. The father may have carried the 

gene but with no penetrance.

A female with KS has been reported to have a monozygotic twin sister showing no pubertal 

delay, although both sisters were anosmic. The only other member in this family to have any 

abnormahty was the great-grandmother who was said to be anosmic (Hermanussen and

27



SippeU, 1985). It is difficult to ascertain the type of inheritance involved, although it is 

clearly not X-linked. Further genetic studies on these females and the modes of inheritance 

of their disorder must await the isolation and characterisation of the autosomal gene(s).

2.1.2 Father to son transmission of KS

Merriam et al (Merriam et al. 1977) described a man with KS who underwent fertility 

treatment and fathered three children. The first two children ( a daughter and a son) were 

normal but the third child a son had KS. This family showed an autosomal dominant mode 

of inheritance.

2.1.3 Further family studies of KS

Santen and Paulsen studied six kindreds, (17 affected males, 9 affected females)(Santen and 

Paulsen, 1973) and concluded that the most likely mode of inheritance in their cohort was 

autosomal dominant with incomplete penetrance. They suggested incomplete penetrance 

since less than 50% of ofispiing inherited KS and there was not an equal number of affected 

males to females, ie. deviating from the 1:1 sex expectation suggesting the autosomal form 

of KS is subject to sex limitation, far more males being affected than females (Santen and 

Paulsen, 1973). Hipkin et al (l^ k in  et al 1990) reported a set of monozygotic male twins. 

One had definite KS and the other was completely normal as were his mother, father and 

sister. Famihes such as these, where there are no other affected members are suggestive of 

autosomal recessive inheritance (White et al. 1983; Liebhch et al. 1982).

A survey of the hterature reveals that the most hkely forms of inheritance of KS are either 

X-finked or sex limited autosomal dominant (Menon et al. 1984). The cohort of patients 

studied at the Royal Free Hospital however, showed sporadic cases to be the most j&equent, 

followed by X-linked patients (XKS).

2.2 X-linked Kallmann's Syndrome.

There is strong evidence that the X-linked form KS occurs more fi*equently than the 

autosomal forms.

2.2.1 Cloning of the X-linked gene.

In 1991 two groups, from Texas and Paris, both successfully cloned a candidate gene for
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the XKS. Each approached the task in a different way, using DNA from the same patients, 

but arriving at the identical putative cDNA sequence.

Andrea Ballabio in Baylor College of Medicine, Texas, USA had previously assigned the 

locus for the XKS to Xp22.3 using deletion mapping and linkage analysis in famihes with 

isolated KS (BaUabio et al. 1987; BaUabio et al. 1989; Meitinger et al. 1990). The critical 

region spanned the breakpoint of an X/Y translocation patient with KS t(X;Y)l to the 

breakpoint of another X/Y translocation t(X;Y)2 in a patient without KS. DNA probes 

derived from this region of the genome recognised different size fragments in the two 

patients, defining loci m the proxhnal and distal limits of the KS interval. Directional 

chromosomal walking towards the KS locus was initiated using a YAC (yeast artificial 

chromosome) system Two of the YACs used had X specific DNA and two had Y specific 

DNA homologous to the X region within the defined loci Evolutionary conserved sequences 

were sought within the YAC clones; YACs were subcloned into lambda phage vector and 

overlaps between the clones determined (contigs).

Phage clones found to be evohitionarily conserved by hybridisation to zoo blots (membranes 

bearing DNA from different animal species) of DNA from distantly related species were then 

used to screen the cDNA libraries from three different RNA sources (human foetal brain, 

total embryo and teratocarcinoma tissue). Several clones corresponding to a gene in the KS 

region were isolated. The longest of these clones was used to probe a foetal brain cDNA 

library. The cDNA isolated from this was then sequenced. Mapping of the YAC contig 

(yeast artificial chromosomes containing large lengths of chromosomal material in 

contiguous series) allowed them to estabhsh that KALIGl spans 210Kb of human genomic 

DNA.

Probes corresponding to both the 3' and the 5' ends of the KALIGl region were used to 

probe EcoRl digests of DNA from translocation patients with and without KS. All the 

bands detected male specific bands suggesting the presence of a Y homologue. Analysis of 

patients with partial deletions made it possible to orientate the gene with respect to the short 

arm of the X chromosome the 5' end bemg located towards the centromere and the 3' end 

towards the telomere. The entire cDNA sequence of 4,093bp contained one continuous 

open reading frame with a start site at nucleotide 64 and a termination codon at nucleotide
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2,104 coding for a predicted protein product of 680 amino acids.

At the same time, Christine Petit at the Pasteur Institute in Paris isolated and characterized 

a YAC enconq)assing the KAL interval using pulse field gel electrophoresis (PFGE) and 

the DNA from the same two patients used by Ballabio et al, one with a terminal deletion of 

the short arm of the X chromosome and the other with an X /Y  translocation. Both the 

patients were affected with other diseases previously mapped to the distal part of the X 

chromosome; short stature, recessive chondrodyspalsia punctata, mental retardation and 

ichthyosis. However, one patient was affected with KS, the other not. CRI-S232 was the 

only probe to recognize a locus in this region, and was used to identify 13 different YACs 

from a hbrary. Several clones were derived from these YACs by PCR and hybridised to a 

panel of deletion patients. The data from this screen together with the CRI-S232 results, 

allowed the KAL interval to be reduced to the distance between the locus detected by CRI- 

S232 and the deletion patient breakpoint, an interval not exceeding 125Kb.

The region was narrowed down yet further to 67 Kb by performing restriction digests of 

genomic DNA of the deletion and translocation patients with both EcoRl and Hindi 11 and 

probing them with EcoRl fragments of the lambda phage inserts prepared from the YACs. 

The entire 67Kb interval was sequenced and analyzed by computer to identify coding and 

non-codmg regions. A total of 19 putative exons were identified; these were amplified by 

PCR and used to screen zoo blots. Only two probes identified unique sequences in other 

mammals. A cDNA library was generated from a 36 day old Macaccus fascicolaris fetus; this 

was screened together with two human foetal brain libraries with the same two probes. 7 

overlapping clones were isolated and a 6.3Kb cDNA sequence was obtained and named 

ADMLX (adhesion molecule hke from the X chromosome), due to the homologies of the 

predicted protein to other proteins. It contained a single open reading frame of 679 amino 

acids. The first ATG was at 153 nucleotide downstreeam from the 5' extremity and the 

TAA stop codon at nucleotide 2104. The 3' untranslated region is unusually large-4123 

nucleotides.

30



Fig.2.1 cDNA and protein sequences of KAL, including enzyme restriction sites
N a DN Sa e sc mr I ao aI I  II I

/GGAGCCTCGGCCCGCGCCCGGCGCCCTCGCCCTCGCCCTCGACCCGCAGCCATGGTGCCC 
CCTCGGAGCCGGGCGCGGGCCGCGGGAGCGGGAGCGGGAGCTGGGCGTCGGTACCACGGG 

a: MetValPro

GGGGTGCCCGGCGCGGTCCTGACCCTCTGCCTCTGGCTGGCGGCCTCCAGCGGCTGCCTG 
CCCCACGGGCCGCGCCAGGACTGGGAGACGGAGACCGACCGCCGGAGGTCGCCGACGGAC 

a : GlyValProGlyAlaValLeuThrLeuCysLeuTrpLeuAlaAlaSerSerGlyCysLeu

GCGGCCGGCCCCGGCGCGGCTGCTGCGCGGCGGCTGGACGAGTCGCTGTCTGCCGGGAGC 
CGCCGGCCGGGGCCGCGCCGACGACGCGCCGCCGACCTGCTCAGCGACAGACGGCCCTCG 
AlaAlaGlyProGlyAlaAl aAlaAlaArgArgLeuAspGluSerLeuSerAlaGlySer

Bss E
H cI i
I IGTCCAGCGCGCTCCGTGCGCCTCCAGGTGCCTGAGCCTGCAGATCACTCGCATCTCCGCC

CAGGTCGCGCGAGGCACGCGGAGGTCCACGGACTCGGACGTCTAGTGAGCGTAGAGGCGG
ValGlnArgAlaProCysAlaSerArgCysLeuSerLeuGlnlleThrArglleSerAla

B D s r t d X I I ITTCTTCCAGCACTTCCAGAACAATGGTTCCCTGGTTTGGTGCCAGAATCACAAGCAATGT
AAGAAGGTCGTGAAGGTCTTGTTACCAAGGGACCAAACCACGGTCTTAGTGTTCGTTACA
PhePheGlnHisPheGlnAsnAsnGlySerLeuValTrpCysGlnAsnHisLysGlnCys

EcOP BB Os ss Ip ur 05 3
D 91 6I II I

/TCTAAGTGCCTGGAGCCCTGCAAGGAATCAGGGGACCTGAGGAAACACCAGTGCCAAAGC 
AGATTCACGGACCTCGGGACGTTCCTTAGTCCCCTGGACTCCTTTGTGGTCACGGTTTCG 

a : SerLysCysLeuGluProCysLysGluSerGlyAspLeuArgLysHisGlnCysGlnSer

Pf
1
11 B0 s8 m
1 ITTTTGTGAGCCTCTCTTCCCCAAGAAGAGCTACGAATGCTTGACCAGCTGTGAGTTCCTC 

AAAACACTCGGAGAGAAGGGGTTCTTCTCGATGCTTACGAACTGGTCGACACTCAAGGAG 
a : PheCysGluProLeuPheProLysLysSerTyrGluCysLeuThrSerCysGluPheLeu
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AAATACATCCTGTTGGTGAAGCAGGGGGACTGTCCGGCTCCTGAGAAAGCCAGTGGATTT
TTTATGTAGGACAACCACTTCGTCCCCCTGACAGGCCGAGGACTCTTTCGGTCACCTAAA
LysTyrlleLeuLeuValLysGlnGlyAspCysProAlaProGluLysAlaSerGlyPhe

N B
Tao s qt b I

I I I

N Ds r
P dV I

GCGGCCGCCTGTGTTGAAAGCTGCGAAGTTGACAATGAGTGCTCTGGGGTGAAGAAATGT 
CGCCGGCGGACACAACTTTCGACGCTTCAACTGTTACTCACGAGACCCCACTTCTTTACA 
AlaAl aAlaCysValGluSerCysGluValAspAsnGluCysSerGlyValLysLysCys

B s r G ITGTTCGAATGGGTGTGGACACACCTGTCAAGTACCCAAGACTCTGTACAAAGGTGTCCCC 
ACAAGCTTACCCACACCTGTGTGGACAGTTCATGGGTTCTGAGACATGTTTCCACAGGGG 

a : CysSerAsnGlyCysGlyHisThrCysGlnValProLysThrLeuTyrLysGlyValPro

BsaXICTGAAGCCCAGAAAAGAGTTACGATTTACAGAACTGCAGTCTGGACAGCTGGAGGTTAAG 
GACTTCGGGTCTTTTCTCAATGCTAAATGTCTTGACGTCAGACCTGTCGACCTCCAATTC 

a : LeuLysProArgLysGluLeuArgPheThrGluLeuGlnSerGlyGlnLeuGluValLys

Ss
PITGGTCCTCGAAATTCAATATTTCTATTGAGCCTGTGATCTATGTGGTACAAAGAAGATGG 

ACCAGGAGCTTTAAGTTATAAAGATAACTCGGACACTAGATACACCATGTTTCTTCTACC 
a; TrpSerSerLysPheAsnlleSerlleGluProVallleTyrValValGlnArgArgTrp

AATTATGGAATCCATCCTAGCGAAGATGACGCCACTCACTGGCAGACAGTGGCCCAGACC 
TTAATACCTTAGGTAGGATCGCTTCTACTGCGGTGAGTGACCGTCTGTCACCGGGTCTGG 

a : AsnTyrGlylleHisProSerGluAspAspAlaThrHisTrpGlnThrValAlaGlnThr

K
PnI

ACAGACGAGCGAGTTCAACTGACTGACATAAGACCCAGCCGATGGTACCAGTTTCGAGTG 
TGTCTGCTCGCTCAAGTTGACTGACTGTATTCTGGGTCGGCTACCATGGTCAAAGCTCAC 

a : ThrAspGluArgValGlnLeuThrAspIleArgProSerArgTrpTyrGlnPheArgVal

Xh
0
1GCTGCTGTGAATGTGCATGGAACTCGAGGCTTCACTGCCCCCAGCAAACACTTCCGTTCT 

CGACGACACTTACACGTACCTTGAGCTCCGAAGTGACGGGGGTCGTTTGTGAAGGCAAGA 
a : AlaAlaValAsnValHisGlyThrArgGlyPheThrAlaProSerLysHisPheArgSer
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TCCAAAGATCCATCTGCCCCACCAGCACCGGCTAACCTCCGGCTGGCCAACTCCACCGTC 
AGGTTTCTAGGTAGACGGGGTGGTCGTGGCCGATTGGAGGCCGACCGGTTGAGGTGGCAG 
SerLysAspProSerAlaProProAlaProAl aAsnLeuArgLeuAlaAsnSerThrVal

AACAGTGATGGGAGTGTGACCGTCACTATAGTTTGGGATCTCCCCGAGGAGCCGGACATC
TTGTCACTACCCTCACACTGGCAGTGATATCAAACCCTAGAGGGGCTCCTCGGCCTGTAG
AsnSerAspGlySerValThrValThrlleValTrpAspLeuProGluGluProAspIle

AB cs ee IR II I
CCTGTGCATCATTACAAGGTCTTTTGGAGCTGGATGGTCAGCAGTAAGTCTCTTGTCCCA
GGACACGTAGTAATGTTCCAG7\AAACCTCGACCTACCAGTCGTCATTCAGAGAACAGGGT
ProValHisHisTyrLysValPheTrpSerTrpMetValSerSerLysSerLeuValPro

Bs
I4I

ACAAAGAAGAAGCGGAGAAAGACTACGGATGGGTTTCAAAATTCTGTGATCCTGGAGAAA
TGTTTCTTCTTCGCCTCTTTCTGATGCCTACCCAAAGTTTTAAGACACTAGGACCTCTTT
ThrLysLysLysArgArgLysThrThrAspGlyPheGlnAsnSerVallleLeuGluLys

CTCCAGCCAGACTGTGACTATGTTGTGAAATTGCAAGCCATAACGTACTGGGGACAGACA
GAGGTCGGTCTGACACTGATACAACACTTTAACGTTCGGTATTGCATGACCCCTGTCTGT
LeuGlnProAspCysAspTyrValValLysLeuGlnAlalleThrTyrTrpGlyGlnThr

CGGCTGAAGAGTGCAAAGGTGTCCCTTCACTTCACATCGACACATGCAACCAACAACAAA
GCCGACTTCTCACGTTTCCACAGGGAAGTGAAGTGTAGCTGTGTACGTTGGTTGTTGTTT
ArgLeuLysSerAlaLysValSerLeuHisPheThrSerThrHisAlaThrAsnAsnLys

Ec
0 R
1

GAACAGCTTGTGAAAACTAGAAAAGGTGGAATTCAAACACAACTCCCTTTTCAAAGACGA
CTTGTCGAACACTTTTGATCTTTTCCACCTTAAGTTTGTGTTGAGGGAAAAGTTTCTGCT
GluGlnLeuValLysThrArgLysGlyGlylleGlnThrGlnLeuProPheGlnArgArg

CGACCCACTCGCCCGCTGGAAGTCGGAGCTCCCTTCTATCAGGATGGCCAACTGCAAGTT
GCTGGGTGAGCGGGCGACCTTCAGCCTCGAGGGAAGATAGTCCTACCGGTTGACGTTCAA
ArgProThrArgProLeuGluValGlyAlaProPheTyrGlnAspGlyGlnLeuGlnVal
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EA cc oc RI VAAAGTCTACTGGAAGAAGACAGAAGATCCCACTGTCAACCGATATCATGTGCGGTGGTTT
TTTCAGATGACCTTCTTCTGTCTTCTAGGGTGACAGTTGGCTATAGTACACGCCACCAAA

a : LysValTyrTrpLysLysThrGluAspProThrValAsnArgTyrHisValArgTrpPhe

R
1eAICCTGAAGCGTGTGCCCACAACAGAACAACCGGATCAGAGGCATCATCTGGCATGACCCAC 

GGACTTCGCACACGGGTGTTGTCTTGTTGGCCTAGTCTCCGTAGTAGACCGTACTGGGTG 
a : ProGluAlaCysAlaHisAsnArgThrThrGlySerGluAlaSerSerGlyMetThrHis

GAAAATTACATAATTCTTCAAGATCTGTCATTTTCCTGCAAGTATAAGGTGACTGTCCAA 
CTTTTAATGTATTAAGAAGTTCTAGACAGTAT^AAGGACGTTCATATTCCACTGACAGGTT 

a : GluAsnTyrllelleLeuGlnAspLeuSerPheSerCysLysTyrLysValThrValGln

CCAATACGGCCAAAT^GTCACTCCAAGGCAGAAGCTGTTTTCTTCACTACTCCACCATGC 
GGTTATGCCGGTTTTTCAGTGAGGTTCCGTCTTCGACAAAAGAAGTGATGAGGTGGTACG 
ProIleArgProLysSerHisSerLysAlaGluAlaValPhePheThrThrProProCys

TCTGCTCTTAAGGGGAAGAGCCACAAGCCTATTGGCTGCCTGGGCGAACGAGGTCATGTT
AGACGAGAATTCCCCTTCTCGGTGTTCGGATAACCGACGGACCCGCTTGCTCCAGTACAA
SerAlaLeuLysGlyLysSerHisLysProIleGlyCysLeuGlyGluArgGlyHisVal

B
Pu
1N 1h 0e 2

I ICTTTCTAAGGTGCTAGCTAAGCCTGAGAACCTTTCTGCTTCATTCATCGTCCAGGATGTG
GAAAGATTCCACGATCGATTCGGACTCTTGGAAAGACGAAGTAAGTAGCAGGTCCTACAC
LeuSerLysValLeuAlaLysProGluAsnLeuSerAlaSerPhelleValGlnAspVal

A
geI

AACATCACCGGTCACTTTTCTTGGAAGATGGCCAAGGCCAATCTCTATCAGCCCATGACT
TTGTAGTGGCCAGTGAAAAGAACCTTCTACCGGTTCCGGTTAGAGATAGTCGGGTACTGA
AsnlleThrGlyHisPheSerTrpLysMetAlaLysAlaAsnLeuTyrGlnProMetThr

GGGTTTCAAGTGACTTGGGCTGAGGTCACTACGGAAAGCAGACAGAACAGCCTACCCAAC
CCCAAAGTTCACTGAACCCGACTCCAGTGATGCCTTTCGTCTGTCTTGTCGGATGGGTTG
GlyPheGlnValThrTrpAlaGluValThrThrGluSerArgGlnAsnSerLeuProAsn
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BsaIAGCATTATTTCACAGTCCCAGATTCTGCCTTCCGATCATTATGTCCTAACAGTGCCCAAT 
TCGTAATAAAGTGTCAGGGTCTAAGACGGAAGGCTAGTAATACAGGATTGTCACGGGTTA 

a : SerllelleSerGlnSerGlnlleLeuProSerAspHisTyrValLeuThrValProAsn

CTGAGACCATCTACTCTTTACCGACTGGAAGTGCAAGTGCTGACCCCAGGAGGGGAGGGG 
GACTCTGGTAGATGAGAAATGGCTGACCTTCACGTTCACGACTGGGGTCCTCCCCTCCCC 

a : LeuArgProSerThrLeuTyrArgLeuGluValGlnValLeuThrProGlyGlyGluGly

Bs
PEICCGGCCACCATCAAGACGTTCCGGACGCCGGAGCTCCCACCCTCTTCAGCACACAGATCT

GGCCGGTGGTAGTTCTGCAAGGCCTGCGGCCTCGAGGGTGGGAGAAGTCGTGTGTCTAGA
ProAlaThrlleLysThrPheArgThrProGluLeuProProSerSerAlaHisArgSer

CATCTTAAGCATCGTCATCCACATCATTACAAGCCTTCTCCAGAAAGATACTAAACTGTT
GTAGAATTCGTAGCAGTAGGTGTAGTAATGTTCGGAAGAGGTCTTTCTATGATTTGACAA
HisLeuLysHisArgHisProHisHisTyrLysProSerProGluArgTyrEnd

BsiICAAAAAGATTTTGTGAAATTGCACAGATGTGTAAGCTTGTTGAACTTCGGCCACGAGACA
GTTTTTCTAAAACACTTTAACGTGTCTACACATTCGAACAACTTGAAGCCGGTGCTCTGT

TGCACACTTCCAGAGGCAGTGGGAACTGCTCAGAGGCCCGGACTCTCCTATGTGACTTTA
ACGTGTGAAGGTCTCCGTCACCCTTGACGAGTCTCCGGGCCTGAGAGGATACACTGA7\AT

X Bm sn gI I
GTGCAGGAAGAACTTCTGTCAATCATGGACGCATCTGGAGACAAGTGAGAAACAGTAGAT
CACGTCCTTCTTGAAGACAGTTAGTACCTGCGTAGACCTCTGTTCACTCTTTGTCATCTA

StuITGGTGAAGACAGACACCAGTTCCCTACAAGCATGGAGAAAATGAAGAATAGGCCTGTTTA
ACCACTTCTGTCTGTGGTCAAGGGATGTTCGTACCTCTTTTACTTCTTATCCGGACAAAT
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ATGCTAAATTTTGTTTTCATGTATGGTGTCGCTCATTTCTATTG
TACGATTTAAAACAAAAGTACATACCACAGCGAGTAAAGATAAC

Enzymes that do cut and were not excluded:

AccI AceEn Agel Bpull02I Bsal BsaXI Bsbl BseRI Bsgl Bsil Bsml

Bsp24I BspEI BsrDI BsrGI BssHII

BstXI Bsu36I DrdI Drdll Dsal EciIEcoO109I EcoRI

EcoRV Haell Kpnl Narl Ncol Nhel Notl NspV

PflllOSI PspSn RleAI Smal SspI StuI Taqll Xhol

Xmn

Enzymes that do not cut:

Aatll AfUn Alw44I Apal ApaBI AscI Avril Bael

BamHI Bce83I Bell BgU BsaAI BsaBI BscGI BsmBI

BspLUllI BspMI BsrBIBstl 1071 BstEII Clal Dral Drain

Eaml 1051 Eco47ni EcoNI FspI HgiEII Hpal Mlul Muni

Ndel Nrul Nsil P ad  Pmel Pmll PshAI Psp 14061

Pvul Real Rsrll SacII SaU Seal SexAI Sfil

Sgfl SgrAJ SnaBI Spel SphI SrfI Sse8387I SunI 

Swal T th l l l l  VspI Xbal

Enzymes excluded; MinCuts: 1 MaxCuts: 1

Acil Afin Alul Alwl Alw21I AlwNI Apol Aval

Avan BanI BanB Bbsl Bbvl B ed  BceÛ Bcgl

Bcgl Bfal Bgin Bmgl Bpml BpulOI BsaHI BsaH

BsaWI BsiEI BsU BsmAI BsmFI BsoFI Bsp24I Bsp 12861 

BspGI Bsrl BsrFI BstYI Cac8I Cjel Cjel CjePI

CjePI Cvin CviRI Ddel Dpnl Eael EagI Earl

Eco57I EcoRn Faul FokI Fsel Gdin H ad  Haein

Hgal Hhal Hin4I Hincn Hindin HinB HphI MaeB 

Maein MboB Mmel MnU M sd Msel MsU MspI 

MspAlI Mwol Neil NgoATV M ain MalV NspI PflMI 

Plel PstI Pvun Rsal Sad Sap I Sau96I Sau3AI
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ScrFI SfaNI Sfcl Styl TaqI Tfil Thai Tsel 

Tsp45I T sp509IT th llin  UhaJI Xcml
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2.2.2 Expression of the KAL gene

Ubiquitous expression of the KALIGl gene was suggested by reverse transcriptase 

polymerase chain reaction (RT-PCR) using RNA sacaples from several tissues from an 18 

week old female foetus, including brain, muscle, kidney, liver and intestine as well as adult 

brain, liver, kidney, skeletal muscle, lymphoblastoid cells and teratoma cells. In foetal 

tissue, expression was seen in all tissues other than kidney. In the adult, aU tissues tested 

showed e?q)ression of KALIG 1/ADMLX. Northern blot analysis gave no detectable signal 

probably due to the low copy number of this transcript.

This thesis describes work investigating the areas of KAL expression in the earher 

developing human embryo and foetus using both RT-PCR and in situ hybridisation.

2.2.3 Validation of KALIGl / ADMLX

Fmal vahdation of the gene's position and sequence required the identification of affected 

individuals with point mutations or small intragenic deletions in the gene. This search was 

performed in a group of 20 unrelated KS patients (Hardelin et al. 1992). Using Southern 

blotting, PCR and DNA sequencing, two conplete gene deletions were identified, (Hardelin 

et al. 1993b) as well as four other patients harbouring point mutations in exons 5 and 6 of 

KAL. Of the four patients, three had a base transition resulting in a STOP codon and the 

fourth had a single base deletion causing a frame shift mutation. The remaining 14 patients 

had no obvious mutations. Further studies of a similar nature have been undertaken to both 

further validate the gene for the X-Hnked form of KS, and at the same time to identify 

mutational hot spots. By amplifying and sequencing each of the 14 exons of the remaining 

14 patients who appeared to have no mutation on the preliminary screen using Southern 

blotting, two sequence variations ( one in exon 11 coding for an amino acid change and one 

in exon 12 resulting in the introduction of a restriction site but no amino acid change) were 

identified. Nine different point mutations were also identified. The base transitions were 

seen in exons 5,6,7 and 9 (Hardelin et al. 1993a).

All of these data further suggest that the inheritance of KS is heterogenous since mutations 

in KAL are not found frequently and there have been no reports to date of the same mutation 

being identified in two unrelated individuals. However, there have been sufficient mutations 

reported to vahdate KALIG 1/ ADMLX as the gene responsible for XKS.

A very recent study however (Giancarlo Perenti et al. 1995) suggests that XKS can show
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variable penetrance. This was demonstrated in three sibs who had the same partial deletion 

of KAL (only the fiist exon was present) but showed great variation in their clinical 

features. This would also suggest that KAL may be compensated for by some other gene 

product, as yet unidentified. Work described in this thesis has shed further light on the nature 

of mutations responsible for XKS and sporadic KS.

2.2.4 X-linked Kallmann's Syndrome as part of a contiguous gene defect.

Large teiminal or interstitial deletions of the Xp22.3 region (Lee et al. 1993) have been 

described in patients affected by several monogenic diseases known as contiguous gene 

defects including: X-linked short stature, chondrodysplasia punctata, mental retardation, 

ichthyosis and KS (Petit et al. 1990; Ballabio et al. 1988; Anthony C.Casamassima et al. 

1993; Lyle G Best et al 1990). Deletion mapping of a panel o f patients with one or more 

of these defects has enabled an order of these diseases to be estabhshed from telomere to 

centromere as follows: Short stature, chondrodysplasia punctata (holes in the bones),(Klink 

et al. 1994) mental retardation, X-linked ichthyosis due to steroid sulphatase deficiency 

(Ballabio et al. 1986; Andria et al. 1984; Ballabio et al. 1985) and XKS (Ballabio et al. 1989; 

Ballabio et al. 1987). These disorders can occur singly or together (Meindl et al. 1993). Tlie 

gene responsible for ocular albinism is located more proximal (Zhang et al. 1993). Both 

contiguous and non contiguous deletions have been described.

p-telomere 

Xp22

centromere

q-telomere

■S\
I

Short stature 

MIC2 locus

Chonarodysplasia punctata 

Mental retardation

X-hnked icthyosis 

Kallmann s syndrome

Fig.2.2 The X chromosome.
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2.3 Homology of X and Y chromosomes.

The Xp22.3 region contains an area of strict homology with the Y chromosome since there 

is a single obhgate X-Y crossover event during male meiosis, including the pseudo autosomal 

regions of the X and Y chromosomes. In Xp22.3, but outside of the pseudoautosomal 

region, a segment of the X chromosome shares extensive homology with Yql 1. Two genes 

are now known to be involved in this sequence homology; the steroid sulphatase-*S'r*S' and 

KAL genes. (Johnson et al. 1991) Both genes are functional on the X chromosome and 

escape X inactivation (Webster et al. 1978). Since mutations in KAL cannot be compensated 

for by the Y homologue, it can be hypothesised that the Y homologue is a non-flmctional 

pseudogene or insuf&ciently expressed.

During the search for the X chromosome locus, a YAC contig was constructed . These 

YACs contained Y homologous sequences and mapped to Yql 1.2. The YACs were 

subcloned into lambda phage vector (del Castillo et al 1992),and a hbrary was screened with 

PCR artq)lified KAL cDNA segments. Each positive phage was subcloned and sequenced. 

By comparing with the KAL cDNA sequence, no phage containing Y sequences 

homologous to KAL exons 1,3,8 and 9 were found. Even under low stringency conditions 

no Y specific bands were detected for these exons when Southern blots were performed on 

genomic DNA from both normal males and females suggesting that they are absent in the 

Y homologue (Incerti et al. 1992).

When X and Y sequences were conq>ared there was found to be a high degree of homology; 

86.2%-98.3% for exons and 86.3%-99.1% for introns. It is noteworthy that five of the ten 

exons of the STS gene are also missing on the Y homologue. However, the similarity indices 

are high m both exon and intron sequences.

In order to investigate X and Y sequences divergence the chromosomal location of these 

genes was studied in other species (del Castillo et al. 1992); notably, the old world monkey 

(macaque), new world monkey (caJlimico) and prosimian. Genomic DNA was isolated fiom 

several pairs of each of these species and restricted with EcoRl and blotted onto filters. The 

blots were then hybridised under low stringency to probes corresponding to exons 2, 4 and 

10 of the KAL gene. In macaque and caUimico, the comparison of the signal between male 

and female revealed a dosage difference corresponding to X-specific bands. Y specific bands
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were detected in macaques but not in caUimico. In the lemur there was no difference 

between male and female signals which would suggest that KAL could be either autosomal 

or pseudoautosomal. These results match the results previously found for STS in this 

taxonomic group. STS is pseudoautosomal in the mouse and other rodents and since KAL 

undergoes the same rearrangements as STS it has been hypothesised that KAL is 

pseudoautosomal in the mouse too but has yet to be identified.

2.4 Expression of KAL in the developing chick.
Evolutionary studies were performed on KAL in the form of "zoo blots" analysis using the 

human cDNA as a probe. Sequence conservation was found among several species 

including; monkey, cow, rabbit, sheep and chicken but not the mouse. Since the mouse 

could not be used to perform developmental studies, (as it does not have the gene) 

observations have been confined to chickens. Chicken has often been used to study 

development and perform fimctional studies. As the gestational period is short, their fast 

development makes them convenient experimentally. The human cDNA clone was used to 

screen a cDNA hbrary of 10 day old chick embryos and a 666 bp clone was isolated. This 

clone was then used to screen fiirther hbraries of later stage chicks. The clones were 

combined to assemble a 4,604bp sequence which had a single open reading frame and a 

predicted protein product o f675 amino acids, highly homologous to the human protein, but 

five amino acids shorter (Legouis et al. 1993b).

In order to characterize the temporal expression of this gene during chick development, RT- 

PCR was performed together with RNase protection assays on chick embryos before 

ol&ctory bulbs develop ie stage 8 through to stage 35 when olfactory bulb development is 

conq)lete. The RT-PCR showed the same result in all stages of development. The expected 

product was anq)lified in aU cases. In situ hybridisation was then performed on olfactory 

placode, olfactory epithehum, olfactory nerves and olfactory bulbs using two non 

overlapping antisense ribo probes from the KAL gene (Legouis et al. 1993b). Hybridisation 

was detected in the neuroepithehum of the forebrain at the presunq)tive olfactory bulb 

region, at low levels which increased when the bulb differentiated. Expression was seen to 

be high in the outer layer of the neuroepithehum. This region contains the mitral cell layer 

in the chick. As the bulb continues to develop and reaches maturity, expression becomes 

concentrated in this layer. The mitral cell layer also showed expression in the adult chick. 

Expression of KAL was also seen in tissue types other than the olfactory bulb in the

41



developing chick notably in the brain in the ocular motor primordium These are the cell 

bodies and neurons that will later innervate the muscles that control the eye. Expression was 

also seen in the cerebellum in Purkinje cells. Another area of expression is the ventrolateral 

part of the anterior forebrain, an area responsible for discrimination of colour intensity and 

pattern in birds. Other areas of the central nervous system that showed expression were the 

trigeminal motor nuclei and choroid plexus. Expression was also detected in the developing 

limb bud, but not in the tip of the bud .

These findings have been confirmed by a very similar study performed by Legouis et al 

(Legouis et al. 1993a), wiio screened a chicken genomic DNA hbrary using probes firom the 

human KAL gene. These were PCR probes corresponding to exons 3 to 5. Positive clones 

fiom this low stringency screening were cloned blunt ended into M l3, and sequenced. There 

was found to be a high degree of sequence homology both for nucleotide and predicted 

amino acid sequence. In situ hybridisation was then performed and the main sites of 

expression found within the central nervous system At stages 6 and 8 the expression was 

low and difiuse, and only detected in the germinal cells of the developing neural tubes. In 

the olfactory bulbs the expression was first detected at stage 8 and was stronger in the 

periphery than in the ependymal layer of cells. At stage 9 and 10, expression was detected 

at the mitral cell layer, the first neuronal layer to form As the other layers of the bulb formed 

during development, the expression remamed only in the mitral cell layer. The olfactory 

nerve and glomerular nerve layers did not show any expression.

Expression was seen in the neuroretina fiom stage 6. The pattern began as a weak difiuse 

one becoming far more specific by stage 8. In the cerebellum, expression was seen at stage 

9 in the immature Purkinje cells. There was also some labelling in the spinal cord, essentially 

in the medial part of the grey matter.

Once this study was performed in the chick, homology of this gene with other birds was 

sought. Chick cDNA was used to screen a genomic DNA hbrary fiom the total quail 

embryo and fiom the quail embryonic retina. The complete coding sequence for the quad 

was obtained by overlapping several clones. Chick and quail sequences are 95% homologous 

and are 73% and 72% respectively homologous with the human sequence (Lobie et al. 

1993).
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2.5 The predicted Kallmann protein.
As yet all that is known about the protein produced from the X-linked Kallmann gene is by 

prediction and deduction from the gene sequence. The protein has yet to be isolated by 

conventional tissue extraction. However analysis of the sequence data suggests that the 

protein has three domains (A, B and C) which are similar to other known human proteins. 

Domain A has a sequence characteristic of the four disulphide core domain shared by 

several protease inhibitors and neurophysins. Domains B and C represent part of the 

previously identified fibronectin type III domain found in most neural cell adhesion 

molecules (NCAM). This motif is often found to be repeated several times in such proteins. 

The predicted sequence begins with an uncharged hydrophobic region, characteristic of a 

signal peptide. The molecular weight of the predicted protein is 74 Kd and it has six 

potential glycosylation sites. The rest of the amino acids are hydrophihc with no evidence 

of a transmembrane domain for phosphatidyl inositol anchorage. The KAL protein is 

probably secreted, and homologies with other proteins suggest a role as a signal peptide ie. 

the N terminus enables the protein to be transported out of a cell. The protein may be 

involved in neuronal pathfinding and migration both by cell-cell interaction and ceU-matrix 

interactions.

In the context of the clinical features of KS, the protein is probably involved in the migration 

of both neurons in the central nervous system and non-neuronal tissues. It has also been 

suggested that the protein is necessary for the maintenance of the olfactory bulb. 

Alternatively the KAL protein could be a growth factor responsible for the growth and 

maintenance of the olfactory bulb. KAL is likely to be one of a group of proteins involved 

in cell migration and maintenance of the olfactory bulb and there is a probable association 

with other molecules such as NCAM rather than independently. However, this is largely 

speculative at present.
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Chapter 3 

THE NORMAL DEVELOPMENT OF THE HUMAN 

GONADOTROPHIN RELEASING HORMONE AND 

OLFACTORY SYSTEMS.

The two main defects of Kallmann's syndrome are anosmia and hypogonadotrophic 

hypogonadism. The underlying pathogenesis of Kallmann's syndrome is best understood 

by reference to the developmental interrelationship between the olfactory and GnRH 

systems.

3.1 Gonadotrophin releasing hormone.
The neuropeptide gonadotrophin releasing hormone (GnRH) serves both as a hormone and 

a neurotransmitter. It has multiple roles in reproduction as well as behaviour. This hormone 

is also known as LHRH (luteinizing hormone releasing hormone)(Linda E.Muske, 1993). 

Reproduction involves many complex interactions between neural and endocrine 

mechanisms at different times and developmental stages. GnRH plays a very important role 

in initiating long term maturational events as well as short term endocrine and behavioural 

responses. The endocrine function of GnRH peptide regulates gonadotrophin release from 

the pituitary. It also acts directly on targets in the brain (Schwanzel-Fukuda and Pfaff  ̂ 1989; 

Sherwood et al. 1993).

3.1.1 Identification of GnRH

GnRH was isolated, characterized and synthesized in 1971 using porcine, ovine and bovine 

hypothalamic extracts (Cheung et al. 1991). The molecule was originally thought to exist 

in one form but has since been found to exist in seven different forms. Six of the forms of 

GnRH are distinct from mammahan GnRH and make up a family of decap eptides with at 

least 50% homology to one another. GnRH shows evolutionary conservation. Five of the 

10 amino acids (residues 1,2,4,9 and 10) are conserved in all the forms identified so far.
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3.1.2 Distribution of GnRH cells and their ontogeny

Distribution of GnRH has been studied in many species using immunohistochemistry. There 

is remarkable similarity across species in the distribution of these neurons, perhaps not 

surprising in view of other essential biological fonctions. GnRH occurs in the brain and other 

locations acting as a neurotransmitter, neuromodulator and local hormone. The first GnRH 

neurons were found in the caudal telencephalon and anterior diencephalon. Septo-preoptic 

neurons are the principal regulators of gonadotropin release in most vertebrates. The 

majority of GnRH axons within this region project to an area in or near the medium 

eminence suggesting that the main role is in the regulation of LH and FSH release.

GnRH immunoreactive neurons have been found in the peripheral part of the nervus 

terminahs before they are found in the brain (Schwanzel-Fukuda and PfafiJ 1989). The 

nervus terminahs extends centraUy fi*om the olfactory pit to the septal-preoptic region and 

GnRH neurons occur along its central and peripheral segments during embryogenesis. GnRH 

neurons differentiate from medial olfactory placode ceUs of the developing nose and migrate 

across the nasal septum and enter the forebrain with the nervus terminahs arching into the 

septal-preoptic area of the hypothalamus (El Amraoui and Dubois, 1993).

In mice, GnRH immunoreactive neurons are first detected in the epithehum of the medial 

olfactory pit at 11 post coitum. Using in situ hybridisation (Ŝ  ̂ riboprobes) a GnRH 

transcript was locahsed initiahy in the olfactory pit, with no GnRH cehs detected in the 

brain at this time. Cells hybridizing with a GnRH probe showed remarkably similar patterns 

of hybridization to the patterns previously seen using anti-GnRH antibodies (Wray et al.

1989). At days 12 and 13 post coitum, the neurons were seen migrating across the nasal 

septum towards the forebrain. Cehs were detected adjacent to the olfactory pit and seen to 

be located on "tracks"extending fî om the olfactory pit to the junction of the nasal and 

telencephahc region. From days 16 to 20, an increase in the number of neurons was seen 

in the pre-optic area (Wray et al. 1989). H  ̂thymidine autoradiography confirmed that the 

GnRH cells originate in the olfoctory pit and not in the brain. A similar pattern was observed 

using in situ hybridisation and immunocytochemistry in the monkey (Ronnekleiv and Resko,

1990). In the developing monkey foetus, GnRH immunoreactive cehs were found at day 36 

of gestation within the nasal epithehum. By day 38 of gestation these cehs have migrated 

into the brain along the dorsal surface of the olfactory bulb. By day 40 a greater number of 

GnRH neurons was seen in the brain and in the septal preoptic areas. A few cehs were also 

found in the hypothalamus, showing a similar pattern of migration to that in developing 

mouse. It would appear that the GnRH neurons are the only neuroendocrine gene products 

to migrate fi-om the olfactory pit.
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3.1.3 NCAM and GnRH neuron migration

It is likely that both mechanical and chemical signals are included in the migration of GnRH 

cells. Cell adhesion molecules are also likely to participate. Studies using anti NCAM 

antisera, cytotactin, fibronectin, laminin, CTB proteoglycan as well as anti-GnRH antisera 

have been performed in order to determine the relationship between migration of GnRH and 

these different cell adhesion molecules (Schwanzel-Fukuda and Pfaff  ̂ 1991). NCAM is a 

large molecular weight molecule, found in the membranes of all nerve cells. It mediates cell

cell adhesion and is present on the cell body, the neurites, and on the tips of growing axons 

(Schwanzel-Fukuda et al. 1994). These experiments showed that NCAM was the only 

molecule of those tested to be reproducibly present in this migration, forming a scaffolding 

on either side of the midline, anchoring at the tip of the rostral forebrain to the epithehum 

of the ol&ctory placode. The GnRH neurons migrated out of the olfactory placode across 

the nasal septum and entered the forebrain alone and within NCAM immunoreactive 

fascicles. GnRH neuronal migration was never seen to be independent of NCAM. The 

NCAM immunoreactive fascicle of the vomeronasal and terminahs nerves did not grow 

directly into contact with the developing forebrain but aggregated into NCAM 

immunoreactive pioneer cehs which then merged with the rostral tip of the forebrain. No 

NCAM irnmunoreactive neurons were observed in the forebrain before the bridge of NCAM 

immunoreactive cehs and fibres were in place between the olfactory pit and the forebrain. 

Mesenchyme cehs appear to be the source of NCAM which is not secreted by GnRH cehs 

(Schwanzel-Fukuda et al. 1992).

The involvement of NCAM m this migration was proven by disrupting the action of NCAM 

in the developing mouse by injectiug antiserum to NCAM onto the olfactory pit, in utero. 

At 11 days gestation fewer GnRH immunoreactive ceh were found in the olfactory pit than 

in control mice. No migration of GnRH cehs out of the epithehum of the olfactory pit 

occurred at this stage in the antibody treated mice, vAûle a number of GnRH immunoreactive 

cehs were seen in this region in the untreated control animals . However, the NCAM bridge 

seemed to be unaffected by the anti-NCAM injections. Fewer GnRH immunoreactive cehs 

were detected in the brain at 12 days gestation than the control animals. In addition, the 

number of GnRH immunoreactive cehs seen on the nasal septum or in the transverse 

crossing from the nasal cavity into the forebrain, or in any part of the forebrain, were greatly 

reduced compared to the numbers of these cehs seen along the migrationary route in ah 

categories of the control animals (Schwanzel-Fukuda et al. 1994).

Thus injecting anti-NCAM antibodies into the olfactory pit of 10 day old mice embryos 

causes the nihibition of GnRH neuronal migration into the nasal mesenchyme or forebrain.
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Since there is no way of proving whether the antiserum was taken up outside the olfactory 

epithelium, the disruption of the migration of the GnRH cells into the brain may be 

secondary to the reduced number of GnRH cells originating in the epithelium of the olfactory 

pit. The results of this study suggest that cell adhesion molecules are essential for GnRH cell 

migration, and that a defect of GnRH migration may be the result of an interference with 

some property of adhesion.

3.1.4 GnRH neuronal migration in KS

Is the KAL protein also involved in the migration of olfactory axons and GnRH neurons? 

Evidence for this was sought from a 19 week old foetus which had a deletion of the terminal 

portion of the X chromosome and in vMch the migration of GnRH ceUs was totaUy arrested 

in the nasal area (Bick et al. 1992; Schwanzel-Fukuda et al. 1989). The brain and nasal 

region of this and three age and sex matched controls were examined using 

immunocytochemical methods in order to study GnRH tissue expression. The tissues were 

frxed in Bouin’s solution, decalcified dehydrated and paraffin fixed. Sections were cut and 

unlabeUed anti-GnRH antibodies were used foUowed by biotinilated secondary antibodies 

and an avidin-biotin horseradish peroxidase complex. The sections were then immersed in 

diaminobenzidine tetrahydrochloride (DBT).

In the normal brain, GnRH expressing ceUs were seen in, the medial septal nucleus, the 

medial preoptic area, the retrochiasmatic area, the anterior hypothalamus, above the anterior 

commissure, in the medial basal hypothalamus and in the premammiUary and 

retromammillary areas. These cells were found singly or in pairs or in smaU clusters of three 

or four cells at most. A few GnRH cells were seen among the gangUon ceUs of the terminahs 

nerve in the nasal cavity and on the dorsal surface of the cribriform plate. Some GnRH 

immunoreactive fibres acconq)anied the branches of nerves of the nasal septum and 

throughout its course to the olfactory bulb.

In the Kallmann foetus, no GnRH expressing cehs were found in the brain, including the 

preoptic area and the median eminence. Unlike the single cehs observed in the normal tissue, 

dense clusters of immunoreactive ceUs were observed in the nose on either side of the 

midline and medial to the olfactory nerves. On the rostral part of the nasal cavity smaU 

clusters of immunoreactive ceUs were identified among bundles of nerve fibres, as weU as 

on the nasal septum oriented perpendicular to the cribriform plate. The largest and most 

prominent GnRH nerve fascicle coursed upward through holes in the cribriform plate just 

caudal and lateral to the crista galli and ended in a dense plexus of GnRH immunoreactive 

ceUs and fibres on the dorsal surface of the cribriform plate below the forebrain. In this
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foetus the olfactory bulbs and tracts were absent on both sides, and the olfactory, 

vomeronasal and terminal nerves never reached the brain.

This study of GnRH releasing neuronal migration in the Kallmann and normal foetus showed 

that there were no GnRH expressing cells in the brain of the KS foetus, in contrast to the 

control brains and that these neurons accumulated in the nose and durai layer of the 

meninges beneath the forebrain in KS. Further, axonal processes of the olfactory nerves and 

the vomeronasal and terminal nerves extended across the nasal septum but ended on the 

dorsal surfece of the ethmoid bone never reaching the brain. The absence of GnRH neurons 

in the brain may be due in part to the absence of the projections of the terminal nerves in the 

brain. In this foetus the olfactory, terminal and vomeronasal nerves were all present as were 

GnRH immunoreactive cells. However, they did not reach their final destination, their 

migration being arrested before they reached the brain (Schwanzel-Fukuda et al. 1989). 

Observations such as the above together with previous studies of GnRH migration in 

association with NCAM, imply that the terminal nerve together with NCAM provide a 

scafibldmg over vdiich the GnRH neurons migrate fi*om the olfactory pit to the forebrain via 

the ol&ctory bulb during development. NCAM is important in providing mechanical support 

as well as messages for this migration to occur. KAL protem may complement NCAM in 

this migrationry pathway. Evidence for this can be obtained from the KS foetus which had 

all the necessary neurons present for migration but m whom the whole process came to a 

premature halt presumably due to absent Kallmann protein.

48



3.2 The Olfactory bulb.

Most mammals have a main and accessory olfactoiy system whose receptive elements, the 

primary sensory centres (the nose ) and then connections to the brain, form separate 

pathways. The olfactoiy process takes place in four distinct stages, each stage involves a 

ddferent cell type.

i) The receptor organ -the nose, ii) Glomerular layer hi) Plexifoim layer iv) Piimaiy 

olfactory cortex.

The olfactory receptor cells in the nasal mucosa receive signals from odorants and transmit 

that infoimation to the main olfactoiy bulb in the brain which sends output frbres directly to 

the secondaiy centre m the primaiy olfactoiy cortex. Although the olfactoiy bulb serves as 

the fii'st relay o f the olfactory information pathway, it is not only a ganglion in which the 

olfactoiy pathway synaptically interchanges but a higlily complex stmcture (Meng Inn Chuah 

and Farbman, 1995) The olfactory bulbs are paired oval évagination of the frontal wall of 

the telencephalon. In humans they are small and are located on the ventral surface o f the 

frontal lobes.
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Fig.3.1 Basal aspects of the human brain
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The bulbs are made up of six layers of cells: i) Olfactory nerve layer, ii) Glomemlar layer, 

iii) External plexiforai layer, iv) Mitral cell layer, v) Internal plexiforai layer, vi)Granular cell 

layer.

These layers become less well organised and distinct with age. However, in the foetus they 

can be veiy clearly distinguished.

In the olfactory bulb, in the same way as any other brain centre, there is an input fibre (axons 

o f olfactory receptor cells and axons fiom brain structures), an output neuron (mitral cell 

neurons and tufted cells) and an intemeuron (periglomerular cells, short axon cells and 

axonless granule cells) which foim a triad of neuronal elements.

Axons of human olfactoiy receptor cells fonn bundles with as many as 200 axons per bundle 

and they become packed into a single Schwann cell. The glomemh are the most distinctive 

part of the olfactoiy bulb, making up the glomemlar layer of the bulb. In this layer, receptor 

cell axons connect to dendrites of the output neurons.

Tlie human olfactoiy receptor cells are constantly regenerated by new neurons. However, 

this does not dismpt the connection with glomemh. As many as 2000 olfactoiy axons wül 

connect to one glomemlar cell. The glomemlar layer is rich in neuronal cells. A dendrite of 

a periglomemlar cell terminates within one or two glomemlar cells in which teiminals of 

olfactory axons and dendrites of mitral and tufted cells are mixed.

Fig 3.2 Scheme of the human olfactory bulb. Note the layers o f cells: 1. Olfactory nerve 

layer, 2. Glomemlar layer, 3. External plexiform layer, 4. Mitral cell layer, 5. Internal 

plexifoiTn layer, b.Gianular cell layer.
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Each olfactoiy bulb sends ipsilateral projections to the primaiy olfactory cortex. The mitral 

cell axons temiinate throughout the whole olfactory cortex whereas the tufted cell 

projections are restricted to the more rostral part o f the cortex.

In the olfactory system, unlike other systems in the central nei'vous system, the output 

signals fi om the primary system centre reach the specific cortical area dh ectly without any 

processing fiom or through the thalamus.

3.2.1 Developmental anatomy of the olfactory bulb.

There have been relatively few observations in the development of the olfactory bulb in 

humans. However, Humphr ey in 1940 studied a series of 13 human foetuses between the age 

of 6.5 and 18.5 weeks of gestation (Humphrey, 1940). In 1973 O'Rahilly undertook a study 

on staged embryos from stage 11 (24 days ) to stage 23 (57 days) and made the following 

observations (Meng Irm Chuah and Farbman, 1995).

Dav 24-3.5 weeks 

A small epiblastic thickening of cells 

is seen on each side of the rostral of 

the neuropore(RN). This primordium 

is a little less advanced than the lens. 

NF-Nasal field

Dav 26-3.7 weeks

The nasal field and disc (ND) can be 

clearly seen at this stage.

ND

1
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Dav 28-4 weeks

An important vascular layer appears 

between the nasal and olfactory fields. 

The shape of the nasal field is still 

convex. Cellular buds (CB)can be seen 

on the basement membrane.

Dav 32-4.5 weeks

The vascular layer spreads out giving 

rise to a strand between the nasal 

placode and the olfactoiy field. The 

number of cells in the placode 

increases and its shape may change 

fi om flat to concave. (VX vessels)

•o.

Day 37-5.2 weeks

The nasal field shows a pronounced 

groove, the beginning of the 

vomeronasal groove. The olfactoiy 

nei-ve found between the olfactory field 

and the nasal groove increases in size. 

The presumptive bulb at this stage has a 

highly cellular inner ventricular layer 

and a veiy acellular outer layer. As time 

passes olfactory fibres penetrate into the 

ventricular layer of the bulb and the 

bulb increases in size considerably. The 

olfactoiy sulci can now be seen.
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Dav 44-6.2 weeks

The olfactory nei*ve and bulb can now 

be seen in the same plane. The olfactoiy 

field is well outlined by two olfactory 

sulci. Terminal and vomeronasal 

stmctures are taking shape.

TG terminal gangbon VNG 

vomeronasal groove DN nasal disc

DNTG

V N G

Dav 48-7weeks

The origins o f the olfactory nei"ve and 

terminal-vomeronasal complex are well 

differentiated. The terminal gangbon can 

also be seen.

Dav 51-7.2 weeks

Tlie olfactoiy iiei-ve at this stage ends in the 

posteromedial, superior and apical areas of 

the olfactory bulb. When the olfactory nei*ve 

fir st appears and becomes attached to the 

brain there is no evidence of the bulb, only 

once the olfactory nerve has started to grow 

into the brain does the bulb begin to appear. 

The terminal nerve fibres endings are now 

isolated but the vomeronasal nerve fibres 

are still intennmgled with the fibres o f the 

olfactory fibres.
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Day 52-7.3 weeks

The olfactoiy uewe is ananged in small thieads in the area which will become the cribriform 

plate. The olfactory bulb can now be seen as a distinct protrusion o f the wall of the 

telencephalon. At this stage the bulb is directed downwards and a little backwards. The 

terminal nerve can be distinctly seen, the right and left nerves approach one another and 

almost touch the median plane suggesting decussation is occurring.

Day 54-7.7 weeks

The bulb grows longer and larger and now 

looks more bulbar in shape. 

(VNO-vomeronasal organ TVN-tenninal 

vomeronasal nerve TG teiminal ganglion).

T G

T V N

V N O

Day 57-8 weeks

Within the olfactoiy and accessory olfactoiy fonnations, there are indications o f layering 

occurring and a difference between these two stmctures can be demonstrated. In the 

olfactory bulb, numerous cells at the surface form a layer in intimate relation with the 

entering olfactoiy fila, which do not extend very deeply. Deeper in the developing bulb there 

is another cellular layer. These cells are separated from neuroblasts migrating out from the 

ependyma. The glomemlar and granular layers differentiate in this cellular region and will 

become the granular (day 54) and mitral cell layers (day 52). The accessory olfactory bulb 

at this same stage shows some differences. It has fewer neiwe fibres entering it and fewer 

cells.
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I ML O V
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VNN,

V N O

Day 57: (AON-anterior olfactory nucleus, EL-ependymal layer, EGL-external granular layer, 

EML-exteinal molecular layer, IGL-intemal granular layer, EML-interaal molecular layer, 

LOF-lateral olfactoiy fila, MCL-mitral cell layer, ML-marginal layer, MOF-medial olfactory 

fila, MSN-medial septal nucleus, OV-olfactoiy ventricle, PL-plexiform layer, TG-terminal 

ganglion, TN-temiinal neive, VNG-vomeronasal ganglion, VNN-vomeronasal nerve, VNO- 

vomeronasal organ)

Dav 66-9.5 weeks

The developing olfactory bulb now extends medially as well as ventrally. The accessoiy 

olfactoiy bulb now occupies its dorsomedial position and forms a slight superficial eminence. 

Tlie internal granular, the external and internal molecular layers remain a similar size. The 

mitral cells become wider and more distinct. The mitral cells can be seen to form a distinct 

layer by day 60.

Dav 77-11 weeks

The olfactory bulb is dhected 

posteriorly as well as downwards but 

win later extend caudo-medially. Tlie 

most stiiking evidence of bulb 

formation at this stage is the

bu lb . o lf .  oco

bulb. olf.

' “ " - l o m  f ib .N  o lf.

o lf  f p i
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appearance of the mitral cell layer. Tlie size of the cells is much the same but there is now 

less space between the layers of mitral cells and internal granular cells of the bulb. In the 

accessoiy bulb, the mitral cells are also more compact and clearly delimited. The accessoiy 

bulb does not have an external granular layer, unlike the olfactory bulb.

Day 91-13 weeks

The bulb turns fom ard and will now 

continue to grow in length and not in 

thickness.

ven tric le

bulb, o lf o c c .

lorn, f ib  N o lf

Day 98-14 weeks

The gianular cells of the bulb begin to clump in a very limited portion o f the peripheral part 

of the internal gianular layer and the onset of closure of the olfactory ventricle by the growth 

of cells into it fi om the ependyma.

By week 15 the fila olfactoiia enter the bulb on all surfaces at its most frontal tip. Glomemh 

are also beginning to form in the region were the fibres enter the bulb. Mitral ceU dendrites 

can be traced into these developing glomemh. Further regression of the accessoiy bulb has 

occuned. Finally at 18.5 weeks gestation, the bulb is as differentiated as the cells seen in the 

adult bulb. As in the adult the olfactory ventricle is no longer patent in the bulb. The 

olfactory fila suiTound the tip and enter it on ah sides. There is marked infolding of the mitral 

cell layer in the ventral, lateral, and medial sectors of the bulb and the mitral cell layer on the 

dorsal side is more clearly defined. There are now fewer outward reaching mitral cells in the 

external molecular layer. The number o f ceUs in the granular layer is now greatly increased. 

The accessoiy olfactory bulb is present. Although it is absent in adult man, it is present in 

the embryo and then disappears. The vomeronasal nerve however, is present in the embryo 

and remains in the adult.

By 19 weeks gestation the laminar pattern seen in the adult can afready be seen in the foetus 

and the bulb is said to be fully foimed (J.Bossy, 1980; Pearson, 1941b; Pearson, 1941a).
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3.2.2 Structure, function and development, and of the vomeronasal organ.

The vomeronasal system is important in human reproduction and behaviour (David T.Moran 

et al. 1995). It is also called the accessory olfactory bulb. It is made up of three major 

components; i) the chemosensory organ in the nose, called the vomeronasal organ or organ 

of Jacobsen, ii) the vomeronasal nerve which connects the vomeronasal organ to the brain, 

iii) the region in the brain to which the accessory ol&ctory bulb connects. Until recently, the 

adult human vomeronasal organ was merely thought to be a vestigial structure. However, 

of late this theory has been challenged (Moran et al. 1991). The vomeronasal organ is a tube 

that is situated bilaterally on the anterior of the nasal septum beneath the surface of the nasal 

mucosa. The opening of the tube is the vomeronasal pit. The vomeronasal organ gives rise 

to a bundle of nerve fibres collectively called the vomeronasal nerve. This nerve connects 

to the accessory olfactory bulb in the brain. It is important at this stage to note that the 

vomeronasal nerve is separate from the olfactory nerve in the same way that the accessory 

olfactory bulb is separate from the olfactory bulb.

At 6.5 weeks gestation the vomeronasal organ (Jacobsen's nerve) is represented by a deep 

groove extending into the wall of the nasal septum From the epithelium of this wall the 

fibres of the vomeronasal nerve extend forward to the forebrain vesicle. At this time the 

olfactory and accessory bulbs have three regions; ependymal, mantle and marginal. There 

is no sign of lamination of the olfactory and accessory bulb (Nakashima et al. 1985).

At 7 weeks gestation the groove forming the vomeronasal organ is less definite. Nerve fibres 

still pass from the medial wall of the developing organ to the forebrain. By 8 weeks the 

vomeronasal organ has deepened and elongated fully and appears as a closed off pocket, 

both the medial and lateral walls having a lining epithelium Fascicles of the vomeronasal 

nerve pass to the rhinencephalon from both surfaces of the organ. Vomeronasal fibres enter 

the olfactory bulb just medial and slightly dorsal to the fila olfactoria.

At 8.5 weeks gestation the vomeronasal organ has elongated and deepened to appear as a 

saccular structure having a tube like connection to the nasal fossa. In each region, the wide 

ependyma and the adjacent area of neuroblasts proliferating from it are still present about 

the ventricle but towards the surface, changes have occurred.

By 9.5 weeks gestation, the vomeronasal organ no longer opens into the nasal fossa but is 

connected with it only by a solid cord of epithelial cells According to original articles by 

week 10 of gestation, the "vomeronasal organ varies considerably and complete 

degeneration in early foetal life may ensue! " However the development of the vomeronasal 

organ is not in fact complete until week 20 of gestation. There have not been any recent 

studies on the development of the vomeronasal organ in human embryogenesis.
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3.2.3 The Nervus Terminalis

The nervus terminalis or "terminalis nerve", as it is also called, is a cranial nerve of unknown 

function (Marlene Schwanzel-Fukuda and and Donald W.Pfaff, 1995; Pearson, 1941b; 

Pearson, 1941a). It is located rostral to the 12 cranial nerves. It shares a com m on 

developmental path with the vomeronasal nerve or organ, from the epithelium of the medial 

olfactory pit. The central process of the vomeronasal and terminal nerves ascend the nasal 

septum, course through the cribriform plate of the ethmoid bone medial to the olfactory 

nerves and enter the ventromedial surface of the forebrain just caudal to the olfactory bulb. 

The vomeronasal nerve ends at the accessory olfactory bulb and the terminalis ends at the 

brain (Schwanzel-Fukuda and Pfaff  ̂ 1991). The nervus terminalis has ganglia at nodal 

points. The intracranial part of the nerve lies along the ventromedial surface of the olfactory 

bulb. The nervus terminalis remains constant in its anatomy across species. It is even present 

in animals that do not have an olfactory and vomeronasal system (chickens and bats). The 

fact that it is present in the human adult implies a physiological role; it is not just a transient 

embryonic structure.

Since it has such a close association with the olfactory, vomeronasal and trigeminal nerves, 

it is difi&cult to isolate the function of the nervus terminalis with any degree of certainty. In 

addition, the fact that this nerve is seen in animals that do not have a vomeronasal or 

olfactory nerve suggests that the role is other than an olfactory one.

With the use of immunohistochemical techniques, it has been discovered that GnRH cells 

are contained in the nervus terminalis. These cells are necessary for the reproductive 

behaviour of humans. In fact, these GnRH producing and releasing cells originate in the 

nose- in the olfrctory pit, in the same place as the terminal and vomeronasal nerves and they 

migrate to the brain along a pathway laid down by these nerves. This suggests that the 

nervus terminalis may be acting as a scaffold.

In man, the nervus terminalis is located lateral to the midline and medial to the vomeronasal 

and olfactory nerves and deeper in the mucosa covering the nasal septum The nervus 

terminalis emerges through the cribriform plate of the ethmoid bone medial to the olfactory 

and vomeronasal nerves. It forms a plexus along the medial surface of the olfactory bulb in 

mammals and in humans it forms a plexus on either side of the crista galli. At this point the 

terminahs joins the vomeronasal nerve and runs to its terminus in the olfactory bulb.

In the developing human, the terminal nerve cannot be easily distinguished from the 

vomeronasal nerve. By the time the embryo is 17 mm in length, the terminal nerve is seen
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as a broad band of cells stretching from the olfactory placode to the brain. By the time the 

foetus is 24mm long the fibres were seen in the forebrain.

In conclusion the terminal nerve is a superhighway for the migration of GnRH neurons from 

the nose to the brain. Any other role it may have has yet to be discovered.

3.3 GnRH and the olfactory systems in KS.
In KS, irrespective of the mode of transmission, both olfactory and GnRH systems are 

dismpted. The reason why two seemingly umelated systems should be seen to break down 

together to give rise to one syndrome has become clear by studying the normal development 

of the two systems involved. The origins of the GnRH and olfactory neurons and the nature 

of their migrationry routes during development being so closely linked; this allows us to 

understand how these two features come together to give rise to KS.

What causes KS? It is now know that the anatomical correlations of KS are aplasia or 

hypoplasia of the olfactory bulbs and hypothalamic deficiency of GnRH. However, what 

causes these anomalies? Since the cloning of the gene, it has been possible to hypothesise 

that the protein produced by KAL is a cell adhesion molecule. It is thought that the KAL 

protein is necessary for the maintenance of the olfactory bulb and possibly necessary for its 

formation. This is likely since bulbs are seen in some KS patients but the fact that these bulbs 

are hypoplastic supports the role of the protein in the maintenance of the bulb. We know that 

the protein is not entirely responsible for the migration of the olfactory and GnRH neurones, 

since some migration occurs in the Kallmann foetus, but this is arrested. This suggests that 

the KAlv protein is necessary only for later events possibly in the migration rostral to the 

cribriform plate of the olfactory and terminalis neuron, which later synapse with the 

forebrain. Failure of the olfactory neurones to synapse with the brain results in failure of bulb 

formation. Studies of the olfactory mucosa of patients with KS has shown a very fast turn 

over of the olfrctory neurones, and these neurons fail to reach maturity. KAL protein may 

therefore be involved in maturation of the neurons as well as migration. FuU characterization 

of XKS, must await bio-assay systems in which the intact functioning protein can be 

investigated in-vitro.
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A IM S O F T i n s  TH ESIS

This thesis addresses three main areas of Kallmann's Syndrome.

1) The role of KAL protein in development: Monoclonal antibodies have been raised in mice 

to a short sequence of the KAL putative protein sequence and then used to screen human 

foetal tissues for protein expression.

2) Spatio tençoral egression o f KAL in the developing human: This has been investigated 

by performing in situ hybridisation using KAL as a ribo probe on normal human foetal tissue 

at different stages of gestation. Reverse transcriptase PCR was also performed on first 

trimester samples to identify areas of KAL expression.

3) The molecular genetics of KS: Patients with X-linked and sporadic KS have been 

screened for mutation of KAL using PCR, single stranded conformational polymorphism 

analysis and direct DNA sequencing in order to identify:

a) mutations in KAL

b) carriers

c) a mutation hot spot.
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Chapter 4

A STUDY OF KAL PROTEIN EXPRESSION IN THE 

DEVELOPING HUMAN USING MONOCLONAL

ANTIBODIES.

4.1 Introduction
Many genes have been isolated, their sequences elucidated and their expression mapped, 

generating information crucial to unravelling the molecular basis of disease. Understanding 

the role of a gene requires a knowledge of behaviour and function of its protein product 

in normal humans, either in the adult or during development.

Since the cloning of KAL in 1991, httle research has focused on the investigation of the 

fimction of the encoded protein. Knowledge of the Kallmann protein has been derived from 

sequence data and computer models. As yet neither the whole protein nor fragments have 

been generated to enable fimctional studies to be undertaken. Nor has the protein been 

purified from human brain or olfectory bulb. In the absence of any purified KAL protein, an 

investigation of Kallmann protein expression in human tissues was undertaken in both 

foetal and adult using a protein sequence apparently unique to KAL based on conq)uter 

derived sequence data. This ohgopeptide sequence was synthesied and subsequently used 

for generation of antibodies. These antibodies were then be used to screen a range of foetal 

tissue for areas of protein expression.

4.1.2 Antibodies, structure and function.

Antibodies are a group of glycoproteins present in the serum and tissue fluids of all 

mammals. Their production is induced when the host's lynqihoid system comes into contact 

with immunogenic foreign molecules-antigens. They bind specifically to the antigen which 

induced their formation. They are therefore an element of the adaptive immune system. 

There are five distinct classes of immunoglobulin molecules recognized in higher mammal s- 

IgG, IgA, IgM, IgD and IgE. These differ from each other in size, charge, amino acid and 

carbohydrates conçosition. The immunoglobulin molecules show heterogeneity even within 

the same class but have the same basic four chain structure. Each immunoglobulin molecule 

is bifunctional; one region of the molecule is concerned with binding to the antigen whde the 

other mediates binding of the immunoglobulin to host tissues.
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Fig. 4.1 An antibody. Note the antigen binding portion-Fab region to which the 

microorganism becomes attached and the Fc end which becomes attached to the host's tissue 

cells, particularly phagocytes.

62



4.1.3 Generation of Monoclonal Antibodies.

A monoclonal antibody is a single pure antibody produced in quantity by a cultured clone 

of a special cell type called B lymphocyte. Each normal B lynq)hocyte is capable of 

producing a single antibody. Animals, usually mice or rabbits are immunized with antigen. 

B lynçhocyte producing antibodies recognize the antigen and are thereby stimulated. Once 

antibody response initiated, the spleen is removed and a cell suspension prepared. These cells 

are fused with myeloma cell lines by the addition of polyethylene glycol, promoting 

membrane fiision. Only a small number of the cells fuse successfully. The ftision mixture is 

then set up in culture medium containing hypoxyanthine aminopterin and thymidine (HAT). 

Spleen ceUs can grow in HAT whereas myeloma cells fad to grow and die. The spleen ceUs 

die within 1 to 2 weeks, so the only cells remaining are the fused immortal cells. Some of 

these fused cells will also have the antibody producing capacity of the spleen cells. Any weds 

containing growing ceUs are tested for antibody production using the enzyme linked 

immunoabsorbant assay-ELISA test and if positive the cultures cloned. This involves plating 

them out so that only one ceU is in each wed. This produces a clone of ceds derived from a 

single progenitor, which is both immortal and produces a monoclonal antibody.

The advantage of using monoclonal antibodies over polyclonal antibodies is the increased 

specificity of the antibodies. The antibody wid bind far more selectively to antigens in the 

tissue than polyclonal antibodies.

This initial approach was chosen in preference to isolation of KAL protein using In vitro 

expression systems; these are varied and have been shown to have different degrees of 

success. The difficulty of producing large enough amounts of peptide and then isolating, 

purifying and characterising them could have been an entire project in itself. Monoclonal 

antibodies to a part of the KAL protein were therefore generated and used to screen both 

adult and foetal tissues. Mice were chosen to be the source of antibodies for convenience, 

being cheap to keep and feed.

4.2 Methods and Materials

4.2.1 Selection of the antigen.

In order to stimulate in vivo production of an antibody, an antigen that will produce a 

immune response in the mouse is needed. The putative protein sequence of KAL was 

examined to find regions that had no homology to any other known proteins, in order to 

avoid potential cross reactivity. The protein sequence selected avoided sequences that were
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too hydrophobic as these are known not to be immunogenic.

In general, small synthetic peptides used to generate antibodies in mice need to be 

conjugated to a carrier protein such as keyhole limpet haemocyanin in order to render them 

immunogenic when injected into the mouse. The peptide antigen usually represents a very 

small part of the total molecular weight of the antigen-carrier conq)lex. Antibodies of 

interest generated will therefore only be a minor percentage of the total amount of antibodies 

produced. The process of conjugating peptide and carrier can be difficult and result in loss 

of significant amounts of the peptide. This can be expensive. Therefore an alternative to 

conjugating peptide to carrier is preferable. Conjugating peptide to itself is problematic in 

that the shape and structure of such a conjugate is difficult to predict, and it is also difficult 

to predict its immunogenicity. For all the above reason a multiple antigenic peptide (MAP) 

was chosen and used as the antigen (Sette et al. 1989; Tam, 1988; Posnett et al. 1988). 

The KAL specific peptide antigen was synthesised on an automated peptide synthesizer 

RaininPS3 (Protein Technologies, Inc.) by a step wise sohd phase procedure (Posnett D.N. 

et al. 1988). The polypeptide was cleaved from the resin and purified by reverse phase 

HPLC. An octameric version of the sequence was synthesised. This involved two steps:

1) an octa branched core matrix composed of seven lysiues and

2) eight copies of the KAL sequence were attached to the a amino groups of the terminal 

lysines.

The small lysine backbone represented a minor portion of the total octameric structure and 

was non-hmnunogenic. The exact amount of carrier/peptide was known as well as its 

structure.

The KAL sequence chosen corresponded to amino acid 389 to 404.(see page 31-37) 

K V S L H F T S T H A T N N K E
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Fig. 4.2 KAL Multiple antigenic peptide

It was decided to include a six amino acid sequence derived from ovalbumin (VHAAH, 

underlined) as this sequence has been found to increase immune responses to MAPs and 

other processed antigens in the mouse (Sette et al. 1989).

4.2.2 Inoculation of mice.

Experimental Protocol

1. lOpg of protein was required for each of the 10 mice inoculated (.. lOOmg of protein in 

1 ml of saline.) Lyophihsed protein was at a concentration of lOOmg.

The antigen was prepared as follows:

To prepare 0.1 mg/ml stock; Img of dry protein was added to 1ml of saline.

lOOpl of this stock was added to 900pl of saline to achieve a final concentration of

0. Img/ml.

2. 1ml of complete Freunds adjuvant (CFA) (Sigma) (containing Img of tuberculosis, dried 

parafiSn oil and mannide monoleate) was mixed with 1 ml of protein solution to form a thick 

emulsion. Failure of a drop of emulsion to dissolve in water indicated that the emulsion was 

sufficiently viscous.

3. The mice inoculated were female, B albino/C mice, 10-12 weeks of age, (white with pink 

eyes). lOOpl of CFA/ protein mixture were injected subcutaneously twice ie. a total of 200pi 

was injected into each mouse.

4. After four weeks, the mice received booster injections. The protein was emulsified this
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time with incomplete Freunds adjuvant (paraffin oil and mannide monoleate).

5. 1ml of protein ( O.lmg/ml ) was mixed with 1ml ofincorr^lete Freunds adjuvant to form 

an emulsion as previously described and 0.3ml of the emulsion was injected into each mouse 

subcutaneously.

6. After a further two weeks, the mice were anaesthetized and a blood sangle taken from 

the heart.

7. The blood sample was left at 37°C for 10 mins in order to allow clot formation.

8. Samples were then centrifiiged in order to obtain the serum

4.2.3 Serum dilutions for use in ELISA

1. 100^1 of serum would be needed for each well of the microthre plates in which the ELISA 

were to be performed. Each dilution was performed in dupHcate.

A: 1 in 100 dilution ie. 2pl of serum in 200pl PBS 

B: 1 in 1,000 dilution ie. 0.2pl of serum in 200pl PBS

C: 1 in 10,000 dilution ie.2pl of serum in 200pl0 2pl of this was then added to 200pl of 

PBS ie. 1 in 100 dilution followed by a second 1 in 100 dilution.

2. Normal mouse serum was also prepared at the same time taken from a non- immunised 

mouse.

4.2.4 Enzyme linked immune absorbent assay-ELISA

1. 4.8mg of dry protein (the antigen) was suspended in 2ml of PBS (2.4mg/ml). This stock 

was stored in lOOpl ahquots ( 2.4pg/pl) at -20°C.

2. lOOpl of stock was added to 12ml of PBS. lOOpl of antigen was added to each well of 

a 96 well microtitre plate. This was left at RT for 1 hour. A control plate was prepared 

using PBS instead of antigen to coat the plate.

3. The contents of the plate was poured away and the plate vigorously shaken in order to 

ensure that the wells were erqpty.

4. The wells were washed twice with PBS.

5. Bovine Serum Albumin was prepared in PBS (1.5g BSA powder in 50ml PBS) to achieve 

a 3% solution. ISOpl was added to each well plate and left at 4°C 0/N. The BSA acts as 

a blocking agent preventing the antibody in the serum from binding non-specifically to the 

plastic, ie. once the antibody containing serum is added there is conqjetition for binding to 

the antigen between the antibody and the BSA.

6. The following day the plates were washed twice with PBS.

7. lOOpl of diluted serum was added to each well of the microtitre plate as follows.
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1 2 3 4 5 6

A lA 2A 3A 4A 5A 6A

B lA 2A 3A 4A 5A 6A

C IB 2B 3B 4B 5B 6B

D IB 2B 3B 4B 5B 6B

E 1C 2C 3C 4C X 6C

F 1C 2C 3C 4C X 6C

G NMA NMB NMC PBS X X

H NMA NMB NMC PBS X X

Table 4,1 ELISA to check for antibody production in mice

A=1 in 100 dilution B=1 in 1,000 dilution C=1 in 10,000 dilution. NM=normal mouse.
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8. The plate was left at R/T for 1 hour and then was washed three times with PBS tween 

( a detergent-250pl of Tween BDH in 500ml of PBS) and a further three times with distilled 

water.

9. Anti- mouse peroxidase conjugate (Sigma) was then added. This is the secondary 

antibody which binds to mouse antibodies in the serum Peroxidase conjugation enables 

visualization of positive reaction. The second antibody was diluted 1 in 500 ie. 20|il in 10ml 

of PBS. 100^1 was added to each well and the plate was left for 30 mins

10. The plate was washed three times with PBS tween and then three times with distilled 

water.

11. One tablet of OPD-O-phenylerediamine dihydrochloride (Sigma) was added to 4ml of

0. IM citrate phosphate bufler ( pH5) and the volume made up to 40ml with distilled water.

12. When the OPD had dissolved, 8^1 of 30% H2 O2  was added. lOOpl of this mixture was 

added to the plate and the wells assessed for colour changes. A minute after the wells were 

seen to go yellow, the reaction was stopped using lOOjrl of 4N HCl.

13. The quantity of antibody present in the serum was then measured by passing the micro 

titre plate through a plate reader at 490 nm.

4.2.5 Modified ELISA

Since BSA was included in the growth media, blocking the plates with BSA may have 

caused some cross reaction. Therefore plates were blocked with both BSA and PCS 

separately and a comparison between the two blocking agents made.

Experimental protocal

1. One vertical track of the microtitre plate was coated with BSA (ie. blocked) and one track 

was coated with foetal calf serum PCS and left 0/N  at 4°C.

2. BSA was included in the preparation of the secondary antibody in order to eliminate non

specific antibody interaction.

3. The tracks that had been blocked 0/N  were washed with PBS twice.

4. lOOpl of each serum dilution for samples 6 and normal mouse serum were added to the 

wells and the plate was left to stand for one hour at RT.

5. The tracks were washed three times with PBS tween and then with water.

6. A 1 in 1000 dilution of the antimouse peroxidase conjugate (Sigma) was prepared. This 

was more dilute than the first experiment where the dilution was 1 in 500.

Por track 1 (bioeked in PCS): Ipl of antimouse peroxidase conjugate in 1ml of 20% PCS 

Por track 2(blocked in BSA): Ipl of antimouse peroxidase conjugate in 1ml of 3%BSA
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100(il of the appropriate antimouse peroxidase conjugate was loaded into wells. (Two wells 

on each track did not have any serum added to them and acted as blanks. They only had the 

blocking agent added and no antimouse peroxidase conjugate.)

7. The secondary antibody was left for 30 mins prior to washing three times in PBS tween 

and then water.

8. lOOjLil of the visuahsing mixture (containing 4ml of 0. IM citrate phosphate made up to 

40 ml with water, 1 tablet of OPD and 8pl of 30% H2 O2 ,) was then added. The reaction was 

allowed to proceed for a minute after a colour change to yellow was seen. It was then 

stopped with lOOpl of 4N HCl.

9. The optical density-OD at 490nm was then measured.

4.2.6 Secondary immunisation of mice

15pg of antigen was injected intraperitoneally into two mice; nos 2 and 6.

These two mice were chosen as they showed the best response to the antigen by producing 

the highest antibody titre in the ELISA test.

4.2.7 Cell Fusions in order to generate hybridomas

1. Mouse no 6 was anaesthetized as previously described. 1ml of blood was taken ftrom the 

heart as before (this is about 50% of the mouse's blood and leads to the demise of the 

animal).

2. The fur was swabbed down with alcohol, removed and the skin pulled back.

3. The peritoneal cavity was then snipped open. The spleen was removed in one piece. 

Henceforth aU work was performed in a class II hood.

4. The spleen was placed in a mini petri dish with 2ml of sterile PBS. Using L shaped 

needles, the spleen cells were teased out ftrom the thick elastic walled spleen in preference 

to macerating the tissue, as the wall is too fibrous.

5. Using a 21G needle, cells were drawn into a syringe and transferred to a universal 

container.

6. The petri dish was washed with 1ml of fresh PBS and added to the universal container. 

This was then filled with PBS (total volume 24ml) and centrifuged at ISOOrpm for 5 min 

to pellet the cells.

7. The myeloma cells SP2/0 were removed from the CO2  incubator and the flasks gently 

shaken in order to remove the cells from the sides of the flasks. The media containing cells 

were then transferred to universal containers and the volume made up to 24ml with fresh 

PBS.
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8. These cells were centrifuged at 1500rpm for 5 mins to pellet the cells. Centrifuging the 

cells allows the removal of protein and albumin.

9. Both sets of cells were washed with PBS three times, and then re-suspended in 10ml of 

PBS.

10. A drop of the ceU suspension was added to a haemocytometer for ceU counting.

0.1mm deep x 1mm x 1mm x 10̂ =̂ ceUs per mm

splenocytes 10* in 10ml .. lO^ceUs in 1ml 

myeloma ceUs 4 x 10^ in 10ml . . 4 x 10̂  in 1ml.

The optimal ratio of ceUs is 1 myeloma ceU to 10 spleen ceUs. In this case there are 2.5 

splenocytes to 1 myeloma ceUs.

ie. 10* splenocytes: 1x10^ myeloma ceUs would give the 1 to 10 ratio needed. Therefore 

only a quarter of the volume of the myeloma ceU stock was used.

11. The two ceU types were mixed and then decanted into a fresh universal tube in order to 

remove the fibrous tissue. The final volume was 15ml.

12. The ceUs were centrifuged at 2000 rpm for 5 mins in order to peUet the ceUs.

13. 50% polyethyleneglycol PEG was prepared with 10% DMSO in PBS. The PEG was 

equilibrated at 37°C and then 0.5ml was poured over the peUet of ceUs very slowly over a 

period of 1 min. This aUows the ceU membranes to coalesce instead of bouncing off one 

another. PEG assists fusion of the ceUs; this must be done very carefiiUy to avoid ceU 

rupture.

14. The universal flask containing the spleen and myeloma ceU peUet was jSUed with media 

and the ceUpeUet carefiiUy disrupted. Half the media was removed so that the peUet could 

be further disrupted and then the media replaced.

15. The ceU containing media was pipetted out onto a 25 weU plate (this is a plastic plate 

with 25 X 5ml weUs used for growing small cell cultures), 0.5ml into each well. A total of 

240 wells was prepared (ie. 10 plates) The plates were then left at 37°C in a CO2  incubator 

0/N  (this type of incubator maintains the pH of the growth media and prevents it from 

becoming alkaline).

NB. The growth media used was DMEM: Dulbeco's modified Eagles medium (Sigma), 

which contains glucose (lOOmg/L), Na pyruvate (lOOmg/L), Na Bicarbonate (lOOmg/L) and 

amino acids. Foetal calf serum -PCS was added to the medium at a concentration of 20%. 

It contains growth Actors wbich will encourage growth of cells. Glutamine (2M) was also 

added to the DMEM (5mls of 200mM stock) as well as penicillin and streptomycin 

(50pg/ml).

16. Twenty four hours after cell fusion, hypoxanthine aminopterin thymidine-(HAT ) was
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added to 125mls of the DMEM at a concentration of 2%. This will kill any unfiised myeloma 

cells. Splenocytes will die within 1 to 2 weeks after removal from the spleen if they have not 

fiised. HAT acts to select the hybridomas and kill any other cells, the aminopterin inhibiting 

the main purine and pyrimidine pathways. 0.5mls HAT containing medium was added to 

each weft in plates 1 to 5. Only cells in plates 6 to 10 received the HAT later. Once the 

HAT was added, the plates were returned to the incubator.

4.2.8 Screening of cell fusions

1. The modified ELISA designed above(4.2.5) was used to screen the cell fusions. The 

plates were coated with 2.4pg/pl KAL antigen solution for 1 hour and then blocked 0/N 

with DMEM containing PCS, penicillin, glutamine and streptomycin.

2. The 48 weft dishes were removed from the incubator wftere they had been left for two and 

a half weeks after the cell fusion was performed in order to look for cell growth. The orange 

colouration of the DMEM in the wells indicated the wells in wftich cell growth had occurred.

3. 0.1 ml of media from each positive weft (ie. where cell growth had occurred, change of 

colour of DMEM from pink to orange) was removed and placed in a sterile bijou.

4. The wefts, from which growth medium was removed for testing, were carefiifty marked 

on the plates, and lOOpl of growth medium added to the microtitre plate. The ELISA was 

performed as above (4.2.5).

5. 1 in 1000 dilution of the original polyclonal serum form mouse 6 was included as a 

control.

4.2.9 Cloning of 2A1, 5C2 and SCI.

Cloning is performed in order to obtain one antibody secreting cell per micro titre weft, ie. 

a clone.

Cloning was performed in 20% PCS and HT. The aminopterin was omitted so that the 

hybridomas would revert to their own purine and pyrimidine pathways, encouraging better 

growth.

Experimental protocol

1. The cells in well (5C2) Wfich gave the highest antibody titre in the ELISA, were agitated 

by drawing up and down a 1ml pipette repeatedly.

2. 0.1ml of the cell suspension was removed and placed in a bijou.

3. A drop of the cell suspension was placed on the haemocytometer:

20 cells were counted ie. there were 20 x 10"̂  cells in 1ml

20 X 10̂  in 0 .1ml, 500 cells were needed; 20 x 10^=20,000 cells
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20 fold dilution =1000, after a further 2 fold dilution = 500 . . 20 x 2 = 40 fold dilution 

required.

.. 3.9 ml of media was added to the 0.1ml of cell suspension.

4. 0.1ml of the diluted cell suspension was taken and transferred to a firesh bijou.

5. 2.3mls of fresh media was added to this. 1.2mls of this was drawn up into the pipette and

0.1ml dispensed into each well of row 1 of a 96 well micro titre plate (there are 12 wells in 

each row of these plates).

6. 1.2mls of fresh media was added to the bijou containing the diluted cell containing media, 

in order to dilute the 500 cells by 50%.

7. 1.2 mis from this dilution was pipetted into the second row of the plate. This dilution and 

plating out was repeated until the plate was filled.

8. The above cloning was also performed on SCI and 2A1, as they also had high antibody 

titres when the ELISA was performed. Two sets of cloning plates were prepared for each 

sample.

9. All six samples found to be positive in this screening had back ups prepared by adding

0.1 .l  of cell containing media to 10ml of fresh media. (5C2, 2A1, SCI, 2D2, 3D1 and 6D3)

10. All the wells not screened or found to be positive in this screen were fed 1ml of fresh 

media.

4.2,10 Ovalbumin control

Given that an ovalbumin hexapeptide sequence was included in the original antigen and that 

cell fusion had generated five antibody secreting hybridomas, it was necessary to ensure that 

the immune response was not to the ovalbumin.

Experimental protocol

1. Ovalbumin (Sigma) was prepared in the identical manner as the original KAL antigen ie., 

2.4mgs/ml.

2. lOOpl of the ovalbumin solution was used to coat a microtitre plate for one hour.

3. The plates were washed in PBS and then blocked with growth media for 90 mins.

4. The following controls were used, aU of which had previously been positive in ELISA 

except for SD4
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1 2

A 5C2 9A2

B 2A1 7C4

C 8C1 5B6

D 2D2 4B1

E 3D1 3D5

F 6D3 X

G X X

H 8D4 X

Table 4.2 ELISA using ovalbumin to block plate.

The samples included in this ELISA, had all been screened previously.
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4.2.11 Cell fusion screening

The original fusion plated were inspected on a weekly basis for cell growth and antibody 

secretion (a change in colour of the growth medium). Wells in which a change was noted 

were screened using the ELISA (4,2.5) and the wells topped up with 1ml of fresh growth 

medium. Wells that gave a high antibody titre at ELISA (higher than 1.5) were cloned as 

4.2.9. All screenings were performed in dupUcate, one on a plate with KAL bound to it, the 

other with ovalbumin. 10ml back up cultures were prepared for each sangle cloned (0.1ml 

of cell culture was added to 10ml of fresh growth media).

4.2.12 Expansion of plated clones.

The plates in which the cloned cells had been ahquoted were expanded. Wells where one 

cell was seen under the microscope, were expanded by removing the media in the well and 

transferring it to a fresh 24 well plate. 1ml of fresh DMEM containing HT and 20% PCS 

was then added to each new well. These expanded out clones were screened using the 

modified ELISA in order to ensure that they were still secreting antibodies. These cells were 

called clone +1, since they have been cloned and then expanded once. Many of these samples 

did not give a positive result in ELISA after expansion. This is not une?qpected since even 

though there was one cell in the well, continued antibody secretion is not guaranteed. 

Continuous screening is therefore imperative. The positive clones were expanded on a 

further two occasions and after each expansion they were screened using the ELISA to 

ensure continued antibody secretion. Cells producing the highest antibody titre were chosen 

and grown in large cultures. The 10ml cultures were expanded into 20ml cultures and then 

further into 50ml cultures. Six cultures were grown up for each clone and once the cells had 

grown well they were centrifiiged and cells frozen.

4.2.13 Storage of antibody producing ceDs.

The antibody secreting cells which were sub cloned through three stages, and on each 

ELISA screen found to be producing antibody, were grown in several 10ml, 20ml and 50ml 

cultures and cells observed for continued growth and growth medium added at regular 

intervals. After a few days, the flasks were gently shaken in order to lift the cells off the sides 

of the flasks and the media was transferred to steiile tubes and centrifuged at 1500rpm for 

5 mins. The supernatant was transferred into a fresh container and sodium azide added (this 

prevents growth of any bacteria in the supernatant). The growth media containing antibody 

was then stored at 4°C.

The pelleted cells were resuspended in 0.5ml of 10% DMSO in DMEM medium The
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resuspended cells were transferred to cryo tubes and frozen at -70°C.

4.2.14 Classification of the antibody generated.

It was necessary to identify the antibody produced in order to choose the correct method of 

antibody purification. This was performed using a kit (Serotec).

Experimental protocol

1. A 1 : 50 dilution of the antibody supernatant was prepared ie. 20pl in 980pl PBS.

2. 30pl of diluted supernatant was transferred into each of eight wells of a 96 well microtitre 

dish.

3. The reagent bottles in the kit were each shaken in turn and 30pl was loaded on the 

microtitre plate as follows:

4. The plate was shaken on a plate shaker for 6 secs and then left at RT one hour.

5. Aggregation of the antibody with the reagent was used for classification purposes.
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7C4A 7C4B 5C2A 5C2B 2A1A 2A1B

A IgGl IgGl IgGl IgGl IgGl IgGl

B IgG2a IgG2a IgG2a IgG2a IgG2a IgG2a

C IgG2b IgG2b IgG2b IgG2b IgG2b IgG2b

D IgG3 IgG3 IgG3 IgG3 IgG3 IgG3

E IgA IgA IgA IgA IgA IgA

F IgM IgM IgM IgM IgM IgM

G + control + control + control + control + control + control

H - control - control - control - control - control - control

Table 4.3 Classification of antibodies generated to KAL using Serotec kit.
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4.2.15 Purification of antibody using Protein A.

The glass colunm was packed with Sepharose 4A beads coated with protein A. This is a 

bacterial protein which binds to the IgFc portion of IgG antibodies.

Experimental protocol

1. 1.5g of Protein A Sepharose Cl 4B was rehydrated in PBS pH 7.45 in a flask. The 

Sepharose was allowed to swell for a few minutes.

2. The protein A was then transferred to a sintered glass filter. The filter chamber was filled 

with PBS and a vacuum was used to aspirate the PBS. The Protein A remained in the filter 

chamber. This was repeated several times untü a htre of buffer had been used to wash the 

protein A  The aim was to wash any preservative off the Sepharose which would probably 

denature the protein that would run down the column.

3. The Protein A was then transferred to a 50ml glass tube and large volumes of PBS were 

washed through the tube in order to settle the Sepharose beads. The column was allowed 

to settle for a couple of hours and then stored at 4°C.

4. A UV metre was rinsed with 10ml of ethanol followed by 10ml of PBS before being 

attached to the column in such a way that the elute fi*om the column would pass through the 

meter and into a collecting flask.

5.Running buffer (0.05M phosphate buffer with Na azide at pH 8.15) was washed through 

the column in order to rinse it out before it was used. The UV meter was zeroed.

6. A column volume of ammonium thiocyanate ( 3M NH4SCN) was then passed through the 

column, removing any protein fi’om the column.

7. Three column volumes of phosphate buffer were then run through the column to rinse off 

the thiocyanate.

8. A few crystals of Tris HCl (Sigma) were added to the supernatant of culture 7C4 in order 

to make it more alkaline. ( pH 8.75)

9. The antibody supernatant was loaded onto the column and allowed to run through at the 

rate of one drop per second.

10. The OD at 280nm was measured as the supernatant ran through the column. Once all 

the supernatant had run through the column, one column volume of PBS was run through 

and the UV meter was zeroed again.

11. Once the supernatant had run through the column, 0.1 M citrate buffer (pH 3) was used 

to ehite off the protein. As soon as the reading on the meter began to rise, indicating when 

the protein was being eluted off the column, the elute was collected and stored with Na 

azide at 4°C.

12. Phosphate buffer was then run through the column to rinse it out before it was clamped
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off and stored at 4°C for future use.

13. The antibody eluted off the column was then dialysed against PBS using dialysis tubing 

that had been preboiled in water for 5 minutes.

14. The dialysis tube containing the sample was placed in a large flask containing two litres 

of PBS and placed on a magnetic stirrer.

15. Two hours later the buffer was changed and the flask was left at 4°C stirring 0/N.

16. The followiug morning the tubes were removed and the contents transferred to 

concentrating (centiiprep) columns in order to concentrate the antibody containing solution.

17. The tubes were centrifuged at 4200 rpm for 20 minutes at 4°C.

18. The jBnal antibody solution was removed and the concentration measured at 280nm

4.2.16 Use of ELISA to check purified antibody

The Protein A purified antibody and unpurified antibodies were tested in an ELISA (4.2.5) 

to determine any difference in the concentration of the antibodies and their abihty to bind to 

the antigen.

78



4.3 RESULTS

4.3.1 Enzyme linked immunoabsorbant assay- ELISA

The antigen (KAL MAP) was used to coat a 96 well microtitre plate. Small quantities of 

antigen become absorbed in the plastic and free antigen washed away. At the same time 

control plates were prepared with no antigen coating the plate, only PBS. The plate was then 

blocked with excess of the irrelevant protein BSA to prevent any subsequent non-specific 

binding of proteins. The test antibody in the diluted mouse serum was added and left to bind 

to antigen. Any unbound protein was washed away. The antibody antigen binding was 

detected by adding a second antibody conjugated with horseradish peroxidase. This was an 

anti mouse antibody which wiU only bind to the test antibody present in the mouse serum. 

Any free hgand was washed away and the bound hgand was visuahsed by the addition of a 

chromogen-a colourless substrate which in the presence of enzyme portion of the hgand, 

produces a coloured end product.

In this test, the amount of antibody in the mouse serum or growth media was measured by 

assessing the amount of coloured end product by optical density scanning of the microtitre 

plate in which the reaction was performed. All readings greater than 0.5 were suggestive of 

the presence of antibodies in the serum
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1 2 3 4 5 6 7

A 0.725 0.559 0.253 0.379 0.267 0.560 -0.488B

B 0.303 0.265 0.226 0.235 0.115 0.656 -0.488B

C 0.500 0.336 0.290 0.338 0.192 0.841 -0.488B

D 0.314 -0.006 0.173 0.213 0.129 0.807 -0.488B

E 0.083 -0.076 0.293 -0.045 0.088B 0.453 -0.488B

F 0.129 -0.046 0.162 0.051 0.081B 0.342 -0.488B

G 0.068N -0.109N 0.122N 0.037P 0.089B 0.020B -0.488B

H 0.197N 0.066N 0.080N 0.068P 0.093B 0.020B -0.488B

N= normal mouse P= PBS B=blank

Table 4.4 Results of ELISA to measure antibody response in mice to KAL MAP.

i) The duplicates performed in this experiment did not appear to be very similar.

ii) The normal mouse serums aU had very low readings, suggesting that the immunised 

mice have produced an immune response to the KAL antigen.

iii) The PBS (G4 and H4) should have read 0 or at least lower than they were, since they 

only had antigen, BSA and second antibody in them. There could have been a cross 

reaction between the BSA and the antibody and therefore by using BSA when preparing 

the secondary antibody this cross reaction can be eliminated. A second method of 

eliminating the cross reaction with BSA would be to block the plate with FCS-foetal calf 

serum rather than BSA.
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4.3.2 Modified ELISA

It was necessary to modify the ELISA for two reasons.

1) To eliminate the possible cross reaction with BSA.

2) To determine the origin of variation between the duphcates seen m the first test.

PCS BSA BLANK

A 1.477 0.990 -0.143

B 1.552 1.140 -0.143

C 0.182 0.125 -0.143

D 0.176 0.132 -0.143

E -0.099 -0.058 -0.143

F -0.048 -0.066 -0.143

G -0.009 -0.096 -0.143

H -0.099 -0.099 -0.143

Table 4.5; Results of modified ELISA

i)These results show the anticipated very close readings between the duphcates.

ii)The normal mouse serums gave very low readings again suggesting no KAL antibodies in 

the normal mouse.

iii)Tlie two sets of controls, the PBS and the PBS with no secondary antibody are excellent 

ie. they are zero.

iv) These results suggested that the mice had produced an immune response to the antigen 

injected and that booster injections of antigen could be administered.
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4.3.3 Screening of cell fusions

There were three samples that gave optical density readings greater than 1.0. This was 

suggestive of a high antibody titre, were therefore cloned.

In each ELISA screen of fiised cells, and then the later cloned cells, both pre-immune serum 

and PBS blanks were included as controls.

4.3.4 Ovalbumin control

Since a six amino acid sequence from ovalbumin was included in the sequence of the MAP 

it was necessary to ensure that the antibodies produced were in fact to KAL and not to 

ovalbumin. This was tested by coating a 96 well microtitre plate with ovalbumin instead of 

KAL antigen and then performing the same ELISA tests previously performed with the KAL 

antigen and antibody secreting hybridoma growth media.

All the optical density reading were zero, confirming that the antibody response seen in the 

mice was in fact due to KAL and not to the ovalbumin.

4.3.5 Expansions of clone plates.

Each of the samples that tested positive from the original fusion was cloned. After two 

weeks, the cloned cells were observed under the microscope to identify weUs where only one 

cell could be seen. These were e^qpanded out ie. transferred to new microtitre plates with 

fresh growth media, to ensure that only one antibody secreting cell was present in each well. 

This expanding out of the clones was performed three times for each clone. After each 

expansion, the clones were screened using the ELISA (4.2.5) to ensure that the cell was 

continuing to secret antibody. The final number of antibody secreting clones was three. These 

were given code numbers which corresponded to their original location in the fusion wells.

4.3.6 Classification of the antibody generated

Using a kit (Serotec), the antibodies could be classified relying on a system whereby the 

antibody would react and form an aggregate or a cloudy clump with the correct reagent. 

Both the antibody clones tested were found to be IgG2a.
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4.3.7 Purification of antibody using Protein A column.

The antibody in the cell culture supernatant was purified in a protein A column in order to 

isolate the antibody from the other proteins in the supernatant ie. foetal calf serum

1. The concentration of the eluted 7C4 when OD was measured at 280nm was calculated as 

follows:

0.018(OD @ 280nm) x 0.7 (constant) = 0.0126mg/ml

25ml was eluted 0.0126 x 25 = 0.315mg

yield = 0.315 45ml (total supernatant) = 7pg/ml of antibody.

2. The concentration of the eluted 2A1 antibody Wien eluted from column and optical density 

was measured at 280nm:

0.03 X 0.7 (constant) = 0.021mg/ml 

45ml was eluted .. 0.021 x45 = 0.945mg

yield = 0.945 45ml (total supernatant volume) = 2pg/ml of antibody.

3. After purification of antibody through the column and dialysing it the concentration was 

measured after concentrating the antibody solution.

OD X 0.7 = concentration.

Sample OD f280nml cone fmg/mll

2Ala 0.159 0.1

2Alb 0.149 0.1

2Alc 0.344 0.24

2Ald 0.294 0.21

7C4a 0.133 0.08

7C4b 0.107 0.07

7C4c 0.260 0.1

4.3.8 Use of ELISA to check purified antibody

These results (OD readings of 1.149 for purified antibody and 1.179 for the same clone 

unpurified) suggest that there is no différence between the purified and unpurified anti body 

in their reaction with the antigen in the ELISA test. The only way of identifying a potential 

functional difference is to investigate the two sets of antibody out on tissue sections (see 

Chapter 5). Further confirmation that there is no cross reactivity with ovalbumin was also 

achieved.
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4.4 Conclusion
The results showed that IGg2a class monoclonal antibodies to a small region of the KAL 

putative protein have been successfully generated in mice. The next step was to test these 

antibodies against different panels of tissue(Chp 5) in order to:

a) determine their ability to bind with KAL protein expressed in various tissues ie. in vivo

b) to map areas of KAL protein e^qpression by binding of the KAL antibodies to KAL protein 

in tissues.

It was evident from aU the ELISA results that the antigen had caused an immune response 

in the mouse, and that antibodies had been produced. It was possible to confirm that the 

antibodies did not crossreact with the ovalbumin included in the MAP.

Production of high aflSnity antibodies against a particular synthetic peptide epitope does not 

guarantee their absolute specificity against that epitope. It is but one of a series of steps 

needed in fidly validate the antibodies produced. Full validation of an antibody depends upon 

verification of its binding to the KAL peptide. When the above studies were conducted, it 

had not been possible to extract and purify X-linked Kallmann peptide from either foetal or 

adult tissue. At the time of writing this thesis, there have been no pubhshed reports of any 

generation of recombinant intact X KAL protein and therefore it has not been possible to 

estabhsh in vivo specificity of the antibodies generated.
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Chapter 5

IMMUNOHISTOCHEMICAL ANALYSIS OF 

HUMAN FOETAL MATERIAL USING KAL 

MONOCLONAL ANTIBODY.

5.1 Introduction
The antibodies generated to a portion of the putative KAL sequence were generated in order 

to perform inimunohistochemistry on human foetal tissue, thereby identifying areas of KAL 

protein expression in developing human tissues.

The antibodies generated were monoclonal, highly specific antibodies and the following 

studies were performed on fresh human tissues.

5.2 Methods and Materials
5.2.1 Tissue preparation-frozen sections

1. Ethical approval was obtained from the Royal Free Hospital Ethics Committee to collect 

human foetal material for this study.

2. The tissue obtained from first trimester termination of pregnancies was frozen in hquid 

nitrogen and stored a t -70° C until needed.

3. The tissue was mounted on a chuck using O.C.T. mounting gel (this supports the tissue 

and seals it onto the chuck). Sections were cut on a cryostat, with a chamber temperature 

of -25 °C.

4. The thickness of the sections were 10pm. The tissue sections were layered onto frosted 

glass shdes, air dried and then stored at -20 °C.

5.2.2 Tissue preparation-paraffm fixed sections

1. A conq)arison was performed between frozen tissue and parafiBn fixed tissue sections in 

order to ascertain the type of fixation binding the antibody better. Tissue was fixed in 

formalin for 24 hours.

2. The tissue was dehydrated by washing in increasing concentrations of alcohol (70%, 90%, 

95%, 100% ethanol.) Tissue was then subjected to three washes of 100% IMS, two washes 

in xylene and two soaks in paraflSn wax at 58°C. The block of tissue coated in wax was then 

ready for sectioning.

3. Sections were cut on a microtome. A block of ice was placed on the tissue for a few
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minutes before the tissue was cut since the best tissue sections are achieved when the tissue 

is cold.

4. The ribbons of tissue were allowed to float in a heated water bath. Sections were 

separated and tissue layered onto slides by placing the sHde under the floating tissue in the 

water bath.

5.2.3 Slide preparation prior to staining.

1. ParafiBn mounted tissue had to be de-waxed prior to staining and then rehydrated. 

Shdes were soaked in fhstoclear (Fissons) for 10 mins, twice, and then transferred to 100% 

ethanol for a few seconds.

2. Cryostat cut sections were removed from the freezer and left to air dry for 10 mins before 

use. Shdes were then soaked in acetone for 15 mins in order to fix the tissue before staining.

3. Ah shdes were then soaked in methanol and 0.3% H2 O2  for 15 minutes (3ml of 30% H2 O2  

in 250ml of methanol). This step reduced the amount of endogenous peroxidase in the tissue, 

particularly in the kidney.

4. Shdes were washed once in water before the staining.

5.2.4 Immunostaining.

This was performed using the vector stain kit. (Vector)

1. Shdes were blocked with normal horse serum (20pg/ml-6 drops in 10ml PBS ) for 20 

mins.

2. The primary antibody (either 7C4 or 2A1) was layered onto the shde so that the whole 

tissue section was covered. Anti carcinoembryonic antigen (CEA) (Atta M Abbasi et al. 

1992) was used as a positive control. The negative control shdes were not exposed to the 

primary antibody and were instead washed and soaked in PBS. Shdes were allowed to 

incubate for 45 mins.

3. Shdes were washed in PBS three times over a 10 min period.

4. The secondary antibody was layered on the shdes (all shdes) and left for 1 hour. This 

second antibody was a biotinylated anti mouse antibody (BDH).

5. Shdes were washed in PBS three times over a 10 min period.

6. The avidin DH (2 drops) and biotinylated horseradish peroxidase H (2 drops) were added 

as a mixture to 10ml of PBS and left on the shdes for 1 hour.

7. The shdes were washed again in PBS before visuahsing under a microscope.

8. Diaminobenzadine tetrahydrochloride (DAB) (Vector) was weighed out in the fume 

cupboard and dissolved in PBS and filtered before use (final concentration Img/ml). 0.3%
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H2 O2  was added just prior to use (1ml of peroxide for 1ml of DAB). The DAB mixture was 

layered onto the shdes and left for exactly 5 minutes before washing with copious amounts 

of tap water.

9. The shdes were then counterstained using haematoxylin for 1 min only. Shdes were then 

washed in running tap water for a few minutes before being dehydrated and mounted.
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5.3 RESU LTS

5.3.1 First screen using strongest pre-clone ELISA positive.

The growth media in which the fused hybridomas were growing were tested for the presence 

of antibody using an ELISA (4.2.5) two weeks after the cell fusion was performed. The 

samples that gave highest antibody titres were used to screen a set of different tissues.

7C4: COLON: weak positive on laminal and glandular surface ie. internal surface but not 

on the external surface.

PITUITARY : negative 

OLFACTORY BULB: negative

FOETAL HAND: positive in neural tube cells, small nuclei and large cytoplasm. This was 

a very specific reaction. Bone and connective tissue were aU negative.

9A2: COLON: strong binding on internal surface and weak binding to stroma and 

connective tissue.

PITUITARY: positive staining 

OLFACTORY BULB: weak binding

FOETAL HAND: some binding in connective tissue next to the bone, however not in bone.

6A4: NEGATIVE in aU tissues. Even though this was positive m the ELISA, it was not 

positive now because ELISA is 100 times more sensitive.

2A1: COLON: internal surface hke 7C4, small amount of staining in connective tissue. 

OLFACTORY BULB: positive 

FOETAL HAND: like 7C4, more intense.

8A1: COLON: weak staining 

FOETAL HAND: weakly positive

5C2: COLON: strongest antibody binding 

FOETAL HAND: very weak signal
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5.3.2 Screen using both cryostat and paraffin fixed sections.

ParafiBn fixed sections when stained with antibody showed some staining. However, when 

the cryostat sections were stained, better staining was observed and the tissue also appeared 

well preserved. It was decided therefore to use only frozen tissue sections. Using frozen 

tissue sections proved easier than having to collect fresh parafiBn fixed tissue.

5.3.3 Screen using both purified and unpurified monoclonal antibodies

Using the purified antibodies did not result in any staining of tissue sections, probably due 

to the low concentration of antibodies. Alternatively part of the purification process may 

have changed or damaged the antibody eg. use of citrate buffer.

The unpurified antibodies, however, gave very strong signal, consistent with previous 

results. Staining was seen in the intercostal muscle cells (Figs 5.2 and 5.3). Staining was also 

seen in the neuroretina of the eye (Figs 5.4 to 5.6).

5.3.4 Screen on human adult tissue using unpurified 7C4

Antibody staining was seen in the following tissue types.

Uterus-smooth muscle cells, blood vessels and connective tissue.

Cervix-muscle. basal and squamous epithehum and cervical glands.

Breast-ductal glands

Colon -connective tissue, stroma, muscle cells and lumina glands.

Although interesting, the widespread distribution of antibody binding suggested lack of 

antibody specificity. Antibody was observed to bind to a large variety of tissue types in 

adult, particularly to muscle cells and connective tissue. However, this pattern was unlike 

the antibody binding seen in foetus which was confined to muscle cells.

5.3.5 Screen of ten week old human foetal material using unpurified 7C4 and 2A1

Striated muscle cells in the muscles of the fingers rib cage and muscle cells of the spine 

(Figs.5.1, 5.2 & 5.3) showed very strong antibody binding. Strong antibody binding was also 

seen in the foetal eye, in particular in the neuroretina (Figs. 5.4 to 5.6).
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Fig. 5.1 Spine and ribcage of 10 week old human foetus. (xlOO)( Positive antibody 

staining is seen as brown.)
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Fig. 5.2 Spine and ribcage of 10 week old human foetus. (xIOO)( Positive antibody 

staining is seen as brown.)
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Fig 5.3 Positive antibody staining in primitive myoblasts surrounding the spine and 

ribcage of 10 week old human foetus. (x400)

92



Fig. 5.4 Positive antibody staining in human foetal eye (lOweeks). F-pigmented retina 

(x200)
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Fig. 5.5 Positive antibody staining in human foetal eye (lOweeks). nr-neuroretina 

(x400)
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Fig. 5.6 Negative control ie. no antibody (x400)
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5.3.6 Screen using 2A1 and 7C4 on Kallmann foetus

Tissue sections from the head of a 19 week old foetus with XKS and three age and sex 

matched controls were examined with the two monoclonal antibodies generated. This 

experiment was kindly performed by Prof Marlene Schwanzel Fukuda at the Rockerfeller 

Institute, New York. Staining was seen in brain cells in the forebrain and diencephalon. 

Some staining was seen in the retina and connective tissue near the eye. Strong staining was 

seen in the trigeminal gangha cells and muscle. Unfortunately, the same staining patterns 

were observed in the normal controls suggesting and confirming lack of specificity of KAL. 

In some shdes, staining was seen in areas of the brain of the Kallmann foetus which were not 

observed in the normal foetuses, again suggesting lack of specificity of the antibody.
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5.4 Discussion

Using the monoclonal antibodies generated against a short sequence of KAL has given some 

unexpected results and at the same time has highhghted the difficulties involved in generating 

anti-protein antibodies.

The area in vffiich the anti-KAL antibody bound (ie. muscle cells) were unexpected because 

there is no association of any muscle abnormahties with the other clinical features of KS. 

Moreover, the expression patterns seen in adult tissues varied from the patterns seen in 

developing foetuses in that areas of expression where more wide spread in the adult. None 

of the areas of expression in the adult correlated to the clinical features in KS either. There 

were areas in which KAL protein expression were seen in the foetus correlated with areas 

of in situ expression of the KAL gene ie. in the neuroretina of the eye.

These results suggest that the antibody generated binds strongly to a muscle protein but 

the protein is not the KAL protein. The only way to ascertain whether the antibody is 

sensitive to KAL protein would be to bind the protein, then run the antibody down the 

column and see how much, if any, bound to the immobilised protein. This experiment has 

yet to be performed since the KAL protein is still unavailable.

This e?q)eriment has highlighted the difficulties of generating anti-protein antibodies which 

are highly specific. However carefully the protein sequence to be used as the antigen is 

chosen, there is always a risk that either the animal will not generate antibodies to it ie. it is 

not immunogenic or as is suspected in this case, there will be some cross reactivity with 

another protein sequence. However, these results are evidence that it is possible to generate 

highly sensitive monoclonal antibodies in mice.
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SDS-POLYACRYLAMIDE GELS AND WESTERN 

BLOTTING.

5.5 Introduction
The monoclonal antibody raised to a short part of the putative KAL sequence, when used 

to perform irnmunohistochernistry, gave strong signal in the muscle cells of both adults and 

foetus, indication of the antibody recognition of a specific muscle antigen.

It was therefore necessary to investigate the antibodies generated further. Western blotting 

was performed in order to achieve this.

5.5.1 Western Blot Analysis

Western blotting uses a highly cross linked gel. The proteins to be separated in this gel are 

not just in an aqueous solution, but in a solution that includes a powerful negatively charged 

detergent (sodium dodecyl sulfate-SDS). The detergent binds the hydrophobic regions of 

the protein, causing the proteins to unfold into extended polypeptide chains. The protein- 

detergent mixture is then electrophoresed through a polyacrylamide gel towards the positive 

electrode. The mixture of proteins is fi'actionated into a series of protein bands arranged in 

order of molecular weight. A specific protein can then be identified on such a gel by 

e)q)osing all the proteins to an antibody that has been coupled to either a radioactive isotope, 

an enzyme or florescent dye. This is usually performed once the proteins on the gel have 

been transferred onto nitrocellulose paper.

The method of SDS polyacrylamide gel electrophoresis is a more powerful procedure for 

protein analysis because, it can be used to separate all types of protein including those 

insoluble in water. Since this method relies on separation on the basis of the size of the 

protein, it is possible to use this method to determine whether the monoclonal antibodies 

generated could detect a tissue protein of the predicted size of KAL (72Kd).
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5.6 Methods and materials
5.6.1 Sample preparation

1. Tissue to be analysed was weighed. Human foetal tissue, MDX mouse (tissue from the 

dystrophin knock out mouse), and normal mouse tissues were obtained.

2. Tissue was homogenised in 20x weight to volume sample buffer, using a polytron 

homogenize!.

3. Tissue was further sheared using different size needles..

4. Samples were divided into 1ml ahquots and frozen at -70°C.

5.6.2 Gel preparation

See appendix B

5.6.3 Loading samples

1. The comb was removed from gel, and weUs flushed gently with reservoir buffer three 

times.

2. The gel was removed from casting stand and c%ped into holders. The holder was slowly 

filled with reservoir buffer.

3. The sangles were boded for at least 5 mins, microfiiged for 5 mins and 40pl loaded per 

wed.

4. 3Oui of pre-stamed molecular weight marker (Sigma) was loaded onto a specific gel lane.

5. Gels were lowered into the buffer tank and the tank fiJled with reservoir buffer makmg 

sure the gel was conq)letely covered.

6. The gel was electrophoresed at 20m Amps for at least 1 hour. The marker was carefidly 

watched to ensure the gel was electrophoresed sufficiently and that the proteins had been 

separated adequately.

5.6.4 Semi- dry western blotting

1.The power was disconnected and the gel removed from the buffer tank. The glass plates 

were shd out and layed flat on the bench, separated and usmg a scalpel, the stackmg gel 

was cut off the top of the separating gel and discarded.

2. The size of the separating gel was measured and the gel then lowered into a tray 

containing 100ml of transfer buffer. The gel was then left on a shaker for at least 10 mins

3. 6 pieces of 3MM Whatman filter paper were cut exactly to size for each g e l. At the same
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time, a piece of nitrocellulose membrane was cut.

4. The pieces of membrane were allowed to soak m transfer buffer for a few minutes and 

then three membranes were layered onto the blotting platform, one on top of the other.

5. The nitrocellulose was layered onto the filter paper. Care was taken to ensure that it was 

flat and that no air bubbles were trapped underneath it.

6. The gel was layered on top of the membrane ensuring it remained moist and that no air 

was caught underneath it. The sandwich was completed by layering on the remaining filter 

papers.

7. Transfer of the protein in the gel onto the nitrocellulose was carried out using a constant 

current of 1.6mA/cm^ for 1 to 2 hours.

8. After transfer was complete the filter papers were discarded. The position of the lanes 

m the gel were marked on the membrane with a pencil and then left between two sheets of 

filter paper to dry 0/N.

9. Gel was placed in stam solution 0/N to test efl&ciency of transfer of protein out of the gel.

5.6.5 Immunostaining-enhanced chemiluminescence

1. The marker was cut off the nitrocellulose membrane, ensuring the orientation of the 

protein on the membrane had been carefully marked.

2. The membrane was placed in a 50ml plastic tube, and 30ml of TBS added to wash the 

membrane on a shaker for lOmins.

3. The solution was poured away and replaced with 30ml of blocking solution. The tube was 

left on a shaker for 2 hours.

4. The blocking solution was poured away and the membranes washed twice for 5mins each 

wash with 30ml of TTBS.

5. 10ml of antibody buffer together with 200pl of antibody supernatant (not purified) was 

added to the membranes which were then left on the shaker for 2 hours.

6. Membranes were washed three times for 10 mins with 30ml of TTBS.

7. 10ml of antibody buffer with 3 pi of secondary antibody-anti mouse IgG Horse Radish 

Peroxidase linked antibody was added and membranes left shaking for 1 hour.

8. The membrane was washed three thnes for lOmins each wash with 30ml of TTBS.
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5.6.6 Detection

1.This was performed using RPN 2106 ECL kit. The membrane required a final volume of 

detection solution of 0.125nd/cm^. The volume of solution needed was calculated and then 

divided by two. This was the volume of each solution in the kit used.

2.The following was prepared and taken into the dark room: scissors, timer, cling film wrap, 

cassette for X-ray film, sticky tape, Amersham Kit, pipette and clean tips. X-ray film, plastic 

tray.

3.In the dark room with safe light on, the membrane was placed in a plastic tray and the 

appropriate amount of detection fluid added (solution 2 first, as solution 1 would start the 

reaction o@). The tray was agitated for 1 minute.

4. The membrane was removed and wrapped in plastic and firmly stuck down in the X Ray 

cassette.

5. X-ray film was placed over the membrane for lOsec, 30sec and 1 minute. Care was taken 

to mark each film so that it could be orientated at the end.

6.The film was processed. In order to get a result the marker was realighened with the 

membrane.
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5.7 Results

5.7.1. Screen using human foetal tissue together with mouse tissue and cell lysate from 

muscle cell cultures together with 7C4 antibody.

Human material was included in order to see if the antibody reacted differently than to the 

mouse tissue. The experimental layout was as follows:

Lane 1: Blank 50pl of sample buflfer

Lane 2: Marker lOpl + lOpl of sarrple buffer

Lane 3: Blank 50pl of sample buffer

Lane 4: Blank 50pi of sarrple buffer

Lane 5: 50pl of human foetal homogenate

Lane 6: 40pl of human foetal homogenate + 10 pi of sample buffer

Lane 7: 30pl of human foetal homogenate + 20pl of sample buffer

Lane 8: cell lysate-normal muscle cells

Lane 9: cell lysate-DA 70P14-dystrophin cell line

Lane 10: cell lysate-DA 98P 17-dystrophin cell line

Lane 11: 50pi MDX mouse homogenate

Lane 12: 50pi BIO normal mouse

Lane 13: 30pl MDX mouse homogenate + 20pl of sample buflfer 

Lane 14: 30pl BIO normal mouse + 20pl of sample buffer 

Lane 15: Blank 50pl of sample buffer
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Fig 5.7 Western blot protein extract from human foetal and mouse tissue using 

antibodies raised in mice to a short sequence of KAL putative protein sequence.

The mouse samples show several bands. These are cross reacting bands due to the origin of 

the antibody. There is a band of about 40 Kd in all the samples, probably a non-specific 

band. There are also bands smaller than the 40 Kd band about 28Kd but there are no 

distinctive bands in any one sample suggesting that although the antibody binds successfully 

to different tissue types, it does so in a non specific manner.
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5.7.2. Screen of human foetal brain using both 7C4 and 2A1.

There was a large amount of binding of antibody to the membrane when 7C4 was used(Fig 

5.8A) and a small amount in the cerebellum when 2A1 was used (Fig 5.8B). However this 

antibody binding was in a non specific manner. The gel was probably overloaded with 

protein. This probably lead to reduced resolution of the protein on the gel, as these lanes in 

which the protein had been loaded could not be seen after blotting.

Lane 1: cerebellum 

Lane 2: cerebellum 

Lane 3: temperol lobe 

Lane 4: tenq)oral lobe

Lane 5: membrane from outer surface of the brain 

Lane 6: membrane from outer surface of the brain 

Lane 7; olfactory bulb 

Lane 8: olfactory bulb 

Lane 9: Marker

20pl of sample was loaded in each lane.

104



A) 7C4

B)2A1

Fig. 5.8 Western blot of protein extract from different areas of human foetal brain 

with 7C4 and 2A1 anti KAL antibodies.

105



5.7.3. Screen using fresh samples of human foetal brain tissue and 7C4 antibody.

Since the results of the previous Western blots have failed to identify a specific protein site 

to which the antibody was binding, antibody was then run on the gel to ensure that the 

antibody could actually bind correctly. Fresh tissue sangles were obtained for this 

experiment.

Lane 1: Marker 

Lane 2; 7C4 antibody.

Lane 3: Blank 

Lane 4: olfactory bulb 

Lane 5: Blank 

Lane 6: temporal lobe 

Lane 7: Blank 

Lane 8; cerebellum

30pi of sangle was loaded into each lane.
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Fig 5.9 Western blot of protein extract from human foetal brain as well as 7C4 

antibody

The only lanes in which antibody was seen to bind to the membrane were the lanes in which 

the antibody had been run ie. it only bound to itself no other protein.
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5.8 Discussion

From the above experiments there is httle that can be concluded with any degree of 

certainty. It can be suggested that the monoclonal antibodies raised in mice to a short 

sequence of the putative KAL protein sequence (the KAL MAP), binds to protein in the 

brain including the olfactory bulb and the eye as well as muscle cells in various parts of the 

body but binding is also occurring within these and other tissues in a non-specific manner.

Due possibly to short fells in the Western blotting methods used, it has not been possible to 

estimate precisely the size of protein to which the antibodies are binding. It has also not 

been possible to obtain any consistent results. Taken together, these Western blot results 

and the immunohistochemistry data suggest that the antibody generated cross reacts with 

a muscle protein, although this is not dystrophin. As purified mature KAL is not available, 

the generated antibody cannot he vahdated more extensively.

Although the sequence used to generate the antibody was carefiiUy chosen using computer 

data bases of known protein sequences avoiding a sequence with homology to any other 

known protein, an obvious weakness of this approach is that the antibody raised can react 

with as yet unidentified proteins.

This is an unavoidable weakness of using reverse genetics to generate a putative protein 

sequence when the protein has not been isolated and purified from tissues. Generating the 

putative peptide sequence by using transcription, translation systems was technically outside 

the scope of this project. It was therefore decided to generate antibodies to an ohgo peptide 

instead. Given the difficulties encountered in interpreting immunohistochemical and western 

blot analysis, it was decided to look at mRNA expression instead, as a guide to the 

anatomical locations of expression of the Kallmann gene.
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Chapter 6 

IN SITU HYBRIDISATION OF KAL cDNA TO 

HUMAN FOETAL TISSUE.

6.1 Introduction
The understanding of the pathogenesis KS requires the study of the role oïKAL  in normal 

human development. Given the difficulties encountered with the immunohistochemistry it 

was decided to perform in situ hybridisation on normal human foetal material in order to 

construct a map of the spatio temporal expression oïKAL.

The process of in situ hybridisation relies on the hybridisation of a radio labelled RNA 

probe to a specific conçlementary mRNA sequence in the tissue. In this case the ribo probe 

used is complementary to KAL mRNA. The tissue sections must be treated with heat or acid 

before exposure to the probe to ensure that the RNA and DNA are denatured . The tissue 

is allowed to hybridise to the probe and after hybridisation, the unhybridised labelled probe 

is removed and the slides coated with photographic emulsion. This is followed by 

autoradiography to reveal areas of hybridisation and therefore the presence and location of 

KAL specific mRNA within the individual cells. A sense probe is used to detect non specific 

hybridisation.

6.2 Methods and materials

6.2.1 Tissue collection and pretreatment.

After consent from the individual patients and from the Hospital Ethical Committee, normal 

human foetuses were collected from five chemically induced terminations of pregnancy 

performed at 45 days- 6.5 weeks (n=2), 48 days- 6.9 weeks (n=l) and 11 weeks (n=3) after 

fertilisation. The tissues were fixed in ice cold 4% paraformaldehyde in phosphate buffered 

saline(PBS) (pHT.O) overnight at 4°C, and then soaked in 10ml of saline for 30 minutes at 

4°C twice and dehydrated through graded alcohols- 50%, 70%, 70%, 85%, 95%, 100%, 

100%, toluene twice, toluene: wax (1:1) followed by three changes of wax before being 

transferred to a mould for embedding.
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6.2.2 Slide preparation.

Care was taken to ensure that the slides were only handled with gloves at all times, to avoid 

the possibility of RNase destroying or damaging the tissue.

1. Glass slides were immersed (subbed) to prevent the tissue sections floating off the shdes. 

The shdes were dipped in acid/alcohol (10%HC1 /70% ethanol).

2. Shdes were then dipped in DEPC H2 O.

3. Shdes were then dipped in 95% ethanol and then dried at 80°C for a few minutes while 

the rest of the solutions were prepared.

4. Shdes were then dipped in 2% TESPA (3-aminopropyltriethoxy-silane in acetone)

5. Shdes were then dipped in acetone twice, and DEPC H2 O once.

6. Shdes were then loosely wrapped in tin foil and placed in a 37°C incubator over night.

6.2.3 Tissue sectioning.

1. Tissue sections were cut 5 pm thick using a microtome and floated on DEPC H2 O.

2. The shdes were then placed under the tissue so that tissue could settle on the shdes.

3. The shdes were then ahowed to dry on a hot plate for a couple of hours.

6.2.4 Pretreatment of slides for in situ hybridisation.

1. Glass shdes with tissue sections on them were dewaxed in 400ml of Histoclear (Fissons) 

for 10 minutes, twice.

2. They were soaked in 100% ethanol for 2 minutes to remove the Httstoclear.

3. Shdes were transferred through the fohowing series of ethanols in order to dehydrate the 

tissue: 100%, 100%, 95%, 85%, 70%, 50% and 30%.

4. Shdes were soaked in 400ml of 0.83% saline for 5 minutes fohowed by 400ml ofPBS- 

DEPC also for 5 minutes

5.Shde were soaked in 400ml of 4% paraformaldehyde (PEA) for a minimum of 20 minutes. 

This further fixed the tissue ( in the fume cupboard).

6. Shdes were then soaked in 400ml of PBS-DEPC twice for 5 minutes each.

7. Shdes were placed on fbh on bench top. 1ml of Proteinase K solution was layered onto 

each shde and left: for exactly 5 minutes. This digested protein in the tissues.

8. Shdes were placed in a rack and soaked in PBS for 5 minutes.

9. Fixation in 4% PFA was repeated for 20 minutes, fohowed by washing in distihed water. 

10.Shdes were placed in 400ml of 0. IM Triethanolamine resting on a petri dish hd, with a
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magnetic stirrer under the slides. 1ml of acetic anhydride was added to stirring solution ( in 

the fume cupboard). This neutralises the charge of the tissue on the slides to optimise 

binding of the probe.

11. Slides were soaked in 400ml of PBS-DEPC for 5 minutes and then 400ml of saline 

solution for a further 5 minutes.

12. Slides were transferred through the following series of ethanols in order to dehydrate 

them: 30% 50%, 70% ( for 5 minutes in order to remove any salt deposit on the slide) 85%, 

95%, 100%, 100%.

13. Shdes were allowed to air dry for at least one hour before performing the hybridisation 

process.

6.2.5 Preparation of riboprobe for in situ hybridisation.

The KAL cDNA was kindly donated by Dr C.Petit (Pasteur Institute, Paris). The KAL 

cDNA was inserted into Bluescript vector at Bam HI and Cla 1 sites and was 2.3Kb in 

size. The orientation of the insert was not known and therefore it was necessary to determine 

this before any probes could be prepared.

1. The vector was digested as follows:

lOpg of DNA was used in each restriction digest; stock = 2.4pg/pl thus 4pl 

lOpl of bovine serum albumin (BSA) was also included in each reaction.

The reaction was left at 37°C for 1 hour and lOpl was electrophoresed on a 1% agarose 

gel.

2. These digests were then further restricted with each of the following enzymes in turn: 

EcoRl, Hind 111, Pst 1, Xho 1 and Kpnl. and electrophoresed on agarose gels and the 

fragments sized by comparing the bands seen on the gel to those of molecular weight 

markers.(see appendix B)
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A B C

Enzyme 5 pi Bam HI C lal Bam HI & Cla 1

BufiFer 10 pi react 3 H H

Water 71pl 71pl 66pl

Table 6.1: Restriction experiment to determine orientation of KAL in Bluescript 

vector.
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These results together with a map of the restriction sites in KAL allowed the orientation of 

KAL in the Bluescript vector to be determined.

EcoRl revealed a restriction site at 1380bp of KAL.

Hind 111 cut once at 420bp.

Xho 1 restriction site in the polylinker was cleaved as well as at 960 bp of KAL.

Xba 1 a second fragment was only observed in the double digest and not in the linearised 

vector suggesting that the only restriction site was in the polylinker. Although there is a Xba 

1 site in KAL at 5000bp, it has not been included in this insert.

Kpn 1 restricts in the polylinker and at 900bp.

Pstl Hindi 11 IQ)n 1 Xhol EcoRl
51---------------------------------------1------------------- 1------------------------------------1----------------1---------------------------------------1-------------------------------------------------------------------------------------------------------- 13'

300bp 420bp 900bp 960bp 1380bp 2.3Kb

Fig 6.1 Map of restriction sites in KAL cDNA inserted in Bluescript vector.
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p B L U E S C R I P T ( S K ) -

PBSKAL85B
5356  b p

Fig 6.2 KAL inserted in Bluescript vector
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3. KAL cDNA was restricted with BamHl enzyme. The T7 promoter was then used in order 

to generate antisense probe. The T7 promoter was used as the start site of synthesis of 

DNA, generating the complement of the native KAL DNA/RNA sequence and so when 

denatured, the antisense probe will hybridise to the KAL sequence in the tissue.

The plasmid was digested with Clal in order to generate sense probe by using the T3 

promoter. The sense probe is the same sequence as KAL and will therefore not hybridise to 

KAL sequence. Rather it is used as a negative control to ensure that areas where KAL 

antisense is seen to hybridise are in fact KAL expression and not non specific hybridisation. 

This reaction was performed as follows in a total reaction volume of 3Oui made up as 

follows;

7.5ul plasmid DNA (2.4pg/pl KAL maxi prep)

3ul 10 X restriction bufifer 

lul enzyme BamHl/Cla 1 

18.5ul water

The reaction was left in water bath at 37°C for 1 hour.

Lectin pi. 13a was restriction digested with Bam HI was used as a positive control. The T3 

promoter was used in order to generate an antisense riboprobe which would bind 

ubiquitously, as lectin is expressed at low levels in large number of tissue types during 

human development.

4. The transcription reaction was prepared as follows:

4ul restricted plasmid DNA

4ul 5X transcription reaction buffer 

ZulO.lMDTT

2ul nucleotide mix GCA (2.5M 5ul of each lOmM stock plus 5ul of water DEPC)

lOul ""S UTP

lul ribonuclease inhibitor

0.5ul polymerase enzyme T7 or T3

The reaction was left in water bath at 37°C for 2 hours.

5. Columns through vriiich unincorporated and nucleotides could be separated fi'om the 

probe were prepared:

Using autoclaved glass pÿettes the bottom was plugged with sterile wool from a disposable 

pipette and the column filled with sephadex G50. Column buffer (0.1%SDS in TE) was run
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through the column.

6. Sample were loaded onto column (24ul) and then 3X 15 Oui of column buffer was loaded 

onto the column and eluted into Eppendorf tube 1.

7. 150pl of column buffer was loaded onto column and eluted into Eppendorf tube 2. This 

was performed thrice and then the column was transferred into a final tube were it 

remained.

8. The radioactivity of the elutes was measured by adding Ipl of sample fi-om tubes 1 to 5 

to 2ml of scintillation fiuid. The tubes with the two highest counts were kept, the others 

discarded.

9. 50% volume of 6M ammonium acetate was added (150ul) followed by 200% volume of 

absolute ethanol (900pl).

10. Tubes were left at -20 °C for at least 2 hours or 0/N.

11. Tubes were centrifuged for 20 minutes and the position of the pellet marked on the 

tube.

12. Supernatant was removed and the pellet was washed first with 200pl of 80% ethanol 

and then 100% ethanol. The pellet was then left to air dry.

13. The number of counts per minute of probe were calculated (ie. count is the count for lul 

multiply this value by 15 Oui ie reaction volume). This figure was divided by 1 x 10 ̂  to give 

the volume of DTT needed. This was mukiphed by nine to give the volume of hybridisation 

buffer needed.

14. The necessary amount of DTT and hybridisation buffer was added to the pellet of probe 

and then ahquoted out into 125 pi tubes and frozen.

15.The probe was heated to 95 °C for 5 minutes on a heating block in order to denature it 

and then pipetted onto pre-treated shdes. 25 pi of probe was layered onto each shde and 

cover shps were placed on the shdes.

16. Shdes were placed in a designated rack and put in a plastic box. 50% formamide solution 

was poured over a paper towel in the hd of the box, in order to keep the shdes moist.

17.The box was wrapped in cling film. Again this keeps the shdes moist during hybridisation.

18. The box was sealed and placed in an oven at 60°C 0/N.

6.2.6 Post hybridisation treatment of slides.

DEPC treated solutions and baked or autoclaved glass wear were no longer necessary. 

However, care was taken as the shdes were radioactive.
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1. The following day the slides were transferred to 400ml of prewarmed ( 60°C) 5X SSC 

solution with 10% DTT added. The slides were left for 30mins at 60°C. At the same time 

a fresh solution of 5X SSC was prepared and warmed (5X SSC was prepared using 100ml 

of 20X SSC and 300ml of water).

2.The slides were washed in the second 5X SSC wash for a further 30 mins at 60°C.

3. Slides were transferred to slide boxes contaioing 30ml of pre-warmed 50% formamide and 

left gently shaking for 30 mins in 65 °C water bath.

4. Slides were returned to the slide rack and soaked in 400ml of pre-warmed NTE solution. 

The slides were soaked in three washes of NTE for lOmins at a time in the 37 ° C water bath. 

5.Slides were treated with Ribonuclease A (20pg/ml) in 400ml of NTE in the 37°C 

waterbath. (Ribonuclease A needed, 20pg in 400ml, therefore SOOOpg needed or 8mg. 

Stock was lOmg/ml therefore 0.8ml used). The shdes were left to soak for 30 mins.

6. Shdes were left to soak in fresh NTE at 37°C for 15 mins.

7. Shdes were washed again in 50% formamide for 30 mins at 65 °C.

8. Shdes were soaked in 2X SSC at room temperature for 15 mins.

9. Shdes were soaked in 0. IX SSC at room temperature for 15 mins.

10. Shdes were dehydrated in a series of ethanols containing 0.3M ammonium acetate. 2.5ml 

of NH4AC was added to the 30% 60% 80% and 95% ethanol washes and finaUy two 100% 

ethanols.

11. Shdes were then left to air dry before dipping in photographic emulsion.

6.2.7 Autoradiography

1. 20 ml of photographic emulsion was measured into a 50ml plastic tube which was 

wrapped in foil and placed in the water bath (50°C).

2. 6ml of 2% glycerol was measured out in the shde mailer and then transferred to a fresh 

tube which was also placed in the water bath for 30 mins.

3. The 6ml of pre-warmed glycerol and emulsion were mixed in the shde mailer. The mixture 

was ahowed to settle before dipping the shdes in the emulsion one at a time. The emulsion 

was then wiped off the back of the shde which were then lain flat and ahowed to dry for at 

least two hours.

4.Once dry the shdes were put in a rack and hght tight black box. Desiccant was placed in 

the hd of the box which was then sealed and stored at 4°C for five days.
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6.2.8 Developing slides.

1. Slide box was removed from the fridge and left at room terq>erature for 1 hour.

2. Developer was prepared by adding 8g of D19 developer to 50ml of water in a glass flask 

which was wrapped in tin foil and allowed to stir for 1 hour.

3. A stop solution of 30% Na thiosulphate was prepared and stored in dark room wrapped 

in foil at room terr^erature.

4.Under safe hght the shdes were unwrapped, removed from the box and transferred to the 

D19 developer for 2mins, fixative for 1 min, and then 30%Na thio sulphate stop solution for 

2 mins.

5.The shdes were then washed in tap water twice and counter stained in Toluene Blue, 

(0.05%) for 2.5 mins

6. The shdes were then dehydrated through 70% and then 100% ethanol.

7. Shdes were ahowed to air dry before they were mounted and examined by dark and hght 

field microscopy.
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6. 3 R E SU LTS- IN  SITU  H Y B R ID ISA T IO N

6.3.1 OLFACTORY BULBS

The highest signal seen as silver grain under the dark field microscope was detected over the 

outer most layer of the bulbat 11 weeks. This layer is constituted by olfactory nerves. The 

inner layer of the bulb gave a weak signal. This area is made up of mitral and granular celts. 

In contrast the antisense probe for L14 lectin showed strong signal over all layers of the 

bulb. The KAL sense probe showed no significant hybridisation (Fig. 6.3).

6.3.2 EYE

The neuroretina e7q)ressed KAL at 11 weeks, although the low intensity and diffuse nature 

of the signal made it diflQcult to conclude the specific cell type in which the e?q)ression was 

being seen. Transcripts were also detected in the intrinsic ocular muscles. The intensity of 

KAL was less than that of lectin. However it was greater than the signal seen using the KAL 

sense probe (Fig. 6.4).

6.3.3 KIDNEY

Transcripts were detected using the KAL anti sense probe in the outer cortex of the 

metanephiic kidney v\here undifferentiated cells and nephron precursors are located. Mature 

nephrons and interstitial tissue located in the centre of the organ showed no signal above that 

of the sense probe (Fig. 6.5).

119



A -.’ ‘" I

1

FIG 6.3 KAL expression in the developing human olfactory bulb. (A) Bright field 

coronal section at 11 weeks gestation counterstained with haematoxylin and eosin. Olfactory 

neurons migrating into the olfactory bulb (OB) are anowed. (B)-(D) In situ hybridisation 

with dark field illumination. (B) The strongest signal fi'om the labelled KAL antisense 

riboprobe was detected in the olfactory neurons situated in the olfactoiy layer of the bulb. 

Inner layers of the bulb showed weak signal. (C) Hybridisation with L14 lectin antisense 

riboprobe shows high levels of expression thioughout the tissue as expected for a 

ubiquitously expressed gene. This confirms the integrity of the mRNA after embiyo 

processing. (D) KAL sense probe of the same area showed no significant signal. Bar was 

100pm.
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FIG 6.4 KAL expression in the developing human retina. (A) Coronal section at 11 

weeks gestation shows the developing retina (nr). (B)-(D) In situ hybridisation and dark field 

illuminations (B). The KAL antisense riboprobe hybridised with the mRNA in the 

neuroretina. (C). L14 lectin antisense riboprobe showed wide spread expression, confiiTning 

the integrity of the RNA. (D). Minimal signal with the KAL sense riboprobe in the eye. 

Note that the apparent signal in the pigmented retina (arrowheads in A) arises fiom the 

melanin granules and is not due to binding of the riboprobe. Bar is 100pm.
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FIG 6.5 KAL expression in the developing human kidney. (A) Bright filed of sections 

at 11 weeks gestation counterstained with haematoxyhn and eosin showing the cortex (c) 

and medulla (m). (B,C) In situ hybridisation and dark field illumination. (B) The KAL 

antisense riboprobe hybridises with the mRNA in the outer cortex of the kidney (arrows). 

(C) KAL sense riboprobe of the same area shows no significant signal. Bar 40pm.
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R EV ER SE TR A N SC R IPTA SE PO L Y M E R A SE  C H A IN  

R EA C TIO N . (RT-PCR)

6.4 Introduction

Since DNA is double stranded, it is far more stable than RNA, a single stranded molecule 

with a short half life. For these reasons, it is very useful to be able to isolate total RNA or 

mRNA from tissue and then use it as a template to generate more stable DNA. The process 

by which this is done is called reverse transcription using reverse transcriptase (RT) 

enzymes. This enzyme is produced by a virus that generates its DNA by copying its RNA 

ie. the reverse of the usual transcription reaction where DNA is copied to RNA. The enzyme 

generates single stranded cDNA molecules which are soon converted to double stranded 

molecules by DNA polymerases. These double stranded cDNA clones can then be used for 

various purposes including cloning. cDNA generated only contains coding sequence since 

it has been generated from spHced RNA. In contrast, genomic DNA contains both coding 

and non coding sequences. cDNA therefore reflects the underlying mRNA template.

The mRNA extracted from the various tissues is converted to DNA by reverse transcriptase 

enzyme together with a short primer which anneals to the 3' end of the RNA-random 

primer. This starts off the transcription reaction. Once the DNA has been generated, it is 

used in a PCR reaction together with primers that are specific to a region of KAL. Provided 

KAL sequence is present in any sanq)le, it will be amplified. This RT-PCR method allows 

one to identify tissues in which KAL is expressed in the developing foetus. P Actin is used 

as a control to test the integrity of the RNA extracted. Actin is ubiquitously expressed, ie. 

is it is a housekeeping gene (a gene that is active in every cell type). House keeping genes 

are ubiquitously expressed in cells in all cells. Each sample is used in a PCR reaction 

together with primers specific for actin.

Nested PCR is a method used to increase the specificity of the result. It consists of using a 

second set of PCR primers that will amplify a sequence generated by the first set of PCR 

primers in the first round reaction. In this case the first round set of primers are specific for 

a KAL specific sequence. The second round primers are within this sequence and wiU 

amplify a region within the product generated from the first round reaction. If the first round 

amplified a product, then the second round PCR reaction will have a template to amplify. 

In this way nested PCR reactions improve the specificity because the second round relies on 

the success of the first round PCR reaction. Therefore the advantage of this method is that

123



it is both very sensitive and highly specific!

6.5 M ethods and m aterials

6.5.1 Tissue collection

A 45 day old human embryo was collected and placed in ice-cold L I5 medium, and then 

dissected within half an hour of delivery.

6.5.2 RNA extraction

RNA was extracted from the whole brain, eye, spinal cord, heart, liver, limbs, gonads, 

mesonephros and metanephros as follows:

1. The tissue was homogenised in 0.5ml of Solution D by passing tissue through a syringe 

and needle several times

2. 50pl of 2M Na acetate pH 4 was added to each tube which was then mixed by inversion.

3. 500pl of water saturated phenol was added to each tube and the sangles mixed by 

inversion.

4. lOOpl of 49:1 chlorofom:octanol was added ,mixed and the tubes left to incubate on ice 

for 15 minutes.

5. The tubes were spun at 4°C for 20 minutes and the supernatant (upper phase) transferred 

to fresh tubes.

6. 500pl of isopropanol was added and the tubes left to incubate at 4°C for 30 minutes after 

which they were centrifuged for 10 minutes at 4°C.

7. The supernatant was discarded and the pellet resuspended in 300pl of solution D.

8. The RNA was precipitated with 300pl of isopropanol for 30 minutes at 4°C followed by 

centrifuging for 10 minutes at 4°C. The supernatant was then discarded.

9. The pellet of RNA was washed in 500pl of 75% ethanol, centrifuged for 10 minutes at 

4°C and the ethanol then discarded and the pellet allowed to air dry.

10. The RNA pellet was resuspended in 50pl of DEPC water and then stored at -70 °C.
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6.5.3 Reverse transcription.

1.5pl of RNA was mixed with 5 pi of DEPC water and heated to 90°C (on hot block) for 

10 minutes and then snap frozen on ice.

2. While the RNA was cooling down a master mix was prepared (per RNA sangle) 

according to the following protocol:

Ipl random primers

4pl first strand bufier (Gibco)

2pl dNTP's 2.5mM (Pharmacia)

Ipl RNA guard (Pharmacia)

Ipl reverse transcriptase enzyme 

3pi O.IMDTT 

Total volume=12pl.

3.12pl of master mix was added to each sangle and the tubes were incubated at 37°C for 

one hour.

4. 30pl of DEPC water was added to each tube which was then heated to 95 °C and then 

snap cooled on ice.

5. 2.5 pi of this reaction was then used in the following PGR reaction:

5 pi lOX reaction buffer (Bioline)

3 pi MgCl2

Ipl dNTP's 2.5mM

2.5 pi primer 1

2.5 pi primer 2

0.5pl Taq polymerase (Bioline)

33pl H2 O

Total volume=50pl

The primers used were as follows:

primer 1: 5' GCT GGA CGA GTC GCT GTC TGC CGG 3' sense primer corresponding 

to nucleotides 100 to 123 of KAL cDNA

primer 2: 5'CCC GCT GGT TGA GGA AGA GGG TGT 3' antisense primer corresponding 

to nucleotides 394 to 371 of KAL. (Legouis et al. 1991)

For each tissue sample RT-PGR for P actin, a ubiquitously expressed gene was also

performed in order to confirm the integrity of the extracted RNA.

6. The amç)lification times were as follows: 94° G for 5 mins followed by 30 cycles of 94° G
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for 1 min, 55 °C for 1 min and 72°C for 1 min followed by 12°Q for 10 mins.

7. The PCR products were electrophoresed through a 1.5% agarose gel and visualised after 

ethidium bromide staining (see appendix B).

8. Nested PCR was then performed using the PCR product together with the following 

primers:

primer 3: 5'CGT CCA GCG CGC TCC TGC GCC TCC 3' sense primer corresponding to 

nucleotides 128 to 151 of KAL

primer 4: 5'TGA GGA ACT CAC AGC TGG TCA AGC 3' antisense corresponding to 

nucleotides 367 to 344 of KAL. (Legouis et al. 1991)

9. The products from the first round PCR were digested with Hind III and separately with 

Pst 1 and the fragments electrophoresed on an agarose gel to ensure specificity of the PCR 

reaction.
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6.6 R ESU LTS O F R T -PC R

KAL mRNAwas detected in the spinal cord, mesonephros and metanephros of a 45 day-6.5 

weeks old human embryo. No signal was detected in the whole brain, eye, liver, limbs and 

gonads at this stage in development, p actm mRNAwas detected in all tissue confirming the 

integrity of the RNA.
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Fig 6.6 RT-PCR for KAL and p actin from 45 day old human foetus. Molecular weight 

markers indicate multiples of 123 base pairs, ie. 123bp, 246bp, 369bp etc. Lanes contain 

tissue as marked. is negative control with cDNA omitted, KAL and P Actin plasmid 

cDNA are positive controls. The KAL piimers generate a 295bp product and the actin 

product is 838bp.
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6.7 Discussion.

We reasoned that the key to reaching a better understanding of the pathogenesis of the 

clinical features of XKS would reside in estabhshing the normal expression of KAL during 

early development. Although recent studies have addressed KAL expression in avian 

development (Rugarh et al 1993; Legouis et al. 1993a) and also in late human gestation-19 

weeks (Lutz et al 1994), this is the first report of KAL expression in early human gestation 

at a period when critical events of organogenesis are occurring. Using in situ hybridisation 

and RT-PCR KAL, mRNA was found to be expressed at low levels at 6.5 weeks (45 days) 

in the spinal cord and the excretory system but not in the brain. At 11 weeks after 

fertilisation, KAL was detected by in situ hybridisation in the central nervous system and 

kidney. Therefore the gene is expressed throughout the period of early nephrogenesis. We 

were however, unable to clearly define the time of onset of KAL expression within the 

olfactory bulb and neuroretina since no material was available between the seventh and 

eleventh weeks of gestation.

6.7.1 Expression in the central nervous system.

In this study it was not possible to detect KAL mRNA in the brain or the eye at 6.5 weeks 

gestation as investigated by the sensitive method of RT-PCR, although expression was 

present in the spinal cord (Fig 6.6). At this stage of development corticospinal axons are just 

about to reach their decussation point in the lower medulla oblongata (Humphrey, 1960). 

At the same time, olfactory nerve fibres are migrating firom the epithehum of the olfactory 

ectoderm towards the forebrain where the olfactory bulbs will later develop. Using in situ 

hybridisation, KAL transcript was detected at 11 weeks gestation in the developing olfactory 

bulb (fig 6.3) where the highest expression was seen over the outer olfactory nerve layer. 

At the same stage of gestation, KAL was detected in the neuroretina. The study performed 

by Lutz et al. on a 19 week old foetus found expression by in situ hybridisation in the 

olfactory bulb with the highest level in the granule cell and olfactory neurone layers. The 

same study also reported expression in the cerebellum and thalamus at that stage of 

development but no other organs outside of the brain were examined.

More extensive studies have been performed in the chick (Rugarh et al. 1993; Legouis et al. 

1993a). Chick KAL has 77% homology to the human gene with over 90% homology at 

protein level. At stage 30 (corresponding to 38-45days human gestation) KAL transcripts 

were detected by in situ hybridisation in the region of the presuniptive olfactory bulb in the
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developing telencephalon. By stage 36 (52-57 days human gestation) expression was found 

in the mitral neurones, the first layer to differentiate within the bulb. KAL expression is 

maintained in this layer during gestation but falls afl;er birth. It is noteworthy that the 

olfactory and granular layers show the highest levels of expression in the humans but the 

mitral layer shows the highest expression in the developing chick olfactory bulb. These 

conclusions should be interpreted with two caveats in mind: 1) the limits of resolution of the 

radioactive in situ technique does not easily permit locahsation of a signal over any one cell. 

2) at the earher stages of development the cell layers of the olfactory bulb are not well 

defined. Studies in chicks have also revealed transcript in the neuroretina and spinal cord in 

concordance with our findings (Fig 6.3 and 6.6).

Assuming that the mRNA is translated to functional protein it becomes possible to speculate 

on the role for KAL in the normal and aberrant development of the olfactory bulb. In a 19 

week old human foetus with a Xpter deletion, initial migration of olfactory and GnRH 

neurons fi*om the olfactory epithehum to the cribriform plate was not inq)aired but onward 

migration of these neurons to the hypothalamus failed to occur. From this study KAL would 

be e?q)ected to be expressed both at and before this stage. KAL expression therefore is not 

required for the initial migration of nerve fibres fi*om the olfactory placode. Lutz made the 

important observation that KAL expression was seen in chick olfactory bulb area despite 

ipsilateral olfactory placode ablation (Lutz et al. 1994). In these animals, no olfactory 

neurones were present and therefore the initiation of KAL expression in the bulb was 

independent of this innervation. With these studies in mind it is possible to speculate that 

KAL expression in the olfactory bulb is necessary for later events, perhaps including the 

synapsing of olfactory neurons with the bulb and the subsequent migration of GnRH 

neurones along the pathway provided by the accessory olfactory nerves. In this respect it is 

of note that neural cell adhesion molecules (NCAM) which has homology to KAL putative 

protein, has been irrçhcated in the migration of the GnRH neurons into the forebrain along 

the accessory olfactory nerve.

The function of KAL in other parts of the central nervous system including the eye and the 

spinal cord are as yet unclear. The neural retina begins to differentiate at the end of the sixth 

week of human gestation into the outer neuroblastic layer which gives rise to the rods and 

the cones, and the inner neuroblastic layer which develops into ganghon and supporting 

cells. Axons then sprout jfrom the ganghon ceUs, growing towards the optic stalk and back 

into the brain. The retinal layer is not fully developed until the eighth month of gestation and
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it is therefore possible that KAL may be involved in axonal migration or neural migration in 

the retina. Legouis also reported KAL expression in the developing chick retina at 

embryonic day 9.5 and 19 (equivalent to 52-57 days and eight months of human 

development) Transcripts were noted in the amacrine, horizontal and ganghonic layers of 

neurons.

Interestingly, the dystrophin gene is also expressed in the retina (Schmitz et al. 1993) and 

in the olfactory bulb (Goreki et al.) The dystrophin gene is mutated in patients with 

Ducherme Muscular Dystrophy (DMD).

The mechanism underlying bimanual synkinesis in XKS was thought to be due to defective 

inhibitory neuronal communication between the two cerebral hemispheres (Danek et al. 

1992). However, more recent work has suggested that defective decussation of the 

corticospinal tracts is responsible for this clinical manifestation of XKS. The latter 

hypothesis is supported by the RT-PCR signal for KAL, which was found in the spinal cord.

6.7.2 Expression in the developing excretory system.

KAL expression was detected at 6.5 weeks gestation in the meso and metanephros using 

RT-PCR (Fig 6.6). At this stage, however mRNA levels were too low to be detected by the 

less sensitive in situ hybridisation. At this time of development, the paired mesonephric 

kidneys are fiiUy differentiated. In the male, remnants of the mesonephric duct later in 

gestation gives rise to the vas deferens. The metanephros is the precursor of the adult kidney 

and these organs can first be detected in the human at 5 weeks after fertilisation. At 6.5 

weeks, when KAL transcripts can be detected by RT-PCR (Fig 6.6). Critical inductive 

interactions which are known to be essential for normal kidney development are occurring 

between the renal mesenchyme and the ureteric bud epithehum (Hardman et al. 1994). At 

11 weeks of gestation, low levels of KAL transcript were detected in the outer cortex of the 

developing kidneys (Fig 6.5). In this region nephrons continue to form until 34 weeks 

gestation. Up to 40% of XKS patients have unilateral absence of the kidney (Kirk et al. 

1994) inq)hcating KAL in nephrogenesis. Based on these clinical observations, and on the 

results of this study, it appears that KAL has a role in the formation or maintenance of the 

kidney. The homology of the KAL protein to cell-cell and cell-matrix adhesion molecules 

could explain this role because similar fimctions have been assigned to both uvomorulin and 

laminin A chain (Hardman et al. 1994; Klein G et al. 1988). These cell-ceU and ceU-matrix 

adhesion molecules are expressed in the transition of undifferentiated mesenchyme into
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polarised nephron epithelia.

In conclusion, this study has shown that KAL gene is expressed in diverse tissues in the first 

trimester of normal human development. Some of these locations correlate directly with the 

clinical pathologies found in XKS patients who harbour mutations of this gene.
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Chapter 7

MUTATION ANALYSIS OF PATIENTS WITH X- 

LINKED AND SPORADIC KALLMANN'S

SYNDROME.

7.1 Introduction

Having studied the role of KAL in normal human development, it was necessary to study 

KAL in patients with XKS. By studying this gene in patients using estabhshed molecular 

biology methods two questions could be answered.

i) Is there a mutation hot spot ie. an area of KAL where most of the mutations he? 

Identifying such an area in KAL may lead to a greater understanding of the functionally 

important parts of the KAL protein. For exançle does the mutation he in a part of the 

protein involved in receptor binding is it folded on the inside of KAL protein?

Ü) Is there a relation between patient phenotype and genotype? Since not ah patient share 

the same clinical features (outside of the anosmia and hypogonadotrophic hypogonadism) 

eg. synkinesis and renal agenesis is not seen in ah the patients. Do specific genotypes 

predispose to particular phenotypic variants?

7.2 M ethods and M aterials

The methods outlined in the first part of this chapter are general methods which have been 

widely used in various parts of this thesis. (7.2.1 to 7.2.7)

7.2.1 DNA extraction from whole blood.

Experimental protocol

1. 10ml of venous blood was taken fi’om the patient in a K EDTA (red top) tube and stored 

at -20°C.

2. The blood sample was thawed while lysis buffer was prepared and chUled.

3. Blood was transferred to oakridge tubes and the tubes were fihed with lysis buffer. The 

tubes were centrifuged at 15,000rpm for 20 minutes at 4°C.

4. The supernatant was decanted and discarded and the pehet resuspended immediately in
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4.5ml of NaCl EDTA

5. The solution was transferred to 10ml glass tubes and 250|rl of 10% SDS added-this acts 

as a detergent. The tubes were then shaken.

6. 200pl of Proteinase K solution was added to each tube, which were then incubated in a 

37°C water bath 0/N. The Proteinase K digests proteins in the blood.

7. 5ml of Tris saturated phenol (RT) was added to each tube which was then vigorously 

shaken. The tubes were then centrifuged at 2000rpm for 10 minutes.

8. The top layer was transferred to a fresh tube, care being taken not to disrupt the 

interphase. 5ml of chloroform: octanol was added and the tubes vigorously shaken.

9. Tubes were centrifiiged at 2000rpm for 10 minutes.

10. Step 8 was repeated.

11. The top phase was transferred to a fresh tube and 0.5ml of cold 3M sodium acetate 

added.

12.The tube was then filled almost to the top with cold absolute alcohol, and DNA was 

allowed to precipitate and float up to the top of the tube where it was hooked out using a 

glass hook.

13. The DNA was then rinsed in 70% ethanol and allowed to air dry.

14. The DNA was resuspended in 0.5ml of T.E. buffer, and then left on a wheel to go into 

solution for 48 hours. The sample was then stored at 4°C.

15. 25 pi of DNA solution was taken and added to 3ml of T.E. buffer and the optical density 

at 280nm and 260 nm was determined.

The concentration of DNA was calculated as follows:

OD of 1 at 260nm = 50pg/ml of DNA

dilution factor =120 therefore concentration= OD at 260nm x 120 x 50 = pg/ml.

7.2.2 Endonuclease restriction enzyme digestion of DNA.

Restriction enzyme digestion of DNA was performed for several reasons, each of which will 

be discussed where relevant. Typical conditions were as follows:

Total reaction volume 50pl.

Restriction enzyme 2.5pi or lOunits/pg of DNA (one unit of enzyme is the quantity 

necessary to digest Ipg of DNA in one hour. It is standard practice to use lOunits/pg of 

DNA) The amount of enzyme used was always less than 10% of the total reaction volume. 

Restriction buffer supphed by the manu&cturer was included in each reaction (5.0pl-always
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10% of total volume)

Bovine serum albumin 5.0p.l-enliances the reaction but is optional and therefore not always 

included in the reaction. Approx lOpg of DNA was digested and the volume was made up 

to 50pl with water. The reaction was prepared in an Eppendorf tube, mixed and then 

microfiiged before incubating in 37°C water bath for a minimum period of 1 hour and a 

maximum of over night. When more than one enzyme was being used in the same reaction, 

only one restriction buffer was necessary (see manufacturers notes).

7.2.3 Preparation of agarose gel for electrophoresis.

In order to visuahse and estimate size, quantity and approximate concentration of DNA or 

RNA products, sarcples were run in agarose gels. The samples resolved on these gels were 

derived from a variety of sources (eg. DNA extracted from blood, DNA fragments resulting 

from restriction enzyme digests and PCR products). The % of the gel prepared depended 

on the size of the DNA fragments being separated. For high molecular weight nucleotide 

fragments, 0.5 to 0.8% gels were prepared and for low molecular weight nucleotide 

fragments 1.2 to 2% gels were prepared.

See appendix B.

7.2.4 Isolation of DNA from agarose gels.

DNA was isolated from a gel in order to prepare a probe for hybridisation with a southern 

or northern blot. The probe is digested out of the vector, and separated by agarose gel 

electrophoresis and the size ascertained by comparing with standard markers. There are 

several methods for isolating DNA from agarose gels, some of which rely on digesting the 

gel so that the DNA is left. Others rely on the DNA being precipitated out of the gel.

7.2.4.1 Isogene Purification Kit.

1. The target band of DNA was cut out of the gel while on the UV transilluminator and 

placed in a pre-weighed tube.

2. The tube containing the agarose was weighed and the weight multiphed by two to give 

the volume of Nal needed.

3. Once the Nal was added, the tube was incubated at 60°C for ten minutes.

4. The tube was vortexed and placed on ice until cool.

5. The DNA binder was resuspended by vortexing and then according to the volume of
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agarose, the following was added.

Volume of agarose (^1 ) Volume of DNA binder (^1 )

25 10

50 20

100 20

200 30

300 40

400 45

6. Samples were mixed at room ten^erature on shaker for 10 minutes and then microfiiged 

for 10 seconds.

7. The supernatant was discarded and the pellet resuspended in 400pl of cold wash buffer 

(0.1ml of stock buffer in 10ml of ethanol).

8. The pellet was vortexed, microfiiged and the supernatant discarded twice.

9. 20pl of cold water was then added to the pellet, wfiich was vortexed and then microfiiged 

and the water containing DNA removed and placed in a fresh tube.

10. This was repeated giving DNA in a final volume of 40pl. 2pl of the DNA solution was 

then checked on an agarose gel.

7.2.4.2 P Agarase 1 Purification kit.

1. Gel was dissolved at 65 °C, 10% buffer was added, and the gel incubated for a further 

10 minutes.

2. The gel was left to cool before 1 unit of agarase enzyme was added for 200pl of gel 

solution. This was incubated for 1 hour at 40 °C.

3. 10% volume of Na acetate was added to the tube, the tube mixed and placed on ice for 

15 minutes.

4. The tube was microfiiged for 15 minutes and the supernatant transferred to a fresh tube.

5. Two volumes of isopropanol was added to the supernatant, the tubes frozen at -70° for 

15 minutes and then microfiiged for 15 minutes.

6. The supernatant was discarded and the pellet washed in 70% ethanol before being left to 

air dry.

7. The pellet was then resuspended in 30pl of water. 2pl was checked on an agarose gel.
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7.2.5 Transformation of KAL cDNA

A small aliquot of KAL cDNA was kindly provided by Dr. C. Petit of the Pasteur Institute. 

This was transformed into E Coh in order to generate large amounts of the DNA which 

would then be used for future experiments including in situ hybridisation.

l.lOng of KAL, cDNA was ahquoted into a chilled Eppendorf.

Stock was 1.5pg/pl or 1500ng/pl

Stock was diluted Ipl in 600pl of sterile water to give a concentration of 2.5ng/pl.

4pl of the diluted stock was then taken.

2. The competent E Coh ceUs were removed from the freezer and aUowed to thaw out on 

ice.

3. lOOpl of cells were added to the 4pl of cDNA, the tube gently mixed and the cells left 

on ice for 30 minutes. The remaining cells were placed on an ice bath (ethanol and dry ice) 

to refreeze them before replacing them in the -70 °C freezer.

4. The cells and DNA were heat shocked by placing them in a 42° C water bath for exactly 

45 seconds and then placing tubes on ice for 2 minutes.

5. 900pl of SOC was added to the cells care taken to flame the mouth of the bottle. Future 

procedures were performed asepticaUy.

6.The cells and SOC were transferred to 10ml tubes and placed in a shaking incubator at 

37°C for 1 hour.

7. Three previously prepared agar plates were used to spread the cell culture over using an 

ethanol dipped and flamed glass spreader as follows:

plate 1 - lOOpl 

plate 2 - 300pl 

plate 3 - 500pl

The plates were left on the bench top for an hour to dry and then placed in a 37° C incubator 

over night.

8. The following morning, the plates were removed from the incubator and four 5ml 

minicultures were set up with colonies picked from these plates. The LB in which the 

minicultures were to grow had ançicillin added to it. Ampicillin was used at a concentration 

of lOOpg/ml taken from a 50mg/ml stock solution.

The colonies were picked from the 500pl plate and added to the 5ml LB/ampicillin in 50ml 

tubes which were placed in the shaking incubator at 37°C 0/N.
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7.2.6 Small scale preparation of plasmid DNA-minipreps

This method was performed in order to ensure that the E Coh had been transformed.

1.1.5mls of the 5ml overnight culture was removed and placed in an Eppendorf tube which 

was microfiiged for 30 seconds in the cold room

2.The media was discarded and the bacterial pellet resuspended in lOOpl of ice cold 

Solution 1 by vigorously vortexing the tubes to obtain a white cloudy solution.

3.200pl of freshly prepared solution 2 was then added, the tubes mixed by inversion and then 

placed on ice for a few minutes.

4. 150pl of ice cold solution 3 was added, the tubes gently vortexed and then left to stand 

on ice for 5 minutes.

5. The tubes were then microfiiged in the cold room for 5 minutes.

6. The supernatant was then transferred to fresh tubes (450pl) and 500pl of 

phenol: chloroform added. The tubes were vortexed and then microfiiged for 2 minutes in 

the cold room

7. The supernatant was transferred to fresh tubes and DNA precipitated by adding 1ml of 

ethanol The tubes were vortexed and then left: to stand at room ten^erature for 2 minutes.

8. The tubes were then microfiiged for 5 minutes in the cold room after which the ethanol 

was removed from the tubes and replaced with 200pl of ice cold 70% ethanol. Tubes were 

respun, the ethanol removed and the DNA pellet left to air dry.

9. The DNA pellet was resuspended in 20pl of TE buffer and Ipl of RNAase added.

10. 2pl of this DNA solution was then taken and digested as follows to ensure that KAL 

cDNA that had been grown up and isolated according to the following protocol:

2plDNA

8pl water 

Ipl buffer 

3 pi Cla 1 enzyme 

3plB am H l enzyme

This was placed in 37°C water bath for 1 hour and then checked on a 1% agarose gel.
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7.2.7. Large Scale preparation of plasmid DNA-Maxiprep

Once transformation had been confirmed to have been successfiil, the miniprep culture was 

taken (3.5ml) and added to 250ml of LB containing ampicillin (25mgs) and incubated 

overnight at 37° in a shaking incubator.

1. The 250ml overnight culture was poured into centrifuge flasks and centrifuged at 6000 

rpm for 10 minutes at 4°C.

2. The medium was discarded and the cell pellet resuspended in 8.8ml of ice cold Solution 

1 by drawing the solution and pellet up and down a pipette repeatedly.

3. lOmg of lysozyme was carefully weighed out and dissolved in 1ml of sterile water. This 

was added to the cell pellet which was left at room teniperature for 10 minutes.

4. 17ml of fi*eshly prepared Solution 2 was added and the flask was inverted a few times in 

order to mix the solution. The flask was then left on ice for 10 minutes.

5. 13ml of ice cold Solution 3 was added and the flask gently swirled around in order to mix 

contents. The flask was left on ice for 15 minutes.

6. The viscous solution was transferred to a sterile 50 ml tube, which was centrifuged for 

20 minutes at 14,000rpm at 4°C. This spin would pellet out the protein in the solution.

7. The supernatant was transferred into two flresh sterile 50ml tubes. 10.5ml of isopropanol 

was added to each tube and the tubes mixed and left to stand at room terqperature for 20 

minutes.

8.The tubes were then centrifuged at 12,000 rpm for 20 minutes at 20°C.

9. The supernatant was poured away to leave the DNA. The pellet was washed in 70% 

ethanol, and centrifuged for a further 10 minutes at 12,000 rpm at 4°C to remove any 

remaining ethanol.

10.The pellet was dried in a vacuum dryer and then resuspended in 4ml of TE buflfer. The 

separate DNA solutions were then pooled together.

11. 0.4ml of Tris and 0.4ml of Na EDTA was added to the DNA solution as well as 2.7ml 

of sterile water.

12. The 11.5ml of DNA solution was added to 12.7g of CsCl which had been weighed out 

m firesh tube. The tube was gently shaken to allow the CsCl to dissolve.

13. 1.2ml of EtBr was very carefiiUy added to the tubes which were then spun in the bench 

top centrifuge at 2500 rpm for 10 minutes.

14. Using the barrel of a syringe as a funnel, the DNA CsCl mixture was transferred to an 

Ultra tube, great care taken to balance them.
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15. The tubes were filled to the very top with hquid parafiBn and loaded into the tube using 

a syringe.

16.The Ultra tubes were sealed with both plastic and metal caps and then centrifuged for 48 

hours at 48,000rpm at 20°C.

17. At the end of the spin, the centrifuge was switched off and allowed time to slow down 

and stop fully. The Ultra tubes were very carefully removed and transferred to the dark 

room Using long wave UV fight, a large plasmid DNA band could be seen in the centre of 

the tube.

18. A needle was carefiiUy inserted into the tip of the tube in order to allow air in and out of 

the tube. A needle and syringe was then used to draw the DNA band out of the tube. This 

was transferred to a fi’esh tube, and the rest of the Ultra tube carefiiUy disposed of.

19. 5ml of CsCl saturated isopropanol was added to the DNA band. The tube was shaken 

and then allowed to settle, revealing two phases.

20. The top phase, pink in colour was removed and discarded. The bottom was kept and 

mixed with 5ml of CsCl saturated isopropanol twice more.

21. The DNA solution was transferred to a fi’esh Oakridge tube and the volume made up 

to 10 ml with water.

22. 1ml of Na acetate and 20ml of ice cold ethanol was added and the tubes were then 

frozen at -80 for 2 hours.

23. The tubes were centrifuged at 12,000rpm for 15 minutes at 4°C. The supernatant was 

discarded and the pellet washed in ice cold 70% ethanol as above and then leJft to dry. Once 

dry, the pellet was resuspended in 400ul of TE buffer.

24. The optical density of the DNA solution at 260nm and 280nm was measured in order 

to calculate the concentration of the DNA.

25. A smafi aliquot of the DNA was digested using Bam HI and Cla 1 to be sure that the 

correct plasmid DNA had been extracted.

7.2.8 Southern blotting of DNA samples

The transfer of DNA firom an agarose gel to a membrane filter by capillary blotting was 

originally described by Southern (1975). The immobilisation of DNA on a membrane allows 

it to be hybridised with specific probes.

1 DNA fi’om KS patients was digested with EcoRl and Hindll respectively. Digested DNA 

was loaded onto a 3% agarose gel (appendix B) and electrophoresed overnight at 30 Volt.
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2.The gel was removed the following morning and photographed.

3. The gel was placed in a shallow plastic tray which was filled with 0.25M HCl and left on 

shaker gently shaking for 20 minutes.

4. The HCl was drained off and the gel rinsed in distilled water. The tray was filled with 

denaturing buffer and the gel replaced on the shaker for 1 hour.

5. The denaturing buffer was drained off and the gel rinsed in distilled water. The tray was 

refilled with neutralization buffer and the gel replaced on the shaker for 15 minutes.

6. Step 5 was repeated.

7. A capillary blot was set up as follows:

A tray was filled with 20 x SSC and a platform placed in the tray over which a wick was 

placed (made fi-om 3MM filter paper saturated with 20 x SSC).

8. The gel was placed face down on the platform and a glass rod carefiiUy roUed over the 

gel to ensure that no air bubbles were trapped under the gel.

9. A sheet of Hybond N+ (Amersham) was carefiiUy placed on top of the gel, care taken 

not to trap air under the membrane, and at the same time ensuring that the gel was 

con^letely covered with the membrane.

10.Three sheets of 3MM filter paper were cut to exactly the same size as the membrane and 

gel, soaked in buffer, and carefiiUy layed on top of the membrane.

11 .A stack of absorbent paper towels were placed on top of the filter paper foUowed by a 

glass plate to ensure that the towels were level and covering the filter paper evenly. FinaUy 

a IKg weight was placed on top of the glass plate and the transfer aUowed to proceed 0/N.

12.After blotting the apparatus was carefiiUy dismantled and the membrane marked with a 

pencU with the date and detaUs of the blot for future identification.

13. The membrane was carefully and briefly rinsed with 2 X SSC and then wrapped in cling 

film before fixing the DNA onto the membrane by placing it on a UV transUluminator for 3 

minutes. Care was taken to ensure that every part of the membrane was fixed in this way.

14. Once fixed, the membrane was stored wrapped in plastic in the -20°C freezer untU 

needed for hybridisation.

7.2.9 Radioactive labelling of DNA probes.

In most cases the probe used to probe the Southern blots was one of the exons of the KAL 

gene or the KAL cDNA. A PCR would be performed in order to anqiUfy the exon from a 

normal control, the products of the PCR reaction run on an agarose gel and isolated.
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7.2.9. lOligolabelling Kit-Pharmacia 27-9250-01

Using this kit the DNA was denatured and then mixed with hexadeoxyribonucleotides of 

random sequences. The random hexamers bind to random sites on the template DNA and 

act as primers for DNA synthesis by the Klenow fragments. With radiolabelled nucleotide 

present during this synthesis, highly labelled DNA could be generated. Since Klenow 

fragments do not have a 5' to 3' exonuclease activity, the labelled nucleotide will not be 

excised.

1. lOng to Ipg of DNA in solution was denatured by heating to 100°C on a hot block and 

then snap cooled on ice.

2. 10pi of Reagent mix was added together with 5 pi of dCTP, the volume made up 

to 49pi with distilled water.

3. Ipl of Klenow fragment was added, the tube gently mixed and microfiiged.

4. The tube was incubated in 37°C water bath for 1 hour.

5. The reaction was terminated by adding 5pi of 0.2M EDTA The volume was then 

increased by adding 45 pi of water.

6. The probe was separated from unincorporated nucleotide by passing it down a separation 

column. A piece of glass wool was pushed to the end of a 1ml syringe which was filled with 

a solution of Sephadex G-50. The syringe was placed in a 10ml plastic tube and centrifiiged 

at ISOOrpm in order to pack the column.

7.The labelled probe was layered onto the column and the syringe was placed in a fresh tube 

and centrifuged at 1500rpm for 5 minutes.

8 The elute from the column was collected, comprising the labelled probe. It could be 

stored at -20 °C for up to one week or used immediately.

12.9.2 T7 Quick Prime kit-Pharmacia 27-9252-01

The template DNA was denatured and then mixed with ohgodeoxyribonucleotides of 

random sequence. These oHgomers annealed to random sites on the template DNA and then 

served as primers for DNA synthesis by T7 DNA polymerase. With labelled nucleotide 

present during the synthesis it was possible to generate large amounts of labelled probe.

1. 25ng to 50ng of template DNA in solution was denatured.

2. lOpl of reagent mix was added to tenplate together with 5 pi of dCTP. The volume 

was made up to 49pi with distilled water.

3. Ipl of T7 DNA polymerase was added, the tube was mixed, microfiiged and incubated
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in 37°C water bath for 15 minutes.

4. The reaction was terminated and probe separated from unincorporated nucleotide as 

above.

For both kits the probe was either stored frozen for up to 1 week or used immediately. In 

the latter case, it was heated to 100°C for 5 minutes and then snap chilled on ice and added 

to prehybridised membrane.

7.2.9.3 Redi\}x\rx\e, random primer DNA labelling system- Amersham RPN 1631

1.Tenq)late DNA was diluted to 2.5ng to 5.0ng concentration in 45 pi of water.

2. The DNA was denatured by heating to 100°C for frve minutes. The tube was then 

microfiiged.

3.The template DNA was added to the labelling mix and the tube flicked in order to mix the 

contents and reconstitute the labelling mix (Colour changed to blue). The tube was then 

microfiiged.

4. 5pi of Redivue dCTP was added and the tube mixed gently.

5. The tube was incubated for 10 minutes at 37°C.

6. The reaction was stopped by adding 5pi of 0.2M EDTA. The probe was then denatured 

by heating and then adding to the prehybridised membrane.

7.2.10 Hybridisation of DNA probe to Southern blot

1.Prehybridisation solution was prepared and added to the membrane, which had thawed 

out, and was placed in a plastic bag.

2.The bag was sealed and the membrane left in a shaking water bath for at least one hour at 

65°C.

3. The radio labelled KAL cDNA probe was denatured by heating to 100°C and then 

immediately chilled on ice.

4. The probe was added to the prehybridisation solution and the bag resealed and replaced 

in the 65 °C shaking water bath for over night incubation.

5.The following day the membrane was removed form the hybridisation fluid and washed 

in 2 X SSPE, 0.1% SDS at room temperature for 15 minutes, twice.

6. The membrane was then washed in 1 X SSPE, 0.1% SDS at 65 °C for 15 minutes.

7. Finally the membrane was washed in 0.1 X SSPE, 0.1% SDS at 65 °C for 15 minutes.
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This was a high stringency wash ie. high salt concentration wash which is intended to reduce 

background hybridisation, and was not always included. It depended on how fresh the 

radioactivity was as to whether the warm washes were performed.

8.The membrane was finally wrapped in Saran wrap and autoradiographed over night.

7.2.11 Polymerase Chain Reaction-PCR.

This method is used to selectively amplify in vitro DNA or RNA sequences of interest from 

nanogram amounts of original terq)late. The procedure generally depends on the presence 

and knowledge of the sequences that flank the region of interest. A pair of synthetic 

ohgonucleotide primers complementary to the nucleotide corrq)ositions of the 5' ends of the 

sense and anti-sense flanking DNA segments respectively are synthesised and added to the 

DNA.

The three stages of the PCR reaction are, dénaturation, primer annealing and extension. 

They are performed successively on the sangles for 20 to 60 cycles and can achieve 

amplification of up to 10̂  to 10̂  ̂ times. The double stranded DNA is denatured by heating 

to 94°C. On cooling to 55 °C, the ohgonucleotide primers anneal to conq)lementary single 

DNA strands. Extension of the primers in the presence of DNA polymerase, the four dNTPs 

and magnesium ions occurs at an intermediate temperature of 72 °C. The abhity of the 

thermostable enzyme Taq polymerase to withstand repeated short exposures to high 

temperatures allows the PCR reaction to proceed without interruption and adding of new 

enzyme between each cycle.

PCR of individual exons were performed in X-linked and sporadic patients thus estabhshing 

whether the exon was present or not in each case. PCR can not reveal if the exon was 

harbouring a point mutation without sequencing it, although complete deletions could be 

identified using this method.

The primers and a protocol were kindly supphed by C.Petit (Pasteur Institute Paris). 

Hardelin Human Mol Gen 1993 & Hardelin PNAS 1992. However there were some 

modifications required as some of the PCR had not been optimised.
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Oligonucleotides used for amplification of the KAL exons and splice sites.

Exon PCR Primers 5' to 3'

1 CCTCGCCCTCGCCCTCGACCCGCAG 

GAACTTTGCGAGCCCAGGCTGGGAG

2 TTGGAAGGGAAGGACAGCAGG 

GCACCAT TCATACAGGTATAG

3 TCTCAGCTTTGTTTGTTTCCA 

CGTAAGCATAGTCAGATTTGG

4 ATGTCTTGGAAATCAGACTTC 

ATGTGACACTGCATGTGTCTT

5 CAGATTGTTTTAATTGATACG 

GCAGACACTACCTCCAGGATG

6 AGTGACATGTTCCCTGTGCTC 

C T GGT AGCAAGGAT AGT AT T C

7 ATGATGTGTCTTTGTACTGGG 

TGGGAATAACAATCCTTCCTC

8 GACGT GGAAGGT T TGTAACGC 

ATCATGT CACAAT CATCTTGA

9 T GC C C AGGAAT C T AT AAT T AC 

AC TAT CTC TAT AT T AC TGTGC

10 AC C T GGAAT GT AACAT C CAGC 

ACCATTCTGCTTTCCACTTCC

11 CATCCTTGTTGGATGGAATATG 

 ̂AATAT GAT T T CAAT T C T T GC C *

l i e  GATGTAGAAGTCCTTCAGGTG

12 TCTCCAGTCGCCTAATCCTGG 

CCAATGACACAGACATAGTAC

13 GTGCATTGCATGTTGTCTCTG 

T GACAGGAT GGCTTAAT GCCC

14 ATGTTACTGACATATTTTGTC

* ^GGCCGAAGTTCAACAAGCTTA**

14C GC T T ACACAT C T GT GCAAT T T CAC

Table 7.1 PCR primers used to amplify KAL

Annealing Amplified 

temp (°C) product (bp)

63 329

(10% DMSG)

55 230

55 

55 

55 

55 

55 

55 

55 

55

(10% DMSG)

55

55 

55 

55

174

334

267

218

269

237

266

293

278

262

302

241

147

131
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These primers were used at a concentration of 12.5pM in 50pl reaction therefore 0.125pM 

or 125mn each.

Ipg of DNA was used in each reaction.

The volume of buffer was always 5 pi this being 10% of the total reaction volume.

Exons 1 and 10 needed 10% DMSO to be added for the reaction to occur.

Although the annealing temperature had been given together with the other cycling 

conditions, the optimal amount of MgCl^ and dNTPs was not known and therefore had to 

be determined. A stock of dNTPs was prepared; Stock of each nucleotide was lOOmM. 

lOpl of each was taken, giving a concentration of 25mM. The volume was then made up to 

lOOpl with sterile water, the final concentration of each nucleotide being lOmM.

In each and every PCR reaction the following controls were included. A normal control, a 

patient known to be deleted for KAL and a water control. This reaction contained the 

primers, Taq polymerase enzyme, dNTPs, MgClz, PCR buffer and water only and no DNA. 

This ruled out the presence of contaminants in the conq)onents of the reaction.
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7.2.11.1 Exon 1:

The published data suggested that the annealing tenoperature should be higher for this primer 

than the temperature used in the other reactions and that 10% DMSO was needed. The 

following reactions were performed over a gradient of temperatures from 60 °C each degree 

till 65 °C in order to identify the optimal temperature for annealing of exon 1.

DNA

(lig)

buffer

w

primers 

pi each

Taq

(gl)

dNTPp

lOmM

water

(gl)

MgCl,

mM

DMSO

(gl)

1 5 0.5 0.25 1 36.45 0.8 - 5

1 5 0.5 0.25 1 36.35 0.9 5

1 5 0.5 0.25 1 36.25 1.0 5

1 5 0.5 0.25 1 36.15 1.1 5

1 5 0.5 0.25 1 36.05 1.2 5

1 5 0.5 0.25 1 36.00 1.25 5

1 5 0.5 0.25 1 35.75 1.5 5

1 5 0.5 0.25 1 35.50 1.75 5

1 5 0.5 0.25 1 35.25 2.0 5

Table 7.2: Experimental conditions used to optimise PCR for Exon 1 of KAL

The identical experiment was then performed without the DMSO being added, ie. 

changing the temperature and the MgCl^ concentration for each experiment.
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7.2.11.2 Exon 2 to 14:

Although the conditions for the PCR reactions had been given the following experiment 

was performed in order to confirm that they were optimal. The concentration of MgCl2  

was maintained the same in each experiment ie. ImM (Ip l of 50mM stock in a 50pl 

reaction.) The concentration of dNTPs was varied.

bufier

(pl)

water

(pl)

DNA

(Pg)

primers 

(pi each)

MgCl^pl 

of 50mM

Taq (pi) dNTPs 

pi lOmM

A 5 40.75 1= l.Spl 0.5 1 0.25 0.2

B 5 40.55 1=1.8pl 0.5 1 0.25 0.4

C 5 40.35 1=1.8pl 0.5 1 0.25 0.6

D 5 40.15 1=1.8pl 0.5 1 0.25 0.8

E 5 39.95 1=1.8pl 0.5 1 0.25 1.0

Table 7.3 Experiment to optimise PCR for Exons 2 to 14 of KAL
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This optimising was performed for each exon so that the following conditions could be 

used to screen each exon.

exon buffer pi water pi DMSO

Hi

primers 

pi each

dNTPs 

lOmM pi

MgCl2 

50mM pi

Taq pi

1 5 35.5 5 0.5 1 1 0.5

2 5 40.5 - 0.5 1 1 0.5

3 5 40.5 - 0.5 1 1 0.5

4 5 40.5 - 0.5 1 1 0.5

5 5 40.5 - 0.5 1 1 0.5

6 5 40.5 - 0.5 1 1 0.5

7 5 38.5 - 0.5 1 3 0.5

8 5 40.5 - 0.5 1 1 0.5

9 5 39.5 - 0.5 1 2 0.5

10 5 40.5 - 0.5 1 1 0.5

11 5 38.5 - 0.5 1 3 0.5

12 5 40.5 - 0.5 1 1 0.5

13 5 40.5 - 0.5 1 1 0.5

14 5 40.5 - 0.5 1 1 0.5

Table 7.4 Optimised PCR conditions for amplification of KAL
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7.2.11.3 Design of new PCR primers for exons 11 and 14 of KAL 

When PCR reactions were performed using primers for exons 11 and 14 the negative 

controls artçlified up bands of the correct sizes and then later when sequenced were 

found to be the correct sequence for the particular exon. This suggested that the PCR 

primers were not X specific as originally thought and that the primers were amplifying up 

sequence fi*om the Y chromosome. Our collaborators m Paris were subsequently able to 

send the intronic sequence for both exons 11 and 14.

The original sequence of the primers for Exon 14 were:

ATGTGAACTGACATATTTTGTCA

GGCCGAAGTTCAACAAGCTTA

Inspection of X and Y sequences revealed that these sequences were present and 

identical in both chromosome sequences, thus explaining why every PCR reaction 

amplified the sequence even in the negative control. New primer were then designed.

For Exon 11 exactly the same was done by comparing X and Y sequences m order to 

design a new forward primer.

Exon IIX  CATCCTTGTTGGATGGAATATGA 

InEX llY  CATCCTTATTGGATGGAATATTA

The two differences in this sequence were sufficient to use the X sequence as a primer to 

amplify X specific sequence.
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7.2.12 Single stranded conformation polymorphism analysis-SSCP.

This method allows the separation of DNA on the basis of size and sequence. A PCR 

reaction is performed in which dCTP is included, so that the anq)lified products are 

radio-labelled and therefore easily detectable by autoradiography. The products are then 

diluted, and denatured both by heat and chemically. They are then run on a non

denaturing polyacrylamide gel. While running through this gel the single strands of DNA 

win re-anneal and according to the sequence of the sample the bands seen on the gel will 

vary accordingly. A change in sequence will cause a change in conformation of the DNA 

and therefore a shift in the bands seen on the autoradiograph (Olaf Hiort et al. 1993; 

ABatch et al. 1992; Anu Suomalainen et al. 1992; RWhittall et al. 1995).

The experiment was performed first using patients with a known mutation to ensure that 

a difference in conformation could in fact be seen before using patients whose genotype 

was unknown. Family A had a base substitution (G to A) causing a STOP codon in exon 

5 (PNAS vol 89).
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Al A2 A3 A4

é> ô e >
A il AS A9 AlO A13

Ô □ Ô
A13 A16 A17 AÏS A19 A20 A21

Fig 7.1 Family A-pedigree with XKS.
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Family D have a base substitution in Exon 9 which caused a STOP codon (C to T).

D2 D3 D ll

D4 D3 D6 D7 D8

Fig 7.2 Family D  pedigree with X
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Family W also have a base substitution, (G to A) in Exon 6 also causing a premature

STOP codon.

Ô

6 i
K1 K15 K14 K16

K2
Ô "  Ô O r*

KIO K3 K4 K5 K6 K« K7 K9

Ô Ô
K13 K12 K20

Fig. 7.3 Family W pedigree with XKS
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Experimental protocol:

1. The PCR reactions were prepared as follows: total volume 25pi 

2pi 1 Ox reaction buffer,

Ipl MgCl

0.5pi dNTPs

0.5pi each primer

0.125pl Taq polymerase (Bioline UK)

5pg of DNA

Concentrations of reagents were the same as the PCR reactions 7.2.11

2. The PCR reaction was performed for 25 cycles after which time the controls included in 

each reaction were tested on an agar ose gel to ensure that the correct size products had been 

amplified.

3. 0. Ipl of P^^(luCi=37KBq, stock is 18.5MBq in 50pl, therefore lpl= 0.37MBq need 0. Ipl 

which is 370KBq) was added to each tube together with 0.9pl of lOx buffer. The PCR 

reaction was then performed for a further 5 cycles.

4. 2pl of the final PCR product was taken and added to 2.5pi of dénaturant (10% SDS, 

lOmM EDTA). The tubes were then vortexed.

5. 3.5pi of STOP dye was added to the denatured DNA and the mixture heated for 5mins 

at 95 °C and then snap frozen on ice.

6. 3pl of sanq)le was loaded onto a pre run 7.5% acrylamide gel.(see appendix B)

7. The gel was electrophoresed for 15 hours at 15 Watts.

8. The gel was dismantled and dried before putting down with photographic film and leaving 

to autoradiogprah for 48 hours.

7.2.13 DNA Sequencing direct from PCR products.

DNA sequencing was performed according to the chain termination method designed by 

Sanger. The DNA to be sequenced acts as a tenq)late for the enzymatic synthesis of new 

DNA starting at a defined primer binding site. A mixture of deoxy and dideoxynucleotides 

was used in this reaction, at a concentration that creates a finite probabihty that a 

dideoxynucleotide will be incorporated m place of a usual deoxynucleotide. Incorporation 

of a dideoxynucleotide wiU block further chain elongation, resulting in a population of
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truncated fragments of varying lengths. The identity of the nucleotide on the end of the chain 

can be identified by nmning four separate reactions, each with only one dideoxynucleotide 

(ddATP, ddCTP, ddGTP and ddXTP). The resulting population of molecules can then be 

separated according to size on an acrylamide gel.

In this case DNA sequencing was performed using a kit purchased from Amersham Life 

Sciences- Product number 70170. Samples were taken from a group of patients whose 

mutations had aheady been characterised to optimise the method before using it on new 

patients. An exanqrle of its apphcation was to determine wfrether A21(Fig. 7.1) the new bom 

child of Family A was affected with KS or not, the family aheady having one affected male 

child (A19).

1. Once the PCR had been performed and checked, the product underwent a two step 

enzyme treatment in order to remove residual smgle stranded primers and single stranded 

DNA (Exonuclease 1). The shrimp alkah phosphatase removed remaining dNTPs from the 

mixture. These enzymes were active at 37°C for 15 mms and inactivated by heating to 80°C 

for 15 mins

5 pi of PCR amplification mixture was taken and Ipl of exonuclease 1 was added to it and 

incubated at 37°C for 15 mmutes and then inactivated.

Ipl of Shrinq) alkaline phosphatase was then added and incubated in the same way as the 

other enzyme.

2. 5pi of treated PCR product was taken and Ipl of primer (lOpmol/pl) added and the 

volume made up to lOpl with sterile water. The mixture was heated to 100 °C for 3 minutes 

and then placed on ice to cool for 5 mmutes. This allowed the primer to aimeal to the 

tenqrlate.

3. The aimealed primer to tenqrlate was then labelled with ATP in the following reaction. 

Buffer 2pl

DTTO.IM Ipl

1:5 diluted labelling mix 2pl

radio labelled dATP 0.5 pi

Sequenase DNA polymerase 2pl

The reaction was mixed and left at room tenqierature for 5 minutes.

4. This labelling reaction was terminated by adding 3.5 pi of the labelling reaction to 2.5 pi
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of each termination mix; dATP, dCTP, dGTP and dTTP. The termination mixes had been 

ahquoted out into different coloured tubes and pre-warmed to 37°C in a water bath prior 

to use.

5. The label and tennination mixes were incubated at 37°C for 10 minutes and the reaction 

was stopped by adding 4pl of STOP solution.

6. The samples were then ready to be stored at -20°C or used immediately.

7.2.13.1 Preparation of electrophoresis equipment

Equipment constructed in our laboratory was used as well as apparatus manufactured 6y 

Flowgen and Gibco BRL were used. The plates were 45cm long and spacers were 0.4mm 

thick. The combs used were sharkstooth combs. Glass plates were cleaned with warm soapy 

water and then with distilled water and finally with ethanol and then dried. One of the plates 

was coated with dimethldichlorosilane (Reph coat BDH). This would later allow the plates 

to be separated more easily and ensure that the gel stayed on the plate that has not been 

coated. Plastic spacers were then placed between the two glass plates and the plates sealed 

together using insulating tape.

7.2.13.2 Preparation of polyacrylamide gel

A denaturing 6% acrylamide gel was prepared, (see Appendix B)

The gel was pre run once the comb had been placed in the gel and flushed out using IX 

glycerol tolerant buffer. Sarqple buffer was loaded into the wells to ensure that the comb was 

correctly positioned and that the wells had no air bubbles. The gel was pre-run for 30 

minutes at 45Watts.

The DNA samples to be sequenced were placed on the dry heating block at 100°C for 3 

minutes and then placed on ice before being loaded onto the gel. The wells of the gel were 

flushed out before loading and then 2pi of sample was loaded in to each well. One set of 

reactions was loaded at a time (ie. 4 tubes A,C,G, and T) and the gel run at constant 

45Watts power for 6 hours.

Once the gel had run, it was removed from the tank and the glass plates separated so that 

the gel remained on the non-silonised glass plate. The gel was lowered into a tank containing 

10% methanol 5% acetic acid in water, and it remained in the tank for 20 minutes to remove
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the urea from the gel.

The glass plate was removed from the tank and the gel carefiiUy blotted onto a piece of 

3MM paper. The gel was covered in Saran wrap and placed on a vacuum dryer at 80°C for 

one hour.

The gel was then placed in a photographic cassette O/N with fast film and left at room 

temperature.

7.2.14 Automated sequencing of PCR products.

Since the number of samples being handled was considerable and the time in which to 

process them was short, a number of samples were sent to be sequenced on an ABI 

automated sequencer.

Unlike manual sequencing methods, which use a radioactive label to visualize the banding 

pattern by autoradiography, automated sequencing uses a scanning laser to detect DNA 

fragments labelled with fluorescent dyes. The dye is added to the dideoxynucleotides, the 

reaction is performed in one tube, and run on one lane of the gel. Each dideoxynucleotide 

has another coloured dye linked to it so that when it terminates a strand of DNA each 

nucleotide fluoresce another colour and the results are seen as different coloured peaks on 

a chromatograph.

The sangles sequenced were from the group of patients with XKS that had been screened 

for mutations by PCR and found to have aU their exons present. The reason for sequencing 

all the exons in these patients was, given their phenotypic features, a mutation was suspected 

in their KAL gene.

1. The PCR reaction for each exon was performed as above.

2. The products were passed through a QIAquick column to remove any oil, unused Taq 

polymerase and primers before sequencing.

3. The DNA was eluted off in 50pl of T.E buffer.

The DNA samples were sent away and the results were sent in the form of coloured 

chromatographs.
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7.2.15 Restriction fragment length polymorphism (RFLP) analysis to identify carriers 

of XKS.

For each of the families known to us to harbour a point mutation within a particular exon 

of KAL a detailed restriction map of that exon was constructed (Farmhes A, W, D and B 

Figs. 7.1, 7.2 and 7.3). In three out of four pedigrees the mutation was predicted to destroy 

an enzyme restriction site. The RFLP pattern generated in each individual within these 

pedigrees identified affected males, unaffected males and carrier females (Odüe Grau and 

Remy Griffais, 1994).

1. DNA was extracted fi*om whole blood and lOOpg was included in a PCR reaction in order 

to amplify the exon of interest.

2. PCR products were purified using QIAquick columns (Quiagen) and the DNA was eluted 

in 50pl of Tris buffer.

3. lOpl of purified DNA was digested with 10 units of restriction enzyme and incubated at 

appropriate temperatures for two hours. (Bsc 1 at 65 °C and Rsa 1 and Age 1 at 37°C.)

4. 5 pi of uncut DNA was loaded onto a 2% gel alongside 15 pi of digested DNA, and the 

gel was electrophoresed , stained and photographed.(see appendix B)
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7.3 Results o f mutation analysis of patients w ith X-iinked and

sporadic KS.

7.3.1 Transformation of KAL cDNA followed by small and large scale plasmid DNA 

preparations.

Competent cell were successfully transfonned with the KAL cDNA. The cells grew well and 

large amounts of plasmid DNA were successfully isolated from the maxi-preps. This DNA 

was digested with the appropriate enzymes to ensure that KAL had been isolated.

KAL A Marker

9.4Kb
6.5 Kb

11 4.3 Kb

2.6Kb
2.3Kb 2.3 Kb

2.0 Kb

digests of

c D N A

inserted m

Bluescript

vector.
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7.3.2 Hybridisation of KAL cDNA to southern blot of patients DNA

DNA from patient with XKS and sporadic KS was digested with Hindlll (Lanes 1 to 5) and 

EcoRl (Lanes 9 to 13) and then mn on an agarose gel with 1 Kb ladder molecular weight 

marker O/N. (Fig 7.5). The DNA on the gel was then transferred by Southern blotting.

Fig 7.5 Agarose gel with EcoRl and Hind 111 digested DNA used for Southern blot
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The blot was probed with the KAL cDNA and the following result was obtained (Fig 7.6). 

NC, PD and DB showed no hybridisation of the probe suggesting that KAL is deleted in 

these patients. However, AT and ANN showed a variety of bands suggesting that KAL had 

hybridised to the DNA on the blot. The pattern of bands seen with the two different enzymes 

is different as expected since the enzymes would have cleaved the DNA into different sized 

fiagments. The probe also hybridised to the marker, although washed to high stiingency. 

Background hybridisation was evident and it is possible that further washes would have 

decreased this background. In spite of this, it was possible to identify which of these 

patients had deletions of KAL.

Hindlll EcoR I

Fig. 7.6 Southern blot of gel in fig.7.5 probed with KAL cDNA
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7.3.3 Polymerase Chain reaction-PCR

This method was used to identify patients with deletions of either individual exons oîKAL  

or the whole gene. This method does not identify any mutations in the sequence eg. single 

base deletions or substitutions or other such point mutations. It only allows one to determine 

whether the exon is present or not. More detailed information about the sequence of each 

individual exon can be obtained by sequencing the entire exon.

7.3.3.1 Optimising the PCR reaction for Exon 1

In this experiment two factors were changed: the annealing temperature and the 

concentration of MgClj included in the reaction mixture.

The temperatuie was varied m a step wise fashion ie. a gradient from 60°C to 65 °C. The 

concentration of MgCl2  was varied from 0.8mM to 2.0mM.
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M Lanes 2 to 7 60°C to 65°C
0.8mM MgCl^

Lanes 8 to 10 60°C to 62°C
0.9m MgCl2

M Lanes 2 to 5 63°C to 65°C Lanes 6 to 10 60°C to 65°C 
0.9mM MgCl  ̂ LOmM MgCl^

Fig 7.7 A MgClj cone O.SmM to l.OmM Temp, gradient 60°C to 65°C.

l.OmM is the hist concentration in which bands are seen evenly regardless of temperature.

The band at 63° C is a little more intense than the others. (M- molecular weight marker)
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M Lanes2to 7 60°C to65°C
l.lmMMgCIz

Lanes 8 to 10 60°C to 62 ° C
1.2m MgClj

M Lanes 2 to 5 63°C to 65°C 
1.2mM MgCl^

Fig 7.7 B MgClj conc l.lm M  to 1.2mM, across a Temp, gradient 60°C to 65°C.

Exon 1 is amplified in each expeiiment. However when this was repeated in order to confirm 

the results only ImM MgClj at 63°C gave a PCR product ie. Fig 7.4 C 

(M- molecular weight marker)
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M Lanes2to 7 60°C to65°C
l.OmM MgCl^

Lanes 8 to 10 60°C to 62°C
1.25m MgCl^

M Lanes 2 to 7 60°C to 65°C Lanes 8 to 10 63°C to 65°C 
1.5mM MgCl  ̂ 1.25mMMgCl2

Fig 7.7 C MgClj conc l.OmM to 1.25mM across a Temp, gradient 60°C to 65°C. 

The only temperature and concentration where a PCR product could be identified was 63 °C 

and ImM MgCl  ̂ (M- molecular weiglit marker)
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M Lanes2to 7 60°Cto65°C
1.75mM MgCl2

M Lanes 2 to 7 60 ° Cto 65°C 
2.0 mM MgCl^

Fig. 7.7 D MgClz conc 1.75mM to 2.0mM across a Temp, gradient 60 ° C to 65 ° C.

No amplification was seen at the higher concentrations of MgCl .̂

(M- molecular weight marker)

From tins expeiiment it was concluded that;

a) The optimal temperature for the amplification of Exon 1 of KAL is 63 °C.

b) The optimal concentration of MgCl2  is ImM per reaction.
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1 3 3 .2  Optimising the PCR conditions for Exon 2 of KAL

Since the primer concentration, annealing temperature and MgCl2  concentration needed was 

optimised for Exon 2 and the other 14 exons of KAL (as above) the only other factor to be 

optimised was the concentration of dNTPs to be used for each reaction. The concentration 

was increased fiom 2mM to lOmM per reaction.

Fig 7.8 PCR reactions of Exon 2 of KAL with increasing concentrations of dNTPs 

from 2mM to lOmM.

From this experiment it was concluded that lOmM of dNTPs per reaction is the optimal 

concentration of dNTPs to be used in the PCR reaction.
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7.3.3.3 Design of new PCR primers for Exons 11 and 14 of KAL

The sequences were carefully con]|)ared and found a GTG in the X sequence which was 

TTA in the Y chromosome sequence. This was therefore the site of the new reverse primers, 

(The original forward primer was retained.)

New reverse primer GCTTACACATCTGTGCAATTTCAC

Y : GATCTCATCTTATGCATCATCATCCACATCATTACAZIGCCTTCTCCAGAAA 

X : GATCTCATCTTAAGCATCGTCATCCACATCATTACAAGCCTTCTCCAGAAA

Y : GAT AC TAAAC T GT T CAAAAAGAT T T T T TAAAAT T GCACAGAT GT GTAAGC T 

X : GAT AC TAAAC T GT T CAAAAAGAT T T T GT GAAAT T GCACAGAT GT GTAAGC T

Y : T GT T GAAC TTC GGC C AC AAGACAT GC AT AC TTC C AGAGGCAGT GG T AAC T 

X : TGTTGAACTTCGGCCACGAGACATGCACACTTCCAGAGGCAGTGGGAACT

Y : GCTCAGAGGCCCGGACTCTCCTAT 

X : GCTCAGAGGCCCGGACTCTCCTAT

Fig 7.9 Exon 14 intron/exon sequences for X and Y chromosomes.

Afyf-STOP codon

Underlined sequence is the new PCR primer. The sequence in bold is the old PCR primer

For Exon 11 the new forward primer sequence was CATCCTTGTTGGATGGAATATG 

The reverse primer was retained. This new sequence had two bases different from the Y 

sequence.

X : T AT AT AGGAAAACAT CCTTGTT GGAT GGAATATGAT T T CAAT TCT TGCCAG

Y : TATAT AGGAAAACAT C C T TAT T GGAT GGAAT AT TAT T T CAAT TCT T GC CAG

XiTGTTTTTT  

Y:TGTTTTTT

Fig.7.10 Exon 11 intron/exon sequence for X and Y chromosomes, 

underlined sequence is the new PCR primers.
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7.3.3.4 PCR screen for presence of the 14 KAL exons in patients with X-linked KS, sporadic 

KS and IHH.

SKS

(n=18)

XKS

(n=20)

IHH(n=7) female KS 

(n=3)

STS (n=l) renal

agenesis

(n=l)

All 14 

exons 

present

17 12 7 3 1

1 exon 

deleted 

only

1 1 1

total gene 

deletion

6

Other 1

Table 7.5 Results of PCR screen of 14 Exons of KAL
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Of the patients with SKS only one had an exon missing- exon 1. This deletion might have 

also involved the promoter region although this cannot be proven.

Of the patients with XKS, there were three separate farmhes that each had two members 

with conq)lete deletions for KAL. There was one person with XKS who had a translocation 

of Xp22.3 (the last 4 exons of KAL were deleted). He also had other abnormahties 

associated with the contiguous gene defects associated with Xp22.3 including steroid 

sulphatase deficiency. The one patient who had an exon missing was missing exon 11.

The female patients had ah 14 exons present. This is expected since it is not thought that 

KAL on Xp22.3 is responsible for their KS but an as yet unidentified autosomal gene .

These results show that both females with KS and most of the patients presenting with the 

sporadic form of KS (no femhy history) have an intact KAL gene and that the cause of their 

clinical features does not he in a lesion in KAL but probably on some autosomal locus. 

Patients with XKS however, have in this study been shown to harbour a number of genetic 

lesions, ranging from complete deletions of KAL to point mutations or translocation 

involving some or all of KAL. The patients who appear to have all the exons present by PCR 

may in that case harbour a point mutation in one of the exons but the only way to identify 

the exact cause of KS in these patients would be sequence each exon in turn.
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7.3.4 Single Stranded Conformation Polymorphism-SSCP

In the first e?q)eriment Wiere DNA samples were taken from families A, W, and D (fig. 7.1 

to 7.3) the only set of samples in which any differences could be seen was family D.

A difference could be seen between the carriers, the normals and the affected members of 

this family. (Fig 7.13). It was therefore decided to perform SSCP on the group of patients 

with XKS and SKS looking only at exon 9 as this was the only exon to which there was a 

rehable control.

A group of 120 patients were included in this study of Exon 9 of KAL together with 

members from Family D. No band shifl;s were observed in any of the patients examined for 

exon 9.

This method failed to provide any information about possible mutations in a group of 120 

KS patients. Possible modifying the experimental conditions would improve the sensitivity 

of this method.
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Fig. 7.11 SSCP of Exons 5,6 and 9 of KAL in patients with KS and other normal and

carrier family members.

s
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Fig. 7.12 SSCP of Exon 9 in Family D

m #

D3 Dl P
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Fig. 7.13 SSCP for Exon 9 of a group of unrelated patients with SKS and XKS.

# #

s

t
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7.3.5 DNA sequencing of patients w ith KS.

The patient whose sample was sequenced manually was found to caiTy the same mutation 

as had been previously seen in his family ie. a base substitution o f a G for an A in exon 5.

A21
A C G

NORMAL 
A C G T

Fig 7.14 A21 DNA sequence compared to normal sequence, A21 has G to A base 

change.
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Fig. 7.15 A19 sequence (G to A substitution) compared to carrier mother A13. 

(both G and A sequences present).
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Of the sangles sent for automated sequencing the following results were seen:

Subject Genotype Phenotypic anomaly Inheritance

S13 no coding sequence 

mutation

Bimanual synkinesis 

(BS), cryptorcbid.

clear X-linked 

pedigree

K7 Exon 6 : G to A9 2 4  

base substitution 

causmg STOP

none apparent clear X-linked 

pedigree

K4 BS, Left kidney 

absent, cryptorcbid

JB Exon 12: deletion of 

C 1 8 4 7  causmg 

framesbifl & STOP

BS, cryptorcbid, R

sensorineural

deafiiess

mutation inherited 

fi*om mother.

HI no coding sequence 

mutation

BS, absent L kidney, 

cryptorcbid

clear X-linked 

pedigree

H2

BS, absent R kidney.

H3

JH Exon 11 deleted marfinoid habitus, 

cryptorcbid

brother is also 

affected.

Table 7.6 Results of DNA sequencing in a group of patients with ah 14 exons of KAL 

present.
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From this study the following conclusions could be drawn:

1) There were two families ( HI, H2, H3 and S13) were no coding mutation could be 

identified even by sequencing each of the 14 coding exons, suggesting that the mutation 

may lie either in the promoter region or in the 3' untranslated region. Alternatively there may 

be no coding mutation at aU, but a translation defect later on.

2) Two new mutations were identified in this study, the deletion of exon 11 in JH and the 

point mutation of exon 12 in JB. (Fig 7.17 & 7.18)

3) The mutations seen in K2 and K7 were already known but were confirmed in this study.
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Fig 7.16 A DNA sequence of Exon 12 of normal control-forward

3



Fig. 7.16 B DNA sequence of Exon 12 of normal control- reverse
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7.3.6 RFLP analysis of patients and carriers of KS.

In family A affected individuals were known to harbour a base substitution in exon 5 (G for 

an A at position 861). This disrupts a Bsc 1 site so that the PCR products of exon 5 were 

no longer cleaved by the enzyme. Normal family members retained this site so that cleavage 

of exon 5 PCR products induced two bands (241bp and 81bp), whereas three bands were 

seen in carriers, this being a combination of normal and affected RFLP patterns (ie both cut 

241 and 81bp, and uncut 295bp fragments of exon 5 appeared on the gel.) frg. 7.19

.  295 bp 
àT  241 bp

81 bp

u c u c u c
Normal Patient Carrier 

Fig 1 : Family A exon 5 base substitution G to A disrupts Bsc 1 site. 
Lane 1 :0174 RF DNA/Hae III Lane 8: 1Kb ladder
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Similarly affected individuals of family W harbour a base substitution in exon 6 (G for A at 

position 924) (see sequencing of patients above)which disrupts a Rsa 1 site (Fig 7.20). 

Normal individuals retained the Rsa 1 site so that cleavage of Exon 6 with the enzyme gave 

products of 130bp and 98bp, whereas carriers had three bands, this being a combination of 

affected and normal (238bp, 130bp and 98bp).

u c u c
Norm! Patient Carrier

238 bp 

130 bp 
98 bp

Fig 2: Family W exon 6 base substitution G to A disrupts Rsa 1 site. 
Lane 1:0174 RF DNA/Hae III Lane 8: 1Kb ladder
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In family B a hitherto unpubhshed mutation (deletion of 1847 C in exon 12) was identified 

in the proband. This mutation dismpts the Age 1 restriction site.(Fig 7.21)

In this family the normal members showed two bands when cleaved with Agel (190bp and 

I20bp). The carriers showed a combination of the normal and patient's RFLP patterns 

(3I0bp, 190bp and 120bp)

This method has proven to be very useful, since it is fast and technically less demanding than 

sequencing each patients DNA.

190 bp 
120 bp

u c u c u c
Normal Patient Carrier 

Fig 3: Pam B exon 12 C deleted disrupts Age 1 site. 
Lane 1:0174 RF DNA/Hae III Lane 8: 1Kb ladder
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7.4 Discussion
Performing mutation analysis on a group of patients with XKS and sporadic KS have 

enabled the following observations to be made.

i) It shed hght on the fact that patients with sporadic KS are very unlikely to have complete 

deletions of KAL or even an exon missing. It is likely that the cause of their KS may not 

even lie in a mutation in KAL. However, this will remain unproven until such time as an 

autosomal gene for KS is identified.

ii) Conq)lete deletions of KAL in patients with XKS is not common occurring in only 30% 

of the patients studied.

iii) Although there were several different point mutations seen (Exons 5, 6  and 12) each 

mutation was seen only once, ie. no two unrelated patients had the same mutation. This 

finding has made it incessible to identify a mutational "hot spot". Although no hot spot was 

identified the mutations found, all he in an area of the gene which codes for protein that has 

a high degree of homology to fibronectin type m  repeats ie. a neural cell adhesion molecule. 

The absence of a hot spot make speculations about the functionally important parts of the 

KAL protein incessible. However, this finding supports the unproven hypothesis, that the 

role of the KAL protein is one of an adhesion molecule.

iv) SSCP as a method has a limited use, since if a shift were to be seen, it would be 

necessary to sequence the exon of interest in order to characterise the mutation. However 

it does allow one to screen large numbers of patients in a short time. The sensitivity of this 

method is questionable however as two sets of famihes with known mutations in different 

exons of KAL failed to show a band shift Wien subjected to SSCP and only one family gave 

a result, giving this method only 33% sensitivity, far too low to be of value. Possibly 

modifying the method by, for exancle, changmg the concentration of polyacrylamide in the 

gels or running the gels for a longer period of time in order to improve resolution of the 

samples, could improve sensitivity.

v) Looking at the phenotype of the patients, it has not been possible to draw any correlations 

between genotype and phenotype of the patients studied.
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Chapter 8 

FINAL DISCUSSION

Kallmann's Syndrome, although rare, comes about due to a unique accident of nature 

involving two distinctly different developmental systems, namely the olfactory and urogenital 

systems. This syndrome is a result of the failure of migration of the olfactory axons and the 

GnRH neurones. The heterogeneity of clinical and genetic features is noteworthy. The 

clinical features associated with KS apart from the IHH and anosmia have been found to 

vary depending on the mode of inheritance, ie. synkinesis is strongly associated with the X- 

linked form of KS as is renal agenesis whereas cleft palate and other midline defects are 

associated with the sporadic form of KS. The modes of transmission of KS are as diverse 

as the clinical features including autosomal dominant, autosomal recessive, X-linked and the 

most frequently occurring sporadic KS.

In this thesis the answer to several questions regarding Kallmann's Syndrome was sought, 

regarding the XKS gene and protein in both human development and patient.

Kallmann protein expression in the developing human and its role.

In order to identify areas of Kallmann protein expression monoclonal antibodies were raised 

in mice to a short sequence of the putative KAL sequence using a multiple antigenic peptide. 

The original question still remains unanswered because the antibody generated lacked the 

necessary specificity and further epitopes of this protein needed to be investigated. 

Furthermore the absence of the Kallmann protem has made vahdating antibodies produced 

difficult. The method ercployed clearly demonstrated that high affinity antibodies could be 

generated using multiple antigenic peptides. Increasing available data on protein sequences, 

their folding and homologies to other proteins would enable further epitopes of KAL to be 

studied. However, this was beyond the scope of this investigation. From this experiment it 

is clear that the antibody cross reacts with another protein. Whether this cross reactivity is 

total or vAether the antibody has some affinity to KAL protein could only be proven if the 

identity of the cross reacting protein were known. In which case a higher affinity and 

specificity antibody to it could be used to block out the cross reactivity, thereby revealing 

specific KAL binding.
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An alternative strategy to finding the role of KAL protein in development could include 

expressing KAL and then raising antibodies to the protein. Using bacterial systems such as 

E.Coli, the KAL cDNA could be transformed into the cells, transcribed into RNA and 

translated into protein using the E. Colis’ own machinery. This may be difficult to purify, 

since E.CoU has no facihty for glycosylating proteins. Therefore creating a fusion protein 

between KAL and some other marker protein and then transforming E.Coh and generating 

fusion proteins is likely to be a more profitable way of producing KAL in sufficient amount 

enabling purification. The purified protein could be enq)loyed as an antigen in mice or rabbits 

to produce primary polyclonal antibodies and then if necessary monoclonal antibodies. In 

vitro systems could also be used, such as rabbit reticulocyte lysate or wheatgerm cell firee 

systems which would transcribe and translate protein in a coupled system However, this 

method is not generally conducive to large scale protein production. These are some 

suggestions of ways in which KAL could be expressed and then isolated for use in 

generating antibodies in a similar way to the antibodies that were generated in this thesis. 

These antibodies could then be used to screen both foetal and adult tissues for areas and 

stages of KAL e?qpression so that a map can be created enabling fidler understanding of the 

role of KAL. Furthermore isolating KAL protein would enable vahdation of the antibodies 

generated, using immunoprécipitation.

Investigation of the areas and stages of KAL gene expression in normal development.

Using a combination of in situ hybridisation and RT-PCR, it was possible to study gene 

expression in human foetal material between the ages of 45 days and 11 weeks. KAL 

expression was found in the developing kidney only at 45 days gestation, but later at 11 

weeks gestation, transcripts was found in the olfactory bulb, retina and again in the kidney. 

These results correlated well with the clinical features of KS since olfactory bulb dysgenesis 

with subsequent defective neural migration causes anosmia and IHH. Additionally, renal 

agenesis occurs in 40% of patients. Assuming that transcription is followed by translation 

into the mature fimctioning protein, KAL expression therefore appears necessary for the 

normal development of the olfactory bulb and the kidney in the first trimester of human 

pregnancy. The interaction of KAL protein with one or more other factors cannot be 

discounted. Therefore studying different stages of human development is critical in gaining 

a clearer understanding of the role of KAL and the timing of its expression.

The only limiting factor in this experiment was the great difficulties involved in obtaining
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foetal material of different gestational stages that was in an adequate condition for 

performing such e>q)eriments. Had material been more readily available, it would have been 

possible to draw up a map of both areas and stages of gene expression which is essential for 

reaching a greater understanding of the role of KAL and other genes involved in 

development. At present there is no organised infrastructure for the collection, storage and 

processing of human foetal material. This is a service that is seriously lacking within the 

community of developmental biologists and embryologists. Were this service to be available 

many questions about gene egression m the developing human could no doubt be answered.

The Kallmann patient.

The third area of study was the Kallmann's patients themselves, looking at the genetics of 

the disorder in a group of sporadic and X-linked patients. This part of the thesis addressed 

two principal issues.

i) Does a mutation hot spot exist? By identifying such a mutation and then locating the area 

of the protein to which it corresponds, it may be possible to identify regions of the protein 

which have greater functional importance than others. Individual mutations may affect parts 

of the protein critical to folding and therefore biological activity; mutations may affect 

domains or epitopes within a consensus sequence essential for binding to the receptor (eg. 

the androgen receptor and hgand binding domain (Olaf Hiort et al. 1993). Therefore 

identifying mutational hot spots would lead to a greater understanding of the function and 

functionally inq)ortant regions of the protein. Variations m the types of mutations and the 

regions of the protein mutated may well e7 q)lain the variations in phenotypes observed in this 

group of patients.

ii) Is there a relation between the phenotype of the patients and the genotype? Since not aU 

patient share the same clinical features outside of the anosmia and hypogonadotrophic 

hypogonadism (eg. synkinesis and renal agenesis are not seen in all the patients,) do specific 

mutations and genetic variants lead to specific phenotypes?

The data obtained did not enable a precise conclusion to be drawn, although important 

pieces of information were obtained, including the fact that complete deletions of KAL were 

not seen in sporadic patients but only in 30% of XKS patients.

Over the course of this study, it was possible to identify what, if any, mutation was being 

harboured in the KS patient and also look at other family members and identify carriers of 

KS. Mutations found were in exons 5,6,9 and 12. These exons showed homology to
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fibronectin type 3 repeats- a neural cell adhesion molecules. This data suggests that the 

NCAM part of KAL is important although the precise role of this part of the gene remains 

unclear. Obtaining information on carriers has enabled more information to be given to the 

patients and their families and offer for the first time, genetic counselling.

Overall this study has lead to a greater understanding of the Kallmann gene both in 

development and in the patient. The gene has an involvement in both the olfactory and renal 

systems as well as the migration of GnRH. This can be seen in the studies on expression of 

KAL as well as the migration pattern of GnRH and olfactory axons in the Kallmann foetus. 

The gene product is necessary for the later events, that occur in the developing olfactory 

bulb. The bulbs have been visuahsed by MRI in KS patients, suggesting that KAL is not 

necessary for the initial formation of the bulb, but the fact that they are aplastic suggests that 

KAL is involved in bulb histogenesis at a later stage, possibly synapsing of the olfactory 

neurones within the bulb and the subsequent migration of GnRH neurons along the pathway 

provided by the vomeronasal and terminal nerves (the accessory olfactory).

In this respect, neural cell adhesion molecule (NCAM) which shows homology to the 

putative KAL protein has been inq)Hcated in the migration of GnRH neurons into the 

forebrain along the accessory olfactory nerve (Schwanzel-Fukuda and Pfaff) 1991). When 

NCAM migration is interrupted by the use of anti NCAM antibodies the number of GnRH 

neurons migrating fi-om the olfactory placode to the forebrain is greatly reduced in mice, 

strengthening the association between KAL and NCAM. The function of KAL in other parts 

of the central nervous system is currently unclear. However, the data presented suggest that 

KAL may be involved in axonal migration or neural maturation in the retina (Legouis et al. 

1993b).

The above studies of KAL expression in the developing kidney lead to the suggestion that 

KAL has a role in the formation and maintenance of the developing kidney. However, KAL 

is likely to be acting in conjunction with other molecule, as bilateral renal agenesis is almost 

unknown in KS and only 40% of KS patients have a kidney missing. This suggests that some 

as yet unidentified factor or protein is involved in kidney formation.

In conclusion this study has revealed the fact that KAL is expressed in a variety of tissues 

in development. Some of these locations correlate well with the clinical features seen in the 

patients with mutations of KAL. The above investigations have underlined that there is 

much about KAL that remains unknown, that in fact this field is in its infancy.
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The possibility that KAL protein is either cleaved by an enzyme in order to render it 

fimctional or that it acts in conjunction with another protem or proteins ie. NCAM cannot 

be discounted. At this stage, the role of KAL in development is thought to include cell-cell 

and cell-matrix interactions to provide pathways over which different sets of axons and 

neurons can migrate in the developing brain and urogenital system. This, however, may be 

only part of the picture.

At this stage, in order to reach a greater understanding of the role of KAL in human 

development obtaining a full length transcript of the protein is imperative. The reverse 

genetic methods used to isolate KAL have possibly caused more questions to be asked than 

can be answered using these methods. Isolation of a gene is only the beginning. 

Understanding its role both in development and in the adult requires isolation of the protein. 

Possibly reverting to more traditional methods of protein chemistry may lead to the isolation 

of the KAL protein. Extraction of total protein from olfactory bulbs, for example and then 

separating the proteins on the basis of size on an SDS-PAGE or Sephadex column. The 

appropriate sized protein could then either be sequenced or used in a bio-assay in order to 

confirm its identity.

Once the protein has been identified, the receptor to which it binds must be located. 

Adhesion molecules bind to integrins, often by a consensus sequeence, therefore the KAL 

receprtor may do the same.

Another possible strategy, vMch may lead to a greater understanding of the role of KAL in 

development may be to concentrate on identifying a KAL homologue in the mouse. 

Although the pseudoautosomal region on which KAL hes is not present in the mouse the 

mouse does have olfactory bulbs, suggesting that either KAL or another gene is present in 

the mouse. From the above studies it is clear that KAL can be conq>ensated for by anothr 

as yet unidentifed gene(s). The autosomal locus may be capable of this compensation and 

therefore needs to be identified too!
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APPENDIX A - STOCK SOLUTIONS USED

A1 General use solutions
0.5MEDTA

186.1gEDTA

dissolved in 800ml of water

pH was adjusted to 8.0 with NaOH, volume was made up to 1 Litre with water.

SMNaCl 

292.2g NaCl

dissolved in 800ml of water, once dissolved volume was made up to 1 Litre with water

2 0  X SSC 

350.5gNaCl(3M)

176.5g Sodium citrate (0.3M)

dissolved in 1 Litre of water, volume made up to 2 Litres with water.

10% SDS-Sodium dodecyl sulphate 

50g SDS

450ml of water was added and the solution warmed gently in microwave to dissolve. 

Once cool the volume was made up to 500ml with water.

TE buffer 

0.60g Tris (lOmM)

0.186gEDTA(lmM)

250ml of water was and pH adjusted to 8.0 with HCl. 

volume was made up to 500ml with water.

IM Tris 

121. Ig Tris

dissolved in 800ml of water, pH was adjusted to desired value by adding Hcl.
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A2 Western blotting solutions
Separating gel buffer 

18.15g Tris in 100ml H^O 

pH to 8 . 8  with HCl 

stored at 4°C

Stacking gel buffer 

6 g Tris in 100ml H2 O 

pH to 6 . 8  with HCl 

stored at 4°C

Sample buffer

2 0 ml glycerol-2 0 % (use 80% stock diluted with water)

50ml 20%SDS stock

7.5ml IM TrispH 6 . 8

0.01% Bromophenol blue

lOOmM DTT-made up fresh on the day

volume was made up to 1 0 0 ml using water

stored at 4°C

Reservoir buffer 

3gTris

14.27g glycine 

2 g SDS

volume was made up to 1 Litre using water

Transfer buffer 

5.81g Tris 

2.93g Glycine 

0.375g SDS 

200ml Methanol

volume was made up to 1 Litre using water
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Gel stain

40% methanol

1 0 % acetic acid

0.025% coomassie blue

volume was made up to 1 Litre with water

Gel destain 

40% methanol 

1 0 % acetic acid

volume was made up to 1 Litre with water

Tris buffered saline-TBS 

6.04g Tris 

21.91gNaCl

2 Litres of water was added and pH adjusted to 7.5 with HCl 

volume was made up to 2.5 Litres with water.

TTBS

1ml of Tween was added to 2 Litres of TBS 

Blocking solution

3g of dried milk powder in 60ml of TTBS

Antibody buffer 

2 ml blocking solution 

8 ml TTBS 

antibody
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A3 In situ hybridisation and RT-PCR solutions
All solutions were prepared with DEPC water or PBS ie. 0.5ml of DEPC per Litre of water 

then solutions were autoclaved.

Phosphate buffered saline-PBS 

5 pellets of dry PBS per Litre (Sigma)

DEPC was added (0.5ml per Litre of water) and autoclaved.

4% Paraformaldehyde-PFA

40g of PEA in 1 Litre of PBS, the solution was warmed gently in order to allow the PEA to 

dissolve. A few drops of NaOH were added to completely dissolve the PEA., this was 

prepared in the fume cupboard.

0.83% Saline solution 

11.36ml of5M  NaCl 

388.64ml of DEPC water

Proteinase K solution

20ug/ml of Proteinase K (Sigma) from lOmg/ml stock 

50mM Tris-HCl (BDH) from IM stock 

5mM EDTA from 0.5M stock

Column buffer (Eor separation of ribo probe)

0.1% SDS in TE buffer

NTE solution 

0.5M NaCl from 5M stock 

lOmM Tris from IM stock 

5mM EDTA from 0.5M stock
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DTT lOmM

lOmM is needed: lM=154g in 1 Litre 

0.1M=15.4g in 1 Litre 

0.01M=1.54g in 1 Litre

however 1.54g in 10ml = IM. This solution was added to any solution over 37°C, 1ml was 

added for every 1 0 0 ml of solution.

50% Formamide solution 

50% formamide 

2 X SSC from 2 0 X SSC stock 

lOmM DDT

STOP solution (30% Na thiosulphate)

150g Na thiosulphate 

3 5 0 m l H 2 O

stored in dark room wrapped in foil at room tenq)erature.

Fixative 

1  % glycerol 

1 % acetic acid

Solution D

25 ml guanidinium thiocyanate 

6.25pi Na citrate 

1.25ml 10% sarcosyl 

ISOpl mercapthoethanol.

A4 Solutions for DNA extraction.
Lysis buffer 

109.4g Sucrose 

1.20g Tris 

1 .0 2 g MgCl^.ôHj.O 

10ml Triton
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500ml of water was added, mixed pH adjusted to 7.5 with HCl. 

volume was made up to 1 Litre with water.

Stored at 4°C for no more than a few days.

NaCl-EDTA 

4.38g NaCl (0.075M)

8.93gEDTA(0.024M)

500ml of water was added, mix and pH adjusted to 8.0 with NaOH. 

volume was made up to 1 Litre with water.

Proteinase K

25mg Proteinase K

dissolved in 2.5ml of T.E.buffer.

Stored frozen at -20 °C and thawed only when needed.

Chloroform/ Octanol-24:1 

240ml chloroform 

1 0 ml octanol

mixed and stored in a glass container.

Phenol

Recrystallised phenol was thawed in a 65 °C water bath.

100ml was decanted into a dark glass container and 100ml of Tris buffer added, 

this was gently mixed and left over night before using.

Stored at 4°C . Phenol was only used in the fume hood.

Sodium acetate

40.80g Sodium acetate-trihydrate

80ml of water was added and pH adjusted to 5.2 with glacial acetic acid, 

volume was made up to 1 0 0 ml with water.
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A5 Solutions for agarose gel electrophoresis
10 X TAE miming buffer 

7.20g EDTA 

96.80g Tris 

700^1 EtBr

EDTA and Tris were dissolved in 1 Litre of water, pH was adjusted to 7.7 with glacial 

acetic acid.

volume was made up to 2 Litres with water.

EtBr was added to solution.

Loading buffer 

0.25% Bromophenol blue,

0.25% Xylene cyanol 

40% w/v sucrose in water 

stored at 4°C

A6 Solutions for southern blotting
0.25M HCl 

9.115ml cone HCl

volume was made up to 1 Litre with water.

Denaturing solution 

40g NaOH (0.5M)

176g NaCl(1.5M)

NaCl was added to 1 Litre of water and allowed to dissolve before adding NaOH 

volume was made up to 2 Litres with water.

Neutralization solution 

176g NaCl(1.5M)

240g Tris (0.5M)

0.185gEDTA(0.001M)

175ml HCl-cone

volume was made up to 2 Litres with water.
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A7 Solutions for hybridisation of DNA probe.

20 X SSPE 

175.3gNaCl (3.6M)

27.59g sodium phosphate(0.2M)

7.44gEDTA (0.00IM)

800ml of water was added and pH adjusted to 7.4 with NaOH. 

volume was made up to 1 Litre with water.

100 X Denhardt's solution 

2.0g Ficol 400 (2%)

2.0g PVP polyvinylpyrrolidone (2%)

2.0g BSA bovine serum albumin

Ficol was added to PVP and 60ml of water and gently heat to dissolve.

BSA was dissolved in 20ml of water, and added to Ficol and PVP once cool, 

volume was made up to 100ml with water and stored at -20 °C.

Prehybridisation solution 

6.25ml 20 X SSPE (5X)

1.25ml 100 X Denhardts solution(5X)

1.25ml 10% SDS

volume was made up to 25ml with distilled water.

50^1 of boded and snap frozen herring sperm was added DNA just before adding prehybe 

solution to membrane.

A8 Solutions for Transformation of KAL cDNA
LB-Leurier broth 

20gLB

dissolve in 1 Litre of water and autoclave.

LB agar 

15g Bacto agar 

1 Litre LB
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autoclave on liquid cycle and then allowed to cool a little, flask was swirled regularly to 

ensure the agar remained dissolved .

Once cool ampicilUn was added, lOO^g/ml needed

500ml of LB agar X 100 = 50000^ig of ampicillin or 50mgs. This is one anq)icillin vile, 

dissolve ampicillin in 1 ml of sterile water and add to the agar.

The agar was then poured (Flame mouth of flask before pouring ) out into petri dishes - 

about 30ml per dish and left for at least two hours to set.

Plates were dried in a class 1 hood before storing at 4°C inverted.

soc
97ml water 

2.0g Bactotryptone 

0.5g Yeast extract 

Im lN aCl(lM )

0.25ml K Cl(lM )

this solution was autoclaved before use.

A9 Solutions for small scale preparation of plasmid DNA
Solution 1-Lysis buffer 

0.3g Tris (25mM)

0.37g EDTA(lOmM)

0.9g Glucose (50mM) added after autoclaving 

dissolved in 100ml of water, and autoclaved store at 4°C.

Solution 2

0.2ml NaOH (0.2M)

0.5ml SDS(1%)

volume was made up to 5ml with sterile water *must be prepared fi*esh at the time of use* 

Solution 3

60ml Potassium acetate (5M-29.44g in 60ml)

11.5ml Glacial acetic acid 

28.5ml water

this solution was autoclaved and store at 4°C.
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APPENDIX B-PREPARATION OF GELS

1 0 % Ammonium persulfate-APS

0. Ig of APS in 1 ml of sterile water 

this is prepared fresh at the time of use, 

can be stored for up to 1 week at 4°C.

B1 Protein gels for Western blotting

1. The BioRad apparatus was used for this experiment. Both glass plates were cleaned 

before use. Spacers were placed on either side of larger glass plate and smaller plate was 

layered on top.

2 . Plates were slid into the perspex holder and ahgned using pouring stand. Screws were 

tightened on the perspex holder.

3. The rubber seals were placed on the base of the gel pouring stand and plates were chpped 

into gel pouring stand ensuring that there was a seal made.

4. Reservoir buffer was run in between the plates to ensure that there were no leaks.

1 0 % Separating gel

125ml 40% acrylamide solution

1. 875ml separating gel buffer

4. 365ml water

75ul 10%SDS

lOul Temed *

50ul 10%APS *

* these were added last as they cause gel polymerisation

500ul to 1ml of isobutanol was layered onto the gel, which was then left to polymerise for 

at least one hour.

5% Stacking gel 

Prepared on the day of use 

0.812ml 40% acrylamide solution

0.94ml stacking gel buffer
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4.625ml water 

75ul 10%SDS 

7.5ul Temed*

37.5ulAPS*

The comb was placed and care was taken not to allow any air bubbles. The gel was left for 

an hour to fully polymerise.

B2 Agarose gels

A 1% gel was prepared as follows:

1. Ig of agarose was dissolved in 100ml of running buffer-IX TAE by gently heating in a 

microwave oven. Care was taken not to allow the gel to boil too vigorously while ensuring 

ftill dissolution of the powdered agarose.

2.The solution was allowed to cool a little until it could be handled. It was then poured into 

a gel casting tray, care was taken to eliminate air bubbles and to produce an even g e l. 

Combs were inserted into the gel and the gel was left for one hour to set. (Could be stored 

in the fiidge 0/N).

3. Once set the combs were removed as was the casting tape and the gel was placed in the 

electrophoresis tank and covered with Ix running buffer.

4. Samples were mixed with 10% volume of gel loading dye, loaded into the gel and 

electrophoresed at 100 volts for an hour. A molecular weight marker was always loaded 

onto the gel.

5. The gel was visualised on a UV transilluminator and photographed. The ethidium bromide 

(EtBr) in the running buffer and gel intercalates between stacked base pairs of the DNA 

molecules in the gel and emits ultraviolet induced fluorescence. EtBr has a higher afSnity for 

double stranded than single DNA.

Photographs were taken using a Polaroid camera.
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B3 Polyacrylamide gels
Equipment constructed in our laboratory was used as weU as apparatus manufactured by 

Howgen and Gibco BRL were used. The plates were 45cm long and spacers were 0.4mm 

thick. The combs used were sharkstooth combs. (3ass plates were cleaned with warm soapy 

water and then with distilled water and finally with ethanol and then dried. One of the plates 

was coated with dimethldichlorosilane (Reph coat BDH). This would later allow the plated 

to be separated more easily and ensure that the gel stayed on the plate that has not been 

coated. Plastic spacers (0.4mm thick) were then placed between the two glass plates and the 

plates sealed together using insulating tape.

A denaturing 6 % acrylamide gel was prepared for DNA sequencing.

7.5ml 40% acrylamide solution (National Diagnostics)

5ml 20X glycerol tolerant bufiFer 

25g Urea

volume was made up to 50ml with water.

The solution was gently warmed while being stirred at the same time to solubilise the urea. 

12.5pl of TEMED and 50pl of 10% APS were added to the gel mixture when ready to pour. 

A bladder syringe was used to pour the gel. The glass plate was tilted at an angle and care 

was taken not to allow any air bubbles to form. Once poured the comb was put in place at 

the top of the gel and chps were used to seal the whole gel together which was then lefi; to 

set for a minimum of 1 hour or 0/N.

A non-7.5% acrylamide gel was prepared for SSCP

7.5ml of lOX TAE bufiFer

14ml of 40%acrylamide

3ml ie. 4% 0.5M EDTA

3.75ml ie.5 %glycerol

1 0 % APS and Temed were added last just before the gel was poured 

this gel was non-denaturing as it did not contain any urea.

The plates and pouring was as for a sequencing gel.

For SSCP the gel must allow the DNA to re-nature!

204



REFERENCES

A.Batch, D.M.Williams, RKDavies, B.D.Brown, B.A.J.Evans, I.A.Hughes and 

M.N.Patterson, (1992) Androgen receptor gene mutations identifieed by SSCP in fourteen 

subjaect with androgen insensitivity syndrome. Hum. Mol. Genet. 1, 497-503.

Andiia, G., Ballabio, A , Parenti, G , Di Maio, S. and Picciiillo, A. (1984) Steroid sulphatase 

deficiency is present in patients with the syndrome 'ichthyosis and male hypogonadism' and 

with 'Rud syndrome'. J. Inherit. Metab. Dis. 1 Suppl 2, 159-160.

Anthony C.Casamassima, Patrick L.Wilmot, Betsy ICVibert and Lawerence R.Shapiro 

(1993) Kallmann Syndrome Associated With Compleex Chromosome Rearrangement. Am. 

J. Med. Genet. 45, 539-541.

Anu Suomalainen, Emma CiaJfeloni, Yasutoshi Koga, Lena Pehonen, Salvatore DiMauro and 

and Eric A Schon. (1992) Use of single stranded conformation polymorphism analysis to 

detect point mutations in human mitochondrial DNA. Journal o f  Neurolgical Sciences 1 1 1 , 

222-226.

Atta M Abbasi, Kerry A. Chester, Andrew J.S.Macpherson, Geoffrey M B oxer, Richard

H.J.Begent and Alan D.B.Malcolm (1992) localization of CEA messinger RNA by in situ 

hybridisation in normal colonic mucosa and colorectal adenocarcinomas. Journal o f  

Pathology 168, 405-411.

BaUabio, A , Parenti, G , Napohtano, E., Di Natale, P. and Andria, G. (1985) Genetic 

conçlementation of steroid sulphatase after somatic cell hybridization ofX-linked ichthyosis 

and multiple sulphatase deficiency. Hum. Genet. 70, 315-317.

BaUabio, A., Parenti, G , Tippett, P., MondeUo, C , Di Maio, S. and Tenore, A. (1986) 

X-linked ichthyosis, due to steroid sulphatase deficiency, associated with Kallmann 

syndrome (hypogonadotropic hypogonadism and anosmia): linkage relationships with Xg 

and cloned DNA sequences firom the distal short arm of the X chromosome. Hum. Genet. 

72, 237-240.

205



Ballabio, A., Sebastio, G , Carrozzo, R., Parenti, G , Piccirillo, A., PersicoMG and Andria, 

G  (1987) Deletions of the steroid sulphatase gene in "classical" X-linked ichthyosis and in 

X-linked ichthyosis associated with Kallmann syndrome. Hum. Genet. 77, 338-341.

Ballabio, A , Parenti, G , Carrozzo, K , Coppa, G , Fehci, L., Mighori, V., Franceschini, P. 

and Andria, G. (1988) X/Y translocation in a family with X-linked ichthyosis, 

chondrodysplasia punctata, and mental retardation: DNA analysis reveals deletion of the 

steroid sulphatase gene and translocation of its Y pseudogene. Clin. Genet. 34, 31-37.

Ballabio, A , Bardoni, B., Carrozzo, K , Andria, G , Bick, D., Can^bell, L., Ferguson-Smith, 

M.A., GimeUi, G , Fraccaro, M. and et al. (1989) Contiguous gene syndromes due to 

deletions in the distal short arm of the human X chromosome. Proc. Natl. Acad. Set. USA. 

8 6 , 10001-10005.

Bardin, C.W. (1971) Hypogonadotropic hypogonadism in patients with multiple congenital 

defects. Birth Defects: Original Article Series 7, Original A-Original 8 .

Bick, D , Franco, B., Sherins, R.J., Heye, B., Pike, L., Crawford, J., MaddalenaA., Incerti,

B., Praghola, A., Meitinger, T. and et al. (1992) Brief report: intragenic deletion of the 

KALIG-1 gene in Kallmann's syndrome [see comments]. N. Engl. J. Med. 326, 1752-1755.

Bimbacher, R., Wandl-Vergesshch, K. and Frisch, H. (1994) Diagnosis of X-recessive 

KaUmann syndrome in early infancy. Evidence of hypoplastic rhinencephalon. Eur. J. 

Pediatr. 153, 245-247.

Bossy. J (1980) Development of olfactory and Related Stmcutres in Staged Himan Embryos. 

Anat. Embryol 161, 225-236.

Cheung, R , Ferreira, L.C. and Youson, J.H. (1991) Distribution of two forms of 

somatostatin and peptides belonging to the pancreatic polypeptide family in tissues of larval 

lançreys, Petromyzon maiinus L. : an immunohisto chemical study. Gen. Comp. Endocrinol. 

82, 93-102.

206



Conrad, B., Kriebel, J. and Hetzel, W.D. (1978) Hereditary bimanual synkinesis combined 

with hypogonadotropic hypogonadism and anosmia in four brothers. J. Neurol 218, 

263-274.

Co wen, M.A. and Green, M. (1993) IL-lb and Kallmann's syndrome: a variant model of 

schizophrenia? [editorial]. Biol Psychiat 33, 71-72.

Crowley, W.F., Jr. and Jameson, J.L. (1992) Clinical counterpoint: gonadotropin-releasing 

hormone deficiency: perspectives from clinical investigation. [Review]. Endocr. Rev. 13, 

635-640.

Danek, A., Heye, B. and Schroedter, R  (1992) Cortically evoked motor responses in 

patients with Xp22.3-linked Kallmann's syndrome and in female gene carriers. Ann. Neurol 

31, 299-304.

David T.Moran, Luis Monti-Bloch, Larry J.Stensaas and David L.Berliner (1995) Structure 

and Function of the Human Vomeronasal Organ. In: Richard L.Doty, (Ed.) Handbook o f  

Olfaction and Gustation, pp. 793-820. Dekker]

De Morsier, G. (1954) Etudes sur les dysraphies cranio-encephahques. I Agenesie des lobes 

olfactifs (telencephaloschizis lateral) et des commisures calleuse et antérieure 

(telencephaloschizis median). La dysplasie olfacto-genitale. Schweiz. Arch. Neurol Psychiat 

74, 309-361.

del Castülo, I , Cohen-Sahnon, M., Blanchard, S., Lut&lla, G and Petit, C (1992) Structure 

of the X-linked Kalhnann syndrome gene and its homologous pseudogene on the Y 

chromosome. Nature Genet. 2, 305-310.

El Amraoui, A  and Dubois, P.M. (1993) Experimental Evidence for an Early Commitment 

of Gonadotrophin Releasing Hormone Neurons, with Special Regard to Their Origin from 

the Ectoderm of Nasal Cavity Presumptive Teritory. Neuroendocrinology 57, 991-1002.

207



Evain-Brion, D., Gendrel, D , Bozzola, M., Chaussain, J.L. and Job, J.C. (1982) Diagnosis 

of Kallmann's syndrome in early infancy. Acta Paediatr. Scand. 71, 937-940.

Frawley, L.S. and Boockfor, F.R, (1991) Mammosomatotropes: presence and fimctions in 

normal and neoplastic pituitary tissue. [Review]. Endocr. Rev. 12, 337-355.

Giancarlo Perenti, Maria Grazia Rizzolo, Monica Qiezzi, Salvatore Di Maio, Maria Pia 

Sperandeo, Barbara Inceerti, Brunella Franco, Andrea Ballabio and Generoso Andria (1995) 

Variable Peneetrance of Hypogonadism in a Sib ship With Kallmann s Syndrome Due to a 

Deletion of the KAL Gene. Am. J. Med. Genet. 57, 476-478.

Hardelin, J.-P., Levilliers, J., del Castillo, I., Cohen-Salmon, M., Legouis, R , Compain, S., 

Bouloux, P.-M.G., Kirk, J.M.W., Moraine, C. and et al. (1992) X chromo some-linked 

Kallmann syndrome: stop mutations validate the candidate gene. Proc. Natl. Acad. Sci. USA. 

89, 8190-8194.

Hardelin, J.-P., Levilliers, J., Blanchard, S., Carel, J.C., Leutenegger, M., Bouloux, P.-M.G. 

and Petit, C. (1993a) Heterogeneity in the mutations responsible for X chromosome-linked 

Kallmann syndrome. Hum. Mol. Genet. 2, 373-377.

Hardelin, J.-P., Levilliers, J., Young, J., Pholsena, M., Legouis, R , Kirk, J.M.W., Bouloux, 

P -M G , Petit, C. and Schaison, G. (1993b) Xp22.3 deletions in isolated famihal Kallmann's 

syndrome. J. Clin. Endocrinol. Metab. 76, 827-831.

Hardman, T., Kolatsi, M., Winyard P J D., Towers P R  and Wool^ A.S. (1994) Eexp. 

Nephrol 2, 211-219.

Hawkins, J.R , Taylor, A., Berta.P, Levdhers.J, Van der Auwera.B and Goodfellow.P.N 

(1992) Mutational analysis of SRY nonsense and missense mutations in XY sex reversal. 

Hum Genet 8 8 , 471-474.

Hermanussen, M. and Sippell, W.G. (1985) Heterogeneity of Kallmann's syndrome. Clin. 

Genet. 28, 106-111.

208



Hipkin, L.J., Casson, I F and Davis, J.C. (1990) Identical twins discordant for Kallmann's 

syndrome. J. Med. Genet. 27, 198-199.

Humphrey, T. (1940) The development of the olfactory and the accessory olfactory 

formations in human embryos and fetuses. J. Comp. Neurol. 73, 431-468.

Humphrey, T. (1960) Structure and Function of the Cerebral Cortex, In: Anonymous 

Amsterdam: Elsevier]

Incerti, B , Guioli, S., Praghola, A., Zanaria, E., Borsani, G , Tonlorenzi, R., Franco, B., 

Wheeler, D , BaUabio, A. and et al. (1992) Kallmann syndrome gene on the X and Y 

chromosomes: in^Ucations for evolutionary divergence of human sex chromosomes. Nature 

Genet. 2 , 311-314.

Johnson, C.L., Charmley, P., Yen, P.H  and Shapiro, L.J. (1991) A multipoint linkage map 

of the distal short arm of the human X chromosome. Am. J. Hum. Genet. 49, 261-266.

Jones, J.R and Kemmann, E. (1976) Olfacto-genital dysplasia in the female. Obstet. 

Gynecol. Annu. 5, 443-466.

Kallmann, F.J., Schoenfeld, W A and Barrera, SE. (1944) The genetic aspects of primary 

eunuchoidism Am. J. Mental Def. 48, 203-236.

Kan ai, T. (1940) Uher das kombinierte Vorlommen des partieUen Reichlapp endefects mit 

dem eunuchoidismus. Okajimas Folia anat. japon 19,

Kirk. J.M.W, D.B.Grant, M.O.Savage., G.M.Besser and P.M.G.Bouloux (1994) 

Identification of olfactory dysfimction in carriers of X-linked Kallmann's Syndrome. Clin. 

Endocrinol. Oxf. 41, 577-580.

Kirk, J.M.W., Grant, D B , Besser, G.M., Shalet, S., Quinton, R., Smith, C.S., White, M., 

Edwards, O.M. and Bouloux, P.-M G. (1994) Unilateral renal aplasia in X-linked Kallmann's 

Syndrome. Clin. Genet. 46, 260-262.

209



Klein G, Langegger, M., Timpl, R. and Ekblom, P. (1988) Cell 55, 331-341.

Klein, V.R., Friedman, J.M., Brookshire, O.S., Brown, O.E. and Edman, C D (1987) 

Kallmann syndrome associated with choanal atresia. Clin. Genet. 31, 224-227.

KlingmuUer, D., Dewes, W., Krahe, T., Brecht, G. and Schweikert, H.U. (1987) Magnetic 

resonance imaging of the brain in patients with anosmia and hypothalamic hypogonadism 

(Kallmann's syndrome). J. Clin. Endocrinol. Metab. 65, 581-584.

Klink, A., Meindl, A , Hellebrand, H. and Rappold, G A  (1994) A patient with an interstitial 

deletion in Xp22.3 locates the gene for X-linked recessive chondrodysplasia punctata to 

within a one megabase interval. Hum. Genet. 93, 463-466.

Knorr, J.R , Ragland, R.L., Brown, R.S. and Gelber, N. (1993) Kallmann syndrome: MR 

findings. Am. J. Neuroradiol. 14, 845-851.

Larsen William James (1993) Anonymous Human Embryology,

Lee, W.C., Ferrero, G.B., Chinault, AC., Yen, P.H. and Ballabio, A. (1993) A yeast 

artificial chromosome contig linking the steroid sul&tase and Kallmann syndrome loci on the 

human X chromosome short arm Genomics 18, 1-6.

Legouis, R , Hardelin, J.-P., Levilliers, J., Claverie, J.M., Compain, S., Wunderle, V., 

Millasseau, P., Le Paslier, D , Cohen, D , Caterina, D , Bouguerelet, L., Delemarre-Van der 

Waal, H., Lutfalla, G , Weissenbach, J. and Petit, C. (1991) The candidate gene for the 

X-linked Kallmann syndrome encodes a protein related to adhesion molecules. Cell 67, 

423-435.

Legouis, R , Lievre, C , Leibovici, M., Lapointe, F. and Petit, C. (1993a) Expression of the 

kal gene in multiple neuronal sites during chicken development. Proc. Natl. Acad. Sci. USA. 

90, 2461-2465.

210



Legouis, R., Lievre, C.A., Leibovici, M., Lapointe, F. and Petit, C. (1993b) Expression of 

the KAL gene in multiple neuronal sites during chicken development. Proc. Natl. Acad. Sci. 

USA. 90, 2461-2465.

Levy, C.M. and Knudtzon, J. (1993) Kallmann syndrome in two sisters with other 

developmental anomalies also affecting their father. Clin. Genet. 43, 51-53.

Liebhch, J.M., Rogol, A.D., White, B.J. and Rosen, S.W. (1982) Syndrome of anosmia with 

hypogonadotropic hypogonadism (KaUmann syndrome): clinical and laboratory studies in 

23 cases. [Review]. Am. J. Med. 73, 506-519.

Lobie, P E , Breipohl, W., Lincoln, D.T., Garcia-Aragon, J., Waters, M.J., Main, K , Price, 

D A , Savage, M.O. and Skakkebaek, N.E. (1993) Localization of the growth hormone 

receptor/binding protein in skin Decreased sweating in seven patients with Laron syndrome. 

J. Clin. Endocrinol. Metab. 77, 821-823.

Lutz, B , Kuratani, S., Rugarli, E.I., Wawersik, S., Wong, C , Bieber, F.R , BaUabio, A. and 

Eichele, G. (1994) E?q)ression of the Kallmann Syndrome gene in human fetal brain and in 

the manipulated chick embryo. Hum. Mol. Genet. 3;10, 1717-1723.

Lyle G Best, Walter A Wasdahl, Linda M.Larson and Jeean Sturlaugson (1990) 

Chromosome AbnormaUty in KaUmann Syndrome. Am. J. Med. Genet. 35, 306-309.

Males, J.L , Townsend, J.L. and Schneider, RA. (1973) Hypogonadotropic hypogonadism 

with anosmia -Kallmann's syndrome. A disorder of olfactory and hypothalamic function. 

Arch. Intern. Med. 131, 501-507.

Meindl, A , Hosenfeld, D , Bruckl, W., Schuffenhauer, S., Jendemy, J., Oppermann, H.C., 

Swensson, O , Bouloux, P.-M.G. and Meitinger, T. (1993) Analysis of a terminal Xp22.3 

deletion in a patient with six monogenic disorders: impUcations for the mapping of X linked 

ocular albinism J. Med. Genet. 30, 838-842.

Meitinger, T., Heye, B., Petit, C , LevUUers, J., GoUa, A , Moraine, C , SippeU, W .G,

211



Murken, J. and Ballabio, A. (1990) Definitive localization of X-linked Kallman syndrome 

(hypogonadotropic hypogonadism and anosmia) to Xp22.3: close linkage to the 

hypervariable repeat sequence CRI-S232 [pubhshed erratum appears in Am J Hum Genet 

1990 Nov;47(5);883]. Am. J. Hum. Genet. 47, 664-669.

Meng Inn Chuah and Farbman, A.I. (1995) Developmental Anatomy of the Olfactory 

System In; Richard L.Doty, (Ed.)

Menon, V., Butt, W.K, Clayton, KN., Edwards, R.L. and Lynch, S.S. (1984) Pulsatile 

administration of GnRH for the treatment of hypogonadotrophic hypogonadism. Clin. 

Endocrinol. Oxf. 21, 223-232.

Merriam, G.R., Beitins, IZ  and Bode, H.H. (1977) Father-to-son transmission of 

hypogonadism with anosmia: Kallmann's syndrome. Am. J. Dis. Child. 131, 1216-1219.

Monti-Graziadei, A G and Graziadei, P.P.C. (1992) Sensory Reeinnervation After Partial 

Removal of the Olfactory Bulb. The Journal o f  Comparative Neurology 316, 32-44.

Moran, D T , Jafek, B.W. and Rowley, J.C. (1991) The vomeronasal (Jacobson's) organ m 

man: ultrastructure and frequency of occurrence. J. Steroid Biochem. Molec. Biol 39, 

545-552.

Muske, Linda E. (1993) Evolution of Gonadotrophin Reeleasing Hormone (GnRH) 

Neuronal Systems. Brain Behav Evol 42, 215-230.

Nakashima, T., Kimmehnan, C P and Snow, J.B. (1985) Vomeronasal organs and nerves 

of Jacobsen in the human fetus. Acta Otolaryngol. Stockh. 99, 266-271.

Nowakowski, H. and Lenz, W. (1961) Gentic aspects in male hypogonadism Rec Prog 

Norm Res 17, 53-95.

Odile Grau and Remy Grifiais (1994) Diagnosis of mutations by the PCR doublée RFLP 

method (PCR-dRFLP). Nucleic Acid Research 22, 5773-5774.

212



Olaf Hiort, Qian Huang, Gemot H.G.Sinnecker, AB Sadeghi-Nejad, Klaus Kmse, Hubert 

J.Wolfe and David W.YandeU (1993) Single Strand Conformation Polymorphism Analysis 

of Androgen Receptor Genee Mutations in Patients with Androgen Insensitivity Syndromes: 

Apphcation for Diagnosis, Genetic Counseling and Therapy. Endocrinology and Metabolism 

77, 262-267.

Oldberg ST (1932) Bin Beitrag zur frage der Arhinencerphahe. Uppsala Lak for Fork 38,

Oppermann, D , Happ, J. and Mayr, W .R (1987) Stimulation of spermatogenesis and 

biological paternity by intranasal (low dose) gonadotropin-releasing hormone (GnRH) in a 

male with Kallmann's syndrome: intraindividual corcparison of GnRH and gonadotropins for 

stimulation of spermatogenesis. J. Clin. Endocrinol Metab. 65, 1060-1066.

Parr, J.H. (1988) Midline cerebral defects and Kallmann's syndrome. J. R. Soc. Med. 81, 

355-356.

Patterson, G. and Bonnier, G. (1937) Inherited Sex-Mosaic in Man. Hereditas 23,

Pawlowitzki, I H , DiekstaU, P., Schadel, A. and Miny, P. (1987) Estimating frequency of 

Kallmann syndrome among hypogonadic and among anosmic patients. Am. J. Med. Genet. 

26, 473-479.

Pearson, A. A. (1941a) The development of the nervus terminahs in man. J. Comp. Neurol 

75, 39-66.

Pearson, A. A. (1941b) The development of the olfactory nerve in man. J. Comp. Neurol 

75, 199-217.

Petit, C , Levilhers, J. and Weissenbach, J. (1990) Long-range restriction map of the 

terminal part of the short arm of the human X chromosome. Proc. Natl Acad. Sci. USA. 87, 

3680-3684.

213



Posnett D.N., McGrath H. and Tam P.J (1988) Studies of th pore-forming domain of a 

voltage-gated potassium channel protein. Proc. Natl Acad Sci 85, 5409-5413.

Posnett, D , McGrath, H. and Tam, J.P. (1988) A Novel Method for Producing Anti 

-Peptide Antibodies. Production of Sit Specific Antibodies to the T cell Antigen Receptor 

B-Chain. Journal o f Biological Chemistry 263, 1719-1725.

Prager, D. (1993) EDITORIAL: X-chromo some-linked Kallmann's Syndrome: pathology 

at the molecular level. J. Clin. Endocrinol. Metab. 76, 824-826.

Randall Moorman, J., Barbara Crain and Dennis Osborne (1984) Kallmann's Syndrome with 

Associated Cardiovascular and Intracranial Anomahes. The American Journal o f  Medicine 

77, 369-372.

Ronnekleiv, O.K. and Resko, J.A. (1990) Ontogeny of Gonadatropin Releasing hormone 

containing neurons in early fetal development of rhesus macaques. Endocrinology. 126, 

498-511.

Rosen, S.W., Gann, P. and Rogol, A D (1979) Congenital anosmia: detection thresholds 

for seven odorant classes in hypogonadal and eugonadal patients. Ann. Otol. Rhinol. 

Laryngol. 8 8 , 288-292.

Rugarli, E l ,  Lutz, B., Kuratani, S C , Wawersik, S., Borsani, G. and Ballabio, A. (1993) 

Egression pattern of the Kallmann syndrome gene in the olfactory system suggests a role 

in neuronal targeting. Nature Genet. 4, 19-26.

Samton, P. (1902) Un cas d'eunuchisme familial. Nouv. Icon. Salpetr. 25, 272-277.

Santen, RJ. and Paulsen, C A (1973) Hypogonadotropic eunuchoidism I. Clinical study 

of the mode of inheritance. J. Clin. Endocrinol. Metab. 36, 47-54.

Schmitz, F., Holbach, M. and Drenckhahn, D. (1993) Histochemistry 100, 473-479.

214



Schott, G.D. andWyke, M.A (1981) Congenital mirror movements. J. Neurol Neurosurg. 

Psychiat. 44, 586-599.

Schwanzel-Fukuda, M., Bick, D. and PfaS) D.W. (1989) Luteinizing hormone-releasing 

hormone (LHRH)-expressing cells do not migrate normally in an inherited hypogonadal 

(KaUmann) syndrome. MolBrain Res. 6 , 311-326.

Schwanzel-Fukuda, M., Abraham, S., Crossin, K.L., Edelman, G.M. and Pfafi^ D.W. (1992) 

Immunocytochemical demonstration of neural ceU adhesion molecule (NCAM) along the 

migration route of luteinizing hormone-releasing hormone (LHRH) neurons in mice. J. 

Comp. Neurol 321, 1-18.

Schwanzel-Fukuda, Marlene and Pfafi  ̂ Donald (1995) Strucutre and Function of the 

Nervus Terminahs. In: Richard L.Doty, (Ed.) Handbook o f Olfaction and Gustation, pp. 

835-865. Dekker]

Schwanzel-Fukuda, M., Reinhard, G.K, Abraham, S., Crossin, K.L., Edelman, G.M. and 

P 6 f^ D.W. (1994) Antibody to neural ceU adhesion molecule can disrupt the migration of 

luteinizing hormone-releasing hormone neurons into the mouse brain. J. Comp. Neurol 342, 

174-185.

Schwanzel-Fukuda, M. and Pfafi) D.W. (1989) Origin of Luteinizing hormone releasing 

hormone neurons. Nature 338, 161-164.

Schwanzel-Fukuda, M. and Pfa@̂  D.W. (1991) Migration of LHRH immunoreactive 

neurons from the olfactory placode rationalizes olfacto-hormonal relationships. J. Steroid 

Biochem. Molec. Biol 39, 565-572.

Sette, A., Buus, S., Appella, E , Smith, J.A., Chesnut, K , Mhees, C , Sonia M.Colon and 

Howard Grey (1989) prediction of major histocompatibihty complex binding reegions of 

protein antigens by sequence patteem analysis. Proc. Natl Acad. Sci 8 6 , 3296-3300.

215



Sherwood, N.M., Lovejoy, D.A. and Coe, I.R. (1993) Origin of mammalian 

gonadotropin-releasing hormones. Endocr. Rev. 14, 241-254.

Sinclair, A., H, Berta, P., Pahner, M.S., Hawkins, R., Grifldths, B.L., Smith, M.J., Jamie 

W.Foster, Anna-Maiia Fiischau^ Robin Lovell-Badge and and Peter Goodfehow (1990) The 

gene from the human sex-determining region encodes a protein with homology to a 

conserved DNA binding motif. Nature 346, 240-244.

Sunohara, N., Sakuragawa, N., Satoyoshi, E , Tanae, A. and Shapiro, L.J. (1985) Anew 

syndrome of anosmia, ichthyosis, hypogonadism, and various neurological manifestations 

with deficiency of steroid sulphatase and arylsulphatase C. Ann. Neurol. 19, 174-181.

Tagatz, G , Fialkow, P J , Smith, D. and Spadoni, L. (1970) Hypogonadotropic 

hypogonadism associated with anosmia in the female. N. Engl. J. Med. 283, 1326-1329.

Takeda, T., Takasu, N., Yamauchi, K , Komiya, I ,  Ohtsuka, H , Nagasawa, Y. and Yamada, 

T. (1992) Magnetic resonance imaging of the hypoplasia of the rhinencephalon in a patient 

with Kallmann's syndrome. Intern. Med. 31, 394-396.

Tam, J.P. (1988) Synthetic peptide vaccinee desigb: Synthesis and propertiees of a 

high-dnsity multiple antigenic peptide system. Proc. Natl. Acad. Sci 85, 5409-5413.

Truwit, C.L., Barkovich, A J., Grumbach, M.M. and Martini, J.J. (1993) MR imaging of 

Kallmann syndrome, a genetic disorder of neuronal migration affecting the olfactory and 

genital systems. Am. J. Neuroradiol. 14, 827-838.

Turnbull, A.J., Law, A  and Peters, T.J. (1988) Ulcerative cohtis associated with Kallmann's 

syndrome. J. R. Soc. Med. 81, 354-355.

Vogl, T.J., Stemmier, J., Heye, B., Schopohl, J., Danek, A., Bergman, C , Balzer, J.O and 

Felix, R  (1994) Kallmann syndrome versus idiopathic hypogonadotropic hypogonadism at 

MR imaging. Radiology 191, 53-57.

216



Webster, D , France, J.T., Shapiro, L.J. and Weiss, K  (1978) X-linked ichthyosis due to 

steroid-sulphatase deficiency. Lancet. 1, 70-72.

Wegenke, J.D., Uehling, D.T., Wear, J.B , Jr., Gordon, E.S., Bargman, J.G., Deacon, J.S. 

and Opitz, J.M. (1975) Famihal Kalhnann syndrome with unilateral renal aplasia. Clin. 

Genet. 7, 368-381.

Weidenreich, F. (1914) Uher partieUen Riechlappendefekt und Eunuchoidismus beim 

Menschen. Z. Morphol. Anthropol. 18, 157-190.

White, B J , Rogol, A D , Brown, K.S., Liebhch, J.M. and Rosen, S.W. (1983) The 

syndrome of anosmia with hypogonadotropic hypogonadism: a genetic study of 18 new 

fanhhes and a review. Am. J. Med. Genet. 15, 417-435.

WhittaU R , Gudnason V, Weavind GP, Day L B, Humphries S.E. and Day I.N.M (1995) 

Uthities for high throughput use of the single stranded conformational polymorphism 

method: screeening of 791 patients with famihal hypercholesterolaemia for mutations in 

eexon 3 of the low deensity hpoprotein reeceptor gene. J  Med Geneetics 32, 509-515.

Wray, S., Grant, P. and Gainer, H. (1989) evidence that ceUs expressing luteinizing 

hormone-releasing hormone mRNA in the mouse are derived from progenitor ceUs in the 

olfactory placode. Proc. Natl. Acad. Sci. USA. 8 6 , 8132-8136.

Yousem, D M., Turner, W.J., Li, C , Snyder, P.J. and Doty, RL. (1993) Kallmann 

syndrome: MR evaluation of olfactory system. Am. J. Neuroradiol. 14, 839-843.

Zhang, Y , McMahon, R , Charles, S.J., Green, J.S., Moore, A T , Barton, D.E. and 

YatesJR (1993) Genetic mapping of the Kallmann syndrome and X linked ocular albinism 

gene loci. J. Med. Genet. 30, 923-925.

217



PUBLICATIONS

Abstracts and oral communacations

1. "Frequency of gene deletion in patients with Idiopathic Hypogonadotrophic 

Hypogonadism and Kalhnanns Syndrome." G.Matfin, V.Duke, P.Munroe, G.M Besser,

C.Petit and P.M.G.Bouloux. March 1993 British Endocrine Society- Aimual meeting - 

Liverpool. Poster

2. "Foetal expression of KaUmann gene product using monoclonal antibody 

immunohistochemistry." V M Duke, P B Munroe, G Matfin, D Read, G M Boxer, 

W,Nicholas, R H J Begent and PM  G Bouloux. November 1993 Royal Society Of Medicine 

Endocrine Division -London. Poster

3."Investigation of L^oprotein Lq)ase as a candidate gene for Dyshpidemic Hypertension." 

March 1994 London Hypertension Society 5th Annual Synq)osium-Wellcome Building 

London. Poster.

4. "Investigation of expression of Kalhnann gene mRNA in the developing foetus using in 

situ hybridisation." V M Duke, P ID  Winyard, H Dewchand, A S Woolf^ P V Thorogood 

& P M  G Bouloux. March 1994. British Endocrine Society-Annual meeting-B oummouth. 

Poster

5. "KAL gene expression during Kidney development explains renal aplasia in Kallmann's 

syndrome." P.J.D Winyard, V.M.Duke, P.Soothill, P.V.Thorogood, J.T Norman, 

P.M.G.Bouloux and A.S.Woolf. April 1994. Renal Association of Great Britain Annual 

meeting. Poster

6 . "Spatial Expression of KAL gene mRNA in the developing human foetus." July 1994. 3rd 

International Congress of Neuroendociinology-Budapest. Oral communication

7. Diagnosis of Kallmann’s Syndrome at age 18 months by demonstration of base 

substitution in KAL gene by direct PCR sequencing. VM Duke, P A  De Zoysa, R Quinton, 

PMG Bouloux. March 1995. British Endocrine Society-Annual meeting Warwick. Poster.

218



8 . Mutation analysis in patients with Kallmann’s Syndrome using Polymerase Chain 

Reaction. VM Duke, P A De Zoysa, R Quinton, PMG Bouloux. April 1995. Medical 

Research Society, Cambridge. Poster.

9.‘RAL a gene mutated in Kallmann’s Syndrome is e7 q>ressed in the first trimester of human 

development.” VM Duke, PJD Winyard, PV Thorogood, P Soothill, PMG Bouloux and AS 

Woolf. June 1995 77th American Endocrine Society meeting, Washington. Oral 

communication.

Pubhcations:

Deletion analysis maps ocular albinism proximal to the steroid sulphatase locus. 

P.M.G.Bouloux, J.Kirk, P.Munroe, V.Duke, A.Meindl, AHüson, D.Grant, N.Carter, 

D.Betts, T.Meitinger and G.M.Besser. (1993) Clinical Genetics Vol 43 pg 169-173

Kallmann's Syndrome - Clinical Experience. P.M.G.Bouloux, V.M.Duke, M.A.Hall-Craggs, 

P. Manning, R. Quinton, H. S.Jacobs. (1994) Current Opinions in Obstetrics and 

Gynaecology. 6:301-303.

Treatment of male infertihty. Quinton R, Duke V, Kirk J, Bouloux P. Letter, Lancet 

334(8916); 192 Jul 1994

KAL a gene mutated in Kallmann’s Syndrome is expressed in the first trimester of human 

development. VM Duke, PJD Winyard, PV Thorogood, P Soothill, PMG Bouloux and AS 

Woolf. (1995) Molecular and Cellular Endocrinology. 110:73-79

219



I . I ' v u  ' w  h /, A \ y , /, / n  /  /  V ' / \

C L I N I C A L  ( , L N E T 1 C : S
t s s \

Deletion analysis maps ocular albinism 
proximal to the steroid sulphatase locus

B o u lou x ,  P -M G . Kirk J. M u n r o e  P, D u k e  V. M eindl A , H ilson  A .  Grant  
D. Carter N .  Betts D. M eit inger  T. Besser G M .  D e le t io n  analysis  m aps  
ocular  a lbinism proxim al  to the steroid su lphatase  locus.
Clin G enet  1993: 43: 1 69-173 .  (C M unksgaard ,  1993

We describe a pedigree in which four male m em b ers  are affected by a 
c o n t ig u o u s  gene abn o rm a l i ty  involv ing  the short arm o f  the X c h r o m o 
s o m e  (X p22 .32 ) .  Bivariate Row cytometry o f  ly m p h o b la sto id  cell lines 
from  two o f  these indiv iduals  and a normal male sh o w e d  a 6 - 7  mega base  
deletion in affected m ales,  and high resolution c h r o m o s o m a l  G -b a n d in g  
o f  an obligate h e tero zy g o te  show ed  the deletion to reside in the X p 22 .32  
region. A ffected  m em b er s  had X-linked  ich thyos is  d u e  to  steroid  su lp h at
ase  deficiency. K a llm an n 's  syndrom e, but no  ocular  a lb in ism . In tw o out  
o f  four affected ind iv iduals  studied, there w as unilateral renal agenesis.  
D ele t io n  analysis  us ing  the X p22 .32  markers M I C 2 ,  D X S 3 1 ,  D X S  89. 
G M G X 9 .  D X S 2 7 8 ,  D X S  143. and D X S 9  sh ow ed  that the delet ion  e x 
tended  from D X S 3 1  to D X S  143 (inclusive).  T h e  ab sen ce  o f  ocu lar  albinism  
in this pedigree s h o w s  conc lusive ly  that the X - l inked  ocu lar  a lbinism  gene  
resides proxim al to  the D X S  143 locus.  Further, the in con stan t  a ss o c i 
a t ion  o f  unilateral renal agenes is  with X -linked K a l lm a n n 's  syn d rom e,  
even  when the latter is caused  by a com p le te  delet ion  o f  the gene,  suggests  
that the absence  o f  the X-linked  Kallmann gene can be co m p e n sa te d  in 
renal deve lopm ent.
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Kallmann's syndrome (KS) describes the associ
ation of hypogonadotrophic hypogonadism with 
anosmia, due to olfactory lobe agenesis (Kallmann 
et al. 1944, de Morsier 1954). The condition can 
occur sporadically, or be inherited as an X-linked 
recessive condition; more rarely it occurs as an 
autosomal or recessive trait. The incidence of 
Kallmann’s syndrome is 1 in 10000 in males and 
1 in 50000 in females (Jones & Kemmann 1976, 
Pawlowitzki et al. 1987). The X-linked form of 
the condition is associated with renal agenesis, 
and mirror movements of the hands (hereditary 
bimanual synkinesis) (Schwankhaus et al. 1989). 
Kallmann’s syndrome rarely occurs as part of a 
contiguous syndrome abnormality (Schmickel 
1986), usually the result of an interstitial or ter
minal deletion involving Xp22.3. Depending on the 
size of the deletion, affected individuals demon
strate two or more abnormalities including chond

rodysplasia punctata, mental retardation, X-linked 
ichthyosis and the Kallmann syndrome (Ballabio 
et al. 1987, 1989). The investigation of individuals 
with contiguous gene syndromes has played a ma
jor role in establishing the order of genes in the 
Xp22.3 region; this enabled narrowing of the 
Kallmann interval to 67 kb, which proved the start
ing point for the eventual cloning of a candidate 
gene for the X-linked Kallmann gene (Legouis et 
al. 1991).

We describe a pedigree with an interstitial de
letion in the Xp22.32 associated with a contiguous 
gene abnormality. Affected males demonstrated 
mild mental subnormality. X-linked ichthyosis 
(XLl: due to steroid sulphatase deficiency) and 
KS. DNA analysis has been performed and the 
boundaries of the microdeletion mapped. The re
sults have implications for assignment of the locus 
for X-linked ocular albinism.
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M ateria ls  and  m ethods
C lin ica l  f e a t u r e s

T h e r e  are a n u m b e r  o f ' c o n t i g u o u s  g e n e  a b n o r m a l i 
ties a lT ec tm g  the  sh o r t  a rm  o f  the  X - e h r o m o s o m e ,  

a n d  these  h a v e  been  d e sc r ib e d  p r e v io u s ly  ( B a l l a b i o  
et al. 1989. Petit  et al. 1990).  In th e  X p 2 2 . 3 2  re
g io n ,  in terst i t ia l  d e l e t io n s  h a v e  b e e n  a s s o c i a t e d  
u i t h  tw o  o r  m o r e  c o n c u r r e n t  a b n o r m a l i t i e s  su ch  
as m e n ta l  r e ta r d a t io n ,  sh o r t  s ta tu r e ,  c h o n d r o d y s 
p lasia  p u n c ta t a .  X - h n k e d  i c h t h y o s i s  (X L I :  d u e  to  
stero id  s u l p h a t a s e  d e f ic ie n c y ) ,  a n d  K S .  T h e  p e d i 
gree  d e s c r ib e d  here  (F ig .  1) s p a n s  t w o  g e n e r a t i o n s ,  
an d  the c l in ic a l  d e ta i ls  h a v e  b e e n  p u b h s h e d  p r e 
v io u s ly  ( P ik e  et  al. 1989). T h e  in d e x  c a s e  ( W l )  
presen ted  at b irth  w ith  u n d e s c e n d e d  t e s te s  w h ic h  
requ ired  o r c h i d o p e x y  in late c h i l d h o o d .  In ea r l ier  
c h i l d h o o d ,  i c h t h y o s i s  o c c u r r e d  a (Tec t in g  p r e d o m 
in a n t ly  the l im b s ,  p a r t icu la r ly  d is ta l ly .  M i ld  m e n ta l  
s u b n o r m a l i t y  w a s  present.  H e  w a s  o f  n o r m a l  s t a t 
ure. d e s p i t e  p u b er ta l  fa i lure ,  a n d  e n d o c r i n e  in v e s t i 
g a t io n  r e v e a le d  a l o w  g o n a d o t r o p h i n  level ,  a s s o c i 
a ted  w ith  lo w  b asa l  t e s t o s t e r o n e  leve ls .  T h e r e  w a s  
no  g o n a d o t r o p h i n  r e s p o n s e  to  a n  iv b o lu s  o f  100  
pg ( j n R l l .  a m o d e s t  rise in L H / F S f l  f o l l o w i n g  a 
500  pg  IV O n R 11 d o s e ,  a n d  n o  L H  F S H  r e s p o n s e  
to  a s ta n d a r d  c l o m i p h e n e  test  (5 0  m g  bd  o r a l ly  for  
7 d a y s ) .  H ig h  r e so lu t io n  c o n t r a s t  e n h a n c e d  C T  
scan  ( O F 9 8 0 0 )  o f  the p i t u i t a r y / h y p o t h a l a m i c  re
g io n  fa iled  to  revea l  a s tr u c tu r a l  le s io n .  T h e  te s te s  
w ere  less th a n  2 m l,  a n d  the  p e n is  w a s  sm a l l .  A n o s 
m ia  w a s  p r e s e n t  o n  t e s t in g  w i t h  s e v e n  o d o r a n t s  at  
a var ie ty  o f  c o n c e n t r a t io n s  ( R o s e n  et  al.  1968) .  
B im a n u a l  s y n k in e s i s  w a s  d e m o n s t r a b le .  T h r e e  
o th e r  m a le s  in the  p e d ig r e e  ( W 9 ,  W IO ,  W i t )  w e r e  

s im ilar ly  a f f e c t e d ,  w ith  s y n k in e s i s ,  m i c r o p e n i s  a n d  
sm al l  t e s te s  ( <  2 m l)  pr ior  to  t r e a t m e n t .  A l l  a f f e c t e d  
m e m b e r s  u n d e r w e n t  a d e t a i le d  o p h t h a l m o l o g i c a l  
e x a m i n a t i o n ,  w h ic h  fa i led  to  r e v e a l  a n y  s t i g m a t a  
o f  o c u la r  a lb in is m .

Bivar ia te  f lo w  c y t o m e t r y  (Fig.  2 )

L y m p h o c y t e s  from  a f fe c te d  a n d  an  u n a f f e c t e d  m a le  
w ith in  the p e d ig r e e  w ere  i s o la t e d  f r o m  w h o l e  b l o o d  
a n d  tr a n s fe c te d  w ith  Lips te in B ar r  v irus  fr o m  a 
m a r m o s e t  cell  l ine.  T h e  l y m p h o b l a s t o i d  cell  l ines  
so  p r o d u c e d  w e r e  g r o w n  in R P M l  m e d i u m ,  to  
w h ich  w a s  a d d e d  fetal  c a l f  s e r u m .  M e t a p h a s e  c h r o 
m o s o m e s  isrdated fr o m  l y m p h o b l a s t s  f r o m  W l ,  
W 4  ( n o r m a l  m a le  c o n t r o l ) ,  a n d  W l  1 w ere  s ta in e d  
w ith  the  f lu o r e s c e n t  d y e s  H o e s c h t  3 3 2 5 8  ( H O )  a n d  

c h r o m o m y c in  .A3 ( ( ’A ) .  T h e y  w e r e  then  p a s s e d  
in to  a d u a l  b e a m  f low c v t o m e t e r  ( v a n  d e n  E n g h  et

<3l X C h f

y  C h f  vv th

Chromomycin A3 F lu o re s c e n c e
Fi^. 2. F lo w  k a r v o g r a m  o f  n ie ta p l ia s e  c h r o m o s o m e s  f r o m  W l .  
W 4  ( n o r m a l  \  c h r o m o s o m e )  a n d  W 11 s t a i n e d  w i th  H o e c h s t  
33258 a n d  c h r o m o m y c i n  .43 T h e  p lo t  s h o w s  th a t  W l  a n d  W l  I 
h av e  red u ced  H o e c h s t  33258 a n d  c h r o m o m y c i n  A 3  l luo r -  
escence.  the  resul t o f  a d e le ted  X p 2 2 .3 2  f r a g m e n t .

0 ' 0|wii

W2 ^ W 1  W8 ^  wg '  ^ W I O

$  ! •  «
Fig I F am i ly  tr ee  s h o w i n g  a f fec ted  m a le s  ( so lid  s q u a r e s )  a n d  
una f fec ted  m a le s  a n d  fem ales  ( h o l lo w  s q u a r e s  a n d  ci rcles ),  a n d  
o b l ig a te  c a r r i e r s  (c ircles  w i th  c e n t r a l  d o t ) .  R e n a l  s t a t u s  o f  in d i 
v id u a ls  s h o w n .  W l  a n d  W IO  h a v e  u n i l a te r a l  rena l  a g e n es i s  
( D M S A  s c a n n m i ’ )

X d e l  ( X ) ( p 2 2 .3 1 p 2 2 .3 3 )

Fig J  Fligh r e s o lu t io n  Ci h a n d i n g  o f  o b l i g a t e  fem ale  c a r r i e r  
s h o w io o  in ters ti t ia l de l e t i o n  o f  X c h r o m o s t m i e
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D e le t i o n  a na ly s i s  a n d  o c u l a r  a lb i ni sm

la b le  1 Deletion an a ly s is  ol p a tie n ts  (W l. W 9) w ith co n tig u o u s  gene  ab no rm ality  an d  ob ligate e a rn e rs  |W 5  W 3)

P h en o ty p e M ic2 DXS31 DXS89 GMGX9 D X S278 DX S143 DXS9

W l XLI/Kal
W 9 XLI/K a l
W 5 Carrier
W 3 Carrier

al. 1985, 1988), and the HO and CA fluorescence 
intensities of approximately 30000 chromosomes 
were quantified. The position of the peaks showed 
a bivariate distribution, with the flow karyotype 
reflecting both the relative DNA content and the 
base composition of the chromosomes. An iterative 
bivariate Gaussian distribution-fitting procedure 
was used to assign peak positions in flow karyo
types objectively. The distance between the origin 
and the projection of a peak onto a line running 
through the origin and the peak for chromosome 
4 is linearly correlated to chromosome DNA con
tent. To estimate deletion size, the peak position 
of the derivative X in W l, Wl 1 was compared with 
that of a normal X (W4) in the same karyotype. 
The flow karyotypes were normalized using the 
average HO and CA intensities of all the autosomes 
except 9-12 to the mean position of normal X 
chromosomes from 30 unrelated individuals to 
compare the deleted X chromosome against the 
mean position of a normal X-chromosome.

High resolution  G banding  (Fig. 3)

High resolution G banding was performed by tryp
tic immersion of the karyogram obtained from a 
metaphase preparation of lymphoblastoid cell 
lines, and banded using Leishmann’s stain. The 
karyogram from an obligate carrier is shown in 
Fig. 3.

DNA extraction  and a n a ly s is

Total human DNA was extracted from whole 
blood and 5 pg digested to completion by the ap
propriate restriction enzyme. The resulting frag
ments were separated according to molecular 
weight using agarose gel electrophoresis (0.85%). 
Transfer of the DNA to Hybond N filters, hybridi
zation to radio-labelled DNA probes and autoradi
ography were performed using standard protocols 
(Southern 1975).

P rob es

Analysis by Southern blotting of DNAs of the 
members of the present 2-generation family was 
performed (Table 1) with the polymorphic X-speci-

fic probes MIC 2 (PsGl; Rouyer et al. 1986), 
DXS31 (Mandel et al. 1989), DXS89 (Ahrens et al. 
1 9 8 5 ) ,  DXS278 (Knowlton et al. 1989), GMGX9 
(Gillard et al. 1987), DXSI43 (Middlesworth et al. 
1985) and DXS9 (Murray et al. 1982).

Results
Previously cloned Xp22.3 probes were used to con
firm the deletion detected with high resolution G- 
banding and bivariate flow cytometry and to map 
the approximate boundaries (Table 1). The bivari
ate flow cytometry of affected individuals gave a 
deletion size of approximately 2%, corresponding 
to about 6-7 mega bases. Deletion mapping showed 
that the microdeletion extended from MCI A to 
the DXS 143 loci, but did not affect the RC8 locus.

Discussion

The investigations performed in this family have 
revealed a large interstitial deletion of 6-7 mega
bases in affected male individuals, the deletion 
starting proximal to MIC2 involving DXS31, and 
extending to involve the DXS 143 locus but ending 
distal to DXS9. The affected inviduals manifested 
the full complement of a contiguous gene abnor
mality including X-linked ichthyosis, Kallmann’s 
syndrome (anosmia, hypogonadotrophic hypogon
adism), and mild mental retardation. The KS was 
associated with hereditary bimanual synkinesis in 
all affected males, and unilateral renal agenesis in 
two out of four. There was no nystagmus, and there 
were no ocular pursuit movement abnormalities. 
Detailed ophthalmological examination of affected 
males and an obligate heterozygote failed to reveal 
any stigmata of ocular albinism.

There have been several reports of concurrent 
XLI and Kallmann’s syndrome existing as part of 
a contiguous gene deletion (Ballabio et al. 1989); 
one report has documented a case of XLI, and 
ocular albinism in the same individual (Schnur et 
al. 1989), leading to a proposed assignment of the 
ocular albinism locus near to the STS locus. This 
report conflicts with the accepted map of this re
gion (Ballabio et al. 1986, 1989).

Schnur et al. (1989) proposed that the ocular 
albinism gene was in close proximity to the steroid
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s u lp h a t a s e  lo c u s ,  a n d  s u g g e s t e d  that the p o iv in o r -  

phic  m a r k e r  O X S 2 7 8  c o u ld  he used  lor  l in k a g e  
a n a ly s i s  o l  o c u la r  a lb in is m .  T h e s e  d a ta  are c lea r ly  
at v a r ia n c e  w ith  the  present  report ,  d e m o n s t r a t i n g  

d e le t io n  o f  the m a r k e r  [ ) X S I 4 3 .  w h ic h  is p r o x im a l  

to  D X S 2 7 8 .  O u r  p a t ie n t  an d  the o b l ig a te  carriers  
did  n o t  h a v e  a n y  m a n i f e s t a t i o n s  o f  o c u la r  a lb in ism ;  

thus ,  b y  im p l i c a t io n ,  the  X d i n k e d  O A  g e n e  m u s t  
he p r o x im a l  to  D X S  143 .

T h e  p u ta t iv e  K a l lm a n n  g e n e  has recent ly  b een  

c l o n e d  ( F r a n c o  et al.  1991. L e g o u i s  et  al. 1991) .  
an d  a p p e a r s  to  e n c o d e  a p ro te in  w ith  cell  a d h e s io n  
p r o p e r t ie s .  T h e  n e u r o b io lo g ic a l  defect  m  
K a l lm a n n ' s  s y n d r o m e  a p p e a r s  to  be a failure o f  
ce l lu la r  m ig r a t io n ,  w h e r e b y  g o n a d o t r o p h i n  re

le a s in g  h o r m o n e  ( G n R H )  n e u r o n e s  fail to m o v e  
f r o m  the ir  s ite  o f  o r ig in  in the  m ed ia l  o l fa c to r y  
p la c o d e  in to  the  s e p t o - p r e o p t i c  n u c le u s  o f  the  
h y p o t h a l a m u s  in e a r ly  e m b r y o n i c  life. S i m u l 
t a n e o u s ly ,  there  is a fa i lure  o f  the  o l f a c to r y  n e r v e  
an d  b u lb  to  d e v e l o p .  T h e  K a l lm a n n  g e n e  p r o d u c t  
ha s  h o m o l o g y  w ith  the  N C A M  fa m i ly  o f  p r o te in s  
( L e g o u i s  et al. 1991 ), w h ic h  a p p e a r  to  p lay  a f u n d a 
m e n ta l  ro le  in th e  p e r e g r in a t io n  o f  nerve cell  
b o d ie s ,  a n d  the  d e v e l o p m e n t  o f  a x o n  p a th w a y s .  
T h e  a b s e n c e  o f  th is  g e n e  a n d  its p r o d u c t  g iv es  a 
p la u s ib le  e x p l a n a t i o n  for s o m e  o f  the  cen tra l  ner-  
\ o u s  a b n o r m a l i t i e s  in K a l lm a n n ' s  s y n d r o m e  ( b i 
m a n u a l  s y n k in e s i s ,  p u rsu it  m o v e m e n t  a b n o r m a l i 
ties). O n e  h y p o t h e s i s  for  the  s y n k in e s is  p r o p o s e s  
that th e r e  is d e f e c t iv e  p y r a m id a l  d e c u s s a t io n  o f  
c o r t i c o s p in a l  p a t h w a y s  ( C o n r a d  et al. 1978); a n 
o th e r  s u g g e s t s  th a t  th e  a b n o r m a l i t y  m a y  res ide in 
an a b n o r m a l i t y  o f  t r a n s c a l lo s a l  in h ib i to r y  f ibres.  
W ith  r es p ec t  to  the  p u ta t iv e  role o f  the  g e n e  in 
renal d e v e l o p m e n t ,  the  lack  o f  I ()()'%, p e n e tr a n c e  in 

respect  o f  the  u n i la te r a l  renal a g e n e s i s  d e m o n 
str a te d  in this  f a m i ly  ( F ig .  I ) is less e a s i ly  e x p la in e d .  
.A l th o u g h  th e  p resen t  report  a s  w el l  a s  o th e r s  ( W e g 
e n k e  e t  al. 1975)  s u g g e s t  a ro le  o f  the  X - l in k e d  
K a l lm a n n  g e n e  in renal d e v e l o p m e n t ,  it s e e m s  that  

Its a b s e n c e  c a n  be c o m p e n s a t e d .
In s u m m a r y ,  w e  h a v e  re p o r te d  a fa m i ly  w ith  an  

e x t e n s iv e  in te rst i t ia l  X p 2 2 . 3 2  d e l e t io n  d e m o n 
stra ted  o n  b o th  b iv a r ia te  c h r o m o s o m a l  ( lo w  c y t o 
m etr y  a n d  h ig h  r e s o lu t io n  G  b a n d in g ,  e x t e n d in g  

from  D X S 3 I  to  D X S  14 3  in c lu s iv e .  T h e  a b s e n c e  o f  
o c u la r  a b n o r m a l i t i e s  in th is  p e d ig r e e  h a s  im p l i 
c a t i o n s  for  the  m a p p i n g  o f  the  X - l m k e d  o c u la r  
a lb in i s m  g e n e ,  w h ic h  m u s t  lie p r o x im a l  to  D X S  143.
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Abstract

Kallmann’s syndrome (KS) is characterised by the association of anosmia and isolated hypogonadotrophic hypogonadism (IHH). 
Mutations of the KAL gene which is located at Xp22.3 cause X-linked KS (XKS). In this study we used the reverse transcriptase 
polymerase chain reaction and in situ hybridisation to examine the developmental expression of KAL in the first trimester o f pregnancy, 
the earliest stage of human gestation examined thus far. At 45 days after fertilisation KAL mRNA was detected in the spinal cord, the 
mesonephros and metanephros but not in the brain. Later in gestation, at 11 weeks, the gene was expressed in the developing olfactory 
bulb, retina and kidney. This expression pattern correlates with the clinical findings in XKS since olfactory bulb dysgenesis with 
subsequent defective neural migration causes anosmia and IHH. Additionally, renal agenesis occurs in 40% of patients. Therefore this 
study provides strong evidence that KAL expression is required for the normal development o f the olfactory bulb and kidney in the first 
trimester o f human pregnancy.

Keywords: Kallmann’s syndrome; Development; Olfactory bulb; Nephrogenesis; In situ hybridisation; Reverse transcriptase 
polymerase chain reaction

1. Introduction

M utations o f  the human KA L  gene cause the X -linked  

form  o f  K allm ann’s syndrom e (X K S). This disorder is 

characterised by anosm ia, associated with malform ation  

o f  the olfactory bulbs and sulci, and isolated hypogonado

trophic hypogonadism  (IHH) caused by hypothalam ic 

gonadotrophin releasing horm one (GnRH) deficiency  

(B ouloux, 1992). Patients m ost com m only present with 

delayed puberty and m ay also present during childhood  

with cryptorchidism  and m icropenis. It is considered that 

the failure o f  olfactory axons in the accessory olfactory 

nerves to project through the cribriform plate and estab

lish synaptic connections within the d evelop ing olfactory 

bulb is central to the pathogenesis o f  these clin ical fea-

Corresponding author, Tel.; +44 171 794 0500, ext. 5059; Fax: +44 
171 794 3472.

tures. GnRH neurons, originating in the prim itive nasal 

area, consequently fail to m igrate into the forebrain be

cause this migration is norm ally guided by w  scaffold  

provided by these olfactory nerves. In addition, up to 40%  

o f  X K S patients have unilateral absence (agenesis) o f  a 

kidney (Hardelin et al., 1994); KA L  m utations are the 

only defined gene defects w hich cause severe renal m al

formations in humans (Hardman et al., 1994). Other c lin i

cal associations are cryptorchidism , m icropenis and distal 

mirror m ovem ents o f  the upper lim bs (bim anual synkine

sis).

KA L  spans 2 10  kb o f  genom ic D N A  in X p 22.3  and has 

14 coding exons. It escapes X -inactivation and has a non

functional hom ologue on the Y  chrom osom e (Y q ll .2 ) .  

The gene encodes a 6 8 0  am ino acid protein w hich  con 

tains a signal peptide but no m em brane insertion or an

chorage sequences, suggesting that the protein is secreted. 

The putative K AL protein has h om olog ies to  both antipro

0303-7207/95/$09.50 © 1995 Elsevier Science Ireland Ltd. All rights reserved 
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teases and to cell-m atrix  and c e ll-c e ll  adhesion m olecules 
(Franco et al., 1991; L egouis et al., 1991; Hardelin et al., 
1993).

The clin ical features o f  X K S alluded to above are 

highly likely to have their origins in the aberrant expres
sion o f  KAL during early human developm ent. In this 

study w e have investigated the tissue-specific develop

mental expression o f  K AL. W e found KAL transcripts in 

the olfactory bulb and the kidney at critical tim es in or
ganogenesis and these data are consistent with roles for 

the gene in the normal developm ent o f  diverse organ  

system s in the first trimester o f  pregnancy.

2. Materials and methods

2.7. C ollection  o f  em bryos
After consent from  individual patients and from the 

hospitals ethical com m ittees, normal human fetuses were 
collected  from  six chem ically  induced term ination’s per

formed at 45 days (2), 48  days and 11 w eeks (3) after 
fertilisation, critical periods o f  developm ent when organ
ogenesis is occurring. The exact stage o f  gestation o f  the 
sam ples w as determined by standard criteria as assessed  

by the exam ination o f  external m orphology (Larsen, 

1993).

2.2. R everse  tran scrip tase  po lym era se  chain reaction  

(RT-PCR)
U nless otherw ise stated chem icals were obtained from  

Sigm a (Poole, Dorset, U K ) and em bedding reagents were 

supplied by British Drug H ouse (G lasgow , U K ). One em 

bryo w as collected  in ice-cold  L15 m edium , then dis
sected within half an hour o f  delivery. R N A  w as extracted  
from one 45-day gestational human em bryo from the 
w hole brain, eye, spinal cord, heart, liver, lim bs, gonads, 

m esonephros and metanephros by the acid phenol-chloro- 
form m ethod (C hom czynski and Sacchi, 1987) and

300  ng o f  R N A  from each organ was subjected to reverse 
transcription using random primers and reverse transcrip
tase (G ibco BR L -Paisley, U K ) as recom m ended by the 
manufacturer. cD N A  w as then am plified by PGR. The 

specific primers for K AL were 5' GCT G G A C G A  GTC 

GCT GTC TGC CGG 3' (sense primer corresponding to 

nucleotides 100-1 2 3  o f  KAL cD N A  Petit et al. 1991) and 

5' CGC GGT GGT TGA GGA A G A  G G A TGT 3' 
(antisense primer corresponding to nucleotides 394 to 

371). For each o f  the tissue sam ples RT-PGR for ^  actin, 
a ubiquitously expressed gene, was also performed in 

order to confirm  the integrity o f  the extracted RNA. ^  

actin primers were obtained from Glontech, Palo A lto, 
GA, U SA . Specific primers were used together with 
2.5 fig  o f  cD N A , 2.5 units o f  Tag polym erase (B ioline  

UK, Finchley, U K ), 0 .75  mM  each o f  dATP, dGTP, 
dGTP and d'lTP, 5 0  mM M gG l2 in a final volum e of 
5 0 /tL  The am plification tim es were as fo llow s: 94°G  for 

5 min, fo llow ed  by 30  cycles o f  94°G  for 1 min, 55°G  for 

1 min, and 72°G  for 1 m in, and ending with a 72°G  for 

10 min.
The KAL cD N A  (courtesy o f  G. Petit) and ^  actin 

template were included as positive controls. The PGR 
products were electrophoresed through a 1.5% agarose 

gel and visualised after ethidium  brom ide staining. A m 
plified products were 295 bp for K AL and 838 bp for 

actin. Confirmation o f  the specificity  o f  PGR am plifica
tion using the above KAL primers w as obtained by (i) 

performing a nested PGR reaction with the primers: 
5 'GGT GGA GGG GGG TGG TGG GGG TGG 3' (sense 
primer corresponding to nucleotides 1 28-151  o f  KAL 

cD N A ; Petit et al., 1991) and 5' TG A  G G A  A C T GAG 

AGG TGG TGA AGG 3' (antisense primer corresponding 
to 3 6 7 -3 4 4 )  to generate a product o f  239 bp and (ii) di
gesting KAL products from  the outer set o f  PGR primers 

with restriction enzym es; 7/mdIII d igestion produced 

fragments o f  90  and 205 bp and P stl d igestion generated

OQ U J ( / )

B ACTIN 838 bp 

295 bp

Fig. 1. RT-PCR for KAL and /8 actin on tissue from 45-day-old human fetus. Molecular weight markers indicate multiples of 123 base pairs, i.e. 
123 bp, 246 bp, 369 bp, etc. Lanes contain tissue as marked. H2O is negative control with cDNA omitted, KAL and)3 actin plasmid cDNA are positive 
controls. The KAL primers generate a 295 bp product and the/3 actin product is 838 bp.
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■V/

Fig. 2. KAL expression in the developing human olfactory bulb. (A) Bright field of a coronal section at 11 weeks gestation counterstained with haema- 
toxylin and eosin. Olfactory neurons migrating into the bulb (ob) are arrowed. (B)-(D) In situ hybridisation with dark field illumination. (B) The 
strongest signal from the ^^S-labelled KAL antisense riboprobe was detected in the olfactory neurons situated in the olfactory layer of the bulb. Inner 
layers of the bulb (mitral and granule cells) showed a weak signal. (C) Hybridisation with the LI4 lectin antisense riboprobe shows high levels of 
expression throughout the tissues as expected for this ubiquitously expressed gene and confirms the integrity of mRNA after embryo processing. (D) 
KAL sense riboprobe of the same areas showed no significant signal. Bar is lOO^m.

fragments o f  66 and 229 bp (data not shown). These are 
the precise sizes expected.

2.3. In situ hybridisation
Embryos for in situ hybridisation (1 at 45 days, 1 at 

48 days and 3 at 11 w eeks) were fixed in ice-cold  4% 

paraformaldehyde in phosphate buffered saline (pH 7.0) 

overnight, then dehydrated through graded alcohols and

Histo-clear (National D iagnostics, Atlanta, GA) before 

em bedding in wax (Fibrowax). Sections (5 )im )  were cut 

and placed on slides pretreated with 3-aminopropyl- 

triethoxy-silane and acetone. R NA riboprobe were pre
pared with p^S]UTP (Amersham >1000 C i/ m m ol) as run

o ff transcripts. Full length human KAL cD N A  (Legouis et 

al., 1991) subcloned into Bluescript S K -  was linearised 

using B am U l and TV R N A  polymerase to generate the
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antisense riboprobe, or C la l and T3 R N A  polym erase to 

generate the KAL sense riboprobe. Additionally, ribo- 
probes for L 14 Lectin, a gene w idely expressed at low  

levels during mammalian developm ent (Poirier et al., 

1992), w as used as a rigorous control to test the integrity 

o f  m R N A  after tissue processing. Probes were purified 
through colum ns o f  Sephadex G 50, heated to 90°C  for 

5 min before layering onto the slides (250  000  cpm  per 

slide). H ybridisation, w ashing and autoradiography were 
carried out as described by W ilkinson et al. (1987).

3. Results

3.1. E m bryonic expression

A s assessed by RT-PCR KAL m RNA w as detected in 

the spinal cord, m esonephros and metanephros o f  a 45- 
day-old human em bryo (Fig. 1, low er panel). N o  signal 
was detected in the w hole brain, eye, heart, liver, limbs 

and gonads at this stage. ^  actin m R N A  was detected in 
all tissues confirm ing the integrity o f  the R N A  (Fig. 1, 

upper panel). In situ hybridisation experim ents using the

&

Fig. 3. KAL expression in the developing human retina. (A) Coronal section at II weeks gestation shows the developing retina (nr). (B)-(D) In situ 
hybridisation and dark field illumination. (B) The KAL antisense riboprobe hybridised with the mRNA in the neuroretina. (C) LI4 Lectin antisense 
riboprobe shows widespread expression, confirming the integrity of mRNA. (D) Minimal signal with the KAL sense riboprobe in the eye. Note that the 
apparent signal in the pigmented retina (arrowheads in (A)) arises from melanin granules and is not due to binding of the riboprobe. Bar is lOO/tm.
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Fig. 4. KAL expression in the developing human kidney. (A) Bright 
field of section at 11 weeks gestation counterstained with haematoxylin 
and eosin showing the cortex (c) and medulla (m). (B,C) In situ hy
bridisation and dark field illumination. (B) The KAL anti-sense ribo
probe hybridises with the mRNA in the outer cortex of the kidney 
(arrows). (C) KAL sense riboprobe of the same area showed no signifi
cant signal. Bar is 40 /rm.

KAL antisense probes on two embryos (45 days and 
48 days) failed to show any signal above that o f  the sense 
probe, even in tissues which expressed KAL transcripts as 

assessed by RT- PCR. In contrast, in situ hybridisation 

detected transcripts encoded by the L14 lectin gene in all 
tissues (data not show n). Therefore at this early stage o f  

human developm ent KAL m RNA appears to be selective
ly expressed in a few  organ system s at very low  levels.

3.2. Fetal expression
At 11 w eeks o f  gestation KAL was expressed in the 

central nervous system  in all samples which were exam 
ined by in situ hybridisation. With regard to the olfactory 

bulb, the highest signal was detected over the outermost 

layer o f  the bulb which is constituted by olfactory nerves 
(Fig. 2A ,B). The inner layers o f  the bulb g^ve a weak  

signal; these areas com prise the mitral and granular cells. 

In contrast, the antisense probe for the L14 lectin showed  

a strong and equal signal over all layers o f  the bulb (Fig. 
2C) and the KAL sense probe showed no significant hy
bridisation (Fig. 2D). The neuroepithelium o f  the devel
oping retina also expressed KAL at w eek 11 o f  gestation 

(Fig. 3) although the low  intensity and diffuse nature o f  
the signal precluded a definitive conclusion regarding the 
specific cell type which expressed this gene. Transcripts 

were also detected in the intrinsic ocular m uscles (not 
shown). Overall the intensity o f  the KAL signal was 
lower than that o f  L14 lectin, a gene ubiquitously ex

pressed at low  levels in gestation (Figs. 2 and 3). At 

11 w eeks gestation low  levels o f  KAL transcript were 

detected in the outer cortex o f  the metanephric kidney 

where undifferentiated cells and nephron precursors are 

located (Fig. 4A ,B ). Mature nephrons and interstitial tis
sues located in the centre o f  the organ show ed a signal 
which barely exceeded that o f the sense probe (Fig. 4C).

4. Discussion

W e reasoned that the key to reaching a better under

standing o f the pathogenesis o f  the clinical features o f  

XKS would reside in establishing the normal expression  

o f KAL during human developm ent. Although recent 
studies have addressed KAL expression in avian devel
opment (Rugarli et al., 1993, L egouis et al., 1993) and 

also in late human gestation (19 w eeks) (Lutz et al., 1994) 

this is the first report o f  KAL expression in early human 
gestation at a period when critical events o f  organogene

sis are occurring. U sing the techniques o f  in situ hybridi

sation and RT-PCR w e found that KAL m R N A  was ex
pressed at low  levels at 45 days in the spinal cord and 

excretory system  but not in the brain. A t 11 w eeks after 

fertilisation KAL was detected by in situ hybridisation in 

the central nervous system  (olfactory bulb and neuroret
ina) and the kidney. Therefore the gene is expressed 

throughout the period o f  early nephrogenesis; W e were, 
however, unable to clearly define the time o f  onset o f  

KAL expression within the olfactory bulb and neuroretina 

since there was no material available between the seventh 

and eleventh w eeks o f gestation.

4.1. Expression in the cen tral nervous system
In this study we failed to detect KAL m RNA in the 

brain or the eye at 45 days gestation as investigated by the 

sensitive RT-PCR method, although expression was pres
ent in the spinal cord (Fig. 1). At this stage o f  develop-
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ment corticospinal axons are just about to reach their de
cussation point- in the lower medulla oblongata 
(Humphrey, 1960). Meanwhile olfactory nerve fibres are 
migrating from the epithelium of the olfactory ectoderm 
towards the forebrain (telencephalon) where the olfactory 
bulbs will later develop. Using in situ hybridisation we 
detected KAL transcripts at 11 weeks gestation in the 
developing olfactory bulbs (Fig. 2) where the highest ex
pression appeared to be located over the outer olfactory 
nerve layer. At the same stage we also detected KAL 
transcripts at low levels in the neuroretina (Fig. 3). At the 
time of writing there is only one other report of KAL ex
pression during human development; Lutz and co- 
workers examined the brains of 19-week-old human fe
tuses by in situ hybridisation and found that KAL was 
expressed in the olfactory bulb with the highest levels in 
the granule cell and olfactory neurone layers (Lutz et al., 
1994). The same study reported that KAL was also ex
pressed in the cerebellum and thalamus at that stage but 
organs outside the brain were not examined.

More extensive studies have been performed in devel
oping chicks (Legouis et al., 1993; Rugarli et al., 1993). 
Chick KAL has a 77% homology to the human gene, with 
over 90% homology at the protein level. At stage 30 
(equivalent to 38-45 days of human gestation), KAL 
transcripts can be detected by in situ hybridisation in the 
region of the presumptive olfactory bulb in the develop
ing telencephalon. By stage 36 (equivalent to 52-57 days 
of human gestation) expression is found in the mitral neu
rons, the first layer to differentiate within the bulb. KAL 
expression is maintained in this layer during development 
but falls after birth.

It is of note that olfactory and granule cells appear to 
express the highest levels of KAL during human devel
opment (in this study and Lutz et al., 1994) whereas the 
mitral neurons are the site of highest expression in the 
chick olfactory bulb. These conclusions should be inter
preted with two caveats in mind: (i) the limits of resolu
tion of the radioactive in situ technique does not easily 
permit localisation of signal over any one cell and (ii) at 
the earlier stages of olfactory bulb development the cell 
layers are not well defined. Studies in the chick have also 
detected KAL transcripts within the developing neuro
retina and spinal cord in concordance with our findings in 
the human (Legouis et al., 1993; Rugarli et al., 1993) 
(Figs. 1 and 3).

Assuming that the expression of KAL mRNA results 
in translation into functional protein, it becomes possible 
to speculate on the role of KAL in the context of other 
investigations regarding the normal and aberrant devel
opment o f  the olfactory bulb. In a 19-week gestation, 
human fetus aborted because of a large X chromosome 
deletion, including the KAL interval, initial migration of 
olfactory and GnRH neurons from the olfactory epithe
lium to the cribriform plate area was not impaired but 
onward migration of these neurons to the hypothalamus

failed to occur (Schwanzel-Fakuda et al., 1989). Accord
ing to both our current study and that of Lutz et al. (1994) 
KAL would normally be expressed by the olfactory bulb 
both at and before this stage. Therefore, KAL expression 
by the bulb is apparently not required for the initial mi
gration of nerve fibres from the olfactory placode. Lutz et 
al. (1994) also made the important observation that KAL 
expression was maintained in the area of the olfactory 
bulbs in chick embryos in which the olfactory placode 
bad been ablated. In these animals no olfactory neurons 
were present and therefore the initiation of KAL expres
sion in the bulb was independent of this innervation. With 
these studies in mind we therefore speculate that KAL 
expression in the olfactory bulb is necessary for later 
events, perhaps including the synapsing of olfactory neu
rons within the bulb and the subsequent migration of 
GnRH neurons along a pathway provided by the acces
sory olfactory (vomeronasal and terminal) nerves. In this 
respect it is of note that neural cell adhesion molecule 
(NCAM), which has some homology to the putative KAL 
protein, has been implicated in the migration of the GnRH 
neurons into the forebrain along the accessory olfactory 
nerve (Schwanzel-Fukuda, 1992,1994).

The function of KAL in other parts of the central nerv
ous system including the retina (Fig. 3) and spinal cord 
(Fig. 1) is currently unclear. The neural retina starts to 
differentiate at the end of the sixth week of human gesta
tion into the outer neuroblastic layer which gives rise to 
rods and cones, and the inner neuroblastic layer which 
develops into ganglion and supporting cells (Larsen,
1993). Axons then sprout from the ganglion cells, grow
ing towards the optic stalk and back into the brain. The 
retinal layers are not fully developed until the eighth 
month of gestation and therefore we suggest that KAL 
may be involved in axonal migration or neural maturation 
in the retina. Legouis et al (1993) also reported KAL ex
pression in the developing chick retina between embry
onic day 9.5 and 19 (equivalent to 52-57 days and the 
eighth month of human development, respectively): tran
scripts were noted in the amacrine, horizontal and gangli
onic layers of neurones. Interestingly, the dystrophin gene 
is also expressed in the retina (Schmitz et al., 1993) and 
in the olfactory bulb (Goreki et al., personal communica
tion). The dystrophin gene is mutated in patients with 
Duchenne Muscular Dystrophy (DMD) and abnormal 
electroretinograms (ERGs) have been reported in this 
condition (Fitzgerald et a l, 1994). Whether a similar ERG 
abnormality occurs in XKS remains to be demonstrated. 
Conversely, in DMD patients there is no known clinical 
correlation with the observed dystrophin expression in the 
bulb. The mechanism underlying bimanual synkinesis in 
XKS was thought to be due to defective inhibitory neu
ronal communication between the two cerebral hemi
spheres (Danek et a l, 1991). However, more recent work 
has suggested that defective decussation of the corticospi
nal tracts is responsible for this clinical manifestation of
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XKS (Maystone et al., 1994). The latter hypothesis is 
supported by the RT-PCR signal for KAL which we 
found in the spinal cord in the present study (Fig. 1).

4.2. Expression in the developing excretory system
KAL expression was detected at 45 days gestation in 

the meso and metanephros using RT-PCR (Fig. 1). At this 
stage, however, mRNA levels were too low to be detected 
by the less sensitive method of in situ hybridisation. At 
this time in development the paired mesonephric kidneys 
are fully differentiated and they contain glomeruli. They 
will degenerate later in gestation although, in the male, 
remnants of the mesonephric duct give rise to the vas 
deferens. The metanephros is the precursor of the adult 
kidney and these organs can first be detected in the hu
man at 35 days after fertilisation. At 45 days, when KAL 
transcripts can be detected by RT-PCR (Fig. 1), critical 
inductive interactions which are known to be essential for 
normal kidney development are occurring between the 
renal mesenchyme and the ureteric bud epithelium 
(Hardman et al., 1994). At I I  weeks of gestation low 
levels of KAL transcripts were detected in the outer cor
tex of the developing kidneys (Fig. 4). In this region 
nephrons continue to form until 34 weeks gestation. Up to 
40% of XKS patients have unilateral absence of the kid
ney (Kirk et al., 1994) implicating KAL in nephrogenesis. 
Based on these clinical observations and on the results of 
this study we suggest that KAL has a role in the formation 
or maintenance of the developing kidney. The homology 
of the KAL protein to cell-cell and cell-matrix adhesion 
molecules could explain this role because similar func
tions have been assigned to both uvomorulin and to the 
laminin A chain (Klein et al., 1988; Hardman et al.,
1994). These cell-cell and cell-matrix adhesion mole
cules are expressed in the transition of undifferentiated 
mesenchyme into polarised nephron epithelia. Our data 
confirm and extend the findings of a previous study in 
which KAL mRNA was reported to be expressed during 
chick nephrogenesis (Legouis et al., 1993).

In conclusion, we have shown that the KAL gene is 
expressed in diverse tissues in the first trimester of normal 
human development, and some of these locations corre
late directly with the clinical pathologies found in XKS 
patients who harbour mutations of this gene. Further 
analysis of the precise roles of the KAL protein in central 
nervous system and renal development will require ex
periments in which gene expression or protein function is 
disrupted either in vivo or in vitro systems.
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