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ABSTRACT 

The gene for X-linked incomplete congenital stationary night blindness (CSNB) 

was mapped to a 1 .Z Mb region within Xp 1 1 2 3 .  Large-scale sequencing of this region 

identified several candidate genes for this retinal disorder. and subsequently. mutation 

analysis identified C A C h ~  IF. a dihydropyridine-sensitive voltage-gated L-type calcium 

channel. as the gene responsible for incomplete CSNB. To begin the characterisation of 

CAC:l,:4IF. its genomic organisation was determined. its tissue expression pattern was 

defined. the mouse orthologue was identified. sequenced, and its spatial expression was 

determined. 

The genomic organisation of  C:.iCX4 Z F was established by sequencing the cDNA 

and by comparison with the genomic sequence to identif?; the boundaries between the 

introns and exons. Furthermore. the cDNA sequence of the mouse orthologue of 

C.4CL12 IF. CacnaZJ was amplified and sequenced. PCR amplification of a panel of 

cDNAs showed that expression of  C,.1C1i\'5.IIF is restricted to the retina. while in sifrr 

hybridisation of Ccrcnalf probes in the mouse retina defined this expression within the 

retina. 
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CHAPTER 1 - INTRODUCTION 

X-linked congenital stationary night blindness (CSNB) is an inherited retinal 

disorder that is characterised by impaired night vision and reduced visual acuity and can 

be accompanied by other impairments such as myopia. nystagmus. and strabismus. Two 

clinical forms of  CSNB. complete and incomplete. can be distinguished by performing 

eIectrophysiologica1 and psychophysical examinations (Heon and Musarella. 1994). 

These two clinical forms o f  CSNB are genetically heterogeneous with the gene for 

incomplete CSNB (CSNB2) localising to Xp11.23 and the gene for complete CSNB 

(CSNB 1 ) localising to Xp 1 1.4 (Bech-Hansen and Pearce. 1993): ( Bech-Hansen et al.. 

1998a): (Bergen et al.. 1995 ): and (Boycott et ai.. 1998). The minimal region for CSNB:! 

was refined to 1.2Mb by haplotype analysis in affected individuals of Mennonite ancestry 

(Boycott et al.. 1998). Large-scale sequencing covering approximately 900 kb of  this 

region provided several candidate genes for incomplete CSNB. 

Candidates for CSNB2 were screened for mutations in family members affected 

with incomplete CSNB by direct DNA sequencing. Mutations were identified in a gene 

predicted to encode a calcium channel a,-subunit. At this point. it was clear that this 

eene. C:1C!1r.4 l F. was likely to be responsible for incomplete CSNB and necessitated the 
C- 

active establishment of  its genomic organisation. hence setting the stage for my thesis 

work. 

The first objective was to determine the genomic structure o f  the C;ICA!4 IF gene 

by defining the boundaries between the introns and the exons. including variably 



2 
expressed exons. The second objective was to identify the mouse orthologue of  

CAC'rV.4 I F  and determine its cDNA sequence to provide the basis for the development of 

a mouse model for incomplete CSNB. The third and final objective of this thesis was to 

determine expression pattern of  C:-1C'!Y-l IF. Information regarding the localisation of  

expression of CACIVAIF will provide insight into the molecular mechanisms of the visual 

pathway that are affected in patients with incomplete CSNB. 

Clinical Definition of CSNB 

Congenital stationary night blindness (CSNB) refers to a group of non- 

progressive inherited retinal disorders in which the major symptom is inability to see in 

lo\v levels of  light. There are three Mendelian modes of inheritance for CSNB: 

autosomal dominant. autosomat recessive. and X-linked recessive, the latter of  the three 

being the focal point of the research in the laboratory of Dr. Bech-Hansen (McKusick. 

1992). Interestingly. the retinas in patients with CSNB appear normal. thus providing 

few clues to the molecular basis of  this group of disorders (HCon and Musarella. 1994). 

The clinical manifestations of CSNB may include strabismus. fine or coarse nystagrnus. 

decreased visual acuity ranging from 20/30 to 20/200 (20/200 constitutes legal blindness) 

or more. and the refractive emor may range from mild hyperopia to severe myopia. The 

fundus usually appears normal upon examination. although it may be affected if severe 

myopia is present (Carr, 1974): (Khouri et al.. 1988): (Krill, 1977); (Merin et al.. 1970). 

Variations in these clinical features of CSNB are seen within individual families (Pearce 

et al.. 1990). 
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CSNB patients are often misdiagnosed as some of  the clinical symptoms are 

common in other ocular disorders such as nystagmus. which is found in patients with 

ocular albinism and congenital nystagmus (Pearce et al., 1990). Misdiagnosis also occurs 

in milder cases where the only manifestation is the inability to dark adapt. which is 

present at birth and may not be noticed by the patient until later in life (Heon and 

Musarella. 1994). For accurate diagnosis of CSNB. electrophysioIogical and 

psychophysical testing of the retina in dark and light adapted states is normally required. 

Electroretinography is the measurement of the electrical response in the retina to a 

light stimulus. The eiectroretinogram (ERG) can be separated into components that 

allow for the distinction between retinal disorders involving either the rods or the cones 

(Heon and Musarella. 1994). The ERG in response to a flash of light is composed of  

three waves: the a-wave. the b-wave. and the c-wave (Heon and Musarella. 1994). The a- 

wave is generated by the photoreceptor layer. the b-wave is generated by the Miiiler cells 

and the bipolar cells within the inner nuclear layer. and the c-wave is generated by the 

retinal pigment epithelial cells (Fishman, 1985): (Jimenez-Sierra and Ogden. 1989). 

For clinical diagnosis of CSNB both a- and b-wave amplitudes are measured. It is 

the b-wave that is most severely affected in CSNB patients suggesting the involvement o f  

the bipolar or Miiller cells in the pathogenesis of the disease (Figure 1 )  (Heon and 

Musarella. 1994). Electroretinography is used to differentiate between the two forms of  

X-linked CSNB. incomplete and complete CSNB (Figure 1 ). Rod function is reduced in 

incomplete CSNB. whereas it  is completely diminished in complete CSNB. The 

oscillatory potentials normally seen on the ascending limb of the b-wave are present in 

patients with incomplete CSNB and absent in patients with complete CSNB (Figure 1 )  



Figure 1.  Electroretinograms from unaffected individuals and patients with incomplete 

and complete CSNB. The response to bright white light demonstrates decreased rod 

function in CSNB patients. with a greater severity seen in patients with complete CSNB. 

This is observed as a decrease in b-wave amplitudes and implicit times in both complete 

and incomplete CSNB patients: and the absence of oscillatory potentials on the ascending 

limb of the b-wave in ERGS from compiete CSNB patients. Response to the 30Hz flicker 

demonstrates the decreased functioning of cones in patients with incomplete CSNB. 

whereas the flicker response of patients with complete CSNB appears to be normal. 

suggesting the cones are unaffected. (Heon and Musarella. 1994) 



b 

n o r m i  

m - 
B R I G K  WHITE 30 Hz FLICKEFt 

complete CSNB 
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(Heckenlively et al-. 1983); (Miyake et al.. 1987a). Although it is uncertain exactly 

where these osciliatory potentials originate, they originate from a different part of the 

retina compared with the origin of the a- and b- waves. confirming different mechanisms 

involved in incompiete and complete CSNB (as reviewed by (Wachtmeister. 1998). This 

is also confirmed by the response of the cones to a flickering red light stimulus where no 

response is elicited in patients with incomplete CSNB and a relatively normal response is 

elicited in patients with complete CSNB (Figure 1 )  (Heon and Musarella. 1994). 

A second type of evaluation used to distinguish between the two forms of CSNB 

is psychophysical and is based on the ability of the photoreceptors to dark-adapt. The 

ability to dark-adapt is measured by identification of a test-target (a light source) by the 

patient. the intensity of which can be adjusted (Jimenez-Sierra and Ogden, 1989). The 

resulting dark adaptation curve for normal eyes is bipartite with the first part of the curve 

measuring cone adaptation and the second part measuring rod adaptation (Figure 2 )  

(Heon and Musarella. 1994). In incomplete CSNB. the curve for rod adaptation is 

elevated. but the cone-rod break in the curve can still be seen. thus indicating partial 

functioning of the rods. The curve measuring rod adaptation is elevated even further in 

complete CSNB; and because the cone-rod break is not observed this curve is 

monophasic. indicating no rod adaptation (Figure 2) (Miyake et al.. 1987b): (Miyake et 

al.. 1986). 



Figure 2. Psychophysical Evaluations of patients with X-linked CSNB. Dark adaptation 

curves in CSNB showing a bipartite curve for normal adaptation. an elevated curve for 

rod adaptation in incomplete CSNB. and the disappearance of the cone-rod break due to 

increased elevation of the rod adaptation curve in complete CSNB. (Heon and Musarella. 
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Anatomy and physiology of the mammalian retina 

Crucial to understanding the molecular mechanisms behind a retinal disorder is 

the appreciation of the normal anatomy and physiology o f  the retina. An introduction to 

the anatomy of the mammalian retina and the differences and similarities between the 

mouse retina and the human retina will allow for a detailed discussion of the role that the 

calcium channel may play in incomplete CSNB. 

Originating from the neurectoderm of the forebrain in development, the retina is 

the sensory tissue of the eyeball (Figure 3) (Williams. 1995). I t  is connected to the brain 

via the optic nerve. which is continuous with the ganglionic cells comprising the 

innermost layer of  the retina. The retina is bounded externally by the choroid and 

internally by the hyaloid membrane of the vitreous body (as reviewed by (O'Brien. 1995). 

The outermost layer of the retina is the retinal pigment epithelium which is a 

highly vascularised layer of simple cuboidal cells whose nuclei are located near the basal 

lamina that connects with the choroid via Bruch's membrane (as reviewed by (O'Brien. 

1995). Toward the rods and cones the pigment epithelium projects microvilli that touch 

the outer segments (Figure 4). This epithelial layer has three major functions. Firstly. it  

is well known for the recycling of activated rhodopsin components and the phagocytosis 

and degradation of the ends of the rods and cones. Secondly. the pigment epithelium 

absorbs any light that hits it and prevents light from hitting the photoreceptors twice. 

hence allowing for a sharper image. Thirdly, the pigment epithelium functions as a 



Figure 3. Cartoon of  the human e>.e and a cross section through the retina showing the 

various structures and cell types (Copenhagen, 1996). The back of  the retina is 

comprised of  the retinal pigment epithelium. The next layer of cells toward the centre of 

the eye is the photoreceptor cell layer which is made up of both rod and cone 

photoreceptors and appears as four layers under the microscope. The outer segments. the 

inner segments. the cell nuclear bodies (outer nuclear layer) and the synaptic termini (the 

outer plesiform layer) make up these layers. The horizontal. bipolar. and amacrine cell 

bodies make up the inner nuclear layer. while their synaptic termini make up the inner 

plexiform layer. The innermost layer is comprised of ganglion celIs (ganglion cell layer). 

the asons of which form the optic nenre. (O'Brien, 1995) 



Optic nenre 
Choroid - 

Hyaloid 
membrane 

Retinal pigmen 
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Inner segment: 
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Figure 4. The vertebrate rod photoreceptor cell. The outer segment is comprised of 

stacks of membranous sacs that provide the ultrastructure in which the components of the 

phototransduction cascade are embedded with rhodopsin being the major component. 

Microvilli are projected from the pigment epithelial cells and surround the outer segments 

of the rods and cones. (Farber and Danciger. 1994) 
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blood-retinal barrier. regulating ion exchange as well as preventing the entry of 

Ieucocytes into the interior of the eye. 

The photoreceptor cells comprise the next four layers of the retina (Figure 3)  (as 

reviewed by (O'Brien. 1995). The outer segment layer is composed of the outer portion 

of the rod and cone processes called the lamellae (Figure 3). The larnellae are made up of 

stacks of discoidal membranous sacs that are embedded with rhodopsin molecules. which 

are photoreceptive molecules that initiate a phototransduction cascade involving second 

messengers (Figure 4). The inner segments of the rod and cone processes comprise the 

inner segment layer of the retina. These segments of the photoreceptor cells contain 

molecules that store energy for phototransduction. The third layer. the outer nuclear 

layer. is comprised of the cell bodies of the photoreceptor cells. The fourth layer. the 

outer plesiform layer is the region where the synaptic termini of the rod and cone cells 

interact with the synaptic termini of the bipolar and amacrine cells (Figure 3) (as 

reviewed by (O'Brien. 1995 ). 

Next is the inner nuclear layer. an ordered array of nuclei and ceIl bodies of the 

horizontal cells. bipolar cells. and amacrine cells. with the horizontal cells being 

outermost and the amacrine cells being innermost (Figure 3). The i ~ e r  plexiform layer 

is the layer where the ganglion cells synapse with the cells of the inner nuclear layer in a 

complex set of interactions. Ganglion cell bodies and nuclei make up the innermost 

neural cell layer in the retina called the ganglion cell layer (Figure 3). The axons of 

ganglion cells form the nerve fibre layer. which makes up the lamina on the inner surface 

of the retina and these fibres bundle to form the optic nerve at the optic disc. 
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The Miiller (glial) cells span the thickness of the retina from the inner segments to 

the internal lamina (as reviewed by (O'Brien. 1995). These cells extend processes that 

wrap around the cell bodies of different cell types within the retina. Miiller cell 

functioning is affected in patients with CSNB and plays a role in the diagnosis of this 

disorder. 

The visual parh~vq  

Once light (400-700 nrn wavelength range) strikes the retina. a series of complex 

molecular interactions occurs in the outer segment of the photoreceptor cells that results 

in the closure of cGMP-gated ion channels and subsequently. the hyperpolarisation of 

these cells. This cascade of interactions is so sensitive that only a single photon is 

required to elicit a response in an individual rod (Rieke and Baylor. 1998). Figure 5 

shows the details of this cascade. The hyperpolarisation of the photoreceptors causes the 

closure of L-type calcium channels in the inner segments and causes an inhibition in the 

release of glutamate. an excitatory amino acid. at the synaptic terminal of the 

photoreceptor cell (Schmitz and Witkovsky. 1997): (Tachibana et al.. 1993 1. Prior to the 

closure of these channels. when the retina is in a dark-adapted state. the high Cae 

concentration maintains a continuous release of glutamate from the photoreceptor at this 

synapse (Rieke and Schwartz. 1994). 

The visual signal from the rod photoreceptors is recognised by the rod bipolar 

cells because of the decrease in glutamate. The rod bipolar cells are maintained in a 

hyperpolarised or ON state in the dark-adapted retina when they are being stimulated by 



Figure 5. The  phototransduction cascade in the outer segments of the photoreceptor cells 

(Polans et al., 1996). The first molecule in the cascade that responds to light is rhodopsin 

(as reviewed by Rispoli. 1998). Rhodopsin @ is a visual pigment that is made up of the 

transmembrane protein opsin that is covalently linked to 1 1-cis-retinal by a protonated 

Schiff base linkage. This protonation changes the absorption wavelength (hv) from UV 

to visible (about 500 nm). Upon absorption of a photon. 1 I-cis-retinal isomerizes to all- 

trans-retinal which causes a series of changes in the Rhodopsin molecule. Of several 

intermediates that are formed from Rhodopsin. metarhodopsin I 1  (R*)  is the active 

molecule and initiates the amplification cascade. R* interacts with Transducin (T). a 

heterotrimeric G-protein. and catalyses the exchange of GDP for GTP (as reviewed by 

Koutalos and Yau. 1996 and Rispoli. 1998). The first stage of amplification occurs at 

this step (a single R* can activate 1000-5000 Transducin molecules per second). This 

uptake of GTP causes the dissociation of Transducin into two subunits. a and P. The a 

subunit carries the GTP and diffuses freely within the outer segment. This molecule acts 

on phosphodiesterase (PDE). also a heterotrimer. causing the release of  the y subunit. 

thus exposing the catalytic sites for cGMP. cGMP is rapidly 



hydrolysed by activated PDE. hence its intracellular concentration decreases 

dramatically. This provides the second stage of the amplification cascade (PDE can 

hydroiyse cGMP at a rate of up to 4000 molecules per second). cGMP is required to 

maintain the outer segment in a depolarised state by maintaining the flow of Na- and 

Ca- ions into the outer segment through cGMP-gated ion channels (CaM) (as reviewed 

by Rispoli. 1998). 

This influx of Na- and Ca-' ions along with an efflux of Ca-- and K- through a 

Na-: Ca*'. K* exchanger embedded in the cell membrane of the inner segment creates 

what is known as the dark current. The drop in the intracellular cGMP levels caused by 

hydrolysis through PDE leads to the closure of the cGMP-gated channels. and a 

subsequent decrease in flow of Na- and Ca* into the outer segment. Although fewer h'a- 

and Ca'- ions are entering the cell. the efflux of Ca'- and K* is maintained. This rapid 

decrease in intracellular ion concentration leads to the hyperpolarisation of the 

photoreceptor giving the rod an electrical potential more negative than 45mV. which in 

turn. causes the closure of voltage-gated L-type Ca' channels in the inner segment of the 

photoreceptor (Witkovsky et al.. 1997). Figure from Polans et al.. 1996. 
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glutamate and depolarise when they are no longer stimulated by glutamate. Due to this. 

the rod bipolar cells are also known as a depolarising bipolar cells or DBCs. When 

DBCs become depolarised. potassium ions are released into the extracelIular space and 

get taken up by Miiller cells which also become depolarised (Stockton and Slaughter. 

1989). This creates a transretinal electrical current that is believed to be responsible for a 

significant portion of the b-wave (Miller and Dowling. 1970). The visual signal is then 

transmitted to the brain through the ganglion cells and the optic nerve (as reviewed by 

(Sieving. 1993). The cone pathway. on the other hand. is more comp1c.u than the rod 

pathway. with connections to both depolarising and hyperpolarising cone-specific bipolar 

cells (DBC and HBC). However. as in the rod pathway. the DBCs form an O N  pathway 

kvith the cones that is thought to function in a similar manner to the rod ON pathway. 

Yet. exclusive to the cones the connection with the HBCs form the OFF pathway which 

provides the cone its specialised function (as reviewed by (Sieving. 1993). An 

understanding of this pathway will enable us to determine a potential role for the gene 

responsible for incomplete CSNB. 

Genetic Aspects of CSNB 

Generic heterogeneity 

CSNB was first localised to the short arm of the X-chromosome ( X p l l )  by 

demonstrating linkage to markers DXS7 (Gal et al., 1989); (Musarella et al., 1989) and 

DXS255 (Bech-Hansen et al.. 1990). CSNB was proven to be genetically heterogeneous 

(Bech-Hansen and Pearce, 1993): (Bergen et al.. 1995); (Boycott et al.. 1998). with 
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CSNBI localised to Xp11.4 and CSNB2 iocalised to Xpl1.23 (Figure 6) (Bech-Hansen et 

31.. 1998): (Boycott et al., 1998). In addition to X-linked CSNB. the genes for retinitis 

pigmentosa (RPZ) (Ott et al.. 1990). Aland Island eye disease (AIED) (Alitalo et al.. 

199 1 ): (Schwartz and Rosenberg. 199 1 ). and a host of other disease genes also localised 

to the pl  1 region of the X-chromosome (Figure 6). 

At one point the minimal regions for RP2. AIED and CSNBt overlapped and the 

possibility that these disorders were caused by mutations in the same gene arose. Recent 

evidence from the laboratory of Dr. Bech-Hansen has shown that incomplete CSNB and 

Aland Island eye disease are due to alterations in the same gene (Bech-Hansen et al.. 

unpublished data). whereas the recent identification of the RP2 gene demonstrated that a 

different gene was involved in retinitis pigmentosa (Figure 6) (Schwahn et al., 1998). 

The positionul candidare appr-ouch ro gene cloning 

A positional cloning strategy was carried out by the laboratory of Dr. Bech- 

Hansen in the search for CSNB2. Construction of haplotypes in families with incomplete 

CSNB localised CSNB2 to the region between markers DXS6849 and DXS8023 in 

Xpl 1.23 (Bech-Hansen et al., 19983). Analysis of a set of Mennonite families narrowed 

the minimal region for CSNB2 to 1.2 Mb of DNA between markers DXS722 and 

DXS255 (Boycott et al., 1998). 



Figure 6. Schematic diagram of the X-chromosome depicting the genetic heterogeneity 

of X-linked CSNB. CSNB l lies in the Xp l 1.4 region and CSNBZ lies within Xp 11-23. 

Loci for other retinal disease genes such as RP3. CODI. X-linked optic atrophy. Norrie 

disease. and RP2 also lie on the short arm o f  the X-chromosome. (HCon and Musareila. 

1994). 
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With this refinement of the minimal region. the next step was to identi@ candidate genes 

for CSNBZ. This approach called the positional candidate approach begins with 

positional mapping to define a minimal region and is followed by a search of databases 

for candidates (Collins. 1995). The candidates are chosen and prioritised based partially 

on their functionality as well as on their location (Collins, 1995). Function can be 

determined through identity with other genes in the databases or through the tissue source 

of the expressed gene. 

The availability of regional genes and expressed sequence tags (ESTs). combined 

with the DNA sequencing effort as part of the Human Genome Project. make candidate 

genes more easily accessible to researchers. This reduces the effort of finding novel 

transcripts and allows for direct characterisation and analysis of the available genes. 

Another technique that provides candidate genes is large-scale sequencing of a minimal 

region for a disease gene. Computer-based analysis of genomic sequence derived from 

such efforts can predict genes within extended DNA sequence. 

The Human Genome Project has focussed efforts of researchers and corporations 

worldwide on the sequencing of the entire human genome. High-throughput technotogies 

are accelerating this process by generating huge amounts of sequence for analysis. Many 

of the regions targeted for this type of sequencing. at least initially. are minimal regions 

for disease genes. Genomic sequence covering 900kb of the minimal region for CSNBZ 

in Xp 1 1.23 was done by large-scale DNA sequencing efforts in Jena (Germany) through 

the German Human Genome Project. This sequencing led to the identification of a set of 

genes in Xpl 1.23. thus providing us with a number of new candidate genes. Following 
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the positional candidate approach. these new genes were analysed for their potential 

function. One of the candidates that stood out was a gene predicted to encode a 

dihydropyridine-sensitive L-type calcium channel a,-subunit. Known for playing a role 

in synaptic transmission. a calcium channel gene seemed like a good candidate. 

Additionally. a calcium channel gene in Drosophilu was shown to be associated with 

electroretinographicalIy determined night blindness (Smith et al.. 1996). 

identification of the gene for incomplete C W B  

With the prioritisation of the new candidate genes mutation analysis was carried 

out. Systematic sequencing of f i e  genes was performed in affected individuals from 

fami lies with incomplete CSNB. The gene for the dihydropyridine sensitive L-type 

calcium channel a,-subunit (CAC.i:-IIF) was the first gene in which mutations were 

found (Bech-Hansen et al.. 1998). 

Comparative Mapping 

Comparative mapping is the comparison of the location of homologous genes 

between different species on their respective chromosomes. I t  is a useful strateg?, for 

identification of onhologous genes because it provides information regarding the location 

of these genes: hence their identity as a true orthologue can be confirmed. in the case of 

CSNB2. finding the mouse orthologue to C.4CNAIF would open the door for the study of 

this gene. its expression pattern and its function. which would prove difficult in the 
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human. Additionally. a mouse model for incomplete CSNB could be created with the 

orthologue of C.4CNAI F in hand. 

Throughout mammalian evolution. chromosomal rearrangement has led to great 

phenotypic diversity amongst mammals (Eppig and Nadeau. 1995 ). Despite this 

diversity. the conservation in chromosomal orpanisation is vast. suggesting a limited 

number of chromosomal rearrangements since the start of mammalian divergence. 

Approximately 150 such rearrangements have been estimated (Eppig and Nadeau. 1995). 

Comparative maps with these conserved chromosomal segments are being constructed 

for many species and due to the intensive mapping efforts in both species are most 

complete between mice and humans. 

There are five important applications of comparative mapping. Firstly. 

comparative maps can provide linkage information between different species. There is a 

tendency toward consewation of  close linkage during evoiution especially between 

mammals (Eppig and Nadeau. 1995). This linkage conservation allows the prediction of 

the location of a gene that has been mapped in one species. but not another. For example. 

the gene Eri-2. encoding a murine ecotropic viral integration site. is found between the 

genes Trp53 and Hoxb on mouse chromosome 1 1. Based on this information. the human 

homoiogue for EriZ. EI.72 was found in the same relative position between TRP53 and 

NO1irl? on human chromosome 1 7 ( Buchberg et a].. 1988). further demonstrating that 

linkage in one species can be used to determine linkage in another species. 

Secondly. by using this type of  linkage information. mapping of  disease genes in 

one species could lead to the identification of the orthologous gene in the other species. 
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To continue with the above example. upon identification of El712 in humans. this gene 

was considered a candidate for neurofibromatosis 1 (NFI ) because it was located 

between two NF 1 translocation breakpoints on chromosome 17 and had been implicated 

in the h a t i o n  of myeloid tumours ( Buchberg et al., 1988): (O'Connell et al.. 

199 1 1. Another example is the gene for Waardenburg syndrome. which maps to 

chromosome 2. This gene was identified based on the identification of the mouse Pur3 

eene responsible for the 'splotch mutation' in a region of mouse chromosome I showing 
C 

linkage conservation (Epstein et a!.. I99 1 ). 

A third application of comparative maps is the mapping of homologous markers. 

such as genes and ESTs. that could be used to build or add on to contigs in disease-gene 

minimal regions (Nadeau. 1989). These markers may also serve to identify the 

boundaries of the conserved linkages. 

Fourthly. comparative mapping could Iead to the identification of regions of 

homology to human genes in animals. which would allow for the study of complex 

disease traits and susceptibility genes. This is facilitated by the ability to control the 

environment and limit the genetic variability of Iaboratory animals (DeBry and Seldin. 

Finally. the chromosomal distribution of homologous genes among different 

species will point out evolutionary patterns (Eppig and Nadeau. 1995). 
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Definirion of Linkage and Synteny 

Linkage and synteny homologies define the distribution of homologous genes on 

the chromosomes and the degree of conservation between two species (Nadeau and 

Taylor. 1984). Homology is the degree of similarity between two gene sequences. A 

single gene that is homologous between two species. regardless of any other genes on the 

chromosome, represents a homology segment. Synteny requires two o r  more 

homologous genes on the same chromosome in more. Synteny is conserved when these 

syntenic genes occur on the same chromosome in two or more species regardless of gene 

order. Conserved linkage requires both synteny and conservation of  gene order between 

species (Nadeau. 1989) (Erhlich et al., 1997). 

Linkage and S_rlnleny Honrologies Bemeen Human and :C.lotrse 

The human and mouse genetic and physical maps are the most complete 

compared to other mammals. hence many of the evolutionary breakpoints between these 

two species have been defined. More than 1500 genes have been mapped in common 

m-ith both human and mouse genomes. Of these genes. over 250 map to the X- 

chromosome. 

Consented Linkage arrd Syi~t eny in Xp I 1.23 

Ohno's law states that interchromosomal rearrangements between the X 

chromosome and the autosomes are strongly selected against. hence the majority of the 

genes on the X chromosome have conserved synteny (as reviewed by (Nadeau. 1989). 
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Supporting this law. most of the X-chromosome has conserved synteny. although linkage 

is not as highly conserved due to intrachromosomal rearrangements within these regions. 

Given the extensive mapping o f  both mouse and human X chromosome markers and 

genes. most of the evolutionary breakpoints on the X between these two species have - 
been defined (as reviewed by (DeBry and Seldin. 1996). 

Comparative mapping of the proximal region of the short arm of  the human X- 

chromosome on the mouse X-chromosome shows that an evolutionary breakpoint occurs 

within Xpll .23 .  but not within the minimal region for CSNBZ. Pedigree analysis has 

determined that there is conserved linkage of the mouse homologues of the genes 

G.4 T.4 I .  TFE3. SYP.  and CLCN5. These genes lie within a subchromosomal block 

between the two evolutionary breakpoints within Xp11.23 (Figure 7) (Blair et al.. 1995). 

Because the Linkage of these genes is conserved and C.4CN.4 I F lies 5kb away from S W .  

we ~vould expect to find the mouse orthologue of CAC:VA IF. Cacnalf: near S?p on the 

mouse X-chromosome (Figure 7). 

Expression studies in the mouse 

Upon discovery of a gene. the first question asked is "what does this gene do?". 

In order to begin to elucidate the function of a gene. it is important to know in which 

tissue the gene is expressed. Knowing the cellular expression within that tissue would 

provide even more information with regard to function. Expression studies in the mouse 

can provide this information. The conserved linkage within the minimal region for 



Figure 7. A comparative map of the proximal human X-chromosome shon arm showing 

evolutionary breakpoints distal to Gaial and proximal to ClcnS in the mouse. This 

segment o f  the chromosome contains the mouse equivalent of Xpl 1.23 with conserved 

synteny. (Blair et al.. 1995) 
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CSNBZ. as described in the previous section. suggests that there is a mouse gene that is 

orthologous to CACIVA IF. therefore can be used in these studies. 

Several methods of determining the expression patterns of a gene include RT- 

PCR. RNase protection. Northern blotting. and in sirtr hy bridisat ion. In sirtr 

hybridisation. in which RNA is hybridised to a thin section of fixed tissue. can provide 

cellular resolution within that tissue (the retina in this case). whereas RT-PCR. RNase 

protection. and Northern blot analysis require the purification of RNA and are limited by 

the types of cells that can be isolated. Usually. the RNA comes from whole tissues 

(representing an entire structure) rather than from specific cell-types. In the study of 

gene expression in the retina. it would be very difficult to isolate retinal cells from 

surrounding eye cells. RT-PCR is an extremely sensitive technique for studying gene 

expression which may detect traces of RNA from contaminating cell-types and may even 

detect illegitimate transcription. Hence this method has the potential for providing 

misleading information with regard to the level of expression. In sitir hybridisation 

provides a more realistic view of expression. Specific information on the location of  

gene expression derived from retinal in sirlc hybridisation in the mouse can be used to 

elicit functional information. Additionally. it is relatively easy to recruit the necessan 

tissues from the mouse. A potential limitation to using only i n  sir11 hybridisation in the 

mouse is that expression in some tissues may be missed. Northern blot analysis would 

allow for the confirmation of the average transcript size. detection of espression in other 

tissues. and quantitation of transcripts. 



32 
The mouse as a model for retinal disorders 

The mouse retina contains the same major cell populations as seen in the human 

retina. though it has long been known that mice have a much greater percentage of rod 

photoreceptors compared to cone photoreceptors in their retinas (as reviewed by 

(tyubarsky et al.. 1999). In a recent study. Jeon et al. ( 1998) performed a quantitative 

analysis of the photoreceptors and other major cell populations in the mouse retina. 

Interestingly. they found the distribution of cones in the mouse retina to be similar to that 

in the human retina. approximately 12.400 cells/mm'.with a region of higher density 

located 600 um from the optic nerve head. One major difference between the mouse and 

human retina lies in the density of the rod photoreceptors. Primate photoreceptor density 

is approximate1 y 1 00.000 cells/mm2. whereas mouse photoreceptor density is more than 

400.000 cellslmm' (Jeon et al.. 1998). Jeon et al. (1998) also state that the bipolar. 

horizontal. Miiller and amacrine cells between different mammalian species are very 

similar and are present in comparable ratios. This group also found that the density of 

these cells was much greater in the mouse than in the rabbit (Jeon et al.. 1998). 

Due to the similarity between human and mouse retina and retinal specific genes. 

the study of the mouse has been imperative to the understanding of the underlying 

mechanisms of retinal disorders as well as the mechanisms of normal vision. Some of the 

mouse models that have already been studied and have provided much information 

regarding human retinal diseases include the rd (retinal degeneration) mouse (Bowes et 

al., 1990) and the rds (retinal degeneration slow) mouse (Travis and Hcpler. 1993). 

These mice carry mutations in the P-subunit of the phosphodiesterase gene (Pdeb) and 
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the peripherin gene (PrphZ). respectively. More recently. rhodopsin knockout mice have 

been created for the study o f  retinitis pigmentosa. and have been used to demonstrate the 

defect that might occur in the absence of rhodopsin in humans (Humphries et al., 1997). 

The mouse has even been used to demonstrate cone-driven responses. which further 

validates the mouse as a model for retinal disorders (Ly ubarsky et al., 1999). 

Another potential use of the mouse model is the study of modifying factors in 

disease. which are gaining importance in the understanding of many diseases. As stated 

earlier. patients with incomplete CSNB have a range of  phenotypes. and variation is seen 

within a single family (Bech-Hansen et al.. 1998). This is suggestive of  the action of 

modieing genes. Mouse models would allow the study o f  the role of CSNB2 in different 

genetic backgrounds. 

What makes the generation of  the mouse model even more feasible are the 

advances in transgenics. Conventional transgenics involves injection of multiple copies 

of a normal or mutant gene into the male pronucleus o f  the zygote and relies on the gene 

getting integrated into the host chromosome (as reviewed by (Reeves. 1998). Targeted 

homologous recombination is a more direct approach to altering a specific gene. and can 

knock a gene out resulting in a nu11 mutant. Phenotype rescue experiments or  

overexpression studies can be performed on these mice to test for gene function. 

Targeting vectors are now being designed for site-specific recombination and can be used 

to incorporate specific mutations. knock a gene out. or  add a gene to the chromosome. 

Targeted disruption was used to knock out the rhodopsin gene for the study of retinitis 

pigmentosa (Humphries et al.. 1997). 
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The Internet as a Resource 

In  the analysis of much of the data produced in a genetics laboratory. the 

intemet has proven to be an invaluable resource. Due to the global nature of the Human 

Genome Project. many databases have been formed and made available through the 

intemet. In addition to access to databases. programs that allow analysis of sequence 

information are available through the internet. For example. genes cm be predicted from 

genomic sequence. open reading frames and amino acid sequence can be predicted from 

cDNA sequence. and secondary structure of proteins can be predicted based on amino 

acid sequence (see Table 1 for a list of websites used in analysis). Additionally. sequence 

similarity searches can be performed using BLAST (Basic Local Alignment Search Tool) 

(Table 1 )  to identi& clones with homology to the cDNA or amino acid sequence of 

interest (see 'General Materials and Methods'). 

Summary 

Upon discovery of the first few mutations in CACXAIF in affected members of 

families in which CSNBZ segregates. i t  was necessary to begin the characterisation of 

this gene. The objectives proposed in this thesis were designed to carry out this goal of 

the characterisation of CACNAIF. The initial objective was to determine the genomic 

structure of this gene by defining the boundaries between the introns and the exons. 

including variably expressed exons. The second objective was to identify the mouse 

orthologue of CACNAI F and determine its cDNA sequence. thus opening the door for the 
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study of incomplete CSNB in a model organism. The third objective of this thesis was to 

determine expression pattern of C A  CN.4 IF. information regarding the localisation of 

expression of CACh'A I F will provide insight into the molecular mechanisms of the visual 

pathway that are affected in patients with incomplete CSNB. 



CHAPTER 2 - MATERIALS AND METHODS 

General materials and methods 

PCR condifions 

PCR was carried out on the MJR DNA Engine (Model#PTCZOO. 

Serial#AL006171). The TNK buffer system (Blanchard et al.. 1993) was used for the 

reactions. One hundred ng of template DNA was used in a 25 uL reaction containing 10 

rnM Tris-HCI (pH8.3). 1.5 mM MgC12. 5 mM NHqCI. 100 mM KC1 (TNKIOO). 0.4 uM 

of each primer. 100 uM each of dATP. dCTP. dTTP. and dGTP. and 0.5 U Taq DNA 

Polymerase (GIBCO/BRL). The reactions were run for 35 cycles of 94OC for 30 seconds. 

5j°C or 60°C for 45 seconds. and 72OC for 45 seconds. preceded by an initial 

denaturation step at 94OC for 7 min. and followed by a final extension step at 72OC for 7 

min. 

Analysis of PCR prodzrc fs  bjg gel eiec frophoresis 

PCR products were anaIysed on an agarose gel (0.5-1.5%) by electrophoresis. 

with 1X TAE (39 m M  Tris, 20 mM acetic acid. 10 mM EDTA) as the buffer system. 

Loading dye was added to each sample for a final concentration of 5% glycerol and 

0.035% Orange G. The samples were electrophoresed at a current of 8 mA per cm of gel 

for 30 min. The gels were stained with 0.5 ug ethidium bromide per mL of gel (added 

prior to casting). The products were visuaiised on an ultraviolet transilluminator set on 

302 nrn and were photographed with Polaroid Polapan 667 type film using a red filter. 
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Isoiuf ion of DNA fragments j'i-om agarose gels 

PCR products and restriction fragments were excised from the agarose gel with a 

scalpel and placed in a 1.5 mL centrifuge tube. Each gel slice was then solubilised at 

50°C for 10 min. in three volumes of Buffer QG. from the QIAquick Gel Extraction Kit 

by QIAGEN@. One gel volume of isopropanol was added and the sample was applied to 

the QIAquick column and centrifuged at >10.000 x g for one minute. The bound DNA 

was washed with Buffer PE and dried by centrifugation (same conditions as in previous 

step). The DNA products were then eluted from the QIAquick columns with 30 to 50 uL 

Buffer EB (1 OmM Tris-C1. pH8.5) by centrifugation. and stored at 4OC. 

Qzranritarion of Oligonucleoride Primers 

To quantitate the primers. spectrophotometric readings were taken at wavelengths 

of 260 nm and 280 nm. The reading at 260 nm can be used to determine the DNA 

concentration: and the ratio between the 260 nm and 280 nm readings can be used to 

estimate the purity of the oligonucleotide. An optical density (OD) of 1 at 260 nm was 

taken to represent 30 u@mI for the calculation of primer concentration and a A ~ ~ o / A ~ H o  

ratio of 1.8 signifies a pure preparation of DNA. Primers were diluted 40 times and the 

OD was measured at either 260 nm and 280 nm or just 260 nm on a Beckman DU@-65 

spectrophotometer. Primers were synthesized on the Oligo 1000 DNA Synthesizer 

(serial"o070333. Beckman). Following their synthesis. the primers were cleaved from 

the synthesis columns using the Beckman DNA Witrafast Cleavage and Deprotection Kit. 

The primers were dried in the Savant Speed Vac concentrator (Model#SVCIOOH. 

Serial#84- 10 15- 1 15). The first twenty oligonucleotides that were synthesized and 
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cleaved were very pure. with an A260/A280 ratio of approximately 1.8. Subsequent 

primers were assumed to be of good purity and the OD was measured only for A260 to 

quantitate the primers. 

Restrict ion endonuclease digestion 

Restriction digests were performed using 1-4 units of enzyme per ug of DNA. 

The reaction volumes were either 10 uL. containing 1 ug of DNA (for visual analysis) or 

50 uL. containing 25 ug of DNA (for purification of linearised products). Enzymes were 

purchased from either GIBCO-BRL or Boehringer-Mannheim. The buffer recommended 

by the manufacturer was used (normally one-tenth of the total reaction volume) and the 

reactions were brought to volume with sterile double-distilled H10. Incubations were 

carried out over 3 hours to overnight at 37OC. The products were either analysed on 

agarose gel (as described above) or purified for further use with the Qiagen gel 

purification kit (see 'Synthesis of riboprobes' section). 

Sma f !-scale plasmid preparcrr ion 

Single bacterial colonies were picked with a sterile toothpick and used to 

inoculate 5 mL of LB medium supplemented with 50 u@mL ampicillin. The cultures 

were incubated shaking at 225-300 rpm for 16 hrs at 37°C. The following day 1.5 mL of 

culture was added to a 1.5 mL centrifuge tube and the cells were pelleted by 

centrifugation at >10,000 x g for one minute. The supernatant was discarded and the 

pellet was resuspended in 200 uL GET (50 mM glucose, 10 mM EDTA. 25 m M  Tris-HCI 

pH7.5) containing 250 ug/mL boiled RNase A. 400 uL of freshly-made lysis solution 
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(0.2 M NaOH. I%SDS) was then added and the tube was gently inverted to mix the 

solutions. After four min. of incubation on ice, 300 uL of 7.5 M ammonium acetate 

(pH7.8) was added. the contents were mixed by inverting the tube and the sample was 

incubated on ice for 10 min. The precipitate was pelleted by centrifugation at >10.000 x 

e for 10 min. The supernatant was then transferred to a new micro-centrifuge tube 
C 

containing 500 uL cold isopropanol. The samples were then vortexed and placed at 

-20°C from 30 min. to overnight. The DNA precipitate was pelleted by centrifiigation for 

10 rnin. at >10.000 s g. The supernatant was then decanted and the pellet was washed 

with 70% EtOH and the sample was centrifuged again for 2 min. The pellet was air-dried 

and resuspended in 50 uL sterile double-distilled H20. 

Sma f l-scale B.4 C preparation 

Single bacterial colonies were cultured as described for the plasmid preparation 

(previous section). except the media was supplemented with 20 ug/mL chioramphenicol. 

In order to collect the cells. the cultures were centrifuged at 3.000 rpm in a ~onrall@ 

model T6000B centrifuge (DuPont) for 10 min. The supernatant was decanted and the 

cell pellet was resuspended in 300 uL of PI solution (15 mM Tris. pH8.O: 10 mM EDTA. 

100 ug RNase A) and transferred to 1.5 mL centrifuge tubes. Next. 300 uL of lysis buffer 

(0.2 M NaOH. l%SDS) was added and the contents were gently mixed and allowed to sit 

at room temperature for 5 min. until the mixture changed from turbid to translucent. 300 

uL 3M potassium acetate (pH5.5) w a s  then added and the tubes were vortexed in the 

inverted position and incubated on ice for 5 min. The samples were centrifuged at 

>10.000 x g for 10 min. and the DNA was precipitated as described for the plasmid 
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preparation (previous section). The DNA was resuspended by adding 30 uL sterile 

double-distilled HrO without pipeting the sample in order to avoid shearing the DNA. 

DNA sequencing 

All sequencing was performed using Thenno Sequenase radiolabeled terminator 

cycte sequencing kit (Product 879750 Arnersham Life Science. Inc.). 50-500 ng of DNA 

was added to a master mix containing 2.5 pmol primer. and I units of polymerase in 2.6 

mM Tris-HCI. pH9.5. and 6.5 m M  MgC12. This reaction mix was divided into four 

tubes. each containing termination mix with [ a - ' ) ~ ] d d h ' ~ ~  (G. A. T. or C). The samples 

were overlayed with mineral oil. The sequencing reaction was carried out on a Perkin- 

Elmer Thennocycler 480 using the following specific parameters: 45 cycles of 94°C for 

30s. 55°C for 30s. and 72°C for 1 min. Upon completion of the sequencing reaction. 4 uL 

of stop solution was added to each reaction tube. The samples were then heated to 70°C 

for 2-1 0 min and 4 uL of each sample was loaded onto an acrylarnide sequencing gel. 

.-I crylurnide gel electrophoresis 

All sequencing reactions were electrophoresed on 3 1.0 cm x 38.5 cm denaturing 

polyacrylarnide gels using a model S2 apparatus (GIBCO/BRL). The acrylarnide gels 

consisted of 8 M urea. 1X TBE. and 6% acrylamide (from a 40% acry1amide:bis- 

acrylamide ( 3 8 2 )  stock solution). The urea was dissolved in the acrylamide over low 

heat and the solution was subsequently filtered through a Nalgene sterilization filter unit 

with a 0.2 urn cellulose nitrate membrane. 
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For each gel 60 mL of acrylamide was used to which 500 uL of a fresh 10% 

solution of ammonium persulfate to a final concentration of 0.1% with 0.032% v/v 

TEMED was added to initiate the cross-linking process. Each geI was cast between clean 

glass plates separated by 0.4 rnm spacers and a 49-well sharkstooth comb was inserted 

between the plates at the top of the gel prior to solidification of the gel. The gels were 

run at 70 W for 1.5 hours for the initial read. and 6 hours to read the extended sequence. 

The gel was transferred to 3MM Whatman filter paper and dried under vacuum at 80°C 

for 20 min. on a Bio-Rad model 483 slab drier. The dried gels were exposed to Kodak 

~ i o ~ a x T M  MR film at room temperature for one to five days prior to developing in a 

Fugi RGII X-ray developer. 

RNA isolation 

RNA was isolated from mouse eyes and brain. 12.5 day mouse embryo RNA was 

kindly provided by Dr. Susan Rancourt (Calgary). The RNA was extracted using the 

TRIZOL' RNA extraction reagent (GIBCO/BRL). The tissue was dissected from a CDl 

mouse shortly after the mouse was sacrificed by cervical dislocation. The tissue was 

immediately weighed and the TRIZOL' was added. 1mL of TRIZOL~ was added for 

every 150 mg of tissue. The tissue was homogenised using an Ultra-Turmrc TZ5 tissue 

homogenizer (Janke and Kunkel IKA Labortechnik). The samples were centrifuged for 5 

min. at 4OC and 12. 000 x g to remove the large tissue pieces. The liquid was transferred 

to a new tube. 200 uL of chloroform was added. and the tube was shaken for 15 seconds. 

The sample was incubated at room temperature for 2-3 min. then spun in the 

microcentrifuge for 15 min. at 4OC and 12, 000 x g. The aqueous layer was then 
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transferred to a new tube and 600 uL of isopropanol was added to precipitate the RNA. 

The sample was incubated at room temperature for 10 min. then centrifuged for 10 min. 

at 4OC and 12. 000 x g. The supernatant was poured off and the RNA was washed with 

70% EtOH and the sample was centrifuged again for 2 rnin. The ethanol was removed 

and the pellet was air-dried. The pellet was resuspended in 200 uL HzO. 5uL of the 

sample was run on a I %  agarose TAE gel and appeared to have residual DNA in the 

preparation. therefore 20 uL of React 3 from Gibco BRL was added. followed by 5 uL of 

RNase-free DNase. The sample was incubated at 37°C for 30 min.. then the RNA was 

precipitated as described above. The RNA was finally resuspended in 100 uL of HzO. 

Determination of CACNA IF  genomic structure 

Design and  synthesis of prin~ers 

Oligonucleotide primers were designed using either Primer3 or Primers! software 

(see Table 1 for website address). The primers were synthesised. cleaved. resuspended. 

and quantitated as described in the 'General Materials and Methods' section. The primers 

were then diluted to a 3 uM concentration for use in PCR reactions. 

PCR AmpliJication of CACA!.l I F p o m  cDNAs represenring vario~is risstces 

Based on the GENSCAN-predicted introdexon boundaries. primers were 

designed within the exons to yield products spanning several exons. To define the 

intron/e.uon boundaries in the genomic sequence of C.4 CNA IF (also originally referred to 

as JMC8 and previously as JM8). the sequence of the cDNA had first to be determined. 

To establish this sequence. primer sets were based on the predicted cDNA sequence. The 
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primer sets were designed to yield overlapping PCR products. each spanning several 

exons. in the effort to cover the whole cDNA sequence (see Table 2 for a list o f  the 

primers). The synthesized primer sets were used to ampli@ cDNA. initially from a panel 

of cDNA sets or libraries which included cDNA synthesized from mouse RNA extracted 

from eye. brain. and 12.5 day embryo (Table 3). or just the JNR cDNA library and human 

retinal cDNA (HRET). RNA was extracted using TRIzol as described in -General 

Materials and Methods'. The human retinal cDNA. kindly provided to us by Robert 

Winkfein (Calgary). was prepared from total RNA using random hexamers. PCR was 

carried out as  described in 'General Materials and Methods'- The PCR products were 

sequenced following the protocol outlined in 'General Materials and Methods'. The start 

site at the 5' end of the cDNA was based on the predicted start site. which has been 

confirmed by 5' RACE by a group in Germany (Strom et al.. 1998). The sequence of the 

3.  end of the cDNA was based on the sequence of a partial cDNA clone of CclCXAIF. 

Table 3 - DNA panel for amplification of JMC8 
Name of sample Description 
FRET random-primed cDNA library in h zap 
JNR random-primed cDNA library in h zap 
FBRA random-primed cDNA library in h zap 
human genome genomic DNA 
mouse brain cDNA random-primed cDNA 
mouse eye cDNA random-primed cDNA 
mouse embryo (e 1 2.5)cDNA random-primed cDNA 
HRET cDNA random-primed cDNA 

.4 nahsis of PCR proditc 1s 

PCR products were analysed by gel electrophoresis on an agarose TAE gel as 

described in 'General Materials and Methods'. The products that appeared to be of  the 
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expected size were isolated from the gel and sequenced with the forward and reverse 

primers used in the amplification of the products (see 'General Materials and Methods'). 

To sequence the entire length of the PCR products. it was necessary to design extra 

primers (Table 4). 

Table 4 - Human Sequencing primers 
Primer name Primer Sequence 
JMSEx3Fcod gtggagacggtgctcaagat 
JM8Ex2Fcod acatcctcatcctgctgacc 
JMSEx3Rcod agtcgagtaggttccagcca 
JM8Ex2Rcod cagtgttggagtcgtcctca 
JM8Ex24Fcod ccatctcggtggtgaagatt 
JMSEx35IIFcod caccagagattggtccatcc 
JMSEx38Rcod ggggatgacctcatctagca 
JMSEs38Fcod tgcggattgtcatcaaaaag 
JMSEx44Fcod catazaagagllgca€t 
JMC8Ex44/4SFcod tppaggctptgcttatctca 

PCR-based expression analysis of C:-IC,\A I F  

Clonrech cDN.4 Panel 

Tissue expression of the W ClV.4 IF gene was assessed by PCR amplification of a 

QUICK-Screen Human cDNA Library panel (Clontech) using primers from exons 24 and 

33 which amplify a 1060 bp product (see Table 2 for primer sequence). PCR was 

performed as described in the 'General Materials and Methods' section with an annealing 

temperature of 55°C. The ubiquitously espressed EST. JRL4A 1. (Boycott and Bech- 

Hansen. unpublished data) defined by the primers F-TTTCTCTCTGTCTACCTTGT: R- 

CTGCGGGCTCCCTTACTACTG. was used as an amplification control. 
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Identification and isolation of the mouse orthologue of CACU I F  (Cacnalfi 

PCR-ampIificurion zising hrlrnon primers 

Mouse cDNA reverse-transcribed from RNA extracted from mouse eye. brain. 

and 12.5 day whole embryo was included in the panel of DNA used in the amplification 

of human C,4ChL4 IF. The initial segment of the mouse orthologue of CAChr.4 1F was 

obtained from the amplification of this panel with human primers JM8Ex20Fcod and 

JMgEsZSRcod (see Table 2 for primer sequence). Alt other human primer sets were 

subsequently used to attempt to amplify segments of the mouse orthologue (Table 2). 

Upon determination of the sequence of these segments. mouse sequence-specific 

primer sets. whose products covered exons 15-21. 32-38 and 38-42. were designed. 

These primer sets were used to amplify the remaining orthologous sequence. apart from 

the 5 -  and 3' ends (Table 5 ) .  All PCR amplifications were carried out as described in 

'General Materials and Methods'. 

Seqliencing of Cacnnl f PCR products 

To determine if PCR products amplified from the mouse cDNA were indeed part of the 

orthologous gene. the products were gel-isolated and sequenced as described in 'General 

Materials and Methods'. The sequencing was carried out using the primers used to 

amplifj the PCR products. When sequencing from the PCR primers did not cover the 

entire PCR product. new mouse-specific primers were designed (Table 6). 





Table 6 - Mouse Sequencing Primers 
Primer name Primer Sequence 
mJMSEx20F2 actcaagatgacagtgtttg 
mJM8Ex28R.2 cctggtttccagcactgtgt 
mJMC8Ex6- I O(F2) actgaaccataccgagtgcc 
mJMC8Ex6- I O ( R 2 )  tcagcctgtgtgatccagtc 
mJMCSExt0-1 S(F2) atgaaaacaaggatctgccg 
rnJMC8Ex 10-1 j ( R 2 )  gagacgtacacatcggagca 
mJMC8Ex38-46F2 acacaggagaagctctgg 
mJMC8Ex38-46F3 cacctcactggtccapca 

5'and 3'RACE of Cacnaif 

To determine the 5' and 3' sequences of Cacnalf: rapid amplification of  cDNA 

ends (RACE) was performed using the CLONTECH Marathon cDNA Amplification Kit. 

Before the RACE reactions could be performed. double-stranded cDNA had to be 

synthesized and subsequently tagged on both ends with the Marathon Adaptor. Total 

RNA was extracted from mouse eyes following the procedure outlined in -General 

Materials and Methods' and used to isolate polyA+ RNA. Double-stranded cDNA was 

synthesized. blunt-ended. and the Marathon Adaptor was ligated to the ends of the cDNA 

(see Figure 8). A radioactive tracer. a"~-~CTP.  was added to the cDNA synthesis 

reaction. Gel electrophoresis of the mouse eye cDNA and the control placental cDNA 

followed by exposure to film demonstrated sufficient quantities of mouse eye cDNA to 

c a m  out the ligation of the adaptors. 

Two sets o f  primers specific for the 5' and 3' ends of Cacnalf cDNA were 

designed (Table 7). These sets included a primer that lay closer to each end of the cDNA 

for nested amplification. These primers were designed according to the specifications 

outlined in the CLONTECH manual for touchdown PCR: each are between 23 and 28 



Figure 8. Marathon cDNA adaptor and primer sequences. The Marathon cDNA 

synthesis primer was used to synthesize oIigo-dT cDNA and has an EcoM and a Not1 

restriction site incorporated into an additional 20 bp at the 5' end. The Marathon cDNA 

Adaptor was linked to both ends of the blunt-ended cDNAs. Adaptor Primer 1 (AP I ) and 

Nested Adaptor Primer 2 (AP2) were used with gene specific primers (GSPs) to amplify 

specific sequences from the adaptor-ligated cDNA. The RACE TFR Primers were used 

on control DNA as a positive touch-down PCR reaction. 



Marathon cDNA Adapbr: 

T7 Promoter Notl 
Scf I/Xrnol 

/ \ 
I \ 

I \ 
/ 8 

Adaptor primer 1 (API: 27-mer): 
\ 

8 
\ 
8 

5'- CC ATCCTAATACG ACTCACTATAGGGC-3' =, 
Nested Adaplor Primr 2 (AP2; 23mer): 
5'- ACTCACTATAGGGCTCGAGCGGC- 3' 

Marathon cONA Synthesis Primer (52-mer): 

N-,=G.A. or C. N=G,A.C, or T 
Degenerate nucieotides anchor 
primer at base of poly-A tail 

S'-RACE TFR Rimer (24-mer): 

5'-GTCAATGTCCCAAACGTCACCAGAS ' 

3 ' -RACE TFR Primer (2s me r): 

5 ' -ATTTmTmGAGAAAACAGACAGA-3  ' 
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bases in length. each have a GC content o f  between 50 and 70%. and the Tm of each is 

greater than 65°C. 

Cornptrter analysis of Cacnu I f 

As each segment of Cucnulf DNA was anafysed. its sequence was typed into the 

computer and compared with the C;lCAr-4 I F  sequence by aligning the two sequences. 

The program ALIGN found on the internet (Table 1) was used to perform the comparison 

and show the degree of homology between the sequences. The program BLAST (Table 

1 )  was also used for similarity searches to ident ie  any hornologues and to ensure the 

sequence was novel. 

Analysis of expression Cacnaff in mouse retina using in sirzr hybridisation 

Szrbcloning of mozrse JibfC8fFugmenrs 

Several fragments of Cacncrif ivere subcloned in order to synthesize riboprobes 

representing those fragments. The fragments. subcloned for mouse retinal in sirzr 

hybridisation. spanned exons 15 to 2 1 and 40 to 48 (Table 5). PCR products were diluted 

to a concentration of  approximately 10 ng/uL and 2 to 4 uL was used in the ligation 

reaction. The Invitrogen TOP0 TA Cloning Kit (Version D) with the pCRII-TOP0 

vector ivas used for subcloning the fragments. The PCRII-TOP0 vector has both T7 and 

SP6 ribosome binding sites enabling transcription of both sense and anti-sense riboprobes 

from the same vector. 
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Synrhesis of riboprobes 

The subclones were Iinearised with either BarnHI or Spel to be used for ri boprobe 

synthesis with T7 RNA PoIymerase; and ~Clorl. ,Ybal, or ,Yhol to be used with SP6 m T A  

Polymerase. Each digestion reaction was then treated with 1 ug of protease (from the 

Qiagen DNA extraction kit) at 37OC for 30 min. The plasmids were then 

phenol/chloroform extracted followed by precipitation with one-tenth volume 3 M 

sodium acetate and 2 volumes isopropanol. Approximately 5 ug of each plasmid was 

added to each riboprobe synthesis reaction with a final concentration of each of the 

following: 10 mM DTT. 0.5 m M  NTPs (including DIG-labeled UTP). 50-100 units of 

RNA polymerase. 40 mM Tris-HCI (pH8.O). 25 mM NaCI, 8 m M  MgCl2. Z mM 

spermidine-(HCl)3. The reactions were carried out at 37OC for 2. hours followed by a 20 

minute digestion in 10 units of RNase-free-DNaseI at 37OC. The probes were then 

phenollchloro form extracted and precipitated as described above. The probes were 

resuspended in 50 to 100 uL of H,O. 

Fixing. em bedding. and secr ioning q f mo use ejvs 

Mouse eyes were removed from sacrificed mice with forceps. The eyes were 

placed in 4% paraformaldehyde PBS at 4°C and fixed overnight on a rotating platform. 

The following day the eyes were dehydrated by first washing in PBS then through an 

ethanol1PBS concentration series (25%. 50%. 75% and 100% ethanol). The eyes were 

then hemisected and kept in the freezer or embedded. Embedding of the eyes was done 

by washing once in 100% xylenes. two times in 50% xylenes/50% paraffin at 60°C. and 

two times in 100% paraffin under vacuum at 60°C. The eyes were then positioned in the 
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bottom of a sectioning block cup. covered in paraffin. and cooled overnight. The 

following day the eyes were cut into 5 urn sections using a Reichert-Jung I130/Biocut 

microtome. mounted on Superfrost-Plus microscope slides. and dried at least two days 

prior to use. The slides were stored at room temperature. 

In sit tc h_vbridr'sarian 

The in sirti hybridisation was carried out on mouse retinal sections using the 

riboprobes synthesized from the vectors containing the exon 15-21 and 4 0 4 8  regions of 

Cacna If: 

Prehybridisation: The wax was removed from the sections with two chloroform 

washes followed by two ethanol washes. The sections were then rehydrated in an 

ethanol/PBS series (95%. 90%. 80%. 70%. 50%. 30% EtOH) for 2 min. each. fixed in 4% 

paraformaldehyde in PBS for 30 min.. treated with 10 ug/ml proteinase K (in 20 m M  

Tris. I mM EDTA. pH7.2). and refixed in 4% paraformaldehyde in PBS for 30 min. The 

sections were washed in 1 X PBS between each step after the rehydration. The sections 

were washed for 2 minutes twice in 2X SSC then incubated twice for 15 min. each in 1 X 

Tris/Glycine. 

Hybridisation: The slides were removed from the TridGlycine-buffer and excess 

liquid was removed. Hybridisation solution was made containing 50% formamide 

(deionized). I .3X SSC. 5 mM EDTA. -5% CHAPS. 100 uM Heparin. and 0.2% Tween 

20. The DIG-labeled riboprobe was added to the hybridisation solution to yield a 1/10 

dilution. heated to 60°C and 20 uL was added to the sections. which were then covered 
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with ParafiIm. The sections were placed in airtight containers lined with 2X SSC-soaked 

paper towels and incubated at 60°C overnight. 

Washing: After hybridisation the slides were washed three times for twenty min. 

each time in 5X SSC at room temperature. The slides were then transferred to a solution 

of 0.5X SSC and 20% formamide. preheated to 60°C. This solution was changed once 

and allowed to cool to 37OC in a water bath. RNase treatment was carried out at 37°C for 

30 min. in pretvarmed NTE with 10 ugh1 RNase A. Prior to and proceeding Rnase 

treatment the sections were soaked in NTE. prewarmed for 15 min. at 37" C. After 

RNase treatment, the sections were washed in the 0.5X SSC/20% formarnide solution at 

60°C. then at room temperature for 30 min. in 2X SSC. 

Anti body conjugation: The sections were preblocked in 1 % blocking reagent in 

MABT for one hour at room temperature. The blocking solution was replaced with 

blocking solution containing a 1:5000 dilution of the Anti-DIG antibody AP and the 

slides Xvere placed at 4OC overnight. 

Antibody detection: The slides were washed four times for 10 min. each in 1X 

TBST at room temperature and once for 20 min.. and then washed three times for 10 min. 

each in NTMT with 2 mh4 levimasole. to prevent endogenous alkaline phosphatase 

activity, in the last wash. The colour reaction was started by adding 2% NBT/BCIP in 

MAB for 1-5 days. When the colour appeared in the sections. the reaction was stopped 

by washing the slides twice in NTMT for 15 min.. followed by a 10 minute wash in PBS. 

The slides were mounted with an aqueous mounting solution with a glass coverslip. 
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Photography: Sections were photographed with a bright-field microscope using 

Kodak Ektachrome 160 Tungsten film that was developed with a Kodak Q-lab 

developing system. 

Mapping of Caozalf to the mouse X-chromosome 

The mouse primer set whose PCR product covers exons 40 to 48 was used to 

amplify a segment of Cacnalf to be used as a probe for screening of a mouse BAC 

library. The probe was sent to the MRC Genome Resource Facility (Department of  

Genetics. The Hospital for Sick Children. Toronto. Ontario) where it was used to screen 

the RPCI-22 ( 1 291SvEvTACBr) Mouse BAC Library. Clone 3341 19 was identified and 

upon receipt was streaked out onto an LB plate with 20 u@mL chloramphenicol. Three 

single colonies were picked and used to inoculate 5 rnL LB (20 u@mL chloramphenicol) 

and grown at 37OC overnight. Additionally. one tube with 5 mL LB/chloramphenicol 

was inoculated with multiple colonies picked off the plate by 'sweepingg the sterile loop 

through the area of the plate with densely packed colonies. The following day 850 uL of  

each grown culture was added to 150 uL sterile glycerol. mixed and frozen at -80°C. The 

DNA was isolated from the remainder of the BAC cultures as described in 'General 

Materials and Methods'. 



CHAPTER 3 - RESULTS 

Following the positioning of the CSNB2 locus in the pl1.23 region of the human 

X-chromosome (Bech-Hansen et ai.. 1998a); (Boycott et ai.. 1998) and the construction 

of physical maps of the CSNBl minimal region (Boycott et al.. 1998a): (Strom et al.. 

1998). DNA sequencing of  overlapping cosmid clones covering this region was 

undertaken as part of the German Human Genome Project (see Table 1 for website 

address). This led to the identification of numerous genes. some of which represented 

candidates for the gene for incomplete CSNB (CSNB2). Mutation analysis of SYP. JM4. 

JM9. JM8. and KATl led to the identification of mutations only in the JM8 gene of 

patients with incomplete CSNB (Bech-Hansen et a1 .. 1 998). BLAST analysis indicated 

that the JM8 gene corresponded to a novel L-type voltage-gated calcium channel a,- 

subunit. The 3' end of this gene was identified upon the genomic sequencing around the 

synaptophysin gene (Fisher et al.. 1997). 

The original genomic organisation of the JM8 gene (CACAQ I F )  was predicted by 

a GENSCAN analysis. GENSCAN is a web-based exon prediction program (see Table 1 

for website address). 46 exons were predicted to be expressed from the genomic 

sequence. Although the prediction of the exons provided valuable information o n  which 

mutation analysis was originally based. the actual boundaries of the esons expressed in 

the retina needed to be established. 
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Determining the boundaries between the introns and exons 

To define the boundaries between the introns and exons in the genomic sequence 

of CACiVA IF. amplification and sequencing o f  CACNA IF from retinal cDNA was 

carried out. The amplification products from each set o f  primers overlapped each other 

by at least 20 bp. These products covered the length o f  the cDNA except for the 5' and 

3' ends. While many primer sets were tried. only the primer sets JM8Ex 1-6. 6- 10. 10- 15. 

15-20. 20-28. 23-32. 32-36. 35-38. 38-46. and 40-46 yielded products (Table 2). The 

sequencing of these PCR products resulted in greater than 90% of the cDNA sequence of  

CA CX4 1 F. 

At this point. the 5' end and the 3 ' end of C.4CNA IF  remained to be sequenced. 

Fortunately, a retinal cDNA clone was available in Genbank. (Genbank #3636203: 

-4AO 19975). which provided the 3' sequence o f  the gene (Table 1 ). i.e. pan of exon 46 

and downstream to include the entire 3' UTR and part of the polyA tail. The 5' end of  

C.4C.K.4 IF was determined using 5' RACE by Strom et al. ( 1998). Through these efforts. 

the entire length of  the cDNA for C.4C.MAIF was sequenced (Figure 9). The true 

boundaries between the exons and introns within the genornic region that encompasses 

C.4 CIYA 1 F were determined by comparing the cDNA sequence to the genomic sequence. 

Genomic organisation of C A  Chil I F 

From the analysis of the cDNA sequence, CACNAIF was shown to be comprised 

of 48 exons ranging from 21 bp to 305 bp which are distributed across 29 kb of  genomic 

DNA. The exon boundaries are marked on the cDNA sequence in Figure 9. The length 

of 



Figure 9. cDNA sequence of CACNAlF and its predicted protein sequence. The first 

base of each exon is marked with a vertical line. The predicted transmembrane domains 

are marked ~vith a solid underline and each segment is numbered (e-g. IS3 for segment 3 

of transmembrane domain I). The amino acids underscored with a dot in IIISS. IIIS6. and 

IVS6 are conserved and are known to confer dihydropyridine sensitivity in other calcium 

channel al-subunits (Sinnegger et al.. 1997). The EF-hand. another conserved feature of 

a,-subunits is marked by a dashed underline. This segment of the protein has been 

shown to be a Ca-- binding site and initiates Ca---sensitive inactivation of the channel 

(de Leon et ai., 1995). Mutations observed in DNA from patients with incomplete CSNB 

(Bech-Hansen et al.. 1998) are shown in bold with a description of each nlutation written 

above the DNA sequence. 
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the introns ranges from 86 bp to 1672 bp. Every exon is invariably preceded. in order. by 

adenine and guanine and the first base of each exon is one of the following: guanine 

(46%). adenine (40%). or cytosine (14%). The 3' end of each exon is in all cases 

followed by guanine then by either a thymidine (94%) or cytosine (6%). Hence. splicing 

of the CACM IF mRNA transcript follo\vs the GT-AG rule in most cases (Stephens and 

Schneider. 1992). 

To analyse the accuracy of the prediction of esons by GENSCAN. the number of 

predicted splice donor and acceptor sites were compared with the actual number of these 

sites. Overall the general location of 46/38 (96%) esons were predicted. More 

specifically. 43/48 (92%) of the introdexon boundaries at the splice acceptor site (the 3' 

end of the intron) and 39/48 (81%) splice donor sites (the 5' end of the intron) were 

predicted by GENSCAN. Three full sxons (exons 32.34 and 45) were missed entirel)? by 

GENSCAN. and one predicted eson (between esons 3 and 4) was not found to be present 

in the expressed sequence. Several splice variants were found throughout the gene with 

greater variability near the 5' end of the cDNA. 

Splice varianrs 

During the splicing of pre-mRNA. different combinations of exons yield products 

that translate into functionally different proteins (as reviewed by (Sharp. 1994). Other 

combinations of exons may yield mRNAs whose reading frames are shifted and do not 

translate into functional proteins. Several splice variants of CA C1\:.4 I F were identified 

during the characterisation of its genoniic structure. These splice variants were 
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determined by amplification and sequencing. Amplification of a variable region of  

sequence of the splice variant. in this case. found within the genomic C.4CNA I F  cDNA 

using a single primer set would yield multiple PCR products. whereas normally only a 

single product would be amplified. For example. PCR amplification with JMSExl Fcod 

and JM8Ex6Rcod (Table 2) resulted in at least three products (Figure 10). These 

products were separated by gel electrophoresis. excised and purified as described in 

-General  materials and Methods'. Upon sequencing of these products. which showed 

that the sequence diverged at a splice junction. it was apparent that separation by gel 

electrophoresis was not sufficient to separate some isoforms that were close in size. 

The autoradiogram in Figure 1 1 shows an example of how a sequence diverges at 

a splice junction. Single sequence can be read up to the splice junction. at which point 

two sequences overlap with each other. making reading of  the sequences difficult. By 

marking the expected sequence (based on the predicted exons) with the number 1. the 

remaining sequence was deduced and marked with the number 2 (Figure 11). This 

sequence is just downstream from the predicted exon. 

In order to sequence through the spfice variants to the next junction. new primers 

were designed. These primers shared the first 10-1 3 bases from the 5' end. but the last 6- 

7 bases of each primer were specific for each variant (Table 8). 



Figure 10. Amplification of splice variants of the 5' end of C.4CN.4 IF. Amplification of 

human retinal cDNA with Primer set JM8Exldcod (Table 2) yielded at least three PCR 

products that can be seen in the third lane of the gel. In comparison. the amplification of 

human retinal cDNA with primer set JM8ExZO-Z8cod yielded a single PCR product 

(Lane 4). Amplification with the same primer sets with mouse eye cDNA as the template 

yielded a single PCR product for primer set JMSExZO-28cod. but no PCR product for 

primer set JMSExl-6. The marker used was the 1 kb ladder from GIBCO/BRL. 
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Figure 1 1 .  Autoradiogram depicting sequence divergence at a CrlC!Y.II F splice junction. 

The single sequence below the arrow- represents the 5' portion of exon 33. The sequence 

diverges at the arrow and represents the junctions between the 5' end of exon 33 and the 

3' ends of exons 3 1 and 32. Eson 3 I was a predicted exon and is depicted by the number 

1 .  Exon 32 was not a predicted exon. is variably expressed and is depicted by the number 

3 -. 





Table 8 - CACNAIF splice variant sequencing primers 
Primer name Primer Sequence (5.4 ') 
JM8Ex3 1 Rcod tgtcctcagagctATTGAC 
JM8Ex3 l aRcod tgtcctcagagctCTCGCC 
JM8Exl b-IongF ttggagcaagTTTCTCC 
JM8Ex 1 b-medF ttggagcaagAC ACCAC 
JM8Ex I b-shortf ttggagcaagCATCGTG 
JM8Ex211newR gaagpgcaggttagppt 

The 5' end of C.4CK41F cDNA is highly variable as was expected from the 

multiple PCR products yielded from the amplification with primers from exons 1 and 6 

(Figure 10). From this work. two forms of exon 1 were identified. exon 1 and 1 a. Exon 

l a  is 40 bp longer than eson 1 and both have the same start site (Figure 12). Exon 1 was 

originally described by Strom et al. ( 1998) and was confirmed in our lab. Five forms of 

exon 2 were identified and are called 2. 2a. b. c. and d. Exons 2. 2a. b and c contain some 

of the same sequence. which is roughly indicated by the position of the exons in Figure 

12. Exon 2d. on the other hand originates from a region further upstream in the genomic 

sequence (Figure 12). Sequencing of these splice variants revealed that two combinations 

would yield productive sequences. i-e.. the RNA coding sequence remained 'in frame'. 

These two combinations are the splicing of exons 1.2 and 3 .  and the splicing of exons la. 

2a and 3 (Figure 12). For reasons outlined in the discussion. the full-length cDNA with 

esons 1. 2 and 3 is considered the prototypical sequence. 

Additional splice variants determined in this study were exon 3. exon 9. and exon 

32. Eson 3 is 140 bp in length. therefore if it were removed the open reading frame 

would be disrupted: hence is required for a functional protein. Exon 9 has two forms. one 

thirty-three bases longer than the other. which would not disrupt the reading frame. and 



Figure 12. Cartoon of  variable sequences at the 5' end of C-4ChrA I F .  The thick bars 

represent exons determined to be expressed in isoforrns o f  CACiY4IF. The reIative 

position of each exon reflects their location in the genomic DNA. Regions of the exons 

that overlap in the canoon share the sequence that the overlapping region represents and 

differ in the non-overlapping regions. Variants that are predicted to yield functional 

proteins are marked with -and variants that are not expected to yield functional proteins 

are marked with - 
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therefore both forms may be acceptable. The longer form was included in the 

prototypical CACNA IF cDNA. As was used in the example of separating the splice 

variants by using divergent primers. exon 32 was shown to be a splice variant. but was 

also included in the prototypical C.4C:V44 IF cDNA. 

C.4 CN14 IF cD11.14 seqtrertce 

The cDNA sequence determined for CACiVA I F  was 6069 bp in length. including 

the 5' and 3' untranslated regions. with an open reading frame of 593 1 bp. resulting in a 

protein of 1977 amino acids (Figure 9). The full-length of the isofom. including the 

longer exon 1 (la) and the shorter eson 2 (2a) is 5875 bp with an open reading frame of 

5736 bp and a predicted protein of 1912 amino acids in length (Figure 13). A northern 

blot analysis with a CACM I F probe done by Strom et al. (1998) showed a transcript size 

of approximately 6.3kb. This size discrepancy could be due to the polyA tail on the 

RNA. which was not included in the cDNA sequence size. A more likely explanation is 

the inherent variation in measurement of the distance of the RNA bands on the gel 

compared to the autoradiogram. 

Expression of CACh'il I F 

Tisstre-specijk expression of C A  Chr44 I F 

To begin characterising C.4CiVA IF. its tissue expression pattern was determined. 

To do this. a panel of human cDNAs representing nine different tissues was analysed by 

PCR amplification of CACNAl F segments. Primers amplifjring a 1060 bp fragment 



Figure 13. The 5' end of  the coding sequence showing the productive C.4ClY.1 I F  splice 

variant containing exons la and 2a. The remainder of  the sequence is identical to that o f  

the prototypical sequence in Figure 9. The first transmembrane segment encoded in the 

cDNA (IS 1 ) is marked with an underline. 
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covering exons 24-33 (JM8Ex24Fcod and JM8Ex32Rcod) were used (Table 2). These 

primers amplified a product from the retinal cDNA pool, but not from any other of the 

eight cDNA pools indicating that the expression of CACiVA IF was restricted to the retina 

(Figure 14a). The ubiquitousty expressed EST. JRL4Al was used as a positive control; 

and the PCR amplification product was observed in each of the cDNA sets from the nine 

tissues (Figure 14b). 

Mouse orthologue of CAChQ 1 F (Circncr If) 

PCR umplijicarion and seqrrencing of Cacnal f 

To determine whether the mouse orthologue of CACM 1 F. designated Cacna I$ 

could be isolated using human primers. cDNAs representing several mouse tissues were 

included in the initial DNA panel used for amplifying the human CACNAIF (Table 3 in 

Materials and Methods section). Primer sets for exons 20 to 28 (JM8Ex20-28cod) first 

yielded a product from mouse eye cDNA (see Table 2 for primer sequences). This 

product lvas observed to be approximately the same size as the product from the human 

cDNA. which was 91 1 bp (Figure 15). No PCR products were observed with this primer 

pair from any other tissues including mouse and human brain (Figure 15). indicating that 

this method was a valid approach for isolating Cacnul'  

Since this portion of mouse Cacnuff amplified with human primers. other human 

primer sets were used to attempt the amplification of  the remainder of Cbcnalf: This 

strategy was met with relative success. Amplification of  mouse eye cDNA with human 

primer sets JM8Ex6-I 0, JM8ExlO-15. JM8Ex24-32, and JM8Ex35-38 (Table 2) yielded 

PCR products from mouse eye cDNA (Figure 16). 



Figure 1 4. Tissue expression of C.4 C.b!4 IF. a) Amplification of CA ClVA IF with primer 

set JM8Ex23-32cod (Table 2) yielded the 1060 bp product tiom retinal cDNA (lane 2). 

but not from brain. skeletal rnusck. heart. liver. placenta. kidney. lung. or pancreas 

cDNA. b) Amplification of the ubiquitously expressed EST. JRLJAl yielded the 28 1 bp 

product from all representative cDNAs. The marker in a)  is lambda DNA digested with 

ffi~ldi11 providing a comparison for the higher molecular weight PCR products. The 

marker in b) is bluescript digested with Haelll and provides a comparison for lower 

molecular ~veight PCR products. 





Figure 15. Amplification of Cacncrlf. Initial amplification of both genomic DNA and 

cDNA from a variety o f  human and mouse resources \vas used for isolation of Cd4C:V41F 

with primers set in exons 20 and 28 (see Table 2 for primer sequences). A product can be 

seen only in the lanes containing mouse eye cDNA and human fetal retina cDNA. This 

product size is approximately 900 bp for both. The marker in lane 1 is lambda DNA 

digested with Hindlll providing a comparison for the higher molecular weight PCR 

products. The marker in lane 2 is bluescript digested with Huelll and provides a 

comparison for lower molecular weight PCR products. 
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Figure 16. Fragments o f  Cacnalf amplified with human CACNAI F primers. 

Amplification o f  mouse eye cDNA \vith human primers sets JM8Ex6-10. JM8Ex10-15. 

JM8Es20-28. and JM8EsZ.C-32 yielded Ccrcnalf products that spanned exons 6 through 

IS and 20 through 28. The marker in lane 1 is lambda DNA digested with Hind111 

providing a comparison for the higher molecular weight PCR products. The marker in 

lane 2 is bluescript digested with HueiIl and provides a comparison for lower molecular 

weight PCR products. 
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There is a high degree of sequence homology amongst calcium channel af- 

subunits. and hence the PCR amplification products from the mouse eye cDNA were 

expected to be similar to the size of the PCR products from human retinal cDNA. In this 

study. primer set JM8Ex 10- 1 5 yielded two amplification products. one corresponding to 

the size of the human product. 738 bp. and one smaller than expected from both mouse 

brain cDNA and mouse embryo cDNA. Sequencing showed that only the PCR product 

ampiified from mouse eye cDNA shared a high degree of homology with C A  C X A  IF. 

This PCR products was approximately the same size as  the human PCR products 

amplified with the same primer sets. as tvould be expected. whereas the smaller PCR 

products were not homotogous with C.4C!VAiF. Other human primer sets that yielded 

mouse products sharing high homology with CACfVA IF were: JM8Ex6- 10. JM8Ex 10- 15. 

JMSEx24-32. JMSEx35-3 8. and JM8ExJ0-46. 

To verify that these amplified segments were part of the same gene the 

overlapping segments were compared. If the sequences were identical then it was 

assumed that the two segments were both Cucnal'' On the other hand. if the overlapping 

portion of these sequences were not identical then one of  these segments did not represent 

Cacnalf. For example. in the comparison of the overlapping segments between the 

JM8EX6- 10 and JM8Ex 10- 15 mouse products illustrated in Figure 17. the sequences 

were identical. suggesting that the Cncnnlf gene was amplified in both cases. Whereas 

the overlapping segment between the JM8Ex10-15 and JM8Ex15-20 mouse PCR 

products were not identical. therefore since JM8Ex15-20 also had lower homology to 

CACNA IF. it was assumed not to be part of the Cacnai f gene (Figure 1 7). 



Figure 1 7. Identification of amplified mouse segments. Comparison of overlapping 

regions of  mouse segments aided in the identification of the true Cucnalf sequence. a) 

Comparison of the overlapping sequence between segments covering exons 6-10 and 10- 

15 show identical sequences suggesting both are representative of  Cnc17u/f. b) 

Comparison of the overlapping sequence between segments covering exons 10-1 5 and 

15-20 show similar. but not identical sequences suggesting 15-20 is not part of Cacnulf: 
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The amplification and sequencing of Cacnalf with human primers yielded more 

than one half of the total cDNA sequence of the mouse gene. In order to obtain the 

remainder of  the sequence. mouse specific primer sets (mJMC8Ex 15-2 1. 

mJMCSEs32/33-38. and mJMC8Es38-42) (Table 5) were designed from derived mouse 

cDNA sequence and then were used to amplie  across the additional regions of Cbcna//: 

This additional sequencing provided sequence coverage for the major gaps. However. 

the 5' end of Cacnalf proved difficult to amplify. most likely due to an increased 

variability in sequence at this end of the gene. which was also noticed in the sequencing 

o f  human c4CrCAf F sequence. To combat these difficulties and establish the sequence 

of  the 5' end of the gene. PCR amplification was carried out using one mouse-specific 

primer (mJMC8Ex6- 1 OW) (Table 6) and one human-specific primer (JM8Es3Fcod). 

The human primer was chosen from a region of CACNA I F  bearing low homology with 

other calcium channel a,-subunits. From this. the sequence as far 5' as the third exon 

was determined. At this point. all that was remaining were the 5' and 3 -  ends of the 

sequence. 

5 ' and 3 ' R1 CE of CA CrV.4 I F 

In order to determine the 5' and 3' sequences of Cacnalf. rapid amplification of 

cDNA ends (RACE) was performed using the CLONTECH Marathon cDNA 

Amplification Kit. Double-stranded cDNA was synthesized from polyA RNA isolated 

from mouse eyes and the adaptors were ligated on to both ends ('General Materials and 

Methods'). The primers for the adaptors were provided with the kit. Adaptor Primer 1 

(API)  and Adaptor Primer 2 (AP2). and overlap each other by 9 bases allowing for 
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nested amplification of the cDNA ends (Figure 8 in 'Materials and Methods'). Primers 

were synthesized to complement these Marathon RACE Adaptor Primers for 

amplification of the 5' and 3' ends. Touchdown PCR was carried out with these primers 

as described in 'Materials and Methods'. 

3 RACE: Amplification with the primer mJMC8-3-RACE-1 (Table 7 in 

*Materials and Methods') and the external adaptor primer (API ) yielded a product of 

approximately 900 bp (Figure 18). The band was excised from the agarose gel. purified 

using the QIAquickTM Gel Extraction Kit (Qiagen). and sequenced using the mJMC8-3- 

RACE-seq primer (Table 9). as described in 'General Materials and Methods'. The 3' 

sequence of mouse cDNA of Cac~~ctl/was the same length as the human cDNA and was 

approximately 85% homologous (Figure 14). 

Table 9 - Cacnalf RACE product sequencing primers 
Primer name Primer Sequence 
mJMC8 5'-RACE-seq gacgatgatgaagtcgagca 
mJMC8 5'-RACE-seq-I1 gctgggtccttcttcttgg 
mJMC8 5'-RACE-seq-III gttggaggcccaggaca 
mJMC8 5'-RACE-seq-IV tgcacacagtcctcccaac 
mJMC8 3'-RACE-seq ccc tpgatgagatggacag t 

5' RACE: Amplification with mJMC8-5'-RACE-I (Table 7 in 'Materials and 

Methods') and API yielded a product of approximately 1000 bp (Figure 18). The band 

was excised and. initially. sequenced using the mJMC8-5'-seq primer (Table 9). Three 

other primers were designed from the RACE sequence. as  it was generated (Table 9). 

Sequencing with mJMC8-5 '-RACE-seq-I1 and -111 resulted in readable sequence. 



Figure 18. 5' and 3' RACE products (depicted with arrows j. Lane 1 sho~vs the 1 kb 

ladder marker (GIBCOBRL): lanes 2 and 3 show the products o f  the controi 

amplifications for the 5' and 3' ends: lanes 4 and 5 show products for the 5' and 3' 

Cucnal f RACE reactions. The products were approximately 1000 and 800 bp in length. 

respectively. 
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whereas sequencing with mJMC8-5'-RACE-seq-IV did not yield any further sequence. 

To read further toward the 5' end. the PCR products were subcloned into TOPO-TA 

cloning vector (Invitrogen) and colonies were screened using PCR amplification. Four 

clones were sequenced and all were shorter than the sequence that had been determined 

prior to cloning. therefore no further information was gained in the cloning of these PCR 

products. In summary. the S'UTR of Cucnal f extends at least 48 bases upstream of the 

translation start site and has approximately 68% homology with the S'UTR of the human 

cDNA sequence (Figure 19). 

Overall. the entire cDNA sequence of the mouse orthoiogue of C.4C.W I F  was 

determined to be 6078 bp in length with an open reading frame of 5956 bp that translates 

into a 1985 amino acid protein (Figure 20) .  The degree o f  homology between the mouse 

Cucnalf cDNA sequence and the human CAClVAIF cDNA sequence ranged from 80% to 

95% depending on the region o f  comparison (Figure 20). Greatest homology was 

observed in the regions encoding the transmembrane segments. whereas less homology 

was observed in regions encoding the 3' end. 5' end and cytoplasmic loops. In 

comparison with the two isoforms o f  C4CN,-IIF that were described in the -splice 

variants' section o f  -Genomic organisation o f  CACNAIF'.  Cacnalf has greatest 

homology with the prototvpical cDNA of CACIVA IF. There is an even greater similarity 

between CAClVAlF and C'rrcnalf in the comparison of the amino acid sequence with a 

90% identity and this identity would be even higher if the conserved amino acid changes 

were taken into consideration (Figure 24 in 'Discussion'). 



Figure 19. Alignment of CACXA l F  and Cacnal f in the UTRs. a) Alignment of the 3' 

UTR shows 81.8% identity between the mouse and human cDNAs. Both UTRs are the 

same length (76bp). b) Alignment of the 5' UTR shows 68.1% identity between the 

mouse and human sequences. The human UTR extends I5 bp past the 5' end of the 

established mouse UTR. The ATG stan site is 48 bases from the beginning of the 

Cacnal f cDNA. 
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Figure 20. Alignment of the mouse C'acnalf cDNA sequence with the human C'RCLVA I F 

cDNA sequence. The numbering begins at the predicted transcription start sites and 

corresponds to the numbering of the translated CAC1V.4 I F  in Figure 9. The upper 

sequence represents human CAC:\.-lIF (h) and the lower sequence represents mouse 

Cucnai f (m). The transmembrane segments are marked with an underline and labeled. 

The EF-hand is marked with a dotted underline and labeled. 



















Mapping of Ccicrrti I f to the ~~lottsr X-cirronlosorne 

On the human X-chromosome. CAC:l:.t 1 F Iies immediately adjacent to the synaptophysin 

gene (approximately 5 kb apart) in the Xpl1.23 cytogenetic region of the X-chromosome. 

Due to the conservation of linkage in this region between the mouse and human. Syp and 

Cao~aIJwere expected to lie close together on the mouse X-chromosome. To prove that 

the mouse gene isolated in this study is indeed the orthologue of the human C.-fC!V..l I F  

gene. it was decided to demonstrate that this gene maps to the mouse X-chromosome 

near the synaptophysin gene. To do this. a BAC clone that hybridised with a 2' end 

probe of CAC:V.-IIF was identified at the MRC Genome Centre in Toronto. as described 

in 'Materials and Methods'. PCR analysis of BAC334119 was performed using for the 

mouse synaptophysin gene ( S y p )  and the human CAC,I:J I F  gene (Table 10). The 

CA4C:\.'cl IF  primers were nearly identical to the mouse Cucnal f sequence ( 1 711 8 bases 

were the same). Amplification products ivere observed for both sets of primers showing 

that both of these genes are present on BAC334119 (Figure 21 ). Sequencing of the PCR 

products yielded sequence that was identical to mouse Syp and mouse Cucnu/j. thus 

confirming the identity of the PCR products. 

Spatial expression of  Cucnalfin the mouse retina 

To determine the spatial expression o f  Cd CN.4 IF in the retina. in sirtr 

hybridisation was performed on mouse retinal sections. Probes from two different 

regions of Cucnalf; both having a lower degree of homology with other calcium channel 

a,-subunits than with human CACM4lF. were used in these hybridisation experiments. 

One probe. mJM8Ex 1 5-2 1 (755 bp). spanned the region that translates into the 



Table 10 - Primer sets for amplification of C~cnalf and Sip on llAC334l I9 
Primer Set Fornard Primer Forward Scyuence Hcvcrsc Primer Reverse Scqucncc Product 

Name Namc she (bp) 
hJMC8SV I b hJMCSSV I bl; accaccccagagcccagt hJMCIISV 1 bK tccnctccacgatgcIgat 247 



Figure 2 1. Amplification of Syp and C~rcnrrlf on mouse BAC334I 19. a)  Amplification 

of Cacnalf using primer set S V I b  (Table 10) yielded a 250 bp PCR product from 

BAC334119 DNA (lanes 2 and 3). b) Amplification of S\p using primer set SypEx6 

yielded a 115 bp PCR product from BAC334119 DNA (lanes 2 and 3). Amplification 

using both sets of primers on a human BACZ04-C16 representing Xp11.4 yie!ded no 

PCR products (lane 4). The marker in lane 1 of  both a) and b) is the 1 kb ladder from 

GIBCO/BRL. 

NB. BAC334I 19-1 and BAC334119-2 represent isolated clones o f  the BAC that were 

selected from an LB agar plate and grown individually. 
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cytoplasmic loop between internal l~omologous repeats 11 and 111 and the other probe. 

JM8Ex40-48 (948 bp). spanned the 3' end of  the gene. the pan  corresponding to the 

COOH cytoplasmic ponion of the a1 protein. 

The hybridisation signal generated with the antisense versions of both probes was 

detected in three distinct retinal layers: the outer nuclear layer. the inner nuclear layer. 

and the ganglion cell layer (Figure 22a). To demonstrate that the signals elicited from the 

Cacno I f  probes Lvere specific: hybridisation with a rhodopsin cDNA antisense probe was 

also performed. This hybridisation yielded a signal in both the outer nuclear layer and 

the inner segment layer of the photoreceptor cells (Figure 22b). Hybridisation with the 

C~acnulf and Rho sense probes yielded no significant signal in any of the retinal layers 

(Figure 22c).  



Figure 22. in sirtl hybridisation of Cucnalf transcripts in mouse retina. Sections o f  

mouse retina were hybridised with riboprobes generated from mouse cDNA clones. The 

probes used for each section are as follows: a) antisense Ccrcna(f. showing hybridisation 

with the ONL (outer nuclear layer). INL (inner nuclear layer) and the GCL (ganglion cell 

layer). but not with the OS (outer segment) or  IS (inner segment) b) antisense Rhodopsin. 

showing hybridisation with the ONL and IS only. and c) sense Cucnalf. showing no 

hybridisation with any of the retinal layers. 





CHAPTER 4 - DISCUSSION 

CACNAlF is a calcium ion channel a,-subunit 

The detailed task of defining the total genomic organisation of  the gene 

responsible for incomplete CSNB began when the JMC8 gene was identified by mutation 

analysis of candidate genes. Homologue analysis established JMC8 to be C-4C.V.4 IF 

(Fisher et ai.. 1997) member of the calcium ion channel ul-subunit family. This thesis 

research showed that the CACi'AiF gene contains 48 exons which are distributed across 

29 kb of genornic DNA in Xpl1.23. The 6069 bp cDNA has an open reading frame of 

593 1 bp which translates into a 1977 amino acid protein. Comparison analysis of the 

full-length cDNA and amino acid sequences suggests that C.4 C:\% IF. by homology with 

similar calcium ion channels. is a novel a, -subunit of a voltage-gated dihydropyridine- 

sensitive L-type calcium channel. Functional studies with an expressed protein are 

required to confirm the identity of C:.IC:i2 IF. 

Voltage-dependent calcium channels are found in the plasma membranes of 

\-arious excitable cell-types and they function in the regulation of Ca-- entry into cells. 

Calcium channels are classified based on their electrophysiological and pharmacological 

properties. L-type calcium channels are high-voltage activated (>-30mV) and some of 

them are sensitive to dihydropyridines. The "L" stands for long-lasting. in other words 

they inactivate slowly. Dihydropy ridine-sensitive L-type caicium channels are hetero- 

oligomeric and are comprised of five different subunits. a,. a?. P ,. 6. and y (Puro et al.. 

1 996); (S tea et al., 1995). 



112 

In comparing the cDNA and predicted protein structure of CACAX 1 F with other 

voltage-gated dihydropyridine-sensitive L-tvpe calcium channel al-subunits. five distinct 

features of these types of  channels were found in CACNA IF. strongly supporting the 

assertion that CACNA I F encodes an a,-subunit of  this type of  ion chamel  (Figure 23). 

1 ) C.4CiVA IF has four internal homologous repeat domains (I-IV) that each have 

six alpha-helical membrane spanning segments (S I -S6). These transmembrane segments 

are highly homologous among the members of this a,-subunit family (in some cases 

greater than 85%). and clusters of these segments called domains are separated by 

cytoplasmic loops which are comprised of stretches of  amino acids. 

2 )  The fourth transmembrane segment ir! each domain of C.4CiY-I I F  has a set o f  

positively charged residues and this feature is considered to be the voltage-sensor domain 

of the calcium channel. 

3 )  The ion pore o f  the channel is formed by a hydrophobic linker of the amino 

acids between transmembrane segments five and six: this linker has a beta-hairpin 

structure (Doyle and Stubbs. 1998): (Stea et al.. 1995). 

3) Intracellular calcium levels regulate the opening and closing of this channel. 

thus controlling calcium entry into the cells. High levels of intracellular calcium ion 

result in the closing of the channels: whereas when the intracellular calcium levels are 

low. the channels open (de Leon et al.. 1995). The EF-hand and the calmodulin binding 

region (the "IQ" motif) are two other features o f  CACNAIF that are highly conserved 

among the calcium channel al-subunit family. The EF-hand has been shown to be a 

calcium binding motif that functions in calcium-sensitive inactivation of  the ion channel 

(de Leon et al.. 1995). It  is located on the cytoplasmic side of the membrane at the 



Figure 23. Cartoon of the topology of the predicted protein expressed from CAC-VI IF. 

The typical features of a voltage-gated dihydropyridine-sensitive L-type calcium channel 

a,-subunit can be seen in this illustration: a)  four homologous repeat domains. each with 

six transmembrane segments. are separated by cytoplasmic loops: b) the fourth 

transmembrane segment of each domain has positively charged residues and act as 

voltage sensors: c) the hydrophobic linker between transmembrane segments 5 and 6 in 

each domain forms the ion channel pore and; d) the E-F hand is a calcium binding motif 

that functions in the calcium-sensitive inactivation of the calcium channel. The location 

of  mutations in Cd4CiVAlF that have been found in the DNA of famity members affected 

with incomplete CSNB are indicated by different symbols (Bech-Hansen et al.. 1998). 
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carboxy-terminal tail region. only 18 amino acids away from the last membrane-spanning 

segment (lVS6). Deletion studies by de Leon et al. (1995) conveyed the importance of 

the EF-hand by demonstrating that it  was necessary for calcium-mediated inactivation of 

the calcium channels and did not require the last two-thirds of the cytoplasmic tail for its 

function (de Leon et al.. 1995). More recently. the IQ motif located in exon 40 

immediately 3' of the EF-hand has been demonstrated to contain glutamine and 

isoleucine residues that bind caimodulin. which itself is a critical Ca2- sensor involved in 

inactivation of the calcium channel (Figure 9) (Zuhlke et al.. 1999). (Peterson et al.. 

1999). Calmodulin has been shown to bind to the cytoplasmic tail of the calcium channel 

a, -subunit (Peterson et al.. 1999). 

5) Specific amino acids in IIS5. IIIS6. and IVS6 have been found to confer 

dihydropyridine-sensitivity to the calcium channel (Sinnegger et al.. 1997). These amino 

acids are present in the predicted protein encoded by CilC:\[-1 IF (Figure 24). 

5' UTR 

5' RACE was performed on C'.-IC:\:4IF. which extended the transcript sequence 

62 bp upstream of the start codon (Strom et al.. 1998). Analysis of the genomic DNA 

sequence upstream of the translation start site revealed a possible TATA box 

approximately 103 bp upstream of the start codon. which would place it at the expected 

position approximately 30 bp before the transcription stan site (Strom et al.. 1998). The 

GENSCAN prediction program includes promoter regions in the search for genes within 

genomic DNA. but as not all genes have similar promoters. the transcription start site 

cannot always be predicted (Burge and Karlin. 1997). In order to determine if the 



Figure 24. Alignment of the mouse Crrcnulfamino acid sequence with the human 

C.4 CAI IF  amino acid sequence. The upper sequence represents human Cd4 CX4 I F  (h) 

and each amino acid in the sequence is depicted by the single letter symbol for that amino 

acid. The lower sequence represents mouse Cacnalf (m) and the identicaI amino acids 

are depicted by two dots below the corresponding amino acid. The amino acids in the 

mouse sequence that differ from those in the human sequence are also depicted by a plus 

sign for conserved changes in the amino acid and by the single letter code for non- 

conserved changes in the amino acid. Dashes in either sequence introduce spaces in that 

sequence to maintain maximum homology between the two sequences. The 

transmembrane segments are marked with an underline and labeled. The EF-hand is 

shaded and labeled. 
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transcript extends further. S1 nuclease protection of the 5' end of the RNA can be 

performed and the subsequent product can be sequenced. This eliminates the loss of the 

5' that may occur in RT-PCR by hybridising genomic DNA to an RNA transcript pool. 

digesting it with nuclease and sequencing the remaining DNA. 

Splice variants 

Although several splice variants of C.4C~tl-i I F were recognised (see 'Splice 

variants' in the 'Results' section) only two variants lead to complete proteins. As the 

PCR amplifications performed were not quantitative. two factors helped in determining 

the predominance of these splice variants. First of all. since only two combinations of 

variable exons yielded productive sequence. these were considered to be the predominant 

isofoms of CACM4 IF  cDNA. Secondly. mutation analysis of CACNAIF in patients 

with incomplete CSNB in the l abora to~  of Dr. Bech-Hansen has provided evidence that 

further suggests that the cDNA sequence containing exons 1 (short). 2 (long). and 3. is 

the prototypical CACiL'AIF cDNA. This mutation analysis has identified two separate 

mutations in the long form of exon 2. strongly suggesting that exon 2 is the 

predominantly expressed variant in this region (Figure 9 in 'Genomic organisation of 

C.4CNA I F  in the 'Results' section) (Bech-Hansen et al. unpublished data). 

What is the reason for the transcription of these numerous splice variants? The 

explanation for the splice variants that yield complete proteins seems relatively simple, 

they may be differentially expressed. either spatially or temporally. For example. a splice 

variant of a neurona! a!-subunit in the chicken is expressed in the cochlea. while its 

isofom is expressed in the brain (Kollmar et al.. 1997). Splice variants may also provide 
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an alternate functionality to the tissue in which they are expressed. Calcium channels 

have very specific electrophysiological and pharmacological properties that control the 

calcium current. This functionality is derived from the specific amino acids in the 

resultant protein such as the voltage sensor. the EF-hand. and the DHP-sensitive features 

that were determined to be part of C.4Cx-1 I F. The addition or removal of amino acids 

from these regions can affect the flow of calcium ions into the cell. one group even found 

an a,-subunit isoform that lacked the voltage sensor domain in the lVS4 region in non- 

excitable cells (Brereton et al.. 1997). At this point it is difficult to say what the 

functional differences between the isoforms of C.4C:VAIF are and studies described later 

in this chapter would be required to determine these differences. 

Alternative splicing may also play a role as a regulatory mechanism in 

de\.elopment. which may account for the highly variable phenotype that is seen amongst 

patients with incomplete CSNB who have the same mutation. Splice variants may also 

provide diversity to an organism. allowing the organism to adapt more readily to new 

situations. Alternative splicing throughout evolution may be the reason for such large 

and diverse family of  calcium channels. each with its specific function for its specific 

tissue and cell type. thus explaining the presence of CACiV4 IF solely in the retina. 

The splice variants that are predicted not to yield complete proteins appear to be 

lower in abundance than the variants the are expected to yield proteins. as was seen by 

them appearing as a fainter sequence on the autoradiograms (see Figure 1 1 ) .  The  

presence of these variants is less clearly explained. These aberrant transcripts may result 

from "leaky splicing machinery" and may just be side products of transcription. 
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Alternatively. these transcripts. although not expected to produce a calcium channel al- 

subunit. may also add to the genetic diversity of the organism. 

The mouse orthologue of C.4 Ch'A I F  

As part of the effort to determine spatial expression and function of Ci3CA;IIF. 

the mouse orthologue. CucnalJ was defined. There is a high degree of cDNA sequence 

homology between human CACiV.4 I F  and mouse CucnaIf (as high as 95% in some 

regions). I t  shares highest homology with the longer isoform of CAClA IF. adding to the 

presumption that this isoform is the predominant species. In this thesis work Cocnulf 

was shown to be expressed in the mouse retina and demonstrated not to be present in 

RNA extracted from adult mouse brain. This expression pattern agrees with the tissue 

expression profile of human CAC.!V..rlIF. which was also determined in this study (Figure 

14 in -Results'). 

The regions of greatest homology between the mouse and human were those 

which encoded the transmembrane segments of domains 1 to IV (Figure 24). in agreement 

with the high degree of homology seen amongst the family members of orl-subunits of 

calcium channels which function in forming the channel pore. Furthermore. these 

segments are even highIy conserved between mammals and Drosophiiu (Bech-Hansen et 

al.. 1998): (Smith et 31.. 1996). Translation of the 5956 bp Cctcnuljopen reading tiame 

revealed a greater than 90% identity with the predicted protein sequence encoded by the 

human CACiVAIF (Figure 24). Every feature of the voltage-gated L-type calcium 
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channel or,-subunit described for C.4CN4 IF is conserved in the predicted protein of this 

orthologue (Figure 23). 

To confirm that the murine CacnuljcDNA was truly the onhologue of human 

C.4C.A~IF. this thesis work showed that C a c n a l  f was present on the mouse X- 

chromosome adjacent to the synaptophysin ( S j ~ p )  gene. Based on the high degree of 

conservation of linkage and synteny on the mouse X-chromosome and. more specifically. 

the conservation of linkage in the region between Sl'PdfS~p and CLCiVj/'Clcnj. Cacntrl f 

was assumed to be present in this region on the mouse X-chromosome as had been shoun 

for human CACNAIF on the human X-chromosome (Bech-Hansen et al.. 1998). 

Cacnalf was expected to lie in the same relative position compared with the genes for 

synaptophysin (Syp). Dentas disease (Clcnj). and a G.472 transcription factor (Galal )  on 

the mouse X-chromosome as the human onhologues d o  on the human X-chromosome. 

The evidence provided in this study showing that Sjp and Cacnalf lie on the same mouse 

BAC demonstrates linkage between the two genes on  the mouse X-chromosome. 

Showing the presence of both Cacrtulf and Svp on the same mouse BAC suggests that 

sy nteny is conserved and that Cacn~l l  f is the orthologue o f  CA CNA 1 F. 

A mouse model for the disease retinitis pigmentosa has been created by targeted 

disruption of the rhodopsin gene (Humphries et al., 1997). This model aided in the 

characterisation of the structural and functional differences between normal and affected 

retinas and provided a starting point for the study of the pathogenesis of retinitis 

pigmentosa (Humphries et al.. 1997). Mouse models have also proven useful in the 

testing of potential therapies for diseases. By studying abnormal as well as normal states. 
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both physiologicatly and anatomically. we have learned much of what we know about 

human biology. The identification of  the Cacnalf sequence in this study provides us 

with critical information for creating a mouse model for incomplete CSNB. Having a 

model for incomplete CSNB will provide us with the abnormal state of  vision and wilI be 

useful in divulging information not only about this disorder. but also about the 

mechanisms of the visual pathway. A mouse model may also provide the potential to 

develop therapies and treatments for incomplete CSNB. 

CACX.4 IF expression is localised to the retina 

To gain insight into its function. the expression pattern of CACl\XIF was 

examined. The demonstration that C.dCiV.4 l F  expression was limited to retinal tissue by 

RT-PCR Iaid the foundation for detining its specific expression pattern within this tissue. 

Northern blot analysis performed by Fisher et al. ( 1997) showed hy bridisation of 

C.1Ci\;1IF with skeletal muscle RNA, whereas a similar analysis performed by Strom et 

al. ( 1998) showed hybridisation with retina RNA. but not with skeletal muscle RNA. 

Only under less stringent conditions were they able to detect hybridisation with the 

skeletal muscle RNA. therefore the signal seen in the Northern blot by Fisher et al. 

( 1997) must represent another member of the calcium channel a,-subunit family. The 

results from this study with both C.4CNA IF and Cucnal f are consistent with CAC-VA I F 

expression being restricted to the retina (Figures 14 and 15). 

In a thorough review o f  calcium channels. five types of voltage-gated calcium 

channels (T. L. N. P. and Q) and their known subunits were described and compared 

(Stea et al.. 1995). C.4C.W.4 I F most closely resembles the a[-subunits o f  Class C 
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(cardiac) and Class D (neuronal) L-type calcium channels (Bech-Hansen et  al.. 1998). 

alC subunits have also been found in a variety of other tissues. including brain. smooth 

muscle. adrenal glands and pituitary glands. The neuronal alD subunits are present in 

the pancreas as well as in the brain (as reviewed by (Stea et al.. 1995). More recently. 

a l D  has been identified in the retina (Puro et a].. 1996). This group found several 

subunits of Class D L-type calcium channels in the Muller (glial) cells o f  the retina. 

including the ui-subunit (Puro et al.. 1996). CrlCNAlF shares the greatest degree of 

homology with the neuronal form of the al-subunit. which is 70% overall, and as high as 

84% between transmembrane segments. Because this neuronal gene is expressed in the 

retina. the experiments looking at the expression pattern of CACiV4iF were carried out 

with this in mind, focussing on regions having lower homology with other calcium 

channel a,-subunits. 

Spatial expression of Cucnulf in the mouse 

Hybridisation of mouse retinal sections with probes covering two different 

regions of Cacnalf revealed a specific expression pattern for this gene. in the outer 

nuclear layer (ONL). the inner nuclear layer (INL). and the ganglion cell Iayer (GCL) o f  

the retina (Figure 22). This pattern is similar to the one seen on hybridisation of mouse 

retina with the human probe from a different region of the gene than the murine probe 

used in this study (Strom et al.. 1998). As described in the introduction. the mouse has 

been used extensively to study retinal disorders. therefore using information gleaned from 
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the in sitrc hybridisation in mouse retinal sections using Cacnalf cRNA probes. we can 

infer that C.4 C.hl I F  is also expressed in the INL. ONL and the GCL in the human retina. 

In a similar study by Reid et al. (1999). the expression of the mouse gene for X- 

linked juvenile retinoschisis (XLRS) was localised to the outer nuclear layer and the 

inner segments of the photoreceptor cells. This group used this information to speculate 

on the function of the XLRS gene in the human disorder (Reid et ai.. 1999). Prior to the 

results obtained from the mouse in sitlr hybridisation. the defect for XLRS was thought to 

be in the Miiller cells. but the localisation of  expression to the ONL and inner segments 

told a different story. Based on this information. the authors proposed that the defect 

may lie in the interaction of  the XLRS protein with the Miiller cells (Reid et al.. 1999). 

Similarly. comparing the localisation of C.dC!VA IF  expression with functional studies on 

the retina. will also allow us to infer a function for C.ACfV.4 IF. 

Notably. a group performing imrnunocytochemistry with an antibody (MANC- I .  

monoclonal antibody against calcium channels) to dihydropyridine-sensitive calcium 

channels on rat brain. spinal cord and retina. determined the presence of  dihydropyridine- 

sensitive calcium channel subunits in the rat retina (Ahlijanian et al.. 1990). They 

detected immunoreactivity in the ONL. IWL and GCL (Ahlijanian et al.. 1990). and since 

this is where the CACNA l F transcripts are located. this information suggests that the 

CACiVAIF protein is located in these layers as well. Additionally. they found strong 

immunoreactivity with DHP-sensitive calcium channels in the inner segments of the 

photoreceptors. This siipplements the information gained from the in sirlc hybridisation. 

which allowed for the localisation of the transcripts only. 
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The role of CACNA IF in night vision 

The results obtained from this work entail the identification of CAClVA I F  a s  the 

gene responsible for incomplete X-linked CSNB. the determination o f  the complete 

sequence of the mouse onhologue. CucnaZJ and its spatial expression in the mouse 

retina. These results allow us to entertain informed speculation on the functional role o f  

this gene in the visual pathway. in particular. the mechanism for dark adaptation in the 

retina. 

Electroretinography in patients with incomplete CSNB yields an  ERG with a 

reduced b-wave and psychophysical evaluations exhibit a decreased ability to dark-adapt 

(as reviewed by (Heon and Musarella. 1994). The b-wave in the ERG is thought to be 

generated by a transretinal current in the Miiller cells (Miller and Dowling. 1970). but 

this current can be affected by upstream events in the ON-bipolar cells or the 

photoreceptor cells. The a-wave in the ERGS of patients with incomplete CSNB are 

normal. which is indicative o f  normal hyperpolarisation of  the outer segments in response 

to light (as reviewed by (Stockton and Slaughter. 1989). This suggests that CACNA I F  

plays a role in the visual pathway somewhere between the outer segments and the Miiller 

cells. 

The hyperpolarisation of the photoreceptors leads to the closing o f  DHP-sensitive 

L-type calcium channels causing a decrease in the release of glutamate. which in turn 

causes the depolarisation o f  the ON-bipolar cells (Schrnitz and Witkovsky. 1997). A 

defect at this step of the visual pathway would influence the signal received by the Miiller 

cells. and would account for the ERG in patients with incomplete CSNB. Localisation o f  
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CACNAIF by in rifcc hybridisation to the photoreceptor cell bodies suggests that 

CACh'AIF could be the calcium channel responsible for regulating the release of 

glutamate. As transcripts of CAC.M.4 I F  are also present in the inner nuclear layer and the 

ganglion cell layer. expression of the protein in these cells may add to the abnormal 

response in the visual pathway elicited by the defect in the photoreceptor cells. On the 

other hand. the defect within the photoreceptors themselves is more likely to disrupt the 

visual pathway. therefore may be sufficient to cause the abnormal ERG response in 

patients with incomplete CSNB. 

Theoretically. in patients with incomplete CSNB. the mutations in CilC~'41F 

might decrease or even completely prevent the normal influx of Ca- in the dark-adapted 

eye. Concomitantly. the continuous glutamate release that nonnally occurs would also be 

decreased or terminated and the ON-bipolar cells wouldn't be maintained in a 

hyperpolarised state. which is required for increased sensitivity to light in darkened 

conditions. It can be presumed then that individuals with incomplete CSNB would not 

detect low levels of light even in darkened surroundings. This defect apparently does not 

affect normal day vision. presumably because it emulates light-adaptation. Patients are 

not able to completely dark-adapt since physiologically. the message perceived by the 

brain is that there is a light stimulus. By understanding the mechanisms of the defect that 

causes incomplete CSNB. we begin to learn more about the normal physiology of the 

retina. much of which remains to be unveiled. By determining the genomic organisation 

of CACAIIF. unveiling its expression pattern. identifying and sequencing the mouse 

orthologue. Cacnalj; and localisinp its transcripts to the three nuclear layen within the 

retina. this thesis research has provided the framework for shaping our understanding not 
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only of the pathogenesis of incomplete CSNB. but also of the CACXAiF gene and its role 

in the visual pathway. 

Future studies 

To further characterise CACL\WF. it is important to ascertain its true function as 

well as the location of the protein within the retina. In order to express a protein. the full- 

length cDNA of C.4C;VA I F must first be cloned into an expression vector. By expressing 

C.4Ci~rllF in a human cell line. such as human embryonic kidney (HEK) cells. it can be 

tested for its function as a calcium channel. Details of its function can be elucidated by 

performing functional assays on specific mutants such as the experiments done to 

determine the IQ motif where specific amino acids were changed and calcium 

inactivation was measured (Peterson et a1 .. 1999). Furthermore. the missense mutation 

observed in patients with incomplete CSNB can be tested to determine there functional 

effect. 

By raising antibodies to the alF protein and performing immunohistochemistry 

on retinal sections. studies can also be performed to determine the specific cellular 

location of function of CACA!AIF. Antibodies specific to different isoforms of 

C.4 C-+!A IF may provide information on the function of particular isoforms. by showing 

with which cell-type they are associated. The splice variants can also be investigated by 

performing in situ hybridisat ion with ri boprobe sequences that are specific to these 

variants. Additionally they can also be clone and expressed to determine their specific 

functions. 
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Another important study to be carried out is to create a mouse model for 

incomplete CSNB. A model o f  this disease can be used to learn more about the 

pathology of CSNB. to understand the mechanisms of the visual pathway. and to test 

potential therapies. 
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