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A b s t r a c t

ABSTRACT
Positional cloning identified the genomic rearrangement disrupting the 

Cacna2d2 gene to underlie the ducky mutation, a model for human absence 
epilepsy and cerebellar ataxia. The mutation results in the loss of full-length 
Cacna2d2 transcript, encoding the «2 6 -2  auxiliary calcium channel subunit, and 
the presence of two mutant transcripts. In situ hybridization found « 2 0 -2  highly 
expressed in +/+ cerebellar Purkinje cells, where in du/du mice mutant transcript 
1 could be detected. This transcript consists of the first three exons of 
Cacna2d2, lacking most of the « 2 -2  and all of the 6-2 subunit and is therefore not 
normally functional. Phenotypically this leads in homozygotes to the severe 
neurological defects of absence seizures, cerebellar ataxia and demyelination, 
as well as a failure to breed or survive beyond 35 days.

The aim of this study was to monitor functional consequences of this 
mutation on structure, protein expression as well as calcium homeostasis in 
neurones of the cerebellum. Cresyl violet-stained brain sections of P24 mice 
revealed normal foliation and laminar structure, although each layer was found to 
be reduced in size compared to age-matched wild-type animals. Lucifer 
yellow/neurobiotin injection, as well as Golgi impregnation, showed severe 
morphological alterations in cerebellar Purkinje neurones, implying a functional 
disruption of these cells.

Two antibodies directed against the N-terminus of « 2 6 -2  could detect the 
truncated protein in Purkinje neurones of du/du mice. The entirely intracellular 
localization of this protein as well as its size has been confirmed in COS-7 cell 
expression.

The expression levels of the calcium-binding protein Calbindin D-28K and 
the astroglial marker protein G PAP quantified by western blot analysis were 
unchanged. Caspase 3 expression level, a protein involved in the apoptosis 
pathway, appeared to be elevated in Purkinje neurones of du/du cerebellar 
sections. Western blot analysis of caspase 3 and 12 however did not show a 
changed expression level in du/du compared to +/+ littermates.

Changes in free [Ca^^i in Fura-2 -loaded cultured cerebellar granule cells and 
acutely isolated Purkinje neurones were measured by digital imaging during 
depolarizing stimulation. No difference in the resting [Ca^^i was observed. 
Peak cytoplasmic [Ca^^i transients were significantly reduced (24%) in Purkinje 
cells from du/du mice compared to +/+ mice.

Whether the loss of full-length « 2Ô- 2  and the presence of a truncated form of 
the protein, with subsequent reduction in calcium currents, is responsible for 
cerebellar degeneration and ataxia remains to be determined.
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CHAPTER I
INTRODUCTION



C h a p t e r  i. In t r o d u c t io n

1.1 THE CONCEPT OF AS A MESSENGER

1.1.1 B EG IN N IN G S

Calcium was probably one of the first chemical insults with which life had to 

cope. When life on earth was just beginning, about three billion years ago, CO2 

tension in the oceans was low, resulting in a high pH ( 8  to 9). At this pH, calcium 

salts are relatively insoluble, and thus the concentration of ionized calcium in the 

sea was low, perhaps around 0.1 pM. This was probably a necessary 

circumstance for early evolution since high concentrations of calcium would have 

been incompatible with the phosphate economy on which early life forms 

depended. However, as life expanded throughout the planet, CO2 production 

gradually acidified the seas, and Ca^^ salts began to dissolve. Thus, by about 

two billion years ago the ionized Ca^^ concentration could have reached 10|xM, 

on its way to the lOmM concentration in seawater today. Kazmierczak and 

Degens (1986) suggest that it may have been at this time that successful 

species began to develop mechanisms to exclude Ca^^ from the cytoplasm of 

their cells. All life forms today have retained this remarkable capacity to maintain 

low concentrations of cytoplasmic Ca^ ;̂ in eukaryotic cells the gradient of Ca^^ 

concentration across the plasma membrane is some 10,000-fold. Disruption of 

the ability of the cell to preserve this gradient is generally stressful, often fatal. 

However, at some point in the course of evolution, certain cells also developed a 

means to exploit this huge [Câ "̂ ] gradient for purposes of information transfer 

across the membrane; i.e. the regulated introduction into the cell of small 

quantities of Ca^^ serves as an intracellular messenger.
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1.1.2 INTRACELLULAR CA LCIU M  H O M E O S TA S IS

The calcium ion is an ubiquitous intracellular messenger that controls 

diverse cellular processes from fertilization and cellular differentiation to muscle 

contraction and synaptic transmission (Clapham, 1995; Berridge et al., 1998). 

The finely regulated spatial and temporal encoding of calcium signals ensures 

that these various calcium-dependent processes are activated appropriately 

within the cell (Bito et a!., 1997; Berridge, 1998). This cell type-specific 

simultaneous interplay of several counteracting processes of Ca^^ influx, 

transport and binding is summarized in Figure 1.1. Channels located in the 

plasma membrane connect the cytoplasm to the ‘inexhaustible’ supply of Ca^^ 

from the extracellular space. According to the stimulus triggering their opening 

they can be divided into voltage-dependent calcium channels (VDCOs), receptor 

operated Ca^^ channels (ROGs), store operated Ca^^ channels (SOCs) and 

mechanically operated Ca^^ channels (MOCs). VDCOs will be discussed in more 

detail in Section 1.2; ROCs (e.g. nicotinic acetylcholine receptors, N-methyl-D- 

aspartate (NMDA) receptors) are activated by agonist binding to the extracellular 

domain of the channel (e.g. ATP, serotonin, glutamate, acetylcholine); MOCs 

convey information into the cell relating to the stress/shape changes that a cell is 

experiencing (e.g. tracheal cilia beating) and SOCs are activated in response to 

depletion of intracellular Ca^^ stores, the mechanism by which the SOCs sense 

this is yet unknown. The channels in the plasma membrane work in combination 

with channels on the endoplasmic and sarcoplasmic reticulum (ER and SR 

respectively), which release the finite intracellular Ca^^ pool. They consist mainly 

of the ubiquitously expressed inositol 1,4,5-trisphosphate (IP3) receptor and 

ryanodine receptor of excitable cells.

Upon stimulation by depolarization, mechanical deformation, or transmitter 

molecules, the intracellular calcium concentration can rise from around 1 0 - 

lOOnM to over IpM . Whereas the influx of calcium through VDCCs triggers rapid 

secretion at synapses (Dunlap et a!., 1995; Neher, 1998), the release of calcium 

from stores in response to IP3 can generate sustained [Ca^ ]̂i oscillations in both 

excitable and non-excitable cells (Berridge, 1993). These Ca^^ oscillations can 

be decoded in the cytosol by frequency-sensitive effector proteins such as
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calmodulin-dependent kinase II (De Koninck and Schulman, 1998) and have 

been found to increase both secretion (Tse et al., 1993) and gene transcription 

(Dolmetsch et a!., 1998; Li et a!., 1998). Calcium oscillations can also be 

decoded by mitochondria (Hajnoczky et a!., 1995), several dehydrogenases 

being activated as the free [Ca^T increases within the mitochondrial matrix, 

thereby increasing the level of NAD(P)H and the production of ATP to meet the 

cell energy demand. [Câ ]̂i mediates multiple signalling cascades that are critical 

for cell survival, including Ca^Vcalmodulin-dependent-kinase kinase, protein 

kinase B and the phosphorylation of BGL-2 family member BAD (Yano et a!.,

1998). Metabolism
Secretion Neuronal excitability  

-  ProliferationContraction

Sensors (e.g. CAM)

VOCC ; 
SOCC 
ROC ' 
MOC

Mitochondrion Buffers

<Stimulus

SERCA

Buffers ER/SR

PMCA
NaVCa"*
exchanger

Figure 1.1 Intracellular calcium homeostasis. PMCA plasma membrane Ca^  ̂ ATPase; 
SERCA sarcoplasmic/endoplasmic reticulum Ca^  ̂ATPase; CAM calmodulin. VOCC voltage- 
, ROC receptor-, SOCC store- operated calcium channel. InsPaR Inositol 1,4,5 triphosphate 
receptor, RyR ryanodine receptor. Different cell types express various combinations of these 
channels, ATPases and exchangers according to their physiologic specialization.

Routes to remove from the cytoplasm include Ca^  ̂ ATPases on the 

plasma membrane and ER/SR, in addition to exchangers that utilize gradients of 

other ions to provide the energy to transport Ca^ ,̂ e.g. Ca^VNa^ exchange. In 

combination with these active extrusion mechanisms, the cell contains several 

Ca^^-binding proteins (e.g. calbindin, parvalbumin). Dependent on their 

dissociation constant they bind and release Ga^  ̂ in response to changing levels 

of [Ga^^i (Baimbridge et a!., 1992). Both increased (Ghoi, 1988) and decreased 

(Koike et a!., 1989; McGaslin and Smith, 1990; Koh and Gotman, 1992) 

intracellular Ga^  ̂have been reported to be cytotoxic in neurones.
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1 .2  V O L T A G E  G A T E D  C A L C IU M  C H A N N E L S

Voltage-dependent calcium channels are multimeric protein complexes of up 

to five components encoded by four different genes (Figure 1.2). The principal 

pore-forming ai subunit of 190 to 250 kDa is associated with a mostly 

extracellular « 2 0  subunit of 166 to 200 kDa, an entirely intracellular p subunit of 

55 to 72 kDa, and in skeletal muscle and probably some brain calcium channels 

a membrane bound y subunit of 25 to 38 kDa. Multiple isoforms of all subunits 

have been identified, a finding further diversified by the existence of splice 

variants. All but the two exclusively skeletal isoforms Cavl .1 and CavYi are 

expressed in the brain.

Muscle
contraction
Hormone

secretion
Transmitter
release

Figure 1.2 A Topology of VDCCs. The pore-forming cti subunit comprises four 
domains (l-IV), each consists of six transmembrane-spanning helices (S1-S6). The 
fourth helix (S4 dark grey) of each domain is highly charged and acts as a voltage 
sensor. The extracellular loop between the fifth (S5) and sixth (S6) helices dip into 
the membrane, and contribute to the channel pore (P). The cytoplasmic loop 
between domain II and III is important for excitation-contraction coupling in skeletal 
muscle and for excitation-secretion coupling in neurones. The whole structure is 
envisaged to fold around, with the amino and the carboxy termini meeting, to form a 
barrel like structure (see insets B and C). The p-subunit lacks a-helices capable of 
spanning the membrane, suggesting that it is entirely intracellular. It interacts with the 
« 1  subunit via the cytoplasmic loop between domains I and II. The « 2  and 5 subunits 
are encoded by a single gene and postranslationaly processed to form two 
disulphide-linked polypeptides. The 0-subunit traverses the plasma membrane whilst 
the « 2  component is entirely extracellular. The y-subunit has four transmembrane 
domains. Adapted from Walker and de Waard, 1998.
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1.2.1 N O M E N C L A T U R E  O F  V D C C  S U B U N IT S

Calcium  channels have originally been divided according to their 

electrophysiological and pharmacological properties into Ung-iasting-type, Purkinje- 

type, Q -type, Neither l  nor T , Remaining-type and Transient-type. M olocular cloning 

revealed many genes encoding each type. The  first consensus nom enclature  

resulted in the cciX nam es. To bring more structure to this still-growing family of 

channel proteins a new nom enclature has recently been adopted (Ertel et al.,

2000). Based on sequence homology, it designates the perm eant ion (Ca^^), the 

mechanism  of channel gating (voltage, v), followed by the gene family number 

and the subfamily m em ber (Table1.1).

Type aiX
name

CSv
name

Gene
name

Chromosomal
Location Primary tissue Accession

No.
L «IS CaJ.1 CACNA^ S 1q31-q32 Skeletal muscle 013698
L 0C1C Cavl .2 CACNA^C 12p13.3 Heart 013936
L O tlD Cayl .3 c a c n a : D 3p14.3 Brain, Kidney, Cochlea 001668
L(?) « I F Cavl .4 c a c n a : f Xp11.23 Retina AJ224874
P/Q O il A C a v 2 . 1 CACNA^A 19p13.1-.2 Brain, Cochlea Pituitary 000555
N « I B Cav2.2 c a c n a : b 9q34 Brain, nervous system 000975
R C tlE C a v 2 . 3 CACNA^ E 1q25-q31 Brain, cochlea, retina, 

heart, pituitary 015878
I Oil G Cav3.1 CACNA^G 17q22 Brain, Nervous system API 90860
I C llH C a v 3 . 2 CACNA1H 16p13.3 Brain, Heart, Kidney, Liver AF051946
T G ill Cav3.3 CACNA^ 1 22q12.3-q13.2 Brain AAF25722

c
3
JD3C/)

03
O

Table 1.1 Classification of voltage-dependent calcium channel a i subunits. The 
chromosomal location refers to the human sequence and the accession number for 
one representative full-length coding sequence.

The nom enclature of the auxiliary subunits remains unchanged (T ab le l .2).
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3
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>
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O

Subunit Gene name Chromosomal location Accession No.
(X2S-I CACNA2D^ 7q21-q22 P54289
CX2Ô- 2 CACNA2D2 3p21.3 AF040709
0126-3 CACNA2D3 3p21.1 CAB75962

Pi CACNB^ 17q11.2-q22 002639
P2 CACNB2 1 0 p1 2 NM_000724
P3 CACNB3 12q13 P54284
P4 CACNB4 2q22-q23 000305
Yi CACNG^ 17q24 006432
Y2 CACNG2 22q12-q13 AF096322
Y3 CACNG3 16p12-p13.1 API 00346
Y4 CACNGA 17q24 API42625
Ys CACNG5 17q24 API42621
Ye CACNGe 19q13.4 AP288386
Y7 CACNG7 19q13.4 AP288387
Ye CACNGQ 19q13.4 AP288388

Table 1.2 Classification of auxiliary voltage-dependent calcium channel subunits 
is based on proteins identified to co-purify with the skeletal muscle 
dihydropyridine receptor. Subsequent cloning revealed additional family members 
of each subunit. These are named in chronological order of discovery. Also 
shown are the location of the genes on human chromosomes and the accession 
number of a representative full-length coding sequence. 2 2
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1.2.2 T he  Cavtti S u bun it

Voltage-dependent calcium channels consist minimally of a pore-forming, 

selectively calcium permeant ai protein (Mori et a!., 1991). This subunit contains 

the voltage sensor, interaction sites for the p, and 0C28  calcium channel subunits, 

Py subunits of G proteins, and is target for several agonist and antagonist drugs. 

According to their biophysical properties, calcium channels have been divided 

into high- and low- voltage-activated (HVA and LVA respectively) (Figure 1.3). 

Seven individual genes have been identified that code for the HVA channels and 

three for LVA channels. Although the co-operative modulatory effect of auxiliary 

subunits on HVA channels is well established, it remains to be seen as to what 

extent LVA channels are associated with other proteins.

20
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a1S, Cav1.1 I
a1C, Cav1.2 k -ty p e  (DHP)
a1D, Cavl .3 J 
a1F, Cav1.4 ?
a1A, Cav2.1 P/Q-type (w-AgTx)
a1B, Cav2.2 N-type (co-CTX)
a1E, Cav2.3 R-type (SNX-482)
a1G, Cav3.1'|
a 1 H ,  Cav3.2 i-T-type (M ibefradil)

a ll, Cav3.3j

Figure 1.3 Phylogeny of VDCC a  ̂ subunits. Toxin sensitivity in brackets: DHP  
dihydropyridine, co-AgTX w-agatoxinlVA, co-CTX co-conotoxinGIVA. Adapted 
from Ertel etal., (2000).

1.2.2.1 Cayl .X, L-type, (ocic> ô io, ocis, ocif)
This calcium channel family is sensitive to dihydropyridines, 

phenylalkylamines and benzothiazepines. Found in skeletal, cardiac and smooth 

muscles, in fibroblasts, kidney and also in neuronal and endocrine tissue, their 

functional role is rather diverse. In skeletal muscle C ay l.l is crucial for excitation- 

contraction coupling, which does not require influx of Ca^^ through the channel 

(Rios et al., 1992). Mutations in the C ay l.l produce a range of muscle-related 

pathologies in rodents and man, including hyperkalaemic periodic paralysis and 

muscular dysgenesis (Knudson et a!., 1989; Chaudhari, 1992; Jurkat-Rott et a!., 

1994; Ptacek et a!., 1994). Cayl .2 is involved in the cardiac action potential, but 

also found in CNS (Mikami et a!., 1989). Cayl .3 is the major neuronal L-type
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channel involved in Ca^^-dependent gene expression (Bito et a i, 1997) and 

dendritic release of peptides (Simmons e ta i,  1995).

Cavl .3 is also found in many endocrine cells (Seine et a i, 1992), where it is 

involved in stimulus secretion coupling (Chin et a i, 1992; Ashcroft et a i, 1994; 

Yang et a i, 1999). In neurones they activate calcium-activated potassium 

channels not participating in neurotransmitter secretion (Marrion and Tavalin, 

1998). Recently a mutation in the retina-specific Cav1.4(aip) subunit has been 

found to cause X-linked congenital stationary night blindness (Strom et a i, 1998; 

Bech-Hansen et a i, 1998), possibly by interfering with synaptic transmission in 

the retina (Schmitz and Witkovsky, 1997).

1.2.2.2 Gav2.X, P/Q-type, (œia), N-type (aie), R-type (aie)
The Cav2.X channel family is mainly neuronal and their first two members 

are involved in rapid release of neurotransmitters and secretion of hormones. A 

further characteristic is their modulation by G-proteins, whereby the CPy subunit 

binds to a conserved sequence (QXXER) in the l-ll cytoplasmic loop of the ai 

subunit which is not present in L-type channels (Herlitze et a i, 1997; De Waard 

e ta i,  1997; Zamponi e ta i,  1997) close to the p subunit interaction domain (BID) 

and involving an interaction with p (Campbell e ta i,  1995; Meir e ta i,  2000).

Cav2.1 (P/Q-type, «m) is present in high levels in mammalian brain and 

peripheral nervous system (Mori et a i, 1991). High expression is found in cell 

bodies, dendrites and presynaptic terminals. Cav2.1 channels were first related to 

P/Q-type currents in an antisense study (Gillard et a i, 1997). P/Q-type channels 

are crucially involved in rapid neurotransmitter release at many excitatory and 

inhibitory synapses (Takahashi and Momiyama, 1993; Luebke et a i, 1993; 

Wheeler et a i, 1996). A direct interaction with the synaptic membrane proteins 

syntaxinIA and SNAP25 and their intracellular ll-lll loop could be shown (Walker 

and De Waard, 1998; Sutton et a i, 1999). The highest expression is found in 

cerebellar neurones (Westenbroek et a i, 1995) where ai A (Stea et a i, 1994) 

produces a co-agatoxin-IVA-sensitive current (Bourinet et a i, 1999). Kinetically 

and pharmacologically two current component can be distinguished (P- and Q- 

type), which arise by alternate splicing of the same gene (Starr et a i, 1991; 

Bourinet et a i, 1999). A preferential, but not exclusive interaction with p4 could
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further be demonstrated (Walker et al., 1998). Mutations in Cay2.1 result in the 

human autosomal-dominant neurological disorders of familial hemiplegic 

migraine (Ophoff et a!., 1996), episodic ataxia type 2  (Ophoff et a!., 1996; Jodice 

et a!., 1997), spinocerebellar ataxia- 6  (Zhuchenko eta!., 1997) and episodic-and- 

pregressive ataxia (Yue et a!., 1997). In mice they cause the recessive inherited 

ataxic phenotypes of tottering (tg), leaner (t^^) (Fletcher et al., 1996), rolling 

Nagoya {tg^°) (Oda, 1973) and rocker (tg^) (Zwingman et al., 2001). At the 

neuromuscular junction the Cav2.1 subunit is believed to be important for 

acetylcholine release. Auto-antibodies against P/Q-type channels cause impaired 

neurotransmission and weakness in patients with paraneoplastic Lambert-Eaton 

myasthenic syndrome (Kim and Neher, 1988; Pinto et a i, 1998). Furthermore, a 

95 kDa truncated Cay2.1 protein co-precipitates with the P/Q-type channels 

although its function is still unclear (Scott et a i, 1998).

Cav2.2 (N-type, aie) has been cloned exclusively from brain and peripheral 

nervous system (Lin et a i, 1996). N-type current can be blocked by low 

concentrations of co-conotoxin GVIA (Dubel et a i, 1992). Cav2.2 is primarily 

expressed in dendrites and nerve terminals (Westenbroek et a i, 1992) and 

involved in neurotransmitter release (Dunlap et a i, 1995).

Initially Cay2.3 (R-type, aiE) was characterized as an LVA T-type channel 

(Soong et a i, 1993). Later studies showed that the expressed channel has the 

activation and inactivation kinetics of an HVA calcium channel (Schneider et a i, 

1994; Williams et a i, 1994) and some properties in common with the R-type 

current in cerebellar granule cells (Randall and Tsien, 1997).

1.2.2.3 CavS.X, T-type, (aiG, « ih , (%ii)
Three members of the T-type calcium channel family have recently been 

cloned (Cribbs et a i, 1998; Perez-Reyes et a i, 1998; Lee et a i, 1999a). They 

are low voltage activated and might be important for cardiac pacemaker activity 

and the oscillatory activity of several thalamic neurones. A role in 

neurotransmitter release in retinal bipolar cells has also been proposed (Pan,

2001). Gav3.1 and Cav3.3 are predominantly expressed in the central nervous 

system with low levels found in testis and lung (Talley et a i, 1999; Klugbauer et 

ai, 1999a; Kase et a i, 1999). In contrast, Cav3.2 is more ubiquitously expressed 

in many peripheral tissues, including heart, kidney and pituitary as well as the
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central nervous system (Cribbs et al., 1998; Williams et al., 1999). When 

expressed in Xenopus oocytes, all three T-type ai subunits produce robust low 

voltage-activated currents (Cribbs et al., 1998; Perez-Reyes et al., 1998; Lee et 

al., 1999; Klugbauer et al., 1999; Williams et al., 1999), thus implying functional 

expression without auxiliary subunits unless endogenous p subunits play a role 

(Tareilus etal., 1997).

1.2.3 T H E  C avP SU B U N IT

Four types of p (P1-4) subunits are encoded by four genes (Ruth et al., 1989; 

Hullin et al., 1992; Perez-Reyes et al., 1992; Castellano et al., 1993). These 

genes give rise to at least 13 splice variants that form entirely cytoplasmic, 

hydrophilic, non-glycosylated proteins between 55 and 72 kDa in size. They are 

expressed in a tissue-specific manner. Their general structure comprises two 

conserved segments around a central core region and divergence in the 

carboxy- and amino-terminal regions (Hanlon et al., 1999). All of the isoforms 

have consensus sequences for phosphorylation implying common mechanisms 

of modulation. Coexpression with ai subunits increases the current amplitude 

and results in the modulation of both kinetics and voltage dependence of 

activation and inactivation (Singer et al., 1991). The different p subunits produce 

specific inactivation behaviours. P3 produces fast and p2 slow, channel 

inactivation, whereas pi and p4 induce more intermediate inactivation behaviour 

(Walker and De Waard, 1998). Furthermore, an apparent increase in recognition 

sites for channel-specific toxins has been reported, in line with their proposed 

role in the membrane targeting of the ai subunit (Brice et al., 1997). Structurally 

this has been explained by a highly conserved ai subunit interaction domain 

(AID) found to bind (1:1) with high affinity to a highly conserved BID (p subunit 

interaction domain) region in the cytoplasmic loop between domain I and II of the 

subunit (Pragnell et al., 1994) which functions as an ER retention signal 

(Walker etal., 1998) antagonized by the P3 subunit.

Disruption of this AID and BID interaction through point mutations also totally 

abolishes p subunit regulation (De Waard and Campbell, 1995). In the lethargic 

(Ih) mutation however, the complete disruption of P4 subunit function (Burgess et 

al., 1997) has been shown to be compensated to some extent by other
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Psubunits (Burgess etal., 1999a) resulting nevertheless in a severe phenotype. 

The knocking-out of the Pi subunit on the other hand is lethal at birth (Gregg et 

a!., 1996), because of its role in muscle contraction.

1.2.4 T H E  CavY SU B U N IT

For a long time the y subunit was thought to be unique to the skeletal muscle 

Cavl.1 subunit with which it was originally co-purified (Flockerzi et a!., 1986) 

Recently a homologous gene was found to be disrupted in the stargazer 

mutation coding for the brain-specific GavY2 subunit (Letts et a!., 1998). Since 

then, seven additional subunits have been identified in mouse and human (Black 

and Lennon, 1999; Burgess et a!., 1999b; Klugbauer et a!., 2000; Burgess et a!., 

2001). Coded by eight genes, structurally the y subunits are 35-38 kDa proteins 

with four putative transmembrane spanning segments according to 

hydrophobicity plots. The yi subunit has been shown to modulate current density 

as well as the activation and inactivation kinetics of Cavl.1 (Singer et a!., 1991; 

Eberst et a!., 1997). In accordance with this, the Ca^^ influx was found to be 

increased in yi subunit knock-out mice, combined with a depolarizing shift in the 

steady-state inactivation (Freise et a!., 2000). However the observed effects in 

the stargazer mutation have been only modest and y2 produced only a slight 

depolarizing shift in the steady state inactivation of Cav2.1 and not the predicted 

increase in current density of cerebellar granule cells. Therefore the role of 

neuronal gamma subunit might not entirely be connected to calcium channel 

function or in this case malfunction. This notion was recently further 

substantiated by a study which found the y2 subunit involved in the membrane 

targeting of the AMPA receptor (Chen etal., 2000).
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1.2.5 T H E  Cava2Ô SU B U N IT

Three genes have been identified which code for the « 2 8  subunit isoforms 

numbered a 2Ô-1 , « 2 8 -2  and a 2 8 -3  (Klugbauer et al., 1999b). The « 28 -1  subunit 

was initially co-purified with Cavl .1 from rabbit skeletal muscle (Nakayama etal., 

1987; Catterall et al., 1988) and its cDNA sequence was determined by Ellis et 

al. (1988). It was also found associated with Cav2.2 (Witcher et al., 1993) in 

brain. Expression was found to be ubiquitous, and although five tissue-specific 

splice variants of « 28 -1  can be distinguished, their functional significance is still 

unclear (Angelotti and Hofmann, 1996). The second gene, Cacna2c/2 encodes a 

protein of approximately 190 kDa, with highest expression found in lung and 

testis and significant expression levels in brain, heart and pancreas (Gao et al., 

2000). In situ hybridization of mouse brain sections revealed the highest 

expression of the « 2 8 -2  mRNA in the Purkinje cell layer of the cerebellum, 

habenula and septal nuclei, and lower expression in the cerebral cortex, 

olfactory bulb, thalamic and hypothalamic nuclei, as well as the inferior and 

superior colliculus (Barclay et al., 2001). In contrast to this broad expression 

pattern. Northern analysis showed Œ2 8 -3  to be brain-specific.

1 .2.5.1 Structure of « 2 6  subunits

Besides an amino acid sequence homology of 56% and 30% respectively, 

the « 2 8 -2  and « 2 8 -3  subunits share similarities in their hydrophobicity profiles 

and several other structural features with the CC2 8 - I subunit. A single 

transmembrane domain (AA1123 to 1139 in « 28- 1 ) is predicted for all « 2 8  

subunits. Encoded by a single gene the « 2 8  subunits are 166-200 kDa proteins 

that are post-translationally cleaved to yield entirely extracellular a 2 subunits 

which are anchored to the membrane by disulphide bonds to the membrane- 

spanning 8  subunit, the latter having only 5 intracellular amino acids in the case 

of « 28 -1  (Brickley etal., 1995). This suggested that the interaction of this subunit 

with intracellular molecules such as protein kinases and G-proteins is unlikely 

(Gurnett et al., 1996). The 8  subunit has been found to be 53, 57 and 35 kDa in 

size for the respective subunits 1 to 3 (Marais et al., 2001). Like « 28 -1  (Gurnett 

etal., 1996), « 2 8 -2  and -3 have about 17 predicted N-glycosylation sites, their
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heterogeneity might subserve tissue-specific mcdulaticn cf channel function 

(Luc, 2000). Approximately 30-50 kDa is due to « 2  giyccsylaticn in all iscfcrms 

(Marais etal., 2001).

Structural studies have shown that the extracellular a 2 domain provides the 

structural elements required for channel stimulation (Gurnett et ai. 1996) and the 

Ô domain harbours the regions important for the shift in voltage-dependent 

activation, steady-state inactivation, and the modulation of the inactivation 

kinetics. The consensus sites on the extracellular loops of a i subunits to which 

the 0C28 subunit binds have not been identified, although repeat III of Cavl.1 has 

been found to associate with « 2  (Gurnett et a!., 1997).

Two binding domains are conserved between the a 2Ô subunits, a von 

Willebrand factor type A domain and a Cache domain. Little is known about the 

function of the Cache domain besides its conservation in the « 2 6  subunits and 

various bacterial chemotaxis receptors (Anantharaman and Aravind, 2000). The 

von Willebrand factor type A domain is known to participate in cell-cell 

interaction, cell-matrix interaction and matrix formation in several proteins 

including von Willebrand factor, the a-chains of integrins and some types of 

collagen (Colombatti etal., 1993; Lee etal., 1995).

1.2.5.2 Effect of the 0C2Ô subunit on calcium channels

Functional coexpression of the « 28 -1  with various combinations of a  ̂ and p 

subunits results in an increase in the current densities. This was shown as an 

increase in Cavl.1 and C av l .2  dihydropyridine binding sites, Cav3.1 

immunostaining (Dolphin et al., 1999) and to a lesser extent in Cav2.2 co- 

conotoxin-GVIA binding sites (Singer et al., 1991; Brust eta l., 1993; Welling et 

al., 1993; De Waard and Campbell, 1995; Shistik et al., 1995; Bangalore et al., 

1996; Gurnett et al., 1996; Felix et al., 1997; Parent et al., 1997; Jones et al., 

1998). In agreement with these findings, (%28 increases ionic currents of Cavl.1, 

Cavl .2 , Cav2 .1  and Cav3.1 (Singer et al., 1991; De Waard and Campbell, 1995; 

Bangalore etal., 1996; Felix et al., 1997; Qin et al., 1998; Shirokov etal., 1998; 

Dolphin etal., 1999) and to a lesser extent also of Cav2 .2 . In COS-7 cells as well 

as oocytes, « 2 6  alone was ineffective in targeting Cavl .2 and Cav2.1 to the 

plasma membrane (Brice et al., 1997; Gao et al., 2000), but was sufficient in
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HEK 293 cells for Cav1.2 (Felix et al., 1997). For Cav2.1 the effect of « 2 8  is small 

in the absence of coexpressed p-subunits. In HEK 293 cells « 2 8  produced a 

small increase in the current densities of Cav2.3 currents, but had no effect on 

their biophysical properties (Jones et a!., 1998). Conversely in COS-7 cells as 

well as oocytes, the current activation of Cav2 . 2  was shifted to more positive 

potentials, whilst the effect on current density was very little (Stephens et a/., 

1997; Qin et a/., 1998). A shift of the current-voltage curve in a hyperpolarizing 

direction could be observed for Cavl .2 (Singer et a/., 1991; Felix et a!., 1997). 

Taken together it appears that all HVA Ca^^ channel types have associated « 2 8  

subunits, which enhance the functional expression of a i, especially in the 

presence of other accessory subunits such as p. This implies a role in the spatial 

distribution of the Ca^^ channels. Less clear is the modulatory effect of « 2 8  

subunit on calcium channel biophysical properties. One possible explanation for 

these discrepancies might lie in the various expression systems used in these 

studies. Endogenous calcium channel subunits for example, like those recently 

discovered in Xenopus oocytes, could interfere with, or occlude the observed 

effects (Lacerda etal., 1994; Tareilus etal., 1997).

1.2.5.3 Proposed mechanism of modulatory effects
Some mechanistic ideas concerning the observed modulatory effects have 

been developed. The increase in density of the current and DHP-binding sites 

can be understood by an improved targeting of the expressed ai subunit to the 

cell membrane, stability, and maturation of the channel complex (Shistik et al., 

1995), which leads to an increased amount of charge movement during channel 

activation (Bangalore et al., 1996; Qin et al., 1998). Deglycosylation and amino- 

terminal truncations involving the extracellular region of « 2 8  result in a reduction 

of the current amplitude (Gurnett etal., 1996). Coexpression of the 8  alone could 

mimic the observed shift in voltage dependence and kinetic effects of the current 

(Felix et al., 1997). On the other hand, the sequence similarity between the three 

cloned subunits which are less well conserved in the 8  proteins, suggests that « 2  

may harbour the relevant residues responsible for the observed effects on â  and 

that the 8  domain functions largely as a membrane anchor for « 2 .
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1.2.5.4 Gabapentin binding
Interestingly the a 20  protein has been implicated as the in vivo target of the 

antiepileptic drug gabapentin (Gee et a!., 1996), a structural analog of the 

inhibitory neurotransmitter y-aminobutyric acid (GABA). It has been proposed 

that gabapentin binds preferentially to the (X2 8 - I subunit, based on the evidence 

that the partial N-terminal amino acid sequence of the binding-protein obtained 

from porcine brain membranes is identical with an amino-terminal peptide of a 2 0 - 

1 not present in orthologs 2 and 3. In situ analysis of « 20 -1  mRNA in brain 

showed the same distribution as that of gabapentin binding sites (Taylor et a!., 

1998).

However, another study using a different purification procedure showed that 

there might be an additional binding protein in brain, which was detected with a 

polyclonal « 2  antibody (Brown and Gee, 1998). Recently it has been shown that 

« 2 0 -2  also binds gabapentin, but « 2 0 -3  does not (Marais et al., 2001). For 

gabapentin binding, the « 2  and Ô subunits are both essential although do not 

have to be necessarily disulphide linked (Wang et al., 1999), yet the functional 

significance of this interaction is controversial. Reports show on the one hand no 

effect at therapeutic concentrations (10p,M) on calcium channels (Rock et al., 

1993; Schumacher et al., 1998), but on the other hand an inhibition of calcium 

currents in isolated rat neurones and synaptosomes has been reported (Stefani 

et al., 1998; Fink et al., 2000; Stefani et al., 2001). A possible explanation could 

be a subtle action only apparent on a certain sub-population of channels or 

dependent on the experimental protocol used (Alden and Garcia, 2001 ; Maneuf 

and McKnight, 2001). It remains to be established whether other possible 

mechanisms play a role. Of particular interest is the recent report of a subtype- 

selective agonist action of gabapentin at the GABAb receptor (Ng et al., 2 0 0 1 ). 

The complexity of the gabapentin pharmacology, in that it functions as analgesic 

in neuropathic pain (Field et al., 1997), anxiolytic (Singh et al., 1996) and 

neuroprotective agent (Gurney et al., 1996), in addition to its reported anti

convulsant properties, implies that there might be multiple biochemical events 

triggered by this drug (Taylor etal., 1998).
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1.2.6 INTERACTION OF THE CavŒi SUBUNIT WITH 
INTRACELLULAR PROTEINS

In addition to the auxiliary calcium channel subunits, the ai subunits have 

been shown to interact with a wide range of intracellular proteins (Figure 1.4).

C ay1  X  (L-type calcium channel)

I II III IV

cA M P
Kinase

Speed of channel inactivation  
opening w  .

1 Î
C a v 2 .X  (Non L-type calcium channel)

Ryanodine
Receptor
Triadin

Syntaxin  
S N A P  25  

Synaptotagm in

Figure 1.4 Interaction of the Cayai subunit with intracellular proteins. 
Differences between L- and non L-type HVA channels are indicated. Dotted 
lines show regions important for activation and inactivation kinetics. @  sites 
for phosphorylation by protein kinase 0  and cAMP Kinase @  Calcium- 
dependent inactivation. Binding sites for p subunits, G-protein G py subunit, 
excitation-contraction coupling, synaptic membrane proteins SNAP25 and 
syntaxin are also shown.

In contrast to the rather promiscuous nature of the interaction with 

P-subunits, a distinction is evident between the interaction capacities of L-type 

and non L-type high voltage activated calcium channels, reflecting their 

functional separation.
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1 .3  A B S E N C E  E P IL E P S Y  A N D  A T A X IA

Absence epilepsy is an idiopathic generalized, non-convulsive seizure 

disorder that is most common among children, with an onset between 2  and 16 

years of age. Typical seizures are brief (<30s) and characterized by the 

spontaneous occurrence of bilaterally synchronous, symmetrical 2.5-4Hz cortical 

spike-wave discharges (SWD) recorded by electro encephalogram (EEG) 

(Noebels and Sidman, 1979), concomitant with behavioural arrest as well as 

impaired awareness. Until recently investigators had to rely on phenotypic 

criteria such as abnormal EEG discharges, associated behavioural abnormalities 

and profiles of pharmacological sensitivity to classify the underlying defect. Six 

well-defined spontaneously arising mouse models of inherited absence epilepsy 

have been described on this basis in the past few decades and accordingly 

named: tottering (tg), lethargic (Ih), stargazer (stg), mocha (mh), slow-wave 

epilepsy (swe) and ducky (du). With the exception of swe (3-4Hz) they were all 

found to have 5-7Hz SWD bursts associated with behavioural arrest which, 

importantly, respond to anti-absence drugs that are efficacious in human 

(Noebels, 1986; Figure 1.5).

C h r 2  ChrS Chr 9 C hrlO  C h r lS

- Ih
-tg

- du
- m tf‘

Stg

lethargic tottering ducky mocha^' stargazer

Chr 4

swe

siow wave epilepsy

Figure 1.5 Murine mutations causing spike and wave discharges 
(SWD). The mutation in the calcium channel gene Cacna2d2 is 
the fifth class of mutation in a calcium channel subunit to be 
associated with SWD in mice. Example traces of typical SW D are 
shown (7Hz on the left and 3 Hz on the right). The localization of 
the different mutation on mouse chromosomes is pictured.
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Utilization of genetic mouse models, in particular where functional 

properties of native channels can be readily studied, has led to significant 

insights into the pathological mechanisms underlying these disorders. 

Furthermore, the rare monogenic Mendelian nature of the epilepsies in these 

models has led to the identification of the underlying mutations by means of 

positional cloning. Thus recent analyses have revealed that four of the six 

mutated genes resulting in generalized SWD encode for calcium channel 

subunits. The tottering (tg) locus encodes the calcium channel Cav2 .1  subunit 

gene Cacna2.1 (Fletcher et a!., 1996), lethargic (Ih) encodes the Cavp4 subunit 

gene Cacnb4 (Burgess et al., 1997; McEnery et al., 1998), stargazer (stg) 

encodes the CavY2 subunit gene Cacng2 (Letts et al., 1998) and duc/cy encodes 

the Cava2Ô-2  subunit gene Cacna2d2. (Barclay et a!., 2001). The swe locus was 

identified as the ubiquitous NaVH^ exchanger gene Slc9a1 (Cox et al., 1997), 

and mh as the adaptor-related protein Ô subunit gene Ap3d (Kantheti et al., 

1998) (Figure 1.6).

Tottering (tg)
Point mutation 
(Pro 1802 — ► Thr)

Cav2.1

Ducky (du)
G enom ic rearrangem ent 
—► translational truncation

a 2 Ô - 2

6 4  Leaner {t^^)
. ^  '  Splice site mutation

Lethargic (Ih) ^  ^  - OSbp insertion at 5901
4bp insert — ► no functional expression -139bp deletion at 576 3  - 5901

c 'c Ô

Y
Stargazer (stg)
Transposon insertion 
into intron 1 — ► 
transcriptional termination

Figure 1.6 Location of five single gene mutations in VDOC subunits causing 
SWD. In lethargic loss of the P4 subunit leads to a reduction in thalamic EPSCs, 
Purkinje cell calcium currents are unaffected. Tottering causes a reduction in 
Purkinje cell calcium currents and a reduction in thalamic EPSCs. Stargazer 
causes a small depolarizing shift in the Cav2 .1 , but no change in calcium current 
in cerebellar granule cells (not determined in Purkinje cells). Ducky leads to a 
reduction in calcium current in Purkinje cells.
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Since the discovery of tottering and leaner \r\ the Cav2.1 subunit additional 

alleles have been found: rolling Nagoya (Cacnald^'^°), rocker { C a c n a l and 

tg^ (Cacnald^'^). The same is true for stargazer yN\\h waggler (Cacng^^^''^^^ 

and s t ^  {Cacng^^ '̂^). Also for the ducky mutation a new allele, 

{Cacna2d2? '̂ '̂^) has recently been found (Barclay et a!., 2001). All these 

mutations are distinguishable according to the severity and onset of their 

phenotypic features (summarized in Table 1.3) and have in common a 

recessively inherited phenotype of ataxia in combination with SWD. Furthermore, 

in the tottering {tg) mutation and its alleles, several lines of evidence point 

towards an abnormal Purkinje cell function. One is a reduction in P/Q-type 

calcium current and changes in the voltage-dependence of channel kinetics as 

found in tottering (tg), rolling Nagoya {td^°) and leaner {tg''). Resulting in an up to 

65% reduction of peak current density in the severest case of leaner {tg'"). 

Additionally in some cases {tg, t^", t^ ) ,  an aberrant increase in tyrosine 

hydroxylase (TH) expression was observed, which was found to colocalize with 

regions of zebrin II expression (Abbott et al., 1996), indicating developmental 

malfunction. A malformation of Purkinje cells was found in rocker {tg''̂ ), 

characterized by a ‘weeping willow' appearance of their dendrites. In the extreme 

case of the leaner {t^") mutation, Golgi and Purkinje cells are lost after the end 

of the first postnatal month. Furthermore, a reduced excitatory postsynaptic 

potential in the thalamus has been noted in tottering {tg) and lethargic {Ih) as well 

as impaired synapse maturation in the waggler {stg''^^  ̂ mutation.

The study of this series of independent mutations might give insight into the 

molecular mechanism of SWD and might possibly reveal an underlying common 

pathological mechanism. Several genetic syndromes in humans and mice result 

from single gene mutations altering the function of neuronal ion channels 

(Gardiner and Lehesjoki, 2000). Ducky an6 other mice showing a phenotype of 

SWD are valid models for human absence epilepsy as sequence changes in 

CACNAB4 and CACNA1A have been described in families with idiopathic 

generalized epilepsy (IGE) or ataxia (Yue et al., 1997; Zhuchenko et al., 1997; 

Ophoff et al., 1998; Escayg et al., 2000; Jouvenceau et al., 2001). The 

Cacna2d2 gene is therefore a candidate for human IGEs and ataxia. Elucidation 

of the affected pathways may allow design of novel anti-absence drug treatment 

aimed at a specific physiological target.

35



M u t a t i o n

Phenotype

G e n e

TJ

P

Nature 
of Mutation

Predicted
effect Physiological consequences

3
a
CD
CD3
0
CD
CO

1
03

N
C
CD(/)

s nCD CD

i t

i
0
cn

%
N

f - 2
CD 0

g 2 .
(D

T o tte r in g V V V V

>
c

0
( /)
0
3
0 )

s

8
to
( / )
<
CD

C acna 1a ^

0
03
<DO

M is s e n s eC 1 80 2 T
P601L 

(IIS 5-S 6 )  
Pore lining region

i  P-type current density in Purkinje cells (-40%) 
changes in voltage dependence of inact. iE P S C  

T Cavl .2 TTH G A B A a  receptor expression altered
1-5

>
I
æ

Leaner V V V V _ _ tg-ln 
Cacna1a

Splicing error 
5901 98bp  

insertion 5763- 
5901 139bp  

deletion

Novel C-term inus from  
exon skip or intron 

inclusion Calmodulin  
binding domain

i  i  P-type current in dissociated Purkinje cells (-65%) 
depolarizing shift in Purkinje cell current 

- slow cerebellar degeneration

1,2,
6-8

Rolling Nagoya V V - V C a c n a la ^ Missense C 3784T R 1262G  (lliS 5-S 6) i  P-type current in dissociated Purkinje cells 9.10,11

Rocker V V - V C a c n a la ^ M issense C 3929A
T 1310K  

(lliS 5 -S 6) 
Pore lining region

TTH, weeping willow’ appearance of Purkinje cell 
dendrites 12

V V - V C acna 7a^^
Unpublished AA 

substitution
(IIS 5 -S 6 ) Pore lining 
region not far from tg 13

L e th a rg ic V V - V Cacnb4^^ P4 Splicing error
truncation with loss of 

a,-b inding site
J-EPSC TTH thickness of molecular layer; regional 

increase in GABAg receptor binding
3 ,5

14-17

S ta r g a z e r V V - V Cacng2^^^

Y2

transposon
insertion

early stop or splicing 
error reduced wild-type 

RNA

?T calcium entry; steady state inactivation of Cav2.1 
more depolarized in absence of y 2 iBDNF(-70% ) TrKB 

pathway - immature GABA* receptor
18-21

>
CD

$
Waggler V V - V Cacnĝ '̂ ""'' reduced wild-type RNA Impaired synapse maturation 18,19

stg^ V V - V Cacng2^^^ ^ reduced wild-type RNA 23

D u c k y V V - V du
Cacna2d2

r?
%

genomic
rearrangem ent

transcriptional 
termination after exon 

3
24

>
CD
CD

d iT - ' V V - V Cacna2d2^^^'^ 2bp deletion
translational 

termination after 
exon 9

24

a)CT
CD

CO

3
CD
O
O
c"
3
o
3"
03
3
3
CD

03

o'
3
C/3
O
03
Cœ
3 '

CQ
0 )

o
C/D

oX>■aH
mX

COO)

(1) Fletcher et al., 1996 , (2) W akam ori et ai., 1998; (3) Caddick et al., 1999; (4) Cam pbell et al., 1999; (5) Hess et al., 1991; (6) Lorenzon et al., 1998; (7) Dove et al., 1998; (8) Lee et al., 1999  
(9) Nishim ura et al., 1976; (10) M ukoyam a et al., 1976; (11) Mori et al., 2000; (12) Zwingm ann et al., 2001; (13) Frankel unpublished data; (14) Burgess et al., 1997; (15) Burgess et al., 1999  
(16) M cEnery et al., 1998; (17) Lin et al., 1993; (18) Letts et al., 1998; (19) C hen et al., 1999; (20) Q iao et al., 1996; (21) Q iao et al., 1998; (22) Thom pson et al., 1998; (23) Letts unpublished data  
(24) Barclay et al., 200 1 . BND F: Brain derived neurotrophic factor ; E PSP; Excitatory postsynaptic potential; GABA: y-am inobutyric acid; TH : Tyrosine hydroxylase; TrkB: Tyrosine kinase B.



C h a p t e r  i. In t r o d u c t io n

1.3.1 TH E D aC K YM U TA TIO N

The focus of this study will be on the autosomal recessive ducky mutation 

(Figure1.7), which arose spontaneously in the Jackson Lab (Snell, 1955). The 

ducky locus was mapped to mouse chromosome 9 by linkage to the markers 

dilute and short ear (Snell 1955). Positional cloning identified (Cacna2d2) the 

Œ2Ô- 2  calcium channel subunit gene to underlie the ducky phenotype (Barclay et 

al., 2001), which is apparent around day 14. Homozygote du/du mice show a 

wide based waddling gait and a tendency to fall to one side. They are smaller 

than normal and may occasionally have seizures. Viability is less than normal 

and there is usually a failure to survive beyond 35 days. Males living to maturity 

may be fertile, but are poor breeders. Females rarely breed (Snell 1955). 

Histologically, homozygotes show severe dysgenesis of the cerebellum, 

hindbrain and spinal chord, myelin deficiency that is more marked in the caudate 

CNS region, and demyelination and axonal dystrophy in selective fibre systems, 

including the spinocerebellar and vestibulospinal tracts (Meier, 1968).

A P21 brains 
du/du +/+

P21 +/+ 
10.1 g

Q  body weight

du/du

Q du/du

du/du

Figure 1.7 The ducky mouse. A Two littermates are shown at the weaning age 
of 21 days. The homozygous du/du is reduced in size and weight. The splayed 
stance results in a waddling gait. B shows a small size reduction in du/du brains 
compared to wild-type. A body weight comparison between +/+ (n=6) and du/du 
(n=6) mice showed a significant size reduction in du/du mice compared to +/+ 
(student’s Mest p<0.01) C. The overall structure of the cerebellum is preserved 
as shown by cresyl violet staining in D.
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1.3.1.1 PROPOSED MECHANISM OF THE DUCKY 
MUTATION

The du mutation is a genomic rearrangement involving the Cacna2d2 gene. 

The proposed mechanism implies a head-to-tail duplication, a deletion and an 

inversion of genomic DNA (Figure 1.8). No full-length transcript (5.5kb) can be 

detected in du/du mice, but low levels of two distinct mutant transcripts (~1.5kb 

and 5kb respectively) have been detected by Northern blot analysis (Barclay et 

al., 2001). Mutant transcript 1 (ofu-mutl az) encodes the first 414 nucleotides of 

Cacna2d2 followed by 24 novel nucleotides and a stop codon. Both mutant 

transcript 2 (du-mut2 «2 , exons 2-39) and du-muti « 2  could be amplified through 

RT-PCR.

39
(5.5 kb) (X 2 Ô — 2

Cacna2d2
1 2 3 4 39

1 2  3 4

>150 kb

deletion

head-to-tail duplication 
39 4 3 2'

1 2  3

1 2  3

inversion

4 3  2 du/du

1 2 3 39 4 3  2
[ U W S (1.5 kb) (5 kb)

du-mut1 tt2 du-mut2 « 2

Figure 1.8 The genomic structure of the Cacna2d2 gene (grey underlaid). The 
Cacna2d2 gene consists of 39 exons spanning over a region of 85kb genomic DNA. 
The genomic rearrangement of the ducky involves a head-to-tail duplication0 ,  a 
d e le tio n 0an d  an inversion®. The mutation is thought to results in the disruption of 
the Cacna2d2 gene after exon 3, causing translational truncation (Barclay et a!., 
2001)
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The genomic rearragement in the ducky mutation affects over 150 kb of 

genomic DNA which are head-to-tail duplicated. It is therefore reasonable to 

consider the disruption of other genes within this region. However several lines of 

evidence suggest that the disruption of the Cacna2d2 gene alone is the origin of 

the ducky phenotype resulting in a non-functional « 2 8 - 2  subunit. One of them is a 

recently discovered spontaneous, autosomal recessive mouse mutant with a 

phenotype similar to du/du \ha\ could be confirmed as a novel ducky aWele; di/'^. 

Mutational analysis revealed a 2bp deletion within exon 9, predicted to cause 

premature truncation of the protein (GenBank accession number AF247142, 

Barclay et al., 2001).

Interestingly all mouse mutants showing SWD, with the exception of mocha, 

have also an ataxic phenotype in common implying an involvement of the 

cerebellum.
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Figure 1.9 Pictures were taken from the following sites 

A http://www.public.iastate.edu/~cmdis470/ cerebellum 

C Barclay et.al. 2001

B http://oto.wustl.edu/cerebellarconference 

D www.hms.harvard.edu/research/brain/atlas.html

http://www.public.iastate.edu/~cmdis470/
http://oto.wustl.edu/cerebellarconference
http://www.hms.harvard.edu/research/brain/atlas.html
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1.4 THE CEREBELLAR CORTEX

1.4.1 An a to m ic a l  s t r u c t u r e  o f  t h e  c e r e b e l l u m
The cerebellum overlies the brainstem, behind the occipital lobes of the 

cerebral hemispheres. The cerebellum (little brain) represents only 10% of the 

total brain volume but contains more than half of the neurones in the central 

nervous system. This is due to the granule cells which are the most abundant 

neurone type in the central nervous system. Its most prominent cell type, the 

Purkinje cell is the biggest neurone in the cortex, comprising with up to 200,000 

synaptic connections to parallel fibres also the highest number of connections for 

an individual neurone. The climbing fib re-Purkinje cell contact is one of the 

strongest synaptic connections in the whole brain. Although the cerebellum is 

one of the first structures of the brain to differentiate, it achieves its mature 

configuration in the mouse only one month after birth.

Anterior
Right
hemisphere

lobe

Posterior
V » m l»

Flocculonoduiar 
lobe

Cerebrum
Cerebellum

0
Parasagittal Transverse

Anterior 
Lobe

CO o

Flocculonoduiar Lobe Pons

Figure 1.9 Gross anatomy of the cerebellar cortex A Dorsal view. Cerebellum can 
be divided longitudinally into a medial vermis, more lateral hemispheres and most 
lateral flocculi. B Transverse section shows its connection to the pons (ventral left 
anterior to the top). The cerebellar lobulation is seen in sagittal sections 0  (dorsal 
is upwards and anterior to the left). D same orientation as B.
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1.4.2 CELL TYPES OF THE CEREBELLUM

Unlike the cerebrum, the composition of the cerebellum is remarkably 

simple, consisting of three layers comprising five different neuronal populations, 

which are structured in strict order. Purkinje cells and granule cells create the 

lamination of the cerebellum; the granule cells form the granule cell layer, the 

Purkinje cell somata form the Purkinje cell layer and the Purkinje cell dendrites 

and granule cell axons together form the molecular layer. The remaining classes 

of the cerebellar neurone populations are inhibitory interneurones including Golgi 

cells, which contain the neurotransmitters GABA and Glycine. They extend their 

axons deep into the molecular layer, receive synaptic input from parallel fibres 

and provide feedback inhibition to granule cell dendrites. The GABA-releasing 

stellate and basket cells are confined to the molecular layer. Basket cells receive 

their excitatory input from parallel fibres and their axons envelop Purkinje cell 

somata. Like basket cells, stellate cells are also excited by parallel fibres, they 

terminate on the shafts of the Purkinje cell dendrites, which they inhibit using 

GABA and possibly taurine as a neurotransmitter. Modern molecular techniques 

have revealed a bewildering array of subtypes of these cell types. This is most 

evident for the Purkinje cell, where at least six distinct molecular subtypes are 

known, each with a characteristic and highly stereotyped distribution, such as 

those that express zebrin II or aldolase 0  (Touri et al., 1996). The functional 

significance of this heterogeneity remains unclear.

100

Figure 1.10 The cytoarchitecture of the cerebellar cortex. The major cell 
populations are shown. (MOL) molecular Layer, (POL) Purkinje cell layer, (GrL) 
Granule cell layer, (pf) parallel fibre, (P) Purkinje cell, (Gr) granule cell, (OF) 
climbing fibre, (MF) mossy fibre (B) Basket cell (S) Stellate cell. The arrows 
indicate the direction of transmission. From Shephard, Neurobiology 1988.
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1.4.3 Cer eb ella r  c ir c u it r y

The two excitatory afferent pathways, the climbing fibres and the mossy 

fibres, converge onto the Purkinje cells. An individual climbing fibre synapses 

several hundred times on its target Purkinje cell. The identity of its 

neurotransmitter is still under debate, one candidate being aspartate. Climbing 

fibre activation leads to a large excitatory postsynaptic potential in the Purkinje 

cell dendrite that propagates as a calcium-dependent spike to the soma, where it 

triggers an all-or-nothing sodium-dependent action potential. The mossy fibre 

excitation passes through the granule cell relay and excites the Purkinje cells. In 

contrast to the climbing fibre input, mossy fibre excitation results in a graded 

response at the Purkinje cell that involves only the simple sodium-dependent 

spikes. The parallel fibre input to the Purkinje cells is highly convergent with 

perhaps 200,000 different parallel fibres synapsing with each Purkinje cell. 

Determined by its structure, the cerebellar cortex transmits the inhibitory result of 

cerebellar integration exclusively via Purkinje cells in a precise temporal 

succession directly onto target neurones of the deep cerebellar and vestibular 

nuclei. Thus the cerebellar cortex seems to produce a temporal pattern of 

inhibitory influence on these target neurones that modifies their excitatory action 

in such a way that an activation of muscle fibres occurs which progressively 

integrates the intended motion into the actual condition of the motoric repertoire. 

In consequence, disturbances that affect this cerebellar inhibition will cause 

uncoordinated and ataxic movements, commonly referred to as cerebellar

Figure 1.11 Cerebellar circuits and 
neurotransmitters. Cells: PC Purkinje cell, 
GO Golgi cell, BA basket cell, ST stellate 
cell, GR granule cell, SN neuron of the 
deep cerebellar nuclei. Fibres: PF parallel 
fibre, MF mossy fibre, CF climbing fibre. 
Inhibitory neurones and synapses black, 
excitatory in white. Neurotransmitter: GL 
Glutamate, AS Aspartate, TA Taurin, MO 
Motilin, NA Noradrenalin, 5-HT Serotonin. 
The origin of the cerebellar afferents: RP 
Raphe nuclei, LC Locus coreoleus, 10 
inferior olive. PN ‘precerebellar’ neurones 
projecting into the cerebellum. From Ito, 
1984.
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Cerebellar ataxia originates from a variety of hereditary as well as non- 

hereditary diseases (Klockgether and Evert, 1998). Recent progress in the 

identification of the responsible genes has allowed the classification of these 

diseases. Currently, the different types of spinocerebellar ataxia (SCA 1-7), the 

dentatorubral-pallidolysian atrophy and the group of episodic ataxias (EA) 

constitute the autosomal dominant ataxias, for which all the genes have been 

mapped. The recessively inherited ataxias include Friedreich’s ataxia -  the most 

frequent of all ataxias -  the group of early onset ataxias, ataxia teleangiectasia, 

ataxia with isolated vitamin E deficiency, cerebrotendinious xanthomatose, 

abetalipo-proteinemia, Refsum’s disease and granule cell layer hypoplasia.

Common to all these disorders is a combination of cerebellar motor 

symptoms like instability of posture and gait, incoordination, tremor and muscular 

hypotonia. The individual combination of symptoms, however, allows no precise 

prediction of the location or severity of a cerebellar lesion. Apart from secondary 

degenerative or compensatory mechanisms in the cerebellar cortex, the reason 

for this may be the neuronal reactions in the deep cerebellar (DCN) and 

vestibular nuclei (VN). Cerebellar pathology will lead to alterations in the 

inhibitory action of the cerebellar cortex on the DCN and VN, which they receive 

exclusively from Purkinje cells whose function or number have changed. A 

portion of the target neurones in the DCN and VN are extrinsic and give rise to 

cerebello-thalamic, cerebello-rubral, cerebello-reticular and vestibula-spinal 

connections thereby influencing motor performance on every level of planning 

and execution (Grusser-Cornehls and Baurle, 2001).
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1.5 AIMS OF THIS STUDY

The aims of this study are to reveal how the mutation in the a 2 0 - 2  subunit 

affects cellular function, focussing mainly on the cerebellum. Mutations affect 

cells at different levels. In the ducky mutation, the first level might be an altered 

calcium entry, as the mutation is likely to affect the channel kinetics and activity 

or channel expression and turnover. The second level are consequences which 

an altered calcium entry might have on protein expression. These could then 

lead to changes in cellular functions important on the third level for neuronal 

interactions, which could result in a changed cell morphology. In order to 

address the possible alterations at these different levels, methods were chosen 

to examine the gross morphology of cerebellar Purkinje neurones, the 

expression level of selected proteins and the depolarization-induced Ca^^ influx 

(Table 1.4).

Structural Consequences

—► Moroholoav
-  Purkinje neurones

Lucifer yellow imaging 
Golgi impregnation

—► Protein Expression

-  a 2 0 - 2  subunit 
-Calbindin D-28K
-  G PAP
-  Caspases 3 and 1 2

 ̂ Immu nocytochemistry 
Western Blotting

Functional Consequences

—► Calcium Homeostasis

-  isolated Purkinje neurones
-  cultured granule cells Calcium imaging

Table 1.4 The aims of this study in summary
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2.1 S u pplier s
Unless otherwise stated, all materials were supplied by Sigma Aldrich Chemicals 

Ltd. (UK) at the highest available purity.

2 .2  W a ter  Q uality
The water used was purified through an Elga water purifier (Elga, High Wickham, 

UK) by reverse osmosis followed by deionisation and UV treatment to > 10M^2. 

For cell culture and genotyping experiments the water was further purified to > 

18MQ(Elga, UHQ), and all solutions were additionally filter sterilized using 

0.2pm membrane filters (Nalgene, Rochester, NY, USA).

2.3 CELL CULTURE AND TRANSFECTION

2.3.1 CULTURE OF tsA201 CELLS
tsA2 0 1  cells are a transformed HEK293 cell line, stably expressing a simian 

virus 40 (SV40) encoded large T antigen, the only viral product required to 

activate the SV40 origin of DNA replication. Transfection with recombinant 

plasmid DNA containing an SV40 origin and a functional transcription unit, leads 

to enhanced expression levels, as the introduced DNA is not only transcribed 

and translated but also multiplied through replication. Cells were kept in minimal 

essential medium (MEM, with Earle's salts and Glutamine; GibcoBRL, Life 

technologies. Paisley, UK) supplemented with 10% foetal calf serum (PCS; 

GibcoBRL), 1 % MEM non-essential amino acids (GibcoBRL C a t.N o .Ill40-035) 

and 100 un its/m I Penicillin-Streptomycin (GibcoBRL). Cells were fed and 

passaged twice weekly.

2.3.2 C u l t u r e  o f  c o s -7 c e l l s
This cell line is also SV40-transformed and originates from kidney cells of the 

african green monkey (Cercopithecus Aethiops). They have a fibroblast-like 

morphology and are grown in monolayers. Cells were kept in MEM (GibcoBRL), 

supplemented with 10% newborn calf serum (NBCS; GibcoBRL), lOOu nits/m I 

Penicillin-Streptomycin. The medium was changed twice weekly when the cells 

were also passaged.
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2.3.3 PASSAGING AND REFLATING OF CELL LINES
COS-7 and tsA201 cells were grown as adherent monolayers in T75 culture 

flasks. When cell monolayers reached confluency they were passaged. To 

passage cells, the growth medium was removed and the flask rinsed with 

prewarmed sterile PBS. 2ml of prewarmed Trypsin (soou/mi) was added and the 

flask tilted in all directions to ensure cells are in contact with the solution. This 

was followed by a 5 to 10 minute incubation at 37°C until cells detach from the 

surface, when 7ml of growth medium was added. The cells were washed off the 

surface and triturated by pipetting in order to break up cell clusters. The cell 

suspension was centrifuged at 300 x p for 2 minutes, the supernatant decanted 

and the cells resuspended in growth medium at an appropriate dilution before 

they were added to fresh T75 culture flasks.

For the replating of cells 24-48 hours prior to an experiment, a non- 

enzymatic detachment method was used to prevent the digestion of extracellular 

proteins. 1 ml of cell dissociation solution (CDS) was added to a 35 mm diameter 

dish, and after a 5-10 minute incubation at 37°C, 1 ml of growth medium was 

added. The cells were then gently washed off, triturated and the cell suspension 

was directly applied to poly-L-lysine coated coverslips.

2.3.4 PREPARATION OF COVERSLIPS
sterile round 13mm diameter or square 22mm^ glass microscope coverslips 

(Chance Propper Ltd, West Midlands, UK) were incubated in 15pg/ml poly-L- 

lysine hydrobromide (MW 150-300Da) for 30 minutes at 37°C, washed twice in 

sterile water and left to dry. For acutely dissociated Purkinje neurones, sufficient 

cell attachment for imaging experiments proved to be problematic. Therefore 

different coating methods have been used. Sterile coverslips were either dipped 

in a 1 % alcian blue sterile dH^C solution then washed thoroughly in sterile water 

and left to dry, or coated with Vectabond™ (Vector Laboratories, Inc. USA) 

according to the manufacturer’s instructions. However best results were 

achieved by incubating the coverslips in 2  mg/ml Concanavalin A for 30 minutes 

at 37°C, before washing them twice in sterile water.
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2.3.5 EXPRESSION VECTOR AND cDNA CONSTRUCTS
The following cDNAs were used in this study: rabbit Cav2.1 (X57689) carrying a 

mutation (E1740R), for enhanced channel expression (Hans et al., 1999), ratp4 

CacntA (L02315), rat « 26- 1 Cacna2d1 (M86621), mouse « 2 0 - 2  Cacna2d2{AF 

247139), du mutant transcript 1 (c/iv-muti « 2; AF247140) and mut-3 green 

fluorescent protein (GFP; M2653) which has been mutated (S65G and S72A) for 

enhanced fluorescence (Cormack et a!., 1996). All recombinant constructs have 

previously been subcloned in the transient expression vector pMT2 (Swick et a i, 

1992). The SV40 origin and enhancer are present in this vector. For expression 

of heterologous calcium channel subunits, a master mix was made with a 

15:10:5 ratio of a,A, p4 and « 2 8  subunits respectively. GFP expression vector was 

added separately to the transfection at a 20 times lower DNA concentration as 

the master mix and used as a positive transfection control.

2.3.6 PREPARATION OF PLASMID DNA USED IN 
TRANSFECTION EXPERIMENTS

Plasmid DNA was prepared from E.co//glycerol stocks of the expression vectors 

using a Qiagen Maxi Kit (Qiagen, Dorking, UK), based on a modified alkaline 

lysis procedure followed by binding of plasmid DNA to an anion-exchange resin, 

according to the manufacturer's instructions.

2.3.7 TRANSFECTION OF COS-7 AND tsA201 CELLS
The GenePorter transfection reagent (Gene Therapy Systems, San Diego, CA, 

USA) was used to transfect COS-7 and tsA201 cells according to the 

manufacturer’s instructions. This transfection method is also called lipofection as 

the reagent consists of a mixture of the neutral lipid dioleolylphosphatidyl- 

ethanolamine (DOPE) and a cationic lipid, which coats the DNA. It is based on 

the absorption of liposomes containing the DNA by the cell. In the morning of the 

day of transfection, cells were replated to 70-90% confluency and left for 3 hours 

to adhere. For a 35 mm dish, 400^1 of serum-free MEM medium was used to 

dilute 5pl (Ipg/pl) of the DNA mix. The same volume was used to dilute 20pl of 

the GenePorter reagent. Both dilutions were vortexed, mixed, vortexed again 

and incubated at room temperature (20-23°C) for 45 minutes. After aspirating the
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culture medium from the cells, the DNA-GenePorter mixture was added and

incubated at 37°C for 5 hours. 800^1 of MEM containing 2 0 % NBCS was then

added and the cells were incubated overnight. At 24 hours post transfection the

growth medium was changed and 72 hours post transfection the cells were

harvested for biochemical experiments or replated for immunocytochemistry.
A transfection efficiency of 50-75% was routinely reached.

2.3.8 ANIMAL HUSBANDRY
Mice of the TKDU-du strain carrying the ducky mutation were obtained from the 

Jackson Laboratory (Bar Harbour, ME, USA). This is an inbred strain into which 

du was transferred from the Ruby Silver strain from which it first arose (Snell, 

1955). Homozygous ducky mice die before they reach maturity and were 

therefore kept as heterozygous breeding pairs. The mice were housed in a 

colony room with an ambient temperature of 22°C and a 1 2 -hour alternating 

light/dark cycle, with food and water ad libitum. The experiments were conducted 

in agreement with the Animals (scientific procedures) Act 1986.

2.3.9 PREPARATION AND CULTURE OF NEONATAL 
MOUSE CEREBELLAR GRANULE NEURONES

Cerebellar granule cells were prepared according to a method described by 

White et a!., (1979), but with several modifications. Seven-day-old mice (P7, P 

for postnatal) of either sex and genotype were killed by decapitation. The skin 

was cut with fine scissors from the back of the head over the top of the skull to 

expose the skull. A cut was then made from the foramen magnum around the 

side of the head to above the eye sockets, making sure the scissors did not 

damage the underlying brain tissue. Forceps were used to lift the skull from the 

back of the head, thereby revealing the brain. The cerebellum was separated 

from the brainstem by pinching underneath it using curved forceps. The 

cerebellum was immediately rinsed in ice-cold, enriched phosphate buffered 

saline (PBS) solution, containing 0.3% bovine serum albumin (BSA), 14mM 

glucose and I.SmM magnesium sulphate heptahydrate (MgS0 4 -7 H2 0 ). 

Meningeal layers and blood vessels were removed and the tissue was chopped 

into 0.2mm^ cubes with a tissue chopper (Mcllwain, O ’Fallon, MO, USA). The 

chopped tissue pieces were enzymatically dissociated by a 2 0  minute incubation 

at 37°C in enriched PBS solution containing 0.25% Trypsin (type III, from bovine
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pancreas). The trypsin was inactivated using soybean trypsin inhibitor (SBTI, 8  

p.g/ml in enriched PBS). The cells were then treated with 10kUnitz/ml 

Deoxyribonuclease I (DNasel, type IV from bovine pancreas). The DNase was 

added to prevent cell clumping, caused by the DMA released from ruptured cells. 

After the suspension was mixed by gentle agitation, it was centrifuged at 300 x g 

for 1 minute to pellet cells and the supernatant was decanted. Tissue pieces 

were resuspended in 3ml enriched PBS solution complemented with 50ng/ml 

SBTI, 64kunitz/ml DNasel, 3mM MgS0 4 -7 H2 0  and then dissociated by trituration 

with a fire-polished Pasteur pipette (Volac, John Poulten, Barking, UK). The cell 

suspension was underlaid with 2 ml of 4%BSA in Earle's Salts (BBSS, see Table

2.1) and centrifuged at 300 x g for 5 minutes at RT. The supernatant was 

removed and the pelleted cells were resuspended in MEM 10%FCS, 2 0 mM KCI, 

30mM glucose and 2mM glutamine.

After estimating the cell density (using an Improved Neubauer Counting 

Chamber), the cells were plated on 13mm round covers lips at a density of 

500.000 cells per coverslip in 24well plates (Techno plastic products, 

Trasadingen, Switzerland). The following day the medium was supplemented by 

addition of 500^1 MEM containing 10% PCS. On the second day in vitro (DIV) 

SOOpI MEM 10%HS and 80|iM fluorodeoxyuridine (FUDR) was added to reduce 

non-neuronal cell proliferation. The medium was replaced on the fourth day after 

the preparation and then cells were fed twice weekly. All media was 

supplemented with 2.5% chick embryo extract, 33mM D-glucose, 2mM 

glutamine, 23mM KCI and lOOu/ml Penicillin-Streptomycin.

Description Compound Concentration
BSA 4%

MgS04-7H20 1.24 mM

Earle’s 
balanced salt 
solution

NaCI 116 mM
KCI 5.36 mM
D-glucose 5.5 mM
NaHCOs .2 H2O 1 mM
NaH2P04 2.6 mM
Phenol red 0.026 mM

Table 2.1 Composition of Earle’s salt solution supplemented with 
BSA and MgS0 4 -7 H2 0 .
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2,3.10 ACUTE DISSOCIATION OF PURKINJE NEURONES
This method was modified from Mintz et al. (1992b). Neurones were obtained 

from cerebella of P5 to P8  mice of either sex and genotype. All solutions (Table

2.2) were bubbled for 30 minutes with O2 containing 5 %C0 2  and the pH was 

readjusted before use. The cerebella were chopped into 0.5-1 mm^ pieces with a 

tissue chopper. The tissue pieces were incubated in the enzymatic solution for 

20 minutes, then transferred to the 37°C prewarmed dissociation solution and 

allowed to cool to room temperature for 5 minutes. The tissue pieces were then 

triturated twice by aspiration through a 1 0 ml syringe with three 2 0 0 ^ 1  pipette tips 

attached to it.

Dissociated cells were plated on 13mm round covers lips coated with 2mg/ml 

Concanavalin A. Cells were subsequently allowed to attach for 1 hour under an 

O2 atmosphere containing 5 %C0 2  at room temperature.

Description Compound Concentration

Solution 1 
pH 7.4,

Na2S0 4 82 mM
K2SO4 30 mM
MgCl2 5 mM
Hepes 10 mM
D-glucose 10 mM
CaCl2 50 pM

Enzymatic solution 
(in Solution 1)

protease XXIII 0.5 mg/ml

Dissociation solution 
(in DMEM) pH 7.4

BSA 1 mg/ml
SBTI 1 mg/ml
D-glucose 10 mM
Hepes 15 mM

Table 2.2 Composition of the solutions used for the acute 
isolation of Purkinje neurones.
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2.4 THE GENOTYPING OF MICE FOR THE 
DL/CKY MUTATION

2.4.1 RNA Pr e p a r a t io n

Special care was taken in the following reactions to reduce contamination with 

ribonucleases (RNases). The water for the following solutions was diethyl- 

pyrocarbonate (DEPC) treated to inactivate RNases and additionally reactions 

were performed on ice to slow down degenerative processes. Total RNA was 

isolated either from mouse brain or liver biopsies (25-50mg tissue) using the 

RNeasy Mini Kit (Qiagen) following the manufacturer's protocol. 

Paraformaldehyde-fixed liver biopsies were treated with SOÔ ig proteinase K 

(Boehringer Mannheim, Mannheim, Germany) in 600^1 digestion buffer (in mM: 

50 Tris-HCI, 100 NaCI, 10 EDTA, 1% SDS, pH 8.0) for 1 hour at 45°G. The RNA 

was extracted from the tissue lysate with 600|liI 

Phenol/Chloroform/lsoamylalcohol (25:24:1). After a 5-minute incubation on ice 

the mixture was centrifuged at 13,000 x g for 20 minutes at 4°G. The upper 

aqueous phase was transferred to a fresh tube and GOOpI of chloroform was 

added. To the collected aqueous phase an equal amount of isopropanol was 

added, and the RNA was precipitated in the presence of SOOmM sodium acetate 

for 1 hour at -20°G. The precipitate was dissolved in lOOjxl RNase-free water.

2.4.2 DETERMINATION OF RNA CONCENTRATION
5|liI of the isolated RNA solution was diluted in 595|liI dH20 and the absorbance 

measured at 260 and 280nm. 5|liI 1% SDS in 595|Lil DEPG dhaO was used as a 

blank. The absorbance ratio A260/280nm is an indication of the purity of the 

isolated nucleic acid. An OD260/280 ratio under 1.8 indicates protein contamination 

and over 2.0 indicates RNA degradation. The concentration was then calculated 

using the formula:

OD260 X dilution factor x average extinction coefficient = pg/ml

For single stranded nucleic acid solutions the average extinction coefficient is 40 

(ng/ml)'\ An OD260 value of one, therefore equals 40pg/ml single stranded DNA 

or RNA.
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2.4.3 DNASE TREATMENT AND FIRST STRAND 
SYNTHESIS

The whole yield of the RNA preparation was DNase treated (see Table 2.3), to 

remove genomic DNA contamination. The materials for DNase treatment and 

reverse transcription (RT) were supplied by Promega (Madison, Wl, USA). 

Dithiothreitol (DTT) in the reaction buffer is essential for the activity of the 

ribonuclease inhibitor (RNasin). RQ1 is a RNase-free desoxyribonuclease 

(DNase 1) that degrades single and double-stranded DNA.

Compound Concentration
RNA 2 0 - 1 0 0  pg
RNasin lu/pl
RQ1 DNase 0 .0 1  u/pl
Tris-HCI 50 mM
KOI 75 mM
MgCl2 3 mM
DTT 10 mM

'able 2.3 Composition of the DNase reaction.

After a reaction time of 15 minutes at 37°C the enzyme was denatured for 5 

minutes at 90°C. The reaction mixture was then purified from nucleotides and 

enzymes through an RNeasy column and eluted twice with 30p,l elution buffer. 

This was followed by the First strand synthesis of the complementary DNA 

(cDNA) from RNA using reverse transcriptase (RT) derived from the moloney- 

murine leukaemia virus (M-MLV) and random Hexamer primers, see Table 2.4.

Compound Concentration
RNA 30 pi
M-MLV RT 5u/pl
RNasin (40u/[ii) lu/pl
Random Hexamer primers 1 0  pmol/pl
DNTP 25 mM
Tris-HCI 50 mM
KCI 75 mM
MgCl2 3 mM
DTT 10 mM

Table 2.4 Composition of the first strand synthesis reaction.

The reaction mixture was incubated for 2  hours at 37“C and then diluted 1:2  in 

dHgO.
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2.4.4 TWO GENOTYPING STRATEGIES

2.4.4.1 METHOD 1: FROM REVERSE TRANSCRIBED RNA  
PREPARATIONS

Polymerase chain reaction (PCR) was used to amplify a sequence of 

interest on a cDNA template using a pair of oligonucleotide primers each 

complementary to the target sequence on the cDNA template. One primer 

binding upstream (5’) and the other downstream (3’), thereby encompassing the 

region to be amplified. A thermostable DNA polymerase extends the primers 

towards each other in a reaction cycle of three steps: dénaturation, primer 

annealing and extension. The region of DNA encompassed by the primer pair is 

greatly amplified (2" after n cycles per target sequence if the PCR is 100% 

efficient) by repetition of these cycles. 30 cycles were routinely used. The 

presence of a 156bp-sized PCR product, amplified through the primer pair 49F 

and 11R in PORI indicates that the RNA preparation, the reverse transcription, 

as well as the PCR have worked successfully and gives a standard level of 

expression. It amplifies from wild-type and ducky mice. An additional 387bp 

product in PCR1 indicates the presence of a wild-type copy of Œ2Ô-2 , therefore 

the animal is either homozygous (4-/+) or heterozygous {+/du). The distinction 

between these two genotypes is possible through PCR2 with the primer pair 20F 

and 87R amplifying a 456bp fragment specific for the mutation, which is 

therefore only present in {du/du) or (+/du) (Figure 2.1).

Exon

RT RNA
49F

PCR 1
11R 50R

► cDNA2 0F
PCR 2

\  87R

Figure 2.1 Genotyping PCR (Method 1). Numbers in the top row indicate exons drawn 
as boxes below. The star shows the position of the ducky mutation. For genotyping 
RNA is prepared, reverse transcribed (RT) and used for PCR1 and PCR2. Two RNA 
populations are shown, as they are present in a heterozygous (+/du) animal; a 
dashed line indicates mutated sequence or primers specific for this sequence. The 
location of the different primer pairs pictured are not to scale. Primer pair 49F/11R 
amplifies a 156bp fragment from (+/+) as well as {du/du)] 49F/50R a 387bp fragment 
from (+/+) or (+/du) and primer pair 20F/87R a (du/du) specific 456bp fragment (see 
Table 2.9 for primer sequences).
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2.4.4.1.1 GENOTYPING PCR (METHOD 1)
For each cDNA sample two polymerase chain reactions with different 

primer sets were performed (Table 2.5). A master mix was used to reduce tube 

variations. The PCR was then performed for 30 and 35 cycles respectively. 

Control reactions of known wild-type (+/+) and ducky (du/du) as well as a dh2 0  

control were always included.

Description Compound
PCR 1 PCR 2
Concentration

Buffer

Tris-HCI 10 mM
KCI 50 mM
MgCl2 1.5 mM
dimethylsulfoxide (DMSO) 8 %
Taq Polymerase 1 u/25p.l

Primer
(pmol)

49F 0 . 8

11R 0.5
50R 0.5
20F 0.5
87R 0.5

cDNA 5|il

Table 2.5 Composition of the genotyping PCR (Method 1 ).

Before use the cDNA was denatured at 90°C for 5 minutes and cooled on ice. 5pl 

cDNA was added to 20|liI mastermix and the PCR was performed on a Hybaid 

Touch Down Thermocycler (Thermo-Hybaid, Ashford, UK) (Table 2.6).

Cycles
Step
Description

PCR1 PCR2
TimeTemperature in °C

Xl Initial Melting 95°C 1 2 0  s

PCR1 x30 
PCR2 x35

Annealing GO°C 52°C 45 s
Extension 7 2 C 30 s
Melting 95°C 30 s

xl Final Extension 72°C 300 s

Table 2.6 Cycle conditions of the genotyping PCR reactions (Method 1).
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The PCR products were separated by electrophoresis on a 2.5% agarose 

gel. Agarose at the appropriate concentration was dissolved in Tris acetate 

(TAE) buffer (0.04 M Tris acetate, 1mM EDTA, pH7.4). Gels were cast in a gel 

apparatus from Flowgen (Novara Group Ltd., Ashby de la Zouche, UK) and 

submerged in TAE buffer before loading. Loading buffer (final concentration: 5% 

glycerol, 0.05% bromophenol blue) was always mixed with sample before 

loading and a 100bp marker ladder (GibcoBRL) was separated in adjacent 

lanes. Gels were routinely run at 110V/80mA. At the end of the run DNA bands 

were visualized by staining the gel in a Ipg.ml'^ solution of ethidium bromide in 

TAE for 10-15 minutes and subsequent placement on a ultraviolet light box. 

Agarose gels were photographed using a Polaroid camera (Kodak) and black- 

and-white film (type 667) as shown in the example in Figure 2.2.

+/+ du/du +/du dHpO

Figure 2.2 Typical PCR products in a genotyping PCR (Methodi). Shown are the 
three genotypes and a water control alongside two lOObp marker lanes (M). In 
lanes 1, 3, 5 and 7 products of PCR1 are separated, 150bp lower and 400bp 
upper band. In lanes 2, 4, 6 and 8 accordingly the 450bp product for PCR2.
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2 .4 .4 .2  METHOD 2: FROM DN A  USING TAIL-SNIP BIOPSIES
As an alternative to the above method DNA was extracted by incubating 

2mm tail-snip tissue in 75|il 25mM NaOH, 0.2mM Na2EDTA at 95°C for 30 

minutes. After cooling to 4°C, 75|il 40mM Tris/HCI was added and 5pl of the 

resultant solution was used as template for PCR amplification. Primer pair 98F 

and 120R are specific to a region duplicated in the du allele (Figure 2.3). 

Following a BspHI digest the amplification products were separated by agarose 

gel electrophoresis. The wild-type genotype can be identified by the presence of 

a single band of 541 bp. Heterozygous and du/du mice each show two bands, 

268bp and 273bp in size, and can be distinguished on the basis of the relative 

intensities of the bands.

+/+
+ /+  + /du du/du98F\

120R

du/du
120F\98F\

■98F

BspHI

Figure 2.3 Genotyping PCR (Method 2). Primer pair 98F and 120R produce a 
fragment of 541 bp from a region, which is duplicated in the du allele. In the du 
allele this region contains a BspHI restriction site. Restriction results in two 
fragments of 286bp and 273bp in du whilst the wild-type allele remains uncut.
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2.4.4.2.1 G enotyping PCR (method 2 )
The genotyping PCR (Method 2) was conducted according to the following 

composition and cycle conditions (Table 2.7 and 2.8), very similar to those 

described for Method 1 (Section 2.4.4.1 .1 )

Description Compound
PCR3

Concentration

Buffer

Tris-HCI 10 mM
KCI 50 mM
MgCl2 1.5 mM
dimethylsulfoxide (DMSO) 8 %
Taq Polymerase 1 u /25|l i1

Primer
(pmol)

20F 0.5
87R 0.5

DNA 5p,l

Table 2.7 Composition of the genotyping PCR (Method2).

Cycles
Step

Description
PCR3

TimeTemperature in °C
xl Initial Melting 95°C 180 s

PCR3 x33
Annealing 53°G 45 s
Extension 72°C 30 s
Melting 95°C 30 s

xl Final Extension 7 2 C 1 2 0  s

Table 2.8 Cycle conditions for the genotyping PCR reaction (Method 2).
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After completion of PCR 3, 10pl cDNA was digested with BspHI for one hour at 

37°C and separated on a 1 .5% agarose gel as described in Section 2 .4.4.1 .1 . A 

typical result is shown in Figure 2.4

M du/du+/du +/+ dh20 M

Figure 2.4 Typical PCR products in a genotyping PCR (Method 2). Shown are the 
three genotypes and a water control alongside two lOObp marker lanes (M). For 
all three genotypes a 541 bp is visible, amplified through the primer pair 98F/120R  
(see Table 2.9 for sequence). The merged product of the restriction digest of 
273bp and 286bp is only visible for du/du and du/+. The du/+ genotype can be 
distinguished when compared to du/du as the band is about half its intensity.

2.4.5 PRIMER SEQUENCES

Name 5’-Sequence-3’ Length Position
20F GCCGCATCTTGAATGGAAAC 2 0 mer nt 424-443
49F ACGCCCGCTCTTGCTCTTGCT 2 1 mer nt 566-586
98F ACCTATCAGGCAAAAGGACG 2 0 mer intronic
11R CCTCCAAAAATCCGCATCAC 2 0 mer nt 702-721
50R TCAGCCTTGGCATCGTAGTA 2 0 mer nt 933-952
87R CAGAGACCAATGAGACTGGA 2 0 mer nt 859-879
120R AGGGATGGTGATTGGTTGGA 2 0 mer intronic

Table 2.9 List of primers used for genotyping. The primers were designed and 
provided by Jane Barclay (Novartis, London, UK). The nucleotide numbers refer 
to accession number AF247139, with the exception of 87R. This primer is specific 
for the ducky mutation and refers to accession number AF247140.
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2.5 im m u n o c y t o c h e m is t r y

For immunocytochemical studies results were obtained from at least three 

or more independent transfections. Cerebellar sections for each experiment 

were derived from three or more littermate pairs of wild-type and du/du mice 

respectively.

2.5.1 STAINING OF COS-7 CELLS
COS-7 cells were replated on 2 2 mm^ covers lips the day after the 

transfection and immunocytochemistry was performed on day four post

transfection. After two 5-minute washes with Tris-buffered saline (TBS, see 

Table 2.10) cells were fixed with 4% paraformaldehyde in TBS for 15 minutes at 

room temperature. For permeabilization, cells were incubated twice for 7 minutes 

in 0 .0 2 % Triton X-100 in TBS, otherwise cells were washed twice with TBS for 

the same time period. After 15 minutes incubation in blocking solution (Table 

2 .1 0 ), to block non-specific binding sites, 2 0 0 )il of primary antibody, diluted to the 

appropriate concentration with a 1:2 dilution of the blocking solution in TBS 

(Table 2 .1 1 ), was incubated overnight at 4°C. The next day, covers lips were 

washed 4 times for 5 minutes with blocking solution. Secondary antibody (a 

biotinylated goat ânti-ràbbif or ànti-moüsè fgG), was then incubated for 2  hours 

at 4°C. To visualize and amplify the signal, a streptavidin conjugate coupled to 

the fluorescent dye Texas-red (Molecular Probes, Eugene, OR, USA), was 

incubated for one hour at room temperature in the dark following four 5-minute 

washes with blocking solution. The covers lips were then washed twice with TBS 

and incubated for 2 minutes with the nuclear marker 4’, 6-diamidino-2 

phenylindole (DARI, Molecular Probes) for nuclear staining at a concentration of 

Im M  in TBS. After five 5-minute TBS washes, excess fluid was dried off, before 

mounting the samples on glass slides with the antifading solution 

VECTASHIELD (Vector Laboratories, Burlingame CA), which were then sealed 

with nail polish. Slides were stored in the dark at 4°C until use.
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Description Compound Concentration

TBS pH 7.4 NaCI 150 mM

Tris Sigma 7-9 20 mM

Blocking solution 

(in TBS)

BSA 4%

Goat serum (GibcoBRL) 5%

D-L-lysine 0 .1 %

Table 2.10 Composition of TBS and blocking solutions.

2.5.2 PARAFORMALDEHYDE PERFUSION AND CRYO- 
SECTIONING

P21-24 mice were either anaesthetized by pentobarbitone injection (200 

mg/kg i.p.) or asphyxiated with CO2 and perfused transcardially via the 

ascending aorta, initially with 10ml of a lOOmM sodium phosphate buffer (PBS, 

pH 7.2) and then with 10ml 4% paraformaldehyde (Agar Aids, Stansted, UK) in 

PBS. The brains were immediately removed from the cranium and postfixed for 2  

hours at 4°C with fresh 4% paraformaldehyde in PBS and then incubated over

night in PBS with 30% sucrose and 0 .0 2 % sodium azide at 4°C for 

cryoprotection. The brains were then frozen in isopentane, previously precooled 

with liquid nitrogen and 15|im parasagittal sections were cut with a cryostat (CM 

1900, Leica). The sections were transferred to poly-L-lysine-coated microscope 

slides (BDH, Merck Ltd, Lutterworth, UK), left to dry and stored at -7 0  °C until 

the day of use.

2.5.3 STAINING OF BRAIN SECTIONS
The primary antibody was appropriately diluted (Table 2.11) in PBS 

containing 0.3% Triton X-100 and 0.02% sodium azide. 200|xl of this dilution was 

applied per slide, where the sections were circled with a Pap Pen (Daido Sangyo 

Co Ltd., Japan), and incubated overnight at 4°C. The following day sections 

were washed twice with 200^1 PBS for 15 minutes before incubation with 

biotinylated goat anti-rabbit or anti-mouse IgG (1 :200 dilution) as the secondary 

antibody. Following a second washing step with two changes of PBS, the 

sections were incubated with a Texas-red-coupled streptavidin conjugate (1:400
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dilution), for one hour at room temperature and in the dark. After an additional 

washing step with PBS, the sections were incubated for 1 minute with 1 mM 

DARI in PBS. They were successively washed four times with PBS, left to dry 

before mounting 22x50mm covers lips (BDH, Merck Ltd., Lutterworth, UK) with 

VECTASHIELD and sealing the microscope slides with nail polish. Slides were 

kept in the dark at 4°C until use.

2.5.4 PEPTIDE CONTROLS
For peptide controls, the appropriately diluted antibody was incubated for 1 

hour at 37°G with a 10x higher concentration (w/v) of the immunizing peptide, 

before application onto slices. This was not always possible as in the cases of 

anti-Calbindin D28-K, anti-GFAP, and anti-caspase 3 and 12, the immunizing 

antigen was not available.
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2.5.6 THE FLUORESCENCE PROCESS

A Photon of the energy hvEx is supplied by an external light source (e.g. a 

laser) and absorbed by the fluorophore, creating an excited electronic singlet 

state (Si’). Some of this originally absorbed energy is lost during a specific time 

span (1-10x10'^sec.), were the fluorophore reaches a relaxed singlet state (Si) 

from which fluorescence originates. In the last step a photon of the energy hvEM 

is emitted returning the fluorophore to its ground state (So). Due to the energy 

dissipation in step 2, the wavelength becomes greater with the reduced energy 

of this photon. This allows emission photons to be detected against a low 

background.

A

o
EM

S,

Figure 2.5 The Jablonski diagram. The three processes in fluorescence are 
illustrated. (1) Excitation (2) Excited state energy loss (3) Emission at a different 
wavelength. From Molecular Probes literature.
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2.5.7 EXCITATION EMISSION SPECTRA OF DAPI, 
GFP, TEXAS-RED AND LUCIFER YELLOW

DAPI GFP Texas Red
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Figure 2.6 Excitation (Ex) and emission (Em) spectra of the fluorescent dyes 
used in confocal microscopy. The more energetic excitation peak is always on 
the left. The peak values in nm are: DAPI Ex359-Em 461, Lucifer Yellow Ex428- 
Em536, GFP Ex498-Em516 and Ex595-Em615 for the Texas-red-conjugate 
(modified Bio-Rad fluorochrome database at http://microscopy.bio-rad.com).
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2.5.8 LASER SCANNING CONFOCAL MICROSCOPY

For the visualization of fluorescence-labelled antibodies as well as nuclear 

DAPI staining a Leica DMRE upright microscope equiped with a Leica TCS SP1 

scanhead (Leica, Heidelberg, Germany) was used. An air-cooled Krypton laser 

(Omnichrome, Melles Griot, Irvine, CA, USA) tuned to 568 nm served as a light 

source for Texas-red staining with an excitation wavelength of 595nm and 

emission at 615 nm. DAPI staining, with a excitation wavelength of 359 nm and 

emission at 461 nm was illuminated by a water-cooled UV laser (Coherent Inc., 

Santa Clara, CA, USA) tuned to 450nm. Pictures were collected on a 400MHz 

Intel Pentium ll-based system running Leica TCS NT confocal control software 

with a 3D module enabled. A confocal system with its simplified components is 

shown diagramatically in Figure 2.7.

Photomultiplier

Monitor
Detector
Pinhole

Illumination
PinholeConfocal

Unit Frame Buffer

LASER Control
Electronics

Dichroic
Mirror"

Storage
disk

’"Excitation
Filter

X/Y
Scanning Computer

Output

Light
Microscop

Objective Focus 
A Motor

Workstation

Specimen

  Stage [
stage

Figure 2.7 Setup of a laser scanning confocal microscope. Laser light is guided 
through a small pinhole and reflected by a dichroic mirror through the objective 
lens onto the specimen. Fluorescence emitted by the specimen is collected by 
the same objective. The dichroic mirror separates the longer wavelength 
fluorescent light from any unabsorbed exciting light and is guided through the 
detector pinhole into the photomultiplier.
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2.5,9 THE CONFOCAL PRINCIPLE

The confocal principle (Minsky, 1961) overcomes limitations of the standard 

light microscope, which occur through the detection of scattered light as well as 

the detection of light from above and below the focal plane. Light scattering 

occurs when randomly deflected light enters the detector. The advantage of 

epifluorescence microscopy used in this study is that a single lens acts as both 

the objective and condenser. Illuminating and imaging light paths are necessarily 

perfectly aligned, hence the name confocal (Figure 2.8).

The confocal principle further depends on the presence of two pinhole 

apertures in the light path. The first aperture (illumination pinhole) produces a 

sharp, intense point of illumination, the intensity of which is low either side of a 

chosen focal plane within the specimen. The second aperture (detector pinhole) 

serves to process the emitted fluorescent light and allows only light information 

from that illuminated point to reach the detectors. The restricted depth of field 

intrinsic to the confocal principle effectively produces ‘optical sections' of the 

specimen, making it the technique of choice for the study of thick biological 

sections. Emission light passing through the detector pinhole is dispersed by a 

prism and guided to different photodetectors. A computer is used to control the 

sequential scanning of the sample and to assemble the image for dispfay onto a 

video monitor.
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Illumination
Pinhole

Detector

dichroic MirrorDetector
Pinhole

Objective
Lens

Out-of-focus Plane 
In-focus Plane

Figure 2.8 The principles of confocal optics. For simplicity only out of focus 
light from above the focal plane (dotted line) is shown in this diagram. Laser 
light passes through the illumination pinhole, the objective lens focuses the 
light on the specimen, at the focal plane of the objective lens, so that its 
intensity is low above and below the focal plane. The same lens collects light 
emitted by the specimen upon excitation and the dichroic mirror then functions 
to separate the longer wavelength fluorescent light from any unabsorbed 
excitation light. The detector pinhole is what gives the system its confocal 
property, by rejecting light that did not originate from the focal plane.
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2.5.10 DATA ANALYSIS
To allow comparison between different specimens, experiments with a 

particular antibody were always performed in groups. The acquisition parameters 

as well as the iris aperture were adjusted at the start of each experiment to the 

sample with the brightest staining and then kept constant. However the 

correlation of fluorescence intensity of the staining to the absolute protein 

concentration is impaired by a variety of factors and should therefore be seen 

qualitatively rather than quantitatively. Variations can arise through:

(a) differences in exposure time of the nonphotostable fluorophores to the laser

(b) the non-linear binding of antibody to antigen and streptavidin to biotin

(c) steric hindrance of antibody binding in areas of high antigen concentration

(d) storage of slides

(e) the power cycle of the laser, which causes short term fluctuation

2.5.11 PROCESSING OF CONFOCAL IMAGES
Confocal images were post-processed using Adobe Photoshop 5.5 

software (Adobe Systems, London, UK) for presentation purposes
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2.6 LUCIFER YELLOW/NEUROBIOTIN INJECTION

2.6.1 SLICE PREPARATION, VISUALIZATION AND 
INJECTION

The preparation of cerebellar slices was similar to the method described by 

Stuart and Hauser (1994). Brains from P24-27 mice killed through cervical 

dislocation and decapitation were removed and cerebella embedded in 3% 

agarose before 400//m parasagittal slices were cut using a vibrating slicer 

(Campden Instruments, London, UK) in cold (4°C) artificial cerebrospinal fluid 

(ACSF, see Table 2.12). The ACS fluid was bubbled continuously with 95%02 

containing 5% GO2 starting 30 minutes prior to the experiment to allow 

equilibration. Slices were kept at room temperature (21-23°G). Upon usage, 

slices were floated onto a glass coverslip, sealed to a hole in a Petridish, and 

held in place with a mesh weight. During injections the slices were perfused with 

0 2 -enriched AGS fluid in order to prolong cell survival. Experiments were 

performed under visual control using an upright microscope (Axioskop FS; Zeiss, 

Gottingen, Germany) with a x40 Achroplan water-immersion objective.

Dendrites and somata of Purkinje cells were visualized using infrared 

differential interference contrast (IR-DIG) video-microscopy (Stuart et al., 1993). 

An infrared filter (RG-9; Schott, Mainz, Germany) was placed between the light 

source and the condenser and the tissue was observed using a Newvicon 

camera (G2400-07-G; Hamamatsu, Joko-cho, Japan). Glass microelectrodes 

(GG 200-F, Clark Electromedical Instruments, Reading, UK) were pulled with a 

Sutter Instrument (Model P-87, Novato, GA) to an outer tip diameter of 0.3 iim 

with a resistance of 20-30 m 2̂ as measured in the solutions used. Lucifer 

yellow/neurobiotin solutions were filtered at 0.2pm membrane filter (Nalgene) 

and centrifuged for 5 minutes at 12,000 x g. Pipettes were then placed with their 

blunt end in an eppendorf tube containing a 10% aqueous solution of Lucifer 

yellow (lithium salt) and a 10% aqueous solution of neurobiotin (Vector 

Laboratories). After the dye became visible at the tip, the pipettes were backfilled 

with 1M LiGI. Dye was injected iontophoretically into Purkinje cell somata by 

alternating the current repeatedly from -40nA  to 4-40nA, over a period of 5 

minutes. Routinely up to 10 cells were injected per slice.
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After the dye injection was completed, the tissue slices were fixed for 1hour 

in 4% paraformaldehyde in PBS, and immunostained for neurobiotin with Texas- 

red-coupled streptavidin overnight.

Description Compound Concentration

ACSF 

pH 7.4

NaCI 125 mM

CaCl2 2 mM

KCI 2.5 mM

MgCb 1 mM

D-glucose 25 mM

NaHCOs 25 mM

NaH2P04 1.25 mM

Table 2.12 Composition of the artificial cerebrospinal fluid (ACSF).

2.6.2 TECHNIQUE FOR QUANTIFICATION OF THE 
PURKINJE CELL MORPHOLOGY

For each of the two genotypes (+/+ and du/du) four randomly selected 

previously injected cells were scanned under identical parameters of imaging, 

pinholes, objective, filter and laser power. Selected fields were optically 

sectioned using 1 |im  steps. Levels were set according to standardized 

procedures to ensure that the image collected displayed a full range of grey level 

values from black (0 pixel intensity) to peak white (255 pixel intensity level). The 

entire z-series was finally projected as a single composite image by 

superimposition. The final image was thresholded to form a binary image for 

analysis by Imaged software 1.62 (National Institute of Health, USA). Dendrites 

were counted crossing a horizontal and diagonal line, respectively. Branchpoints 

were determined through counts going from the soma to the longest dendritic 

extension closest to the pial surface of the molecular layer, through averaging 

three different routes.

2.6.3 STATISTICAL ANALYSIS
All data are expressed as the mean ± standard error of mean (S.E.M.) of 4 

cells of each group. Analysis was carried out using a student’s Mest. p <0.05 

was considered as significant.
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2.7 GOLGI-COX STAINING
First devised by Camille Golgi in 1873, the Golgi impregnation techniques are 

still used today as a tool to visualize neuronal cell bodies, dendrites, dendritic 

spines and axons. The Golgi-Cox method is a mercury-based membrane 

staining that shows the full extent of all the processes of a cell, but stains only 

about 1% of the cells in a section. The specific reaction mechanism of this 

precipitation reaction still remains unclear, but the method has shaped our 

thinking about the interaction of neuronal elements and how they might 

contribute in the overall brain structure. Perhaps ironically, Golgi was devoted to 

the ‘reticular theory’ and his method had a major role in the eventual rejection of 

this theory.

Two P24 mice, du/du and +/+ respectively, were asphyxiated with CO2 , their 

brains removed from the cranium and immersed immediately in fixative (Table 

2.13). The brains were then left undisturbed for 12 weeks in the dark at 4°C in 

polypropylene tubes (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ, 

USA) wrapped with tin foil. 100 |xm parasagittal vibratome sections were 

developed for 20 minutes in a 5% sodium sulphite (Na2S0 3 ) solution, before they 

were mounted on microscope slides and coverslipped with VECTASHIELD. 

Pictures were taken on a Leica microscope (DMR) using x64 magnification. 

Image sections were grabbed through an attached cooled charged coupled 

device (CCD) camera (KY-F50, JVC, London, UK), connected to a Power G3 

Macintosh computer using ‘Vision Explorer’ software (Alliance Vision, Mirmande, 

France), enabling the deconvolution and projection of different optical planes. 

Digital information was then imported into Photoshop 5.5 for Macintosh (Adobe, 

London, UK) to adjust brightness and contrast.

Compound Concentration

Potassium Dichromate (K2Cr2 0 7 ) 34 mM

Potassium Chromate (K2Cr0 4 ) 23 mM

Mercuric chloride (H gC y 37 mM

Table 2.13 Composition of Fixative for Golgi-Cox staining.
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2 .8  ESTIMATION OF [Ca^^]ilN INTACT CELLS 
USING THE RATIOMETRIC DYE FURA-2AM

A Structural analogue of the [Ca^^i chelators EGTA and BAPTA, Fura-2 

(Molecular Probes) binds [Ca^^i in a 1:1 stoichiometry (Kd = 224nM at pH 7.2 

and 22°C). Fura-2 is capable of multiple photon absorption/emission cycles thus 

providing a stronger signal than luminescent indicators. The excitation spectrum 

of Fura-2 changes on binding calcium, so that the fluorescence emitted during 

excitation at 380nm (Iago) falls, while the fluorescence emitted during excitation at 

340nm (I340) increases (Grynkiewicz et al., 1985). When the fluorescence 

emitted during excitation at 340nm is divided by the fluorescence emitted during 

excitation at 380nm, the resulting ratio value F34onm/F38onm depends only on the 

concentration of calcium ions and not on the path length through the cytoplasm 

or the intracellular dye concentration.
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Figure 2.9 (I) Emission spectrum of a Xenon arc lamp used for the excitation of 
the fluorophore Fura-2. (II) Fluorescence excitation emission spectra of Fura-2 in 
solutions containing zero (B) to high (A) free [Ca^^],. The absorption shift at 380 
towards 340nm upon calcium binding becomes apparent, while the emission 
remains stable. Spectra taken from the Molecular Probes literature.

The acetoxy-methylester of Fura-2 can passively diffuse across cell 

membranes. Inside the cell, the ester is cleaved by intracellular esterases to 

yield a cell-impermeant fluorescent indicator. It has been shown that loading 

cells with Fura-2 at 5pM does not interfere with [Ca^^i transients by chelating a 

significant proportion of the free [Câ ]̂i (Fierro eta!., 1998; Dove eta!., 2000).

73



C h a p t e r  ii. M a t e r ia l s  a n d  M e t h o d s

2.8.1 Ex p e r im e n t a l  Se tu p  fo r  Ca l c iu m  im a g in g

The fluorescence measurements on individual cells were performed on an 

inverted microscope (Nikon Diaphot) with a x40 objective using a quantitative 

real-time imaging system comprising a cooled CCD camera (C4880-80, 

Hamamatsu Photonics, Hamamatu, Japan) and software (Kinetic Imaging, 

Liverpool, UK). Cells were excited alternately at 340 and 380nm by means of a 

rotating block switched by a filter changer (Cairn, Faversham, UK). Excitation 

light was reflected by a 400nm dichroic mirror and focused onto the cells with a x 

40 objective. A cooled CCD camera captured the emission at 510nm. Output 

from the CCD camera was digitised and stored on a computer for subsequent 

analysis.

M icroscope
stage

Dichroic mirror 
400  nmNeutral density  

filtersXenon arc  
lamp Shutter

< 4 0 0  nm140 nm filter

E yepiece
> 4 0 0  nm

Monitor3 80  nm filterFocusing
lenses

Reflective
mirror S torage disk

Emission filtej 
480  nm

C C D
controller

ComputerC C D

Filter
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Figure 2.10 The lightpath and components of the imaging equipment used to 
measure [Ca^^jj. Light from a xenon arc lamp (Nikon) was focused onto a filter 
changer, which could alternate between 340 and 380nm filters and was 
controlled by the image acquisition software. A shutter could also be placed in the 
light path when images were not being acquired. The optics employed a dichroic 
mirror that reflected light of <400nm and passed light of >400nm which then 
passed through the emission filter (480nm). The light was then collected by a 
cooled CCD camera and individual images captured and stored by the computer 
for later analysis.
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1 Chamber holder mounted on 
microscope stage

2 Recording chamber

3 Coverslip holder

1 cm

Figure 2.11 Diagram of the 
recording chamber used in 
calcium imaging experiments. 
The small inner diameter (9mm) 
of the chamber enabled the 
rapid exchange of small 
volumes. Drawing modified with 
permission of David Osborne.

2.8.2 C a l c iu m  im a g in g  Ex p e r im e n t s

2.8 .2 .1 d e p o l a r iz a t io n -e v o k e d  RESPONSES
In current clamp experiments, the steady-state voltages obtained during 

depolarization were measured for cerebellar granule cells in culture (Marchetti et 

al., 1995). In this study 15mM KOI caused a depolarization of 20mV to a 

membrane potential of -45mV and 70-75mM KOI caused a depolarization to 0 

mV. These values are close to the threshold and peak value of the calcium 

current. For depolarising K^stimulations, the [K^ of the extracellular solution was 

elevated as indicated. The [NaCI] was proportionately reduced to maintain 

isotonicity.

2.8.2.2 CEREBELLAR GRANULE CELLS
Cerebellar granule cells cultured for 7 days on 013mm round covers lips in 24 

well plates were thoroughly rinsed with extracellular solution (see Table 2.14) to 

remove serum and culture medium. This solution contained tetrodotoxin (TTX) 

and kynurenic acid to block sodium channels and NMDA, Ampa/Kainate 

receptors respectively (Narahashi et a!., 1967; Stone, 2000). This was done as 

opening of sodium channels might change the resting membrane potential of the 

cells and NMDA, Ampa/Kainate receptors might cause non-specific calcium 

influx. The Fura-2 AM was prepared as a ImM stock solution in anhydrous 

DMSG and stored at -20°C. Imaging experiments were carried out at room 

temperature (20-23°C). Extracellular solution containing 5pM Fura-2 AM and 

supplemented with 0.5% (w/v) BSA to aid the dye loading process was mixed 

vigorously to thoroughly disperse the dye. The cells were then incubated with this
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loading solution at 37°C for 40 minutes. Cells were subsequently washed with 

200^1 extracellular solution to remove excess dye and left for a further 20 

minutes at 37°G to allow completion of cleavage of the acetoxy-methylester by 

non-specific esterases within the cell, ensuring stable fluorescence. Cells were 

then washed with 200^1 extracellular solution and the coverslip was fixed as the 

bottom of the recording chamber (Figure 2.11). The recording chamber contained 

lOO îl extracellular solution at the start of each experiment. The collection times 

were adjusted, as the fluorescence intensity at 340nm is much less than at 

380nm (Figure 2.9). Thus the collection period for 340nm excitation was three 

times that for 380nm excitation, generally 600ms compared to 200ms 

respectively once every second resulting in two images per episode. Before 

recording signal from the cells, an area containing no cells or processes was 

measured for 10 episodes to subtract background fluorescence. A suitable field 

of cells was then selected, ensuring cell somata were well attached, evenly 

spaced and not touching each other. After 10 episodes to establish the resting 

[Ca^ ĵi or baseline value for the cells, lOOpI of a solution with elevated [K"̂ ] was 

directly pipetted into the stimulation chamber. After either 10 or 20 further 

episodes cells were washed by adding 1ml of extracellular solution to the 

recording chamber, thereby diluting the [K^ of the extracellular solution to control 

values. For determination of the local [Ca '̂ ĵi from the ratio images, a square of 

approximately in the soma of the cells of interest was chosen. The

background subtracted average fluorescence ratio value for the designated area 

was then calculated and plotted as a function of time.

2.B.2.3 ACUTELY ISOLATED PURKINJE NEURONES
For cerebellar Purkinje cells the conditions were identical to those described in

section 2.8.2.2, with the two exceptions that the dye loading time could be

reduced to 20 minutes at 27°C to reach similar levels of fluorescence-intensity

and the somatic field from which signal was recorded could be enlarged to

approximately 10|im^.
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Description Compound Concentration

Extracellular 
solution 
pH 7.4

NaCI 140 mM
KCI 2.5 mM
MgS04 1.18 mM
CaCl2 1.3 mM
D-glucose 10 mM
Hepes 5 mM
TTX 1 |iM
kynurenic acid 1 mM

Table 2.14 Composition of extracellular solution.

2.8.3 Ca l ib r a t io n  o f  FA(34o/38onm) r a t io  in 
C e r e b e l l a r  g r a n u l e  C e lls

Intracellular calcium values were estimated by an in vivo calibration method 

performed on cerebellar granule cells in three independent experiments using 

the ionophore ionomycin in the presence of thapsigargin. lonomycin is a lipid- 

soluble divalent cation-specific ionophore that transports divalent cations across 

membranes by a carrier-type mechanism. The generalized reaction catalysed by 

ionomycin is: (outside) <=> (inside) (Ĉ "̂  = divalent cation)

Thapsigargin blocks the sarcoplasmic/endoplasmic Ca^^ ATPase (SERCA), an 

enzyme that uses ATP to transport Ca^^ from the cytosol into intracellular 

compartments. In the presence of thapsigargin, the equilibrium of intracellular 

and extracellular [Câ '̂ ]i generated by ionomycin is reached more rapidly.

2.8.4 STATISTICAL ANALYSIS
Unless otherwise stated values throughout the text are given as mean ± 

S.E.M. with n as the number of cells examined. Statistical analysis was 

performed using a student's Mest with paired comparisons if relevant. 

Probabilities are given for two-tailed tests. Results were considered significantly 

different when p<0.05.
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2.9 PROTEIN BIOCHEMISTRY
2.9.1 Pr e pa r a tio n  o f  COS-7 C ell Ly s a te s

COS-7 cells were transfected with either a2Ô-1, «20-2 or ûfu-mut1 « 2  as 

described in Section 2.3.7. On day 4 post-transfection, the cells were 

resuspended in detergent-free buffer A (in mM: 10 Hepes, 150 NaCI, 5 EDTA 

and protease inhibitors (Complete EDTA free, Roche, Welwyn Garden City, UK 

1 tablet/SOmI), pH 7.4). Cells were spun at 300 x gi for 2 minutes and 

resuspended in buffer A before solubilization in an equal amount of SDS-PAGE 

loading buffer (see Table 2.15) and denaturing the samples by boiling for 3 

minutes.

2.9.2  P r e p a r a t io n  o f  C e r e b e l l a r  P r o t e in

This method is modified from W estenbroek et al. (1995). To prevent 

proteolysis, the whole procedure was performed on ice, and all buffers and 

rotors were precooled. For the inhibition of serine and cysteine proteases during 

the extraction, one tablet of a protease inhibitor cocktail (Complete, EDTA free, 

Roche) was dissolved in 25ml homogenisation buffer A supplemented with 350 

mM sucrose. The cerebellum was homogenized in a polytron-like homogenizer. 

For the preparation of cerebellar membranes the homogenate was subsequently 

centrifuged at 2000 x g for 10 minutes at 4° C to pellet larger cell fragments and 

debris. The supernatant was then centrifuged at 50,000 x g for 45 minutes at 4° 

C to collect the membrane proteins. The pellet was resuspended in the same 

buffer and aliquots of total or membrane protein stored immediately at -80°C .

2.9.3  FILTER PAPER DYE-BINDING PROTEIN ASSAY

This method is modified from Macart and Gerbaut (1988). A 24cm diameter 

Whatman N0 .I filter paper was divided into 96 1.5 x 1.5cm squares with a pencil. 

0.2, 0.4, 0.6, 0.8, 1, 2 and 4|Lig of BSA standard solution and the samples were 

spotted on squares in triplicate together with 2 triplicate samples buffer alone to 

serve as blank and left to dry. After a one minute rinse in methanol, the air-dried 

filter paper was incubated for half an hour in 0.5% Coomassie Brilliant Blue G in 

a 7% acetic acid solution. The staining solution was then decanted and any 

excess rinsed off with UHQ dH20, before a 7% acetic acid destaining solution
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was added for 1 -3  hours until the blue background colouration is minimal. This 

step was repeated as necessary. The air-dried filter paper was cut into squares 

and placed into glass tubes. One ml of extraction buffer (66% methanol 33%H20 

and 1 %NH4 0 H) is then added to each tube. The vortexed tubes were left for 15 

minutes, vortexed again and ISOpI of each sample was read in duplicate using a 

multi-well plate reader at 620nm. The standard curve was extrapolated to give 

the protein concentration of the samples.

2 .9 .4  S D S  POLYACRYLAMIDE GEL ELECTROPHORESIS

In this technique, protein samples to be separated are denatured and 

coated with detergent by heating in the presence of SDS and including 2- 

mercaptoethanol as a thiol-reducing agent (see Loading Buffer in Table 2.15). 

The SDS coating gives proteins a high net negative charge that is proportional to 

the length of the polypeptide chain, allowing separation solely on the basis of 

their molecular mass.

A discontinuous buffer system was subsequently used to separate the 

denatured protein samples (Laemmli, 1970). The upper gel layer is known as the 

stacking gel (Table 2.16). This is a large-pore gel, which is non-restrictive to the 

migration of the protein sample. The buffer in which the stacking gel is made 

contains Cl' as an anion, whose electrophoretic motility is greater than that of the 

protein, while the tank buffer, or electrode buffer, contains glycine whose motility 

is less than that of the protein (see Table 2.15). As electrophoresis begins, the 

leading Cl' ions in the stacking gel move faster than the protein and leaves 

behind a zone of lower conductivity. The higher voltage gradient of this zone 

causes the protein to move faster and to ‘stack* at the boundary between the 

leading and trailing ions. Below the stacking gel is a deeper layer of gel with 

smaller pore size, known as the resolving or separating gel (Table 2.16). This gel 

is prepared in a buffer of higher ionic concentration and pH. The motility of the 

trailing ion increases so that its boundary moves ahead of the protein. The 

protein is resolved into individual bands according to size. The molecular mass 

of the protein was estimated by comparison to gel motilities of a lane with protein 

standard. Gradient or single percentage Hoefer minigels (Hoefer Scientific 

Instruments CA, USA) of 1.5mm thickness with a resolving gel size of 8.5 x 

5.5cm were routinely used. In one occasion precast 10-20% Tricine gels
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(Invitrogen, CA, USA) were used according to the manufacturers instructions to 

give higher resolution of low molecular weight proteins (Figure 4.9).

Description Compound Concentration

2x Loading Buffer pH 6.8

Tris/HCI 125 mM
SDS 4 %
Glycerol 2 0 %
2-Mercaptoethanol 10%

Reservoir Buffer pH 8.3
T ris/HCI 25 mM
Glycine 192 mM
SDS 0.1 %

Solutioni
(Monomer solution)

Acrylamide 4 0 %
Bisacrylamide 0.5 %

Solution2
(Resolving Gel Buffer)

Tris/HCI pH 8.8 1.5 M
SDS 0.2 %

Solutions
(Stacking Gel Buffer)

Tris/HCI ph6.8 0.5 M
SDS 0.2 %

Initiator Ammonium persulphate (APS) 1 0%

Table 2.15 Composition of buffers and solutions used to cast and run 
polyacrylamide gels of 1.5mm thickness with a resolving gel size of 8 x 5.5cm.

Description Compound Concentration

Stacking

Gel

Acrylamide (Solution 1) 3.4%

Tris/HCI (Solution 3) 125 mM

SDS 0.05%

Sucrose 20%

APS 0.15%

Tetraethylenediamine (TEMED) 0.15%

Resolving

Gel

Acrylamide (Solution 1) X %

Tris/HCI (Solution 2) 375 mM

SDS 0.05 %

APS 0.05 %

TEMED 0.7 %

Table 2.16 Final composition of polyacrylamide gels. The X% acrylamide 
indicates variable percentages according to the desired resolution of the gel.
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2.9.5 WESTERN BLOTTING
To increase transfer efficiency of proteins from gel to the 

Polyvinyldenefluoride (PVDF) membrane (Bio-Rad, Heme! Hempstead, UK) a 

discontinuous buffer system was used in combination with a semi-dry 

electrophoretic transfer cell (Trans-Blot SD, Bio-Rad). The opposing effects of 

methanol and SDS in blotting can be exploited in semi-dry transfer, because the 

buffer reservoirs and the filter paper on each side of the gel are independent. 

Methanol increases the affinity of a protein for the PVDF membrane by removing 

the SDS from the protein. This increases the available hydrophobic sites on the 

protein for binding to the membrane support. It is for this reason methanol is 

often used in transfer buffers. While advantageous for binding of the protein to 

the membrane, methanol causes the pores in the gel to constrict. This makes it 

mechanically more difficult for the protein to exit the gel. SDS is used in Western 

blotting transfer buffer to aid in the elution of proteins from the gel matrix. While it 

inhibits the binding of the protein to the membrane, it is often necessary to 

facilitate complete transfer of proteins from the gel. In a discontinuous system, 

methanol is included in the buffer on the membrane side (anode) of the blot 

assembly and SDS is used on the gel side (cathode), taking advantage of the 

positive effect of each component (Table 2.17).

Anode buffer: Cathode buffer
60mM Tris base, 4rO mM CAPS, pH 9.6

15% Methanol 0.1% SDS

Table 2.17 Composition of Anode and Cathode Buffer 
(T ris[hydroxymethyl]aminomethane)/(3-[Cyclohexylamino]-1 -propanesulfonic acid)

81



C h a p t e r  i i. M a t e r ia l s  a n d  M e t h o d s

The PVDF membrane was pre-wetted in 100% methanol before 

equilibration in anode buffer for at least 30 minutes. Three sheets of Whatman 

filter paper (Grade 3) were also wetted in anode buffer. The acrylamide gel was 

equilibrated in cathode buffer in which three sheets of Whatman paper were also 

soaked. For the composition of the gel sandwich see Table 2.18.

Top____________________ stainless steel cathode

Three sheets of Whatman filter paper wetted in top/cathode buffer

Protein Gel equilibrated in cathode buffer

PVDF Membrane equilibrated in anode buffer

Three sheets of Whatman filter paper wetted in bottom/anode buffer

Bottom___________________platinum anode

Table 2.18 Assembly of the gel sandwich used in the semidry electrophoretic 
transfer cell.

The stainless steel cathode top was secured, the cover closed and the 

apparatus run at a constant current of 5mA/h per square centimeter of gel (for 

example, 250mA for a small 5.5 x 8.5 cm gel) for 2 hours. Non-specific binding 

sites on the PVDF membrane were blocked by incubating the membrane in TBS 

buffer containing 5% non-fat milk powder and 1% Tween 20 (BDH, Poole, UK) 

for one hour at 65°C. The primary antibody, diluted in a TBS solution containing 

5% non-fat milk powder, 10% goat serum and 0.5% of the nonionic detergent 

IGEPAL™ was subsequently added and incubated at room temperature 

overnight in a polypropylene tube on a mechanical roller. The next morning, after 

discarding the antibody solution, the membrane was washed three times for 20 

minutes with 20ml of TBS/0.5% IGEPAL™ on a mechanical roller. The 

secondary antibody, HRP-coupled to either goat anti-rabbit- or anti-mouse- IgG, 

was then incubated for one hour at room temperature using the same antibody 

diluent, followed by three washing steps with 20 ml TBS/0.5% IGEPAL™ for 20 

minutes. Bound antibodies were then detected using the Enhanced Chemo- 

Luminescence Kit (ECL, Amersham Pharmacia Biotech UK Limited, Little 

Chalfont, UK) according to the manufacturer's instructions described in Section

2.9.6.
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2 .9 .6  THE ECL-SYSTEM

The PVDF membrane is incubated for 1 minute with the detection reagent. 

This elicits a peroxidase-catalysed oxidation of luminol and subsequently 

enhanced chemi-luminescence, where the HRP-labelled protein is bound to the 

antigen on the membrane (Figure 2.12). The resulting light is detected 

subsequently on Hyperfilm ECL (Amersham) in seconds.

Secondary A B -H R P

XC
Oxidized
product

Peracid

2 H2O
Prim ary AB

I p V D F  m em brane

-p
Luminol
+

Enhancer

E C L Hyperfilm

Figure 2.12 Schematic diagram of the ECL reaction. On the left a protein (black 
square) has been resolved on a SDS-PAGE gel and is now bound to the PVDF  
membrane, transferred through Western Blotting. On this protein an epitope is 
recognized by a specific primary antibody. A species-specific secondary antibody 
coupled to horse radish peroxidase can then bind to the primary antibody and 
catalyse the luminescence reaction (modified from the Amersham ECL 
catalogue).

2.9.7 Q u a n t if ic a t io n  o f  ECL Hy p e r f ilm s

To compare the expression level of different proteins between the two 

genotypes the Imagequant software version 3.3 (Molecular Dynamics, 

Sunnyvale, CA, USA) was used to quantify ECL Hyperfilms by means of volume 

integration.
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3.1 AIMS
The ataxic phenotype of homozygous ducky mutant mice in conjunction with 

the high level of 0C2 8 - 2  transcript in cerebellar Purkinje cells (Barclay etal., 2001) 

prompted the close examination of this prominent cerebellar cell type. The 

dendritic tree of a murine Purkinje neurone develops dramatically between 

postnatal days nine and twenty, coinciding with the first phenotypic manifestation 

of the ducky mutation at about P I4. The purpose of the present study was to 

question if, and to what extent, the truncation of the « 2 8 - 2  subunit affects the 

morphology of developed Purkinje cells in du/du mice. As du/du animals do not 

survive beyond 35 days, P24-27 animals were examined. At this age the 

development of dendritic branch length as well as dendritic spine formation have 

peaked (P20), and the Purkinje cell dendritic field has reached its adult 

dimensions Sadler and Berry (1983). Two independent methods were chosen for 

this investigation: The non-invasive traditional Golgi-Cox impregnation method 

and as a complementary approach Purkinje neurones were directly microinjected 

with Lucifer yellow/neurobiotin in unfixed cerebellar slices.
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3.2 RESULTS

3.2.1 GOLGI IMPREGNATION

The Golgi-Cox method is based on heavy metal precipitation (Hg^^), which 

randomly impregnates approximately 1% of the neuronal population. Following 

Golgi-Cox impregnation as described in Section 2.7, two brains of P24 wild-type 

and du/du littermates respectively, were sectioned at lOO^im thickness and 

analysed by light microscopy. By focusing through the section, it was 

ascertained that the individual cells observed were undamaged and below the 

cutting plane of the section. No gross histological abnormalities in du/du mutant 

mice were noted previously (Barclay et a/., 2001). The ûfu/ûfu cerebellum, though 

reduced in size, exhibits normal foliation, with the tri-laminar structure of the 

cerebellar cortex, i.e. the molecular layer, the granule cell layer and the Purkinje 

cell monolayer aligned between them. The cerebellar granule cells migrate 

completely into the internal granule cell layer and survive normally (Barclay et 

al., 2001). Six Purkinje cells from du/du mice were examined in detail and one 

+/+ Purkinje cell, as they were very similar. Golgi-impregnated Purkinje cells of 

du/du mice show a dramatically reduced and malformed dendritic arborization 

compared to age-matched wild-type animals (compare +/+ in Figure 3.1 A to 

du/du Figure 3.1 B-F). A number of abnormal features could be discerned. Firstly, 

the dendritic field of du/du Purkinje cells was reduced in size and complexity 

(e.g. Figure 3.1 B). Secondly, whereas the primary dendrites in +/+ animals 

extended almost perpendicular to the Purkinje cell layer, with their tertiary 

branchlets reaching the pial surface (Figure 3.1 A), the primary dendrites in du/du 

animals extended often initially lateral before bending apical towards the pia, 

frequently not reaching its surface (Figure 3 .IB , 0 , F). A thickening of primary 

and secondary dendrites in du/du was also observed (Figure 3.1 B-E). 

Furthermore, thickened secondary and tertiary branchlets bent backwards 

towards the granule cell layer in a ‘weeping willow'-like manner (Figure 3.1 D). 

Additionally, multipolar Purkinje cell somata were observed, extending up to 

three primary dendrites (Figure 3.1 D-F) terminating in dendritic branchlets.
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Figure 3.1 Reconstructed light micrographs (see Section 2.7) showing individual Golgi impregnated cerebellar Purkinje 
neurones. (A) +/+, (B-F) du/du. The diagram (top left) shows the parasagittal sectioned vermal region of the cerebellum. 
du/du Purkinje neurones are characterised by a reduced and malformed dendritic arborization (B-F compared to A), the 
absence of an apically orientated primary dendrite (arrow in B), a weeping willow’-like backbending of thickened tertiary 
branchlets towards the granule cell layer (C, open arrow), and multipolar nonapical primary dendrites extending laterally not 
targeting the pial surface (arrowheads in D-F). Scale bar 20 pm.
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In contrast, second and third layer Pyramidal cells of the cerebral cortex of du/du 

mice did not show any obvious morphological alterations that could be 

distinguished with a light microscope (Figure 3.2).
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3 .2 .2  L u c if e r  Y e l l o w / N e u r o b io t in  Io n t o p h o r e s is

As complementary approach the polar tracers Lucifer yellow and 

neurobiotin (MW 457.24 and 367.3 Da respectively) were introduced 

iontophoretically into cell somata according to the method described in Section

2.6. Once inside the cell they penetrate the finest neuronal processes by 

diffusion. Reactive groups in their structure allow the subsequent aldehyde- 

fixation to biomolecules. Visualization was possible directly (Lucifer yellow, 

Figure 3.3A-C) or through detection with a Texas-red streptavidin conjugate 

(neurobiotin; Figure 3.3D). Experiments were performed on brain sections from 

24-27 day old mice. An aqueous mixture of 10% neurobiotin and 10% Lucifer 

yellow was iontophoresed into the somata of Purkinje neurones in 400|im thick 

slices of unfixed cerebellar tissue. Direct observation of fluorescence at the time 

of injection established that dye diffusion was very rapid and confined to an 

intracellular distribution, so that the detailed shapes of neuronal cell bodies and 

dendrites, as well as some axonal features, were visualized. By filling several 

Purkinje cells spaced along a given folium, variations in cell shape could be 

correlated with their position along the changing curvature of the folium. The size 

and localization of their perikarya was normal, whereas the thickness of the 

molecular layer and granule cell layer appeared to be smaller in c/o/cfi/compared 

to control animals (for comparison see Figure 3.4A and B). More importantly, the 

dendritic tree pattern appeared to be deranged (Figure 3.3, 3.4), with 

deformations similar to those seen in Golgi impregnated du/du Purkinje cells. 

du/du Purkinje cells displayed a dendritic arbor that was significantly reduced in 

size and dendritic mass, either reaching the border of the molecular layer only 

partially or not at all (Figure 3.4B). In extreme cases the dendrites completely 

bent back towards the granule cell layer in a ‘weeping willow'-like manner (see 

open arrow. Figure 3.4B). Additionally, the shafts of the main Purkinje dendrites, 

as well as secondary dendritic branchlets, were often thickened in the upper 

molecular layer (Figure 3.3B du/du, Figure 3.4B), and focal axonal swellings 

were found in the granule cell layer (Figure 3.3C).
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du/du

Figure 3.3 Examples of Lucifer yellow/neurobiotin microinjected cerebellar 
Purkinje cells. Lucifer yellow fluorescence in +/+ and du/du Purkinje cells is 
shown in A Areas marked by a red square are magnified in B, showing 
dendritic spines in du/du, but also thickened tertiary branchlets. (C) the axon of 
the du/du Purkinje cell in A enlarged, showing focal swellings. In D the 
neurobiotin visualization with Texas-red-streptavidin shows the partial 
attainment of the pial surface by du/du Purkinje cell dendrites. Scale bar 10|um. 
Note that A and D are different cells for the respective genotype.
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An attempt has been made to quantify the observed differences as described in 

Section 2.6.2 (Figure 3.4). Following skeletonization of the dendritic trees (Figure 

3.4C), the number of dendrites were found to be significantly reduced as well as 

the extension of the dendritic tree in du/du Purkinje cells compared to +/+ (Figure 

3.4D a, c). However the number of branchpoints on the longest dendrites was 

unchanged (Figure 3.4D b).
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Figure 3.4 Evaluation of Lucifer yellow/neurobiotin injected cerebellar Purkinje 
neurones. (A) +/+ (neurobiotin staining for one cell shown as morphology was 
very similar) and (B) du/du (3 cells shown to illustrate variation in 
morphologies, the first imaged with neurobiotin staining, the other two with 
lucifer yellow). The open arrow in (B) points to dendritic branches bent back 
towards the granule cells layer in a ‘weeping willow' like manner. (C) 
skeletonized dendritic tree for the cells shown in A and B for evaluation of 
arborization complexity independent of dendritic width. This is quantified in (D) 
according to three criteria:
(a) Dendrites crossing a horizontal (H) or diagonal (D) line.
(b) Number of branchpoints.
(c) Black pixels as indication of the dendritic field extension.
n=4 for both +/+ and du/du Purkinje cells. Asteriks indicate a statistically 
significant difference: *p<0.05, **p<0.01, student’s / test. Scale bar 10^m.
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3.2.3 SUMMARY OF MORPHOLOGIC ALTERATIONS IN
P U R K IN J E  C E L L S

R e d u c t io n  o f  t h e  
D e n d r it ic  F ie l d

W e e p in g  D e n d r it e s

D e n d r it ic  T h ic k e n in g

La t e r a l  Ex t e n s io n  o f  
P r im a r y  D e n d r it e s

• M u l t ip o l a r  
P u r k in j e  C ell  S o m a t a

A x o n a l  T h ic k e n in g

Figure 3.5 Summary of morphologic alterations seen in du/du Purkinje cells. 92
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3.3 DISCUSSION
The appropriate development of dendritic form is a crucial element in 

ensuring the ability of a neurone to fulfill its physiological role. Two independent 

techniques point to a severe alteration in the morphologic structure of du/du 

Purkinje neurones in P24-27 animals. The protracted and sometimes capricious 

Golgi technique has the advantage of noninvasively impregnating 1% of the 

neuronal population at random, whereas instant microinjection involves 

manipulation of the tissue. Complete cell filling proved at times to be 

problematic, as frequently the cell soma became attached to the sharp electrode 

after the extended period necessary to fill the whole neurone (e.g. Figure 3.3A 

+/+). However both techniques presented the most dramatic abnormalities in the 

overall configuration and branching pattern of the cerebellar Purkinje cell 

dendritic tree, with a drastically reduced dendritic field and malformed dendritic 

arborization in du/du mice. Additionally, multipolar primary dendrites could be 

observed, which often appeared thickened and misorientated, in extreme cases 

resulting in their complete bending backwards towards the granule cell layer. 

This weeping appearance was also noticed in secondary and tertiary dendritic 

branchlets. Furthermore proximal Purkinje cell axons showed focal swellings, 

indicating a severe disturbance in their output, as seen in other cerebellar 

disorders that result in ataxia (Sotelo, 1990; Rhyu et al., 1999a; Rhyu of a!., 

1999b; Jeong eta!., 2000; Yang eta!., 2000; Zwingman etal., 2001).

In order to consider the possible causes for these morphological alterations, 

it is necessary to briefly summarize the major time points of normal cerebellar 

development in the mouse (Figure 3.6), before relating the observed structural 

alterations to mouse models where cerebellar afferents have been differentially 

abolished or retarded and to examples of spontaneous mouse mutants like 

ducky.

Coordinated motor behaviour in the mouse, evident at the end of the second 

postnatal week, results from a condensed period of cerebellar synaptic 

development. The most superficial external granule cell layer is thickest at P7 

(Miale and Sidman, 1961). At this time granule cells start migrating inwards 

through the arising molecular layer to form the granule cell layer, leaving their T- 

shaped axons (parallel fibres) behind thereby generating the molecular layer. 

They pass through the Purkinje cell layer, which at P7 forms a monolayer
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between the molecular and granule layer, with their dendritic processes 

orientated towards the pial surface (Altman, 1969).

r-CF
Figure 3.6 Illustration of the major time points in murine cerebellar Purkinje cell 
development. ( 1 ) Cells of the proliferative and (2) premigratory zone. Pc, Purkinje 
cell; Gc Granule cell; PF parallel fibres; OF, Climbing fibre, S, stellate cell; B, 
basket cell, Bg Bergmann glia. Adapted from Altman 1972.

Between P I 2 and P I 5 the lateral boundaries of the growing tree are 

reached, and dendrites constrained by the proximity of neighbouring trees start 

advancing towards the pial surface. Immature Purkinje cells receive innervations 

from multiple climbing fibres, whereas by P I 5 the adult one-to-one relationship is 

attained. The arborization of climbing fibres and the Purkinje cell development 

proceed simultaneously, whereby climbing fibres and parallel fibres induce the 

formation of somatic processes in Purkinje cells. In the mouse granule cell 

migration with parallel fibre production is complete at P20, when Purkinje cell 

dendrites reach the pial surface (Fujita, 1967). From P20 onwards further 

dendrite growth does not expand the outside boundaries of the dendritic field of 

the Purkinje cell arbor (Weiss and Pysh, 1978). Drug- or virus-induced abolition 

of granule cell growth as well as climbing fibre, stellate, or basket cell 

deafferentation greatly influences the Purkinje cell morphology, as reflected in 

decreased dendrite length, segment number, orientation of the dendritic tree.
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multipolar somata as well as position and alignment of Purkinje cell somata in 

the cerebellar cortex (Ito, 1984). Dendrites probably advance through the 

neuropil at a constant rate and the frequency at which they encounter afferent 

input (i.e. through parallel fibres) in the proximity of their terminals may 

determine the number of branches formed by adhesive interaction with dendritic 

growth cone filopodia. The earlier insults are imposed during development, the 

more severe are the resulting morphologic alterations. Even altered timing 

through the drug-induced slowing of granule and molecular layer expansion 

greatly influences the Purkinje cell morphology, resulting in ectopic somata and 

multiple somatic often s-shaped dendrites (Ito, 1984). In contrast, the destruction 

of granule cells in adult rodents has little or no effect on Purkinje cell dendritic 

morphology (Ito, 1984). This accentuates how crucial afferent input is for the 

formation rather than the maintenance of the dendritic tree.

These findings are complemented through studies on a large number of 

phenotypically ataxic mouse mutants, spontaneous in origin, with different 

impairments in the cerebellar circuitry at different developmental stages. 

Although their histological and behavioural phenotypes are very diverse, they 

can be grouped into mutations where postnatally the majority of Purkinje cells 

degenerate (i.e. purkinje cell degeneration (pcd) and lurcher {la)), mutations 

leading to the degeneration of Purkinje cells only in reciprocal alternate 

parasagittal zones (leaner (t^ ') and nervous (nv)) and mutations where granule 

cells are lost (i.e. weaver (wv), staggerer (sg), rolling Nagoya (t^°)). 

Interestingly, the severity of degeneration does not necessarily correlate with the 

gravity of the ataxic phenotype, as pcd/pcd or Ic/lc show milder motor signs than 

wv/wv, despite the lack of virtually all Purkinje cells. This might be partly due to 

compensatory secondary processes.

Leaner (t^^  and rolling Nagoya (t^ °)  are both allelic to the tottering (tg) 

mutation, disrupting the gene coding for the calcium channel Cav2.1 subunit. 

Together with the recently discovered allele rocker the tottering (tg)

mutation illustrates the broad phenotypic spectrum that the disruption of a single 

gene product can cause. These range from the nonviable leaner (fg/^ showing 

Purkinje cell degeneration, through to the intermediate tottering (tg) and rolling 

Nagoya (t^ °) with ectopic spines and axonal torpedoes and to the much milder
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rocker where a decrease in branching and weeping dendrites is only 

manifest in older animals (Table 3.1).

Phenotypes of tg/tg alleles leaner rolling Nagoya tottering rocker

Viability reduced normal normal normal

Age of onset P8-10 PIG-14 P21-28 P21-28

Ataxia ^(3)

Cerebellar cell death ^(4) .(5) .(6) .(3)

Purkinje cell axonal 
torpedoes

^(8) .(3)

Purkinje cell current 40% of control 60% of control 60% of control
density (9,11) (5) (9) ?

Table 3.1 Comparison of phenotypical severity between alleles of the tottering 
mutation. (1) Meier and MacPike, (1971); (2) Oda, (1973); (3) Zwingman et al., (2001) 
(4) Herrup and Wiiczynski (1982); (5) Mori et a!., (2000); (6 ) Isaacs and Abbott, (1995) 
(7) Rhyu et a!., (1999a); (8 ) Rhyu et a!., (1999b) (9) Wakamori et a!., (1998) 
(10) Dove etal., (1998).

I stressed in the introduction the importance of tightly regulated and 

balanced intracellular calcium signals for cell survival and gene transcription 

(Section 1.1.2). This is especially important in complex processes like 

development. Although a calcium imbalance seems the likely cause for changes 

in the morphology observed in du/du Purkinje cells, it also raises several 

questions: do the observed morphological alterations result from a failure of 

dendritogenesis or the atrophy of previously normal cells? Considering the early 

developmental stage in which they occur in du/du mutant mice, it is most 

probable that during the critical period of the first postnatal days Purkinje cells 

fail to make productive afferent contacts. This ‘deafferentation’ is the very likely 

cause of a retarded and malformed dendritic growth and ultimately dendritic 

retractions leading to thickening and atrophy. Sotelo (1975) considered the 

appearance of multipolar Purkinje cells in weaver and staggerer mutant mice as 

a remnant of their immature state, in which the normal resorption of all somatic 

filopodia fails to occur, with some of these processes continuing to develop into 

real dendrites. This leads to the question, can du/du Purkinje cells form 

functional post-synaptic entities? The presence of dendritic postsynaptic spines 

alone (Figure 3.3 B) is no clear indication of functional synapse formation, as
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there is no correlation between spine shape and the capability of presynaptic 

input reception. Electron-microscopy studies showed that the Purkinje cell 

dendritic spines in the agranular weaver cerebellum, which are morphologically 

similar to those normally arising from spiny branchlets, are either postsynaptic to 

mossy fibres and Golgi cell dendrites, something which never occurs under 

normal conditions, or do not appose to any presynaptic element (Abbott and 

Sotelo, 2000)

Furthermore, the question needs to be addressed as to whether the 

observed morphologic alterations are limited to a certain Purkinje cell 

subpopulation as in /eaner mutants (Heckroth and Abbott, 1994), or if they are 

uniform effects as seen in the staggerer mutaWon?

Whether these morphologic alterations are a direct effect of the loss of the 

« 2 6 -2  subunit in Purkinje cells or their afferent granule cells, a secondary effect 

altering synaptic function, or even a toxic effect of the truncated form of « 2- 

subunit, remains to be determined.
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4.1 AIMS
In order to extend the morphological analysis of cerebellar alterations in 

du/du mice, duidu cerebellar cryosections were immuno-labelled with antibodies 

against several neuronal antigens. In the du/du cerebellum regional loss of 

Purkinje cells at an unspecified age has been reported (Meier and McPike, 

1970), hence the Purkinje cell-specific marker Calbindin D-28k was used to 

examine the potential loss of Purkinje cell bodies at P24. Additionally, as it has 

been suggested that Calbindin D-28k acts as endogenous calcium buffer in 

neuronal cells (Fierro and Llano, 1996), the expression level of this protein was 

analysed by Western blot experiments.

In situ hybridization with a Cacna2d2 anti-sense RNA probe detected no full- 

length transcript in du/du Purkinje cells (Barclay et a!., 2001). However, in situ 

hybridization with a SCacna2d2 anti-sense RNA probe showed low levels of du 

mutant transcript 1 (cfu-mutl « 2) in du/du Purkinje cells (Brodbeck at ai., 

submitted for publication). Anti peptide antibodies generated against the N- 

terminal region of the « 2 0 - 2  subunit were therefore used in order to determine 

whether a mutant protein is expressed within the cfu/dL/cerebellum.

In parallel, the expression of the glial fibrillary acidic protein (GFAP) in 

cerebellar sections was studied, which is a hallmark of reactive gliosis (Eng ef 

a/., 2000). GFAP is expressed by the Bergmann glia surrounding Purkinje cells 

and an upregulation in its expression has been found in rats with genetic 

absence epilepsy (Dutuit etal., 2000), a possible sign of neurodegeneration.

Additionally the activation of an apoptotic pathway was considered by using 

antibodies to caspases, the effector proteins of programmed cell death (Yuan 

and Yankner, 1999), whose expression levels were also compared between the 

different genotypes in Western blot experiments.
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4.2 RESULTS
For the following immunohistochemistry performed on cerebellar 

cryosections, animals were perfused transcardially as described in Section 

2.5.2. The cryoprotected brains were sectioned parasagittally at a thickness of 

25pm and immunostained as described in Section 2.5.3.

4 .2 .1  CA LBIN DIN  D -2 8 K  IN C ER EB ELLA R  CR YO SECTIO NS
Considering the cerebellar phenotype of ataxia in du/du mice, the strong 

expression of the « 2 6 - 2  transcript in +/+ cerebellar Purkinje cells as well as the 

observed alterations in Purkinje cell morphology (Chapter 3) Calbindin D-28k 

was used as a marker in order to determine the possible loss of Purkinje 

neurones, as previously reported by Meier and McPike (1970). The largely 

cytosolic calcium-binding protein Calbindin D-28k, a member of the EF-hand 

family (Baimbridge et al., 1992), is known to act as a high-affinity buffer for 

intracellular calcium ([Ca^^i; Lledo at a!., 1992). [Ca^^i is thought to reflect the 

firing frequency in neurones and it has been proposed that the concentration of 

intracellular Calbindin D-28k is likely to reflect the activity level of the respective 

neurones (Boukhaddaoui at a!., 2 0 0 0 ). Furthermore Calbindin D-28k expression 

can be used as a specific marker for neuronal subpopulations such as Purkinje 

neurones of the cerebellum (Abe at a!., 1992).

Anti-Calbindin D-28K immunohistochemistry in du/du cerebella revealed no 

cell-loss at P24 (Figure 4.1). Purkinje cells appeared normal in respect to their 

general shape and arrangement, forming a continuous monolayer between the 

granule cell and molecular layers in all cerebellar sections examined. Staining 

intensity, as indicative of the level of protein expression was comparable 

between du/du and age-matched wild-type animals. Other than the reduction in 

the extent of the molecular layer reported earlier (Meier, 1968), no gross 

alteration in the cytoarchitecture could be distinguished between the genotypes.

As the use of confocal microscopy for quantitation has limitations as outlined 

in Section 2.5.10, Western blot analysis was carried out to examine the 

expression levels of Calbindin D-28k quantitatively (Figure 4.2).

At least 20 sections of each genotype derived from 5 or more different litters 

have been closely examined.
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du/du

■ GCL . '■'■ -v: '■ >

+/+

- 1̂  . ,.
il: 1

Figure 4.1 Calbindin D-28K in cerebellar sections of du/du and +/+ P24 mice. 
The pial surface is visible on the left. Aligned somata of Purkinje cells mark the 
border between molecular (ML) and granule cell layer (GCL). The cell dense 
granule cell layer is visible through blue nuclear DAPI staining.
Scale bars 15pm.

Equal am ounts of total protein w ere com pared betw een littermates of du/du  

and control anim als (a representative sam ple is shown in Figure 4 .2 ). To assess  

the ECL signals obtained quantitatively, the Im agequant 3 .3  software (M olecular 

Dynam ics) w as used for densitom etric m easurem ents by m eans of volum e  

integration. No significant differences could be detected in pairs from three  

different litters.
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Figure 4.2 (A) Cerebellar membranes (of the indicated concentration) were 
prepared from P27 mice (see Section 2.9.2) and separated through SDS/12.5%  
PAGE, transferred to a PVDF membrane, incubated with anti-Calbindin D-28K  
antibodies and visualized using the ECL system. A calbindin D-28K-specific band 
of 28 kDa is visible. (B) Quantification of A using Imagequant 3.3 software.
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4.2.2 GLIAL FIBRILLARY ACIDIC PROTEIN (GFAP) IN 
CEREBELLAR SECTIONS

Neuronal activity depends on brain homeostasis, controlled mainly by 

astrocytes (see lino et al. (2001) and Oliet at ai. (2001) for examples). 

Disturbances triggered by injury of the central nervous system result in reactive 

gliosis (Eddleston and Mucke, 1993; Ridet at a/., 1997). The major cellular 

hallmark for astroglial hypertrophy or reactive gliosis is an increased 

immunoreactivity to GFAP by resident astrocytes (Eng at a/., 2000). In the 

cerebellum GFAP is strongly expressed by the Bergmann glia surrounding the 

Purkinje cells (Eddleston and Mucke, 1993). This cell type has its cell body in the 

Purkinje cell layer and extends long processes through the molecular layer to the 

pia.

du/du +/+

Figure 4.3 Red shows GFAP-specific staining in parasagittal cerebellar sections 

of du/du and +/+ P24 mice, traversing the molecular layer (ML). Blue nuclear 

DAPI staining marks the cell dense granule cell layer (GCL). Scale bars 15|im.

Immunohistochemical labelling of GFAP showed no differences in the 

intensity of Texas-red fluorescence as an indication of the expression level and 

distribution of the protein between the two genotypes (Figure 4.3). Cerebellar 

sections were taken from three different littermates. Bergmann glia cells of du/du 

and control animals show a comparable striped cytoarchitecture of Bergmann 

fibres.
At least 20 cerebellar sections taken from three different littermates were  

closely exam ined.
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4.2.3 THE a25-2 S u b u n it

In situ hybridization with a 5’Cacan2of2 anti-sense RNA probe showed the du 

mutant transcript 1 is present in du/du cerebellar Purkinje neurones at a low 

level. If we compare the modular architecture of the different « 2 8  subunits using 

the SMART database (http://smart.embl-heidelberg.de; Schultz et a!., 2000) it 

becomes apparent that two binding domains, a domain similar to von Willebrand 

factor type A (VWF, Renting et a/., 2000) and a Cache domain (Anantharaman 

and Aravind, 2000) are highly conserved between (X2Ô subunits (Figure 4.4). 

Interestingly, the signal sequence for the «2 0 -2  subunit is obscured by a 

sequence of N-terminal hydrophilic amino acids and was therefore not 

recognized by the search engine.

NH3-    -COOH
 -------------------------------- (X2Ô-I

AA AA  
16-29  102-117

OC2Ô-2 

du-mut1 « 2

 — ---------------      (X2 8 -3

Figure 4.4 Modular architecture of the « 2 6  subunits. Differences in the signal 
sequence of « 2 6 - 2  are indicated (darkened line). The binding sites for the « 2 0 - 2  

anti-peptide antibodies are shown. Each would recognize both the full-length « 2 8 - 
2  as well as the truncated du-mut1 « 2  form arising from the ducky mutation.

To determine if this is functionally significant and to trace the distribution and 

processing of the full-length and possibly the truncated du-mut1 « 2  form of the 

« 2 0 -2  subunit, we designed two anti-peptide antibodies directed against N- 

terminal amino acids unique to «20-2 . One recognizes amino acids 16-29 

(referred to as Ab16-29) located before the putative signal sequence of « 2 0 -2  

and the other further downstream recognizes amino acids 102-117 (referred to 

as Ab102-117) near the N-terminus of the fully processed « 2 0 -2  subunit.
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4.2.3.1 S p e c if ic i ty  o f  t h e  0 C2 6 - 2  a n t ib o d ie s

In order to characterize the specificity of the « 2 0 -2  anti-peptide antibodies, 

proteins from the lysates of COS-7 cells transfected with a pMT2 vector 

expressing either «26-1 or «2 0 -2  were separated (SDS/7.5% PAGE), transferred 

to PVDF membranes and then incubated with Ab 16-29 or Ab102-117. Gel 

electrophoresis was routinely performed under thiol-reducing conditions, where 

«2 is separated from the Ô moiety to which it is coupled via a disulphide bond 

under native conditions. Distinct bands could only be visualized in cell 

membranes expressing «2Ô-2 but not in cell membranes expressing «2Ô-I 

indicating the specificity of both antibodies (Figure 4.5). The observed size 

differences are likely to represent different maturation states of the «2 protein. 

The band with the apparent molecular weight of 120 kDa recognized by Ab16-29 

corresponds to the predicted size for the unglycosylated immature form of the 

« 2 -2  protein with its signal sequence still attached. The band with the apparent 

molecular weight of 150 kDa recognized by Ab102-117 represents the mature 

glycosylated form of the protein from which the signal sequence has been 

cleaved (Marais etal., 2001).

120

c o s -7
«2 6 -2  «2Ô-I kDa

COS-7
«2Ô- 2  «2Ô-I kDa

-  250

150—►
-  205

-  116

— 98

— 64

-  6 6

-  45

-  29

Ab16-29 Ab102-117
Figure 4.5 COS-7 cell lysates (40p,g total protein) overexpressing either « 2 6 - 1  or 
« 2 0 - 2  were separated by SDS/7.5%  PAGE under denaturing conditions and 
transferred to PVDF membranes, probed with the two anti peptide antibodies 
against « 2 0 - 2  (Ab16-29 or Ab102-117) and visualized using the ECL system.
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As an additional control COS-7 cell lysates expressing either « 28-1, « 2 8 -2  or 
du-mut1 « 2  were incubated with preimmune serum isolated before the 
immunization of the rabbits with peptide 16-29 or peptide 102-117 (Figure 4.6).

A c o s - 7 0 0 8 -7

0(28—1 0(28—2 c/t7-mut10C2 k D â 0(28 -1  0(2 8 -2  du-mutio(2 kDa

-  205

-  116
-  97

—  66

-  55
-  45

-  29

*1* -  205

-  116
-  97

— 6 6

-  55
-  45

-  29

Ab16-29 Ab102-117

B cos-7
ûfL/-mut1a2

kDa Figure 4.6 Pre-immune serum control. 

SDS/4-20%  (A) or SDS/10-20%  (B) 

PAGE of COS-7 cell lysates (80|rg/lane) 

expressing the indicated protein was 

separated and after the transfer onto 

PVDF membranes incubated with protein 

A-purified rabbit preimmune serum IgG 

collected before the immunization with the 

peptides 16-29 or 102-117 respectively.

Ab102-117

Although some staining is visible, it does not correspond with the predicted size 

of any of the transfected proteins and was furthermore also observed in 

untransfected COS-7 cell lysate and must therefore be unspecific. This is a 

further indication for the 0(2 8 -2  specificity of the antibodies Ab16-29 and Ab102- 

117.

- 2 0 0
-  116

-3 6 .5

-2 1 .5

-  14.4
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4.2 .S .2  TRANSIENT EXPRESSION OF dL/-MUT1 TRANSCRIPT 
IN C O S -7  CELLS

In situ hybridization of du/du cerebellar sections with a 3'Cacna2d2 

antisense RNA probe showed the absence of the full-length message in du/du 

Purkinje neurones (Barclay et a!., 2001). However using a 5’Cacna2c/2 antisense 

RNA probe a faint signal was detected indicating the presence of a truncated 

form of the Cacna2d2 message. To answer the question as to whether the 

truncated nonsensical transcript is also translated we expressed a pMT2 vector 

coding for cfu-mutl « 2  in COS-7 cells. Lysates of these cells were 

electrophoretically separated together with COS-7 cell lysate expressing the full- 

length Œ2Ô- 2  protein for size comparison and then probed with the respective anti 

a2Ô-2 antibodies after transfer to PVDF membranes.

C O S -7

« 2 0 - 2  du-mut1 « 2
kDa

120

16

- 2 5 0

A b16-29

C O S -7

« 2 0 - 2  du-mut1 « 2
kDa

- 2 0 5

- 1 1 6

—  66

-  20

A b 1 0 2-1 1 7

Figure 4.7 SDS/4-20%  gradient PAGE of COS-7 cell lysates. The indicated 
COS-7 cell lysates (40|rg total protein/lane) were separated and after transfer 
onto PVDF membranes incubated with the respective anti « 2 0 - 2  antibodies. The 
‘broad band’ seen with Ab102-117 stretching from 150 kDa to 120 kDa could 
result from different glycosylation states of the protein. The reduction in the 
apparent molecular weight for the du-mut1 « 2  protein compared with that seen 
for Ab16-29 may result from the cleavage of the signal peptide.
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The cfu-mut1 a 2 transcript as found in du/du cerebellar Purkinje neurones is 

translated when overexpressed in COS-7 cells and recognized by both 

antibodies (Figure 4.7). Ab 16-29 recognizes a band of approximately 16 kDa 

corresponding to the predicted size of the translated product derived from the 

c/u-mutl (X2 transcript with its signal sequence still attached (Figure 4.7). Once 

the signal sequence is cleaved, the apparent molecular weight decreases to 

approximately 10 kDa. Ab102-117 recognizes a band with the approximate 

molecular weight of 10 kDa; this corresponds very likely to the N-terminus of du- 

mutl 0C2 , after cleavage of the signal sequence. In Figure 4.8 the predicted 

molecular sizes of the c/u-mutl az transcript and fragments derived from it are 

illustrated (see also 4.10).

A
Ab16-29

MAVPARTCGA SWPGPjVRTAR PWPGRGPRP2 PDPRGPASGP ARPLLLLLPP 50
1LLLLPLLTAP GASAYSFPQQ HTMQHWARRL EQEIDGVMRI FGGVQQLREI 100

Ab102-117
YKDNRNLFEV OENEPOKtVE KVAGDIESLL DRKVQALKSrp VSLVSG 146

B
Ab16-29 ^ Ab102-117

~ 6 kDa ~ 10 kDa

Figure 4.8 (A) Amino acid sequence of dty-mutl az. The respective binding sites 
for Ab 16-29 and Ab102-117 are shown in boxes. The signal sequence is 
underlined with its predicted cleavage site (Nielsen et. al., 1997) marked by an 
arrow. du/du-spec\f\c amino acids are in italics. B shows the estimated molecular 
weights for the different fragments of du-mutl « 2  • The absolute molecular weight 
for the du-muti « 2  subunit, the signal sequence and the du-muti 
% subunit without the signal sequence were calculated using the Omiga 
program (Version 1.1, Accelrys Cambridge, UK). The molecular weights were 
determined as 16 kDa, 6 kDa and 10 kDa respectively.
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In order to get a better estimation of the apparent molecular weight for the 

du-muU subunit, and derived fragments, COS-7 cell lysates expressing du- 

mut1 « 2  were separated on a 10-20% Tricine gel for better resolution of low 

molecular weight species (Figure 4.9).

COS-7
du-mut1oc2 kD a

-  66
-  36.5

Ab Ab 
16-29 102-117

Figure 4.9 SDS/10-20%  PAGE of COS-7 cell lysates (80 pg protein/lane) 
expressing du-muti az were separated and after the transfer onto PVDF 
membranes incubated with the respective antibodies for ot2Ô-2 .

Both antibodies recognize a band of 16 kDa, which is the predicted size for du- 

mut Œ2 with its signal sequence still attached. The difference in staining intensity 

might arise through affinity differences to their respective epitopes. In addition 

Ab16-29 recognizes a band of 6 kDa and Ab102-117 a band of approximately 10 

kDa molecular weight, these are the predicted sizes for the signal sequence and 

du-mut « 2  with cleaved signal sequence respectively.
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ti MAVPARTCGA SWPGPVRTAR PWPGRGPRPC PDPRGPASGP ARPLLLLLPP! 50
100LLLLPLLTAP GASAYSFPQQ HTMQHWARRL EQEIDGVMRI FGGVQQLREI

SP VSLVSG .........
YKDNRNLFEV QENEPQKLVE KVAGDIESLL DRKVQALKRL ÂDÀAËNFQKA 15 0
HRWQDNIKEE DIMYYDAKAD AELDDPESED MERGSKTSAL RLDFIEDPNF 2 00
KNKVjgŸS^TA VQIPTDIYKG STVILNEL@""TEALENVFIE NRRQDPTLLW 250 
QVFGSATGVT RYYPATPWRA PKKIDLYDVR RRPWYIQGAS SPKDMVIIVD 3 00
VSGSVSGLTL KLMKTSVCEM LDTLSDDDYV NVASFNEKAQ PVSCFTHLVQ 3 50
ANVRNKKVFK EAVQGMVAKG TTGYKAGFEY AFDQLQNS'^'f~_T^ANCNKMIM 400

g MFTDGGEDRV QDVFEKYNWP @"fVRVFTFS VGQHNYDVTP LQWMACTNKG 45 0
CM^  CO YYFEIPSIGA IRINTQEYLD VLGRPMVLAG KDAKQVQWTN VYEDALGLGL 500

^ WTGTLPVPg'_'LT0DGPGEKK NQLILGVMGI DVALNDIKRL ®PN^TLGANG 550
YVFAIDLNGY VLLHPNLKPQ TTNFREPVTL DFLDAELEDE NKEEIRRSMI 600
DGDKGHKQIR TLVKSLDERY IDEV'J_Rg?TW VRIR^TN^iSL GLVLPPYSTY 65 0
YLQANLRDQI LQVKLPISKL KDFEFLLPSS FESEGHVFIA PREYCKDLNA 7 00
•^DN$TEFLKD FIELMEKVTP DSKQCNNFLL HNLILDTGIT QQLVERVWRD 75 0
QDLNTYSLLA VFAATDGGIT RVFPNKAAED WTENPEPF@"S|)YRRSLDNH 800
GYIFKPPHQD SLLRPLELB^lDTVGVLVSTA VELSLGRRTL RPAWGVKLD 85 0
LEAWAEKFKV LAS^RTJ^QDQ PQKCGPSSHC EMDCEVNNED LLCVLIDDGG 900
FLVLSNQNHQ WDQVGRFFSE VDANLMLALY i@NSP,YTRKES YDYQAACAPQ 95 0
PPGNLGAAPR GVFVPTIADF LNLAWWTSAA AWSLFQQLLY GLIYHSWFQA 1000

^ DPAEAEGSPE TRESSCVMKQ TQYYFGSVgA_"_"S$NAIIDCG{r'C'S|lLFHAQRL 1050
^  9 TNTNLLFWA EKPLCSQCEA GRLLQKETHC PADGPEQCEL VQRPRYRRGP 1100
s j L  CO _____ ________________ _____________________________________^  N HICFDYgATB DTSDCGRGAS FPPSLGVLVS LQLLLLLGLP PRPQPQVHSF 1150

I AASRHL 1156

Figure 4.10 The amino acid sequence of the « 2 0 - 2  subunit. The putative signal 
sequence underlined. The dotted line surrounds du-muti «2(16 kDa) containing 8  novel 

amino acids ( s p v s lv s g )  in italics. The epitopes for the antibodies Ab 16-29 and Ab102- 
117 in bold. The bold A at position 1000 is conserved in all three « 2Ô subunits and has 

been identified as cleavage site between « 2  and 5 -1 , the putative 6 - 2  subunit in grey. 
The predicted transmembrane region is indicated in dark g re y .O  marks putative N- 
glycosylation sites. The respective sizes for the alternate subunits are shown on the left.
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4 .2 .3 .3  IMMUNO-LOCALIZATION OF OC2 8 - 2  AND du-m ut1 Œ2  IN 
TRANSIENTLY TRANSFECTED C O S -7  CELLS

To determine the localization of the full-length Œ2Ô- 2  subunit in COS-7 cells 

at different stages of protein maturation and to address the question as to where 

the truncated form of the « 2 8 -2  subunit du-mutl « 2  is targeted, COS-7 cells were 

used as a heterologous expression system for overexpression and subsequent 

visualization of the a 2 0 -2  subunit in immunocytochemical experiments utilizing 

confocal microscopy.

It was first necessary to establish if COS-7 cell membranes remain intact 

throughout the different immunocytochemical processing steps. For this purpose, 

COS-7 cells were transiently transfected with a pMT2 vector expressing GFP, an 

entirely intracellular protein (Tsien, 1998). Transfected cells expressing GFP 

were identified by its characteristic green fluorescence (see spectrum in Section 

2.5.7). In addition cells were incubated with an antibody directed against GFP 

either under permeabilizing (+0 .0 2 % Triton X-100) or non-permeabilizing 

conditions and then visualized with a Texas-red streptavidin conjugate following 

incubation with a biotinylated goat anti-mouse antibody (Figure 4.11 B). The 

results indicate the integrity of the cell membrane, as under non-permeabilizing 

conditions the antibody did not penetrate the cell. This heterologous expression 

system can therefore be used to investigate the localization of the « 2 8 -2  subunit 

during different stages of maturation, but similar results were also obtained with 

tsA cells.

If the full-length form of the « 2 8 -2  subunit is transiently expressed in COS-7 

cells, Ab 16-29 shows no Texas-red staining in non-permeabilized cells (Figure 

4.11 0  top left). GFP was used in this experiment as a positive transfection 

control and has been co-transfected with Œ2 8 -2  at a 20 times lower DNA 

concentration. Under the same non-permeabilizing conditions, the N-terminal 

(X2 8 -2  epitope is accessible to Ab102-117 exofacially, thereby distinctly outlining 

the membraneous border of the cell (Figure 4.11 0  top right). If the cells are 

permeabilized prior to antibody incubation, Ab 16-29 shows a diffuse overall 

staining of the entire cytoplasm (Figure 4.11 0  bottom left). However, Ab102-117 

presents a more restricted staining, possibly confined to specific intracellular
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compartments. The perinuclear staining might resemble the endoplasmic 

reticulum (ER), with adjacent Golgi and trans-Golgi network exporting the protein 

to the plasma membrane.

A GFP.
End of 
exon 3

Fluorescence

Ab102-117

Ab16-29

a 2 § - 2

Signal
Sequence

extracellular =

Antibod

Œ2Ô-2

Ab 16-29 A b 102-117
D

du-mut1 Œ2
_____X_____

Ab 16-29 A b 102 -117

Figure 4.11 Localization of the full-length and truncated a 2Ô- 2  subunits 
expressed in transiently transfected COS-7 cells. The epitopes of Ab 16-29 and 
Ab102-117 are illustrated in A. To ascertain that the cell membrane remains 
unscathed during immunocytochemical procedures, the conditions were tested 
using a GFP antibody (B). Full-length 0 2 6 - 2  is detected exofacially in non- 
permeabilized cells by Ab102-117, which also shows a more confined 
intracellular localization in permeabilized cells compared to Ab16-29 (0). 
Neither Ab 16-29 nor Ab102-117 recognizes the truncated 0 2 6 - 2  subunit du- 
mutl 0 2  in non-permeabilized cells. The intracellular distribution of du-muti 0 2  

is more ubiquitous for Ab 16-29 and confined to specific intracellular 
compartments for Ab 102-117 in permeabilized cells (D). scale bars 10 fim
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In non-permeabilized cells expressing du-mut1 a2, neither a20-2-specific 

antibody recognized the epitope exofacially (Figure 4.11D top panel). Under 

permeabilized conditions Ab 16-29 gives a diffuse overall cytoplasmic staining 

(Figure 4.11 D bottom left), similar to that seen in cells transfected with the full- 

length tt2Ô-2 subunit. Ab 102-117 shows a very distinct staining, localizing this 

truncated form of the protein in very restricted compartments of the cell where it 

appears to accumulate (Figure 4.1 ID  bottom right).

4 .2 .3  4  ANTI-PEPTIDE CONTROL FOR ANTIBODIES Ab 16-29  
AND A b l 02 -117

As a control to question the specificity of the observed fluorescent signal 

the immunizing peptide for either A b l6-29 or A b l02-117 was pre-incubated with 

the respective diluted antibody, before their application onto slides (Figure 4.12).

COS-7 Cerebellum

GCL I GCL

du/dudu-m uti a?

Figure 4.12 Anti peptide control for Abl6-29 and Abl 02-117. Blue, nuclear DAPI staining. 
On the left, panels showing COS-7 cells, transfected with either a 2Ô- 2  or du-muti « 2  GFP 
(green fluorescence) was co-transfected and used as a positive transfection marker. The 
panels on the right show cerebellar sections of P26 animals of the indicated genotype. 
GCL markes the granule cell layer and the arrow indicates the border of the molecular 
layer (ML).

With both antibodies non-specific background staining was absent, both in COS- 

7 cells expressing a2Ô-2 or du-muti a2 as well as in cerebellar sections. This is a 

further indication for the specificity of both antibodies.
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4.2 .S .5  IMMUNO-LOCALIZATION OF THE Œ28-2 SUBUNIT IN 
CEREBELLAR TISSUE

To compare the expression levels of the 0(2 6 -2  subunit in +/+ and du/du 

cerebellum, Western blot experiments were performed. A 150 kDa band was 

only obtained with Abl 02-117, but no bands were observed with Abl 6-29 

(Figure 4.13). This is either an indication that the immature, unglycosylated form 

of the protein is not present in a high enough concentration to be detected, which 

might also be true for the truncated form of the protein, or that the affinity of 

Abl 6-29 is lower.

A Cerebellar B
membranes _

kDa

Cerebellar
membranes

+/+ du/du 0(2 6 -2

— 250

120 - 9 8

64

-  50

Abl 6-29

150

du/du

- 2 0 5

Abl 02-117

Figure 4.13 Expression of the ai6-2 subunit in the cerebellum. SDS/4-12%  gradient 
PAGE of 2 0 0 |T9  total cerebellar membrane protein from P27 animals of the 
indicated genotype. Immunolabelled with Abl 6-29 (A) and Abl 02-117 (B).

However both forms of the protein could be detected in cerebellar protein using 

both antibodies following immunoaffinity concentration (Dr. Tony Davies 

personal communication).

In order to localize the 0(2 6 -2  subunit in the cerebellum and compare its 

expression between the different genotypes, parasagittal sections of P24 du/du 

and control cerebella were incubated with the a 26-2 -specific antibodies. Abl 6-29 

shows strong immunoreactivity in somata of cerebellar du/du Purkinje cells 

(Figure 4.14 top left), where the du-mut1 0(2 protein appears to accumulate.
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compared to a more uniform staining observed in control animals (Figure 4.14 

top right). At least 30 sections from 6 different littermates were closely examined.

du/du

Figure 4.14 Parasagittal cerebellar sections (25|Lim) of du/du and +/+ P24 animals 
incubated either with Abl 6-29 or Abl 02-117. Red shows a 2Ô-2 -specific Texas-Red 
staining and blue nuclear DAPI staining. Granule cell (GCL) and molecular layer 
(ML). Scale bars 15^m.

The observation that the translated c/u-mut1 a 2 protein appears to be in 

part retained in a perinuclear compartment, very likely the ER, when 

overexpressed in COS-7 cells (Figure 4.11 D), or as seen in du/du Purkinje cell 

somata with probable subsequent proteosomal degradation, might suggest the 

activation of stress-induced signalling pathways. These have been found to be 

triggered following the accumulation of misfolded proteins in the ER (Kaufman, 

1999) and/or disturbed calcium homeostasis (Mattson et al., 2000), both of which 

are likely consequences of the ducky mutation. Prolonged ER stress in turn can 

contribute to cell death and is linked to the pathogenesis of several 

neurodegenerative disorders (Sherman and Goldberg, 2001).
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4 .2 .4  IMMUNO-LOCALIZATION OF CASPASE 3 AND 12 IN 
CEREBELLAR TISSUE

Apoptosis, or programmed cell death occurs under either physiological or 

pathological conditions and can be initiated by a multitude of environmental 

factors (Sastry and Rao, 2000; Nijhawan et al., 2000). Specific receptors, direct 

activation, permeabilization of the mitochondrial outer membrane, as well as 

disturbances in protein folding and calcium homeostasis lead ultimately to the 

activation of cysteinyl aspartate-specific proteinases as the point of irreversibility 

(Earnshaw etal., 1999).

e.g. TGF receptor

ER I
stress [cgi+j

C aspase
8,10

CytO

C aspase C aspase

C aspase

^  DNA 
fragmentation

Protein  ̂
breakdown Cell shrinkage 

Membrane blebbing

APOPTOSIS

B Caspase Activation
Inactive Proenzyme

I Prodomiin

(~ 6 k D a )A (~ i 7 k D a )A (~ i 2kD a)
Asp X

Active
Caspase

Asp X

Catalytic  
Sites

Figure 4.15 In A the main 
routes of caspase activation 
are outlined converging at 
the level of the effector 
Caspase 3 which upon 
activation leads to the 
classical apoptotic pheno
type. Adapted from 
Nijhawan et al., (2000) B 
illustrates the activation of 
the Caspase zymogen, 
present in nonapoptotic 
cells and activated upon 
proteloytic cleavage.

Caspases are present in the cytoplasm as inactive proenzymes, which 

upon activation are cleaved to yield the active tetrameric protease (Hengartner et 

a!., 2000; Figure 4.15). Activated caspases cleave specific key cellular proteins, 

thereby disabling and disassembling the dying cell. There appears to be a 

hierarchy of caspases, with some acting as initiators of proteolysis and others 

acting downstream as executioners (Thornberry and Lazebnik, 1998).

To examine the possible activation of apoptotic proteases in the 

pathogenesis of the du/du mutation, two prominent caspases involved in
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neuronal apoptosis were targeted immunocytochemically. Caspase 12 has 

recently been related to ER stress-induced apoptosis (Nakagawa et al., 2000). 

The zymogen of caspase 12 is localized to the ER and upon activation functions 

as initiator for downstream caspase activation. Caspase 3 activation has been 

demonstrated in several models for neurodegeneration in vitro (Du at al., 1997; 

Marks at al., 1998), plays a key role in developmental neuronal apoptosis (Kuida 

at al., 1996) and was found to be involved in apoptotic cell death following 

experimental ischemia (Namura at al., 1998) and epileptic seizures (Henshall at 

al., 2000). To compare the cerebellar expression level of these caspases in 

du/du and control mice at P24 specific antibodies against caspase 3 (Wang at 

al., 1996) and caspase 12 (Nakagawa at a i, 2000) have been employed.

du/du

Figure 4.16 Immuno-localization of caspase 3 (red) in cerebellar tissue. Blue 
nuclear DAPI staining. Parasagittal sections (25^im) of paraformaldehyde perfused 
and cryoprotected brains of P24 mice of the indicated genotype. Granule cell layer 
(GCL) and molecular Layer (ML). Scale bars 10pm.

In du/du Purkinje cells a stronger pro-caspase 3 staining was observed in 

their somata when compared to wild-type littermates, indicating an 

upregulation of caspase 3 expression (Figure 4.16). At least 15 slices 

from three different littermates were closely examined.
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This apparent upregulation in the expression of the caspase 3 

proenzyme could be seen in preparations taken from three separate litters. 

However Western blot experiments, carried out with cerebellar protein 

homogenates of the different genotypes did not corroborate the 

immunocytochemical findings (a representative sample is shown in Figure 

4.17), as the differences were not significant.

kDa

- 6 4  '
- 5 0  .g 

- 3 6  ^  100 -

- 3 0  \

5  50 -

32

- 1 6

L J L J +/+ du/+ du/du2 .5  rig 1.25 |ug

Figure 4.17 A The indicated amount of protein homogenate from P27 cerebella 
was separated by SDS/7.5% PAGE. Transfer onto a PVDF membrane was 
followed by the incubation with the caspase 3 antibody recognizing the -3 2  kDa 
propeptide of the enzyme. A band of the predicted size is marked by an arrow. 
B Quantification of protein bands in blot A using Imagequant 3.3 software.

Similarly W estern blots of cerebellar protein labelled with an anti-caspase 1 2  

antibody showed no difference in staining intensity as an indication for its 

expression level in the two genotypes (Figure 4 .18 ).

60

■§

kDa
-  205

-  116  
-  97

— 6 6

-  47

-  29

Figure 4.18 SDS/7.5%  PAGE of 25pg 

total protein from P27 cerebella was 

separated. Transfer onto PVDF 

membrane was followed by the 

incubation with the caspase 1 2  antibody 

recognizing the -6 0  kDa propeptide.
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4.3 DISCUSSION

4.3.1 CALBINDIN
In mature Purkinje cells (4 weeks postnatally in mice, Kurobe et a i, 1992) 

Calbindin D-28k contributes about 15% of total cellular protein (Baimbridge and 

Miller, 1982). Its high affinity for calcium (Kd is submicromolar, Nagerl et al., 

2000a) influences important neuronal characteristics by (a) altering the temporal 

and spatial spreading of an action potential thereby modifying calcium- 

dependent intracellular signalling; (b) by inhibiting the Ca^^-dependent current 

neuronal ‘bursting activity' is promoted; (c) by inhibiting Ca^^-dependent 

inactivation of VDOCs the contribution of Ca^^ entry to the overall membrane 

depolarization is increased (Nagerl et a!., 2000b) and finally a role in protecting 

the cells against the damaging effect of excessive calcium influx during 

prolonged periods of high activity is assumed (D'Orlando et a!., 2001). No gaps 

in the Purkinje cell monolayer as assessed by Purkinje cell-specific Calbindin D- 

28k immunocytochemistry were observed at P24. Also no loss of granule cells 

was observed in a previous study using calretinin as a marker (Barclay et a!., 

2001). Furthermore, the level of Calbindin D-28k protein expression was found to 

be similar between du/du and +/+ mice. This result is somewhat surprising given 

the phenotypical severity of the du/du mutation, which might originate in a 

disturbed calcium homeostasis and considering that Calbindin D-28k expression 

has been found to be Ca^^ dependent (Arnold and Heintz, 1997).

In situ hybridization showed a reduction of Calbindin D-28K mRNA in the 

leaner mutant (fg/") and is seen as a compensation for reduced P-type calcium 

channel function (Dove etal., 2000).

4.3.2 GFAP
In the microscopic analysis of GFAP through immunohistochemical labelling, 

no obvious abnormalities in the cytoarchitecture were observed in the 

cerebellum of du/du mutant mice. GFAP is strongly expressed by Bergmann glia, 

which is the main astrocytic subpopulation in this area of the brain.
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Immunohistochemical labelling of GFAP in ofu/ofL/cerebellum revealed Bergmann 

fibres spanning upward through the molecular layer similar to the wild-type 

processes. This result suggests that the architecture of Bergmann glia is 

complete in du/du mutant mice and not affected by the mutation. During 

development, Bergmann fibres display a tight association with migrating granule 

cells. This observation gave rise to the concept of glia-guided neuronal migration 

(Rakic, 1971). Their role in Purkinje cell development is less well understood, but 

considering that the formation of radial Bergmann fibres in the cerebellar cortex 

precedes dendritogenesis, it is conceivable that they provide both trophic 

substances and adhesive structural scaffolds for growing Purkinje cell dendrites 

(Yamada et a i, 2000). Their adult cytologic and molecular features certainly 

suggest their active interdependent participation in the cerebellar cortex (Muller 

and Kettenmann, 1995). Beside the efficient uptake of neurotransmitter (e.g. 

glutamate, Clark and Barbour, 1997) and a more general role in the support of 

neuronal metabolism, recent findings point increasingly towards their direct role 

in chemical and electrical signalling (Haydon, 2001; Oliet et al., 2001). The 

formation of separate glia microdomains capable of autonomous interactions 

with particular synapses between axon terminals of parallel fibres and the 

dendritic spines of Purkinje cells they ensheath (Grosche etal., 1999), as well as 

the findings that astrocytes profoundly increase neuronal synapse number //? 

vitro and are required for their maintenance (Lillian etal., 2001) support this idea. 

On the other hand, intense neuronal activity influences astroglial gene 

expression (Steward et al., 1997) and GFAP expression among other proteins 

has been found to be upregulated in thalamocortical structures of a rat model for 

absence epilepsy even before the onset of spike and wave discharges (Dutuit et 

al., 2000). However at present it is unclear if these adaptive astrocytic changes 

minimize or contribute to the process of epileptogenesis.

4 .3 .3  TH E  OC2 6 - 2  SUBUNIT

4.3.3.1 Mutant protein du-mut1 « 2  is expressed in du/du mce

In situ hybridization has shown that a full-length a 2Ô- 2  transcript is absent 

from the du/du mouse brain due to the genomic rearrangement that disrupts the 

Cacna2d2 gene (Barclay et al., 2001). However in situ hybridization showed that
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a 5' mutant transcript {du mutant transcripti) is present in du/du Purkinje cells at 

a low level (Brodbeck et a i, submitted for publication). This transcript is 

predicted to encode a protein (du-mut1 a/) that lacks most of the a 2 subunit 

(-90% ) and the whole of the 5 subunit, including the transmembrane domain. 

mRNA encoding mutant transcripts, where a frame-shift or point mutation 

introduces one or more premature stop or nonsense codons is unstable and 

subject to nonsense-mediated mRNA decay (Culbertson, 1999). This might be 

true for du mutant transcript 2, which has been found on Northern blots of du/du 

brains and could subsequently be identified by RT-PCR as exon 2-39 of 

Cacna2d2. However only the 5’ mutant transcript 1 appears to be present at a 

low level in du/du brain.

Studies using site-directed anti peptide antibodies were used to establish the 

topology of the a 2Ô-1  subunit. The ct2 subunit has been found to be entirely 

extracellular (Brickley et a i, 1995; Gurnett et a i, 1996; Gurnett et a i, 1997) and 

disulphide-linked to the 8  subunit which anchors the protein to the membrane. 

Both subunits have been found to be involved in the interaction with the Gavl .2 

subunit (Felix et a i, 1997; Gurnett et a i, 1997). Now that two other « 2 8  subunits 

have been cloned it is assumed that they have a similar topology as their 

hydrophobicity profiles are very similar (Klugbauer et a i, 1999b). High homology 

is present between N-termini of a 2 8 - 1  and « 2 8 - 8  with the clear prediction of a 

cleavage site in their signal sequence in both cases. In contrast, although a 

putative signal peptide is found in « 28- 2 , it is much longer. Using prediction 

analysis, it is found to have a potential cleavage site after position 64, whereas 

only 2% of eukaryotic signal peptides are longer than 35 residues (Nielsen et a i,

1997). In particular it has a longer sequence N-terminal to the putative 

hydrophobic signal sequence (approximately 42 amino acids) than « 28- 1 and 

Œ2 8 - 3  (with approximately 3 and 11 amino acids respectively). Such ‘n regions' 

are found to be less than 25 amino acids in 80% of secreted or transmembrane 

proteins in which they occur (Martoglio and Dobberstein, 1998). Therefore it 

remains unclear whether this signal sequence is cleaved efficiently, as cleavage 

is often delayed when the signal sequence is long (Li et a i, 1994). This results in 

extended transit times through the endoplasmic reticulum-Golgi apparatus, 

which might be required for highly glycosylated proteins (Li et a i, 1994). Such an
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explanation is likely to be the reason for the detection of a 120 kDa immuno

labelled protein using Ab 16-29 when a 2 0 - 2  is expressed in COS-7 cells. Under 

the thiol-reducing conditions used this is likely to represent the immature 

unglycosylated « 2  moiety, as the predicted molecular weight with no added 

carbohydrate is 113 kDa.

For the cfu-mutl « 2  expressed in COS-7 cells the signal sequence remains 

at least in part uncleaved since both Abl 6-29 and Abl 02-117 recognized a band 

of -1 6  kDa, the predicted size for the truncated protein with signal sequence. 

Additionally Abl 6-29 also recognized a fainter band of about 6  kDa, which is the 

size of the cleaved signal sequence. A likely explanation for the intensity 

differences observed with the two antibodies lies in affinity differences for the two 

epitopes. The predominant band recognized by Abl 02-117 was a -1 0  kDa 

protein, which is likely to represent du-mut1 a 2 with its signal sequence cleaved. 

This result corresponds exactly with the molecular weight of the native du-muti 

« 2  immunocaptured from du/du cerebellum by the same antibody. This indicates 

that it is a stable in vivo species in these mice. A -1 6  kDa protein was also 

immunocaptured by Abl 6-29 from du/du cerebellum which shows that the signal 

sequence remains at least in part uncleaved from du-muti a 2 (Brodbeck et al., 

submitted for publication).

4.3.3.2 Immuno-localization of Œ2Ô-2 and di/-mut1 0 G2

When du-muti 0(2 was expressed in COS-7 cells both Abl 6-29 and Abl 0 2 - 

117 recognized an epitope that was only expressed intracellularly, indicating that 

du-muti « 2  is unlikely to be secreted or inserted into the plasma membrane as a 

functional transmembrane protein. Furthermore, with Abl 02-117 an 

accumulation was visible in intracellular organelles, which might indicate 

aggregation or delayed degradation of the overexpressed peptide. Misfolded 

proteins detected by the ER quality control machinery are retro-translocated into 

the cytoplasm where they are ubiquinated and degraded by the proteasome 

(Ellgaard etal., 1999).

Using Abl 02-117 in cerebellar sections « 2 0 - 2  expression could be detected 

in wild-type Purkinje cell somata and also in the molecular layer. With the same 

antibody a low level of immunostaining was observed in du/du Purkinje cells.
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Immunoreactivity in du/du cerebellar sections was also observed using Ab 16-29 

where staining presumably representing the uncleaved du-muti « 2  peptide, was 

found to be concentrated in Purkinje cell somata. These results support the 

findings that du-mut1 « 2  is expressed in du/du cerebellum.

Interestingly analysis with PSORT II, a knowledge-based, multicategory 

subcellular localization prediction program (Nakai and Horton, 1999) could 

foretell the localization of the full-length «20-2 AA sequence correctly: 33.3% ER 

33.3% Golgi 33.3% plasma membrane, which are the anticipated processing 

steps for this protein. For the du-muti « 2  AA sequence the same program 

however predicted a rather aberrant localization (52.2% nucleus, 26.1%  

mitochondrial, 8.7% cytoplasmic, 4.3% vesicles of secretory system, 4.3%  

extracellular, 4.3% endoplasmic reticulum). Although the current methods for 

prediction of subcellular localization of proteins are not yet completely reliable, it 

is a indication of the deficient targeting of this truncated protein, which 

complements the presented immunocytochemical results. The cellular 

consequences are however not yet fully understood.

4 .3 .4  C A S P A S E S  AND 12

Immunocytochemical experiments performed on cerebellar sections 

prepared from three different litters (P24-27) revealed an upregulation of 

caspase 3 detectable by immunolabelling in du/du animals. However, if the 

expression level of caspase 3 was compared by Western blot analysis, the same 

upregulation was not seen. This result is not entirely surprising, considering that 

Purkinje cells constitute only 1% of the total neurone number in the cerebellum, 

such that a localized upregulation, which is visible through confocal microscopy 

might not be discernible biochemically. Furthermore, it is feasible that a certain 

subset of the Purkinje cell population is more severely affected by the du/du 

upregulation, which could ultimately result in regional differences of Purkinje cell 

degeneration, as seen in the leaner mutation (Herrup and Wilczynski, 1982). An 

alternative explanation might be that it is too early in the development of these 

mice for neurodegeneration to occur.

Similarly immunolabelling with a caspase 12 antibody also showed no 

significant upregulation in du/du cerebellum.

122



CHAPTER V.
CALCIUM IMAGING



C h a p t e r  v . C a l c iu m  Im a g in g

5.1 AIMS
The tightly controlled spatio-temporal fluctuations of cytoplasmic free calcium 

ion concentration ([Ca^^j) plays a pivotal role in the regulation of neuronal 

functions as diverse as transmitter release, spiking behaviour and gene 

transcription. The role of « 2 8  subunits in calcium channel function has been 

ascertained in several in vitro studies to increase the current density of different 

Cavai subunit combinations. In order to evaluate possible alterations in [Câ "̂ ]i 

homeostasis caused by the disruption of the Œ2Ô- 2  calcium channel subunit in 

the du/du mutation, depolarization-induced [Ca^^j transients were monitored 

in the somata of cerebellar neurones using digital imaging of the ratiometric 

calcium indicator Fura-2 . The [Ca^^i responses of granule cells maintained for 7 

days in culture, as well as acutely isolated Purkinje neurones, were recorded and 

compared between the different genotypes.

124



C h a p t e r  v . C a l c iu m  Im a g in g

5.2 RESULTS

5.2 .1  C a l c iu m  Im a g in g  E x p e r im e n t s  o f  C e r e b e l l a r  

G r a n u l e  C e l l s

At birth, mouse cerebellar granule cell precursors are found in the germinal 

zones on the exterior surface of the cerebellum. During the first postnatal weeks, 

they divide, become postmitotic, and migrate through the molecular layer, finally 

settling in the internal granule cell layer (Hatten et al., 1997). It has been shown 

that granule cells possess functional L-, N-, P/Q- and putative R-type calcium 

channels even in culture (Pearson et al., 1995; Randall and Tsien, 1995). The 

neonatal granule cells were prepared from seven-day-old mice and cultured for 

up to two weeks. Their long term survival is dependent on the partial 

depolarization of their plasma membrane by high [K'^](25mM), which is thought to 

mimic the in vivo effect of glutamatergic innervation by mossy fibres (Hack et ai., 

1993) and was therefore present in their growth medium. The phenotype of the 

granule cells changes during culture from small spherical isolated cells to a 

complex neurite network organization at 7 days in culture. This was the point in 

time when calcium-imaging experiments were performed for the following five 

days. During this time cells did not show a consistent increase in peak [Ca^^i 

elevations. Furthermore, the kinetics of the [Ca^^i rise were also 

indistinguishable. Therefore recordings derived from all cultured cells were 

pooled. In order to obtain comparable results, a small recording field (~5|xm^) in 

the centre of a granule cell soma situated in the focal field of the fluorescent 

microscope was chosen. Care was also taken that cell somata were clearly 

distinguishable from their neighbours and were firmly attached during 

stimulation. Additionally, for better comparison, cells were only stimulated once 

with high [K"̂ ] as the size of the transients tended to decrease even after a 5 

minute washing period in extra-cellular solution.

125



C h a p t e r  v . C a lc iu m  Im a g in g

5.2.1.1 Ca l ib r a t io n  o f  Ca lc iu m  Im a g in g  Ex p e r im e n t s

Calibration of the p34o/38onm ratio in terms of [Câ ""]] was carried out on cultured 

granule cells in vitro in three independent experiments. Cells were incubated 

with Fura-2 AM as described in Section 2.8.2.2 and exposed to a ‘zero’ calcium 

solution for 5 minutes in the presence of 5pM ionomycin and 1pM thapsigargin 

containing 5mM EGTA with no added calcium to obtain the minimum F34o/380nm 

ratio (Rmin). Cells were then incubated with a ‘high’ calcium solution containing 

5mM Ca^  ̂to obtain the maximum F34o/380nm ratio (R m a x )(Figure 5.1).

Ca^- free solution + 5mM EGTA 5mM Câ "" solution

2.0

+ 5|iM ionomycin 
+ l^iM thapsigarginLL

3 min.
'rest

........................
/ / ____ ,___________   ,___________ ,___________ ,___________ , ■ 'm in

80 260 280 300 320 340 360 Time, s
0.8

0 20 40 60

Figure 5.1 Example traces (n=9) of a calibration experiment performed in order to 
estimate the [Ca^^]j. The bar at the top of the figure denotes the [Ca^^] of the 
solution in the recording chamber. The application of 5 |tM ionomycin and 1|tM 
thapsigargin is indicated by an arrow. After 5 minute incubation to ascertain cells 
have reached a stable Rmin value, the solution was changed for a 5mM Câ "" 
solution to obtain the Rmax value.

The average values from these calibrations can be used to quantify intracellular 

[Ca^^j using the following equation (Grynkiewicz et al., 1985):

(1)

Where R  is the measured ratio, Rmin and Rmax are the ratios recorded with zero 

and high extracellular calcium, respectively. F̂ ®°max and F̂ ®°min are the signals at 

380nm in zero and high calcium respectively and Kd is the apparent dissociation 

constant for Fura-2 (224nM).

= K d x r | ^ ]  x f e i
Inmax " ry I r  min I
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For granule cells in 3 separate calibration experiments the resting calcium 

concentration was found to be 33nM (±19nM, n=9), 71 nM (±41 nM, n=14), 58nM 

(±30nM, n=9). The average of 54nM (±30nM) is close to the basal [Ca^^i levels 

found by others in cerebellar granule cells (20-40nM, Harrold et al., 1997) 60nM, 

Kirischuk and Verkhratsky, 1996). However it is unlikely that the observed 

variations in the tightly controlled resting calcium concentration, reflect real 

differences and can rather be ascribed to experimental limitations, which will be 

addressed in more detail in the Discussion. To illustrate how the naturally 

occurring variations when recording signals from different cells translate into 

actual calcium concentrations, the values from Figure 5.1 were used in Figure

5.2 to plot a calibration curve using equation (1) for the indicated ratio values.

1000

800 -

- r  600 -

^  400

200 -

0
p -

1 1.1 1.2 1.3 1.4
F  (340 /380nm )

Figure 5.2 Calibration curve for Fura-2 in cerebellar granule cells

The error-bars derive from the standard error of the mean (S.E.M.) values in 

Figure 5.1 translated into absolute [Ca^ ]̂i using equation (1). In the example the 

calcium concentration at rest (F(34o/380nm) = 0.95) of 58nM varies ±30nM and at a 

change of ratio resembling stimulation (F(34o/380nm) = 1.4) the variation is 

758nM±200nM, both variation are quite considerable. Therefore, in the following 

results the observed FA(34o/380nm) ratio has not been translated into absolute [Câ '"] 

values. However, in order to keep experimental variations at a minimum where 

possible experiments were paired between the different genotypes and 

conditions.
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5.2.1.2 K+-INDUCED [Ca2+], TRANSIENTS IN CEREBELLAR GRANULE 
CELLS

Cerebellar granule cells in culture for 7 days were incubated with the 

ratiometric dye Fura-2 AM, before stimulation with different K'" concentrations in 

order to depolarize the cells. The cell shape and neurite network organisation 

after one week in culture were indistinguishable between the genotypes. An 

example group is shown at rest under the light microscope and Fura-2 

fluorescence at Fssonm in Figure 5.3 I and II, respectively. In Figure 5.3 III, IV and 

V, the fluorescence ratio at FA(340/380nm) of granule cells is shown in pseudo-colour 

to illustrate the K'^-evoked changes in [Ca^+J. before, during and after a 

stimulation, respectively. A transient rise from an initial low [Ca^+j, level is clearly

visible, as pink to blue colours reflect low and orange to red colours high [Ca^'*’]. 

see scale bar in Figure 5.3. The time points at which pictures III, IV and V were 

taken are shown in Figure 5.4 D to illustrate the time scale of this response.

Figure 5.3 Cerebellar granule cells seven days in culture. In I under the light 
microscope and II Fura-2 fluorescence at Fssonm- In III, IV and V the ratio 
fluorescence at FA(34o/380nm) is shown in pseudo-colour to illustrate different 
[C3 2+]. Scale bar lO^m.
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Averaged example traces of depolarization-induced [Ca2+], transients in 

cerebellar granule cells for -p/+, du/+ and du/du are shown in Figure 5.4 (A-D). 

Cells of all genotypes reached a plateau of increased [Ca^+]. approximately 6 

seconds after stimulation; the stimulation time was therefore subsequently 

reduced to 10 seconds. The kinetics of the evoked [Ca2+]. transients were very 

similar between the different genotypes. In Figure 5.4 D [Ca^+J. transients are 

shown for +/+, du/+ and du/du during a 40mM application, which resembles a 

half-maximal stimulation.

A (+/+) K+
Stimulation

B (du/du) K*
Stimulation

0.6 0.6

80m  M n=18
lO Om M  n=30.4êO.4 40m  M n=40

20m  M n=37 40m M
^  0.2 0.2

20m l n=4

1 0 m jv rn = 3 A 10ml

0 10 20 30 40 50 20 30 40 500 10
Time, s Time, s

C (du/+) D
Stimulation Stimulation0.6 0.25

0.2 du/du

|o .15
I
I  0 1

imM 40m M

40m  M n=

Cmnmni
20m M  n=

< 0 .2 - u_
0.05

lO m M  n=11

20 50
Time, s Time, s

Figure 5.4 [K^-evoked [Ca^ ]̂i transients in cerebellar granule cells 7 days 
in culture. A-D averaged sample [Ca^^j transients stimulated with varying 

concentrations for each genotype (A-C) and at 40mM compared 
between the different genotypes (E). The background and baseline 
FA(34o/38onm) ratio has been subtracted.
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The F(34o/38onm) ratlo at rest did not vary significantly between different genotypes 

or ages (Figure 5.5) and was therefore subtracted for better comparison.

2 Cerebellar granule cells

E

I
I

LL

n=60 n=56 n=23
0

+/+ du/+ du/du 
Figure 5.5 F̂ oAQ/ssonm) ratio at rest compared between the genotypes.

The K^-induced peak [Ca^^i elevations were compared at increasing [K^ 

concentrations reflecting different depolarization potentials (Marchetti et al., 

1995). No significant difference could be observed between the different 

genotypes over the whole concentration range (Figure 5.4).

!
10 20 40

[K+] (mM)

0.6

n=35 
n=15 
n=12

0.4
n=113

n=175 n=33

n=55 n=18n=137
n=13

0.2 n=4;

n=9 B -  + /+  
-0 - du/+ 
^  du/duh=7(

n=T
h=5

0 T T T
80 100

Figure 5.6 Depolarization-induced peak [Ca^^j transients (± S.D) in cerebellar 
granule cells. The baseline and background subtracted FA3 4 o/3 8onm ratio of 
episode 15-20 was averaged for the cell numbers indicated at the specified K+ 
concentration.
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5.2.2 C a lc iu m  im ag in g  E x p e r im e n ts  in A c u t e ly  Is o la te d  
P u r k in je  N e u ro n e s

Purkinje neurones were dissociated from P4-P8 old mice and plated onto 

Concanavalin A-coated coverslips. After one hour to allow for attachment, cells 

were incubated for 20 minutes with the ratiometric dye Fura-2 AM as described 

in Section 2.8.3.2. Purkinje cells were routinely identified by their characteristic 

size and shape. Their identity was further verified using the Purkinje cell-specific 

anti-Calbindin D-28k antibody (n>70) as seen in Figure 5.7 A. As indication for 

the basal [Câ ^̂ ji level the value of the F(34o/38onm) ratio was compared between the 

different genotypes. No significant differences were observed between +/+ and 

du/du (student’s Mest p=0.25)(Figure 5.7 B). Thus du/du Purkinje cells are able 

to maintain a normal basal or resting calcium concentration despite a major 

disruption in their calcium homeostasis as seen in Figure 5.8. To illustrate the

[Ca2+], imaging experiments with acutely isolated Purkinje neurones an example 

cell is shown under the light microscope and Fura-2 fluorescence at Fssonm, 

Figure 5.7 C I and II respectively. In Figure 5.7 C III, IV and V the fluorescence 

ratio at FA(34o/380nm) is shown in pseudo-colour to illustrate the K^-evoked changes 

in [Ca2+], before, during and after a stimulation, respectively, a transient rise 

from an initial low [Ca^+j, level is visible.

B 2

T T
+ /+ dul+ du/du

n=20 n=17 n=22

Figure 5.7 A Calbindin D-28k staining of an acutely isolated Purkinje cell in red. Nuclear 
DAPI staining in blue. The smaller nucleus of a granule cell on the right. B Comparison 
of the FA(34o/38onm) fluorescence as reflection of the basal [CaHi levels in isolated 
Purkinje neurones of the indicated genotype. 0 Example Purkinje cell seen in (I) under 
the light microscope and in (ll-V) Fura-2 fluorescence ratio at Fasonm (IH-V). The 
FA(34o/380nm) ratio is shown in pseudo-colour before (III), at the peak (IV) and after (V) the 
stimulation, see Figure 5.8 A. Scale bars 15pm. 13 1
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5.2.2.1 K+-INDUCED [Ca2+], TRANSIENTS 
ISOLATED PURKINJE NEURONES

IN SOMATA ACUTELY

Purkinje cell somata Isolated from P7-10 du/du mice showed a significant 

reduction In their depolarlzatlon-lnduced [Ca^ ĵi transients when compared to +/+ 

or du/+ neurones (Figure 5.8A). The peak of the [Ca^^i rise In du/du Purkinje 

cells was reduced by 24% compared to +/+; this was statistically significant 

(student’s Mest p<0.05, Figure 5.8B). The kinetics of the observed [Ca^ ĵi 

transients were comparable between the different genotypes and reached near- 

resting values after the stimulation.

A
2.5

du/+
+/+

1=17
=20

I du/du+/+ du/+du/du n=22

u_

Time, s

0 20 40 60 80 100
20mM K+

Figure 5.8 Depolarization-Induced [Ca^ ĵi transients In somata of acutely Isolated 
Purkinje neurones. A Murine P7-10 Purkinje neurones were stimulated with 
20mM for 10 seconds, then washed with extracellular solution (see Section 
2.6.3.2). Results are expressed as means ± SEM. The background and baseline 
for each cell has been subtracted. B For comparison the peak F̂ oAu/ssonm) ratios 
of episode 15-20 were averaged.

The observed depolarlzatlon-lnduced [Ca^'^ji transients can be completely 

blocked with the non-specific channel blocker Cd^^ (10|LiM)(Flgure 5 .9 ).
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UUBHO

This indicates the involvement of extracellular calcium as initial trigger of 

the observed [Ca^ ]̂j transients.

+/+
60mM 60mM

2

1.5

0.5

0
0 20 40 60 80 100

Time, s

Figure 5.9 Depolarization-induced [Ca^^ji transients blocked with 10|tM Cd^  ̂
(n=6). The bars indicate the application of high potassium solution, the second 
application in the presence of lOpM Cd '̂".

More specifically a second [Câ "̂ ]] rise can also be blocked with the P/Q-type 

current antagonist co-agatoxinlVA (lOOnM, Figure 5.10) indicative of the 

involvement of Cav2.1 channels as a trigger of the observed [Ca^ ]̂i transients. 

+/+ 60mM 60mM
2.5

lOOnM (ü-Agatoxin IVA-A- 
or extracellular solution -g -E

I

Time, s

0 25 245195 220
Figure 5.10 Depolarization-induced [Ca^ ]̂i transients blocked with lOOnM 
co-agatoxin IVA (n=3). The arrow indicates the application of either toxin A or 
control □ solution followed by a 2 minute incubation period before a second 
stimulation.
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The Cav2.1 calcium channel is present in high concentration in these cells 

and contributes over 90% to their calcium current (Mintz et al., 1992b). Purkinje 

neurones express these calcium channels at high density even at this early 

developmental stage as seen in the incompletely triturated cell cluster in Figure 

5.11.

15 urn

EGL

PCL

Figure 5.11 Acutely isolated Purkinje 
neurones immunolabelled for Cav2.1 (red) 
and nuclear DAPI in blue. At this 
developmental stage (P6) granule cells start 
migrating from the external granule cell layer 
(ECL) through the Purkinje cell layer (PCL) 
to form the granule cell layer leaving their 
axons behind which form the molecular 
layer.

The observed reduction in the K'"-induced [Ca^ ĵi transients is therefore likely to 

involve disruption of Cav2.1 function.
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5.3 DISCUSSION

5.3.1 CALIBRATION OF THE pA(34o/38onm) RATIO IN CEREBELLAR GRANULE 
CELLS

The evaluation of three independent calibration experiments resulted in a 

resting calcium concentration of 54±30nM, which is close to the concentration 

determined by others (Kirischuk and Verkhratsky, 1996; Harrold et al., 1997). 

However the observed cell-to-cell variations (see Figure 5.2) were considered 

too large to allow the translation of the F(34o/38onm) ratio into absolute [Ca^ ]̂i 

values. Additional sources of error such as variations in the light source, the use 

of an approximation of the Kd value of Fura-2, and the internal compartmentation 

or incomplete hydrolysis of Fura-2 have led to the use of ratio values in many 

studies (e.g. Simpson at a!., 1996). In particular, the exact determination of a 

Rmin has to be considered critically as even in the presence of EGTA the Ca^  ̂

concentration is likely to be in the low nanomolar range. This will have profound 

effects on calibration considering the low resting [Ca^^]i in cerebellar granule 

cells. Therefore, the K^-induced [Ca^^i transients have been compared as 

FA(340/380nm) ratio values between the different genotypes. Furthermore, due 

to limitations in the availability of cells (especially Purkinje neurones), it proved 

impractical to conduct stimulations and calibrations for each genotype after each 

experiment.

5.3.2 Ca lc iu m  im a g in g  in C erebellar  G r a n u le  C ells

In agreement with the low expression level of a2Ô-2 in cerebellar granule 

cells as shown by in situ hybridization (Barclay at ai., 2001) the differences in K -̂ 

induced [Ca^^j transients proved not to be statistically significant. This could be 

an indication that the role of the a 2Ô- 2  subunit in this cell type is less crucial and 

can be compensated by other channels. An alternative explanation might be that 

granule cells are undifferentiated when taken in culture and the elevated [K+] 

necessary for their survival obscures possible differences occurring in vivo. This 

might be an explanation for the absence of a significant reduction in [K^]-induced 

[Ca^^i transient in du/du cerebellar granule cells. The response of the [K^ 

depolarization appeared to be monophasic, consisting of only a plateau which 

was quite variable between different preparations. The typical biphasic [Ca^^i
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transients induced by high [K^ as reported by Ciardo and Meldolesi (1991) could 

not be observed.

5.3.3 Ca lc iu m  im a g in g  o f  a c u t e l y  is o la te d  p u r k in je  n e u r o n e s

Variations in intracellular [Ca^T levels play vital roles in the information 

processing of cerebellar Purkinje cells, since several forms of synaptic plasticity 

at their excitatory (Sakurai, 1990) and inhibitory inputs (Marty and Llano, 1995) 

are triggered by rises in [Ca^^j. These include long-term potentiation (Daniel et 

al., 1998), long-term depression (Konnerth eta!., 1992) and rebound potentiation 

of inhibitory synapses (Kano at a!., 1992). The dynamic control of intracellular 

[Ca^^ji in Purkinje cells involves influx of Ca^^ through voltage-dependent calcium 

channels. Upon depolarization, transient increases in [Ca^^ji have been shown in 

these cells on a dendritic as well as a somatic level (Eilers at a!., 1995; Kano at 

a/., 1995). P-type channels contribute over 90% to the whole cell calcium current 

(Mintz at a/., 1992a; Mintz at a/., 1992b) and in the present study the observed 

[Ca^^i transients could be completely blocked by lOOnM P/Q-type-specific w- 

agatoxinlVA. A simple way to explain the origin and reduction of the observed 

[Ga^^i increase would be that they are due to opening of voltage-dependent 

calcium channels and reflect a reduction in VDCC function in the case of the 

du/du mutation. However, the limited temporal resolution of these recordings (1 

Hz) does not allow exclusion of Ca^^ release from intracellular IP3- and 

ryanodine-sensitive stores as well as differences in the buffering by Ca^^-binding 

proteins and sequestration by intracellular organelles (Eilers at a!., 1996). 

Nevertheless, the dependence of these [Ca^^j signals on initial extracellular Ca^^ 

influx strongly suggests that these [Ca '̂ ĵi transients were due to Ca^^ entry 

through voltage-gated Ca^^ channels located in the somatic membrane, as 

concluded by others (Kano at a!., 1995). Therefore it is very likely that the 

reduction in calcium channel function is caused by the disruption of the 0(2 6 -2  

subunit even at this early developmental stage. These findings were confirmed 

by electrophysiological recordings in the same preparations of Purkinje cells 

conducted by Nuria Balaguero in our laboratory (Barclay at a!., 2001). 

Interestingly, the observed reduction in peak calcium current density between 

+/+ and du/du of acutely isolated Purkinje neurones was 35% at -10 mV, very 

similar to the 24% reduction observed in calcium imaging experiments.
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Furthermore, studies in Xenopus and COS-7 expression systems where 

Cav2 .1 /p4 was expressed in combination with either a 20 -1  or a 2Ô- 2  showed a 

selective enhancement of Gav2.1 current density (Barclay et al., 2001, Brodbeck 

et a!., submitted for publication). Taken together, this indicates a striking parallel 

to the tottering (tg) and leaner (t^ ') mutations, where the Cav2.1 function is 

disrupted. P/Q-type calcium channels play a prominent role in neurotransmitter 

release in many synapses (Dunlap et a i, 1995). Furthermore, their localization in 

dendrites and cell bodies suggest additional postsynaptic roles. In the lethargic 

(Ih) mutation where the P4 subunit expression is disrupted (Burgess et a i, 1997) 

no reduction in Ca^^ current in Purkinje neurones could be measured, as the loss 

of P4 in this mutation appears to be partially compensated for by a reshuffling 

mechanism in which Pib replaces P4 (Burgess et a i, 1999). However, the 

disruption of the previously demonstrated preferential interaction of Cav2.1 with 

P4 (Walker et a i, 1998) seems nevertheless to be causative for the severe 

lethargic {Ih) phenotype. In addition, Cacnala  null mutant mice show ataxia 

similar to du/du mice in conjunction with reduction in animal size and 

cytoarchitectonie conservation of the cerebellum, and most do not survive past 

weaning (Jun et a i, 1999; Fletcher et a i, 2001).
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6.1 SUMMARY OF THIS STUDY
The genomic rearrangement in the ducky mutation causes disruption of the 

Cacna2d2 gene, which encodes the « 2 8 - 2  auxiliary calcium channel subunit. 

The result is a loss of full-length Cacna2d2 transcript in du/du mice and the 

presence of two mutant transcripts at low levels as seen by Northern blot 

analysis (Barclay et al., 2001). In situ hybridization of mouse brain sections 

showed the highest expression level of (X2 6 -2  mRNA in cerebellar Purkinje cell 

somata (Barclay etal., 2001), where in du/du mice only mutant transcript 1 could 

be detected (Brodbeck et al., submitted for publication). The predicted product of 

this transcript lacks most (-90% ) of the « 2 -2  and all of the 8-2 subunit including 

the transmembrane domain and is therefore not normally functional.

6.1.1 IMMUNOCYTOCHEMISTRY
Two antibodies (Abl 6-29, Ab102-117) directed against N-terminal amino 

acids of the « 2 8 -2  subunit recognized the truncated du-muti « 2  protein in 

cerebellar sections of du/du mice. Antibody Abl 6-29, which binds an epitope 

within its signal sequence, showed the truncated protein accumulated in du/du 

Purkinje cell somata, whereas AbT02-117 showed a less pronounced, more 

diffuse staining. Western blot analysis of cerebellar membranes with antibody 

Abl 02-117 identified a protein of 150 kDa in +/+ animals, which is the predicted 

size for the full-length « 2  moiety of « 28 -2 , but not in du/du littermates as 

predicted. Possibly due to its low expression level, the truncated form of the 

protein present in du/du mice could not be visualized directly by Western blotting 

of cerebellar protein, but has subsequently been immunocaptured in our 

laboratory.

In expression studies of « 2 8 -2  in COS-7 cells Abl 6-29 recognized a protein 

of 120 kDa, which corresponds to the predicted size of a premature « 2  moiety 

with no added carbohydrates. With antibody Abl 02-117 a protein of 150 kDa 

could be visualized which was identical in size to the « 2 8 -2  subunit identified in 

cerebellar membranes of +/+ mice. Both antibodies also recognized different 

sized products of the du/du mutant transcript 1 which could be correlated to the
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predicted sizes of expressed ofa-mutl « 2  protein with and without its signal 

sequence, respectively. The cfu-mutl « 2  protein, detected with either antibody 

(Ab 16-29, Abl 02-117), was localized entirely intracellularly and its processed 

form lacking the signal sequence appeared to be accumulated by intracellular 

organelles. In contrast, full-length a20-2 was recognized exofacially by antibody 

Abl 02-107.

Structurally, although du/du brains were found to be reduced in size, their 

overall cytoarchitecture was found to be similar to that of du/du and +/+ animals 

at an age of P24-27. With an antibody directed against the Purkinje cell-specific 

marker Calbindin D-28k, no cell-loss was observed in P24 du/du cerebella. The 

expression level of this predominant calcium-binding protein in Purkinje 

neurones was found to be unaltered by Western blot analysis of cerebellar 

protein from +/+ compared to du/du animals. Furthermore no indication of 

structural disturbance or neurodegeneration was observed with an antibody 

directed against the astroglial marker protein GFAP, expressed by the Bergmann 

glia surrounding the Purkinje cells. However, with an antibody directed against 

caspase 3, a protease involved in the apoptosis pathway, increased staining 

intensity was observed in du/du cerebellar brain sections even though this 

difference was not apparent if the protein expression was compared by Western 

blot analysis. In addition, no difference in expression was observed for caspase 

12, a second protease that has recently been related to ER stress-induced 

apoptosis.

6.1.2 PURKINJE CELL MORPHOLOGY
In contrast to the similarities described above, the morphology of cerebellar 

Purkinje cells was severely altered as seen by Golgi impregnation and Lucifer 

yellow/neurobiotin injection. The size and complexity of the dendritic tree of 

Purkinje neurones was significantly reduced in du/du mice when compared to 

+/+ littermates, to the extent that dendritic branches often did not reach the 

border of the molecular layer. Although du/du Purkinje cell dendrites possess 

dendritic spines, the dendrites were often found thickened and mis-orientated. 

Atypically, primary dendrites frequently extended initially lateral before targeting 

the pial surface. In the extreme dendrites bent back towards the granule cell
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layer resulting in a ‘weeping willow’-like appearance. Furthermore, Purkinje cell 

somata were often multipolar and their axons exhibited focal swellings (axonal 

torpedo structures), which are indicative of a severe disruption of Purkinje cell 

output.

6 .1 .3  CALCIUM IMAGING
The calcium homeostasis in cerebellar neurones was compared at rest and 

during depolarization in calcium imaging experiments using the ratiometric 

dye Fura-2 . No significant difference in [Ca '̂ ĵi of cerebellar granule cells, 

isolated from P7 animals cultured for a further seven days, could be observed in 

du/du compared to +/+ animals, either at rest or during depolarizing stimulations 

with increasing concentrations of K .̂ In contrast, the peak [Ca^^j transients in 

cerebellar Purkinje neurones acutely isolated from P5-P8 mice were significantly 

reduced by 24% in du/du compared to +/+ animals, whereas their resting [Ca^^i 

remained unchanged. The K^-induced [Ca^^j transients were completely blocked 

by 1 0  pM Cd^  ̂ indicating that the rise in [Ca^^j is triggered by initial Ca^^ influx. 

More specifically, these transients were also blocked with lOOnM co-agatoxin 

IVA a C av2.1 -specific calcium channel blocker. This indicates that the disruption 

of the (X2 8 -2  subunit in the ducky mutation interferes with Cav2.1 function, the 

predominant calcium channel in cerebellar Purkinje cells.
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6.2 GENERAL DISCUSSION
The data of this study indicate that the alterations in cerebellar function seen 

in the ducky mutation are likely to be caused by a reduction of P/Q-type calcium 

channel function. Electrophysiological recordings in our laboratory on the same 

cerebellar Purkinje cell preparations, where the calcium current density was 

found to be similarly reduced, corroborate this finding. The predominant calcium 

channel in Purkinje neurones is Cav2 .1 , coinciding with the highest neuronal 

expression level of the a 2 0 - 2  subunit. In addition, there is a striking similarity of 

the ducky phenotype with other murine mutations in voltage-dependent calcium 

channel subunits. These involve both the pore-forming Cav2.1 subunit itself 

(recently summarized in Zwingman et al., 2001) as well as the auxiliary subunits 

P4 (Burgess et a!., 1997) and 72 (Letts et a!., 1998). All these mutations have an 

overlapping expression pattern in common. Furthermore, a preferential 

interaction of the P4 subunit with Cav2.1 has been demonstrated (Walker et a!.,

1998). Although in the lethargic (Ih) mutation in P4 , some form of compensation 

by other p subunits seems to take place (Burgess et al., 1999), which leaves 

P/Q-type currents unchanged, the strong phenotype nevertheless indicates a 

major disruption of cellular function in this mutant. A specific interaction of 72 with 

Cav2.1 has not been demonstrated. In coexpression experiments of 72 with 

Cav2 .1 /PiA and a 2Ô, this subunit seems to mimic the effect of skeletal muscle 7  

subunits on L-type channels, which consists mainly of a negative shift of the 

steady-state inactivation, thereby significantly reducing channel availability at a 

neuronal resting potential of -70m V. However the predicted increase in calcium 

current was not observed in stargazer granule cells, which might emphasize 

additional functions of this subunit as recently reported by Chen et al., 2000.

On the other hand co-expression studies of « 2 6 -2  with Cav2 .1 /P4 conducted 

in our laboratory indicate a selective interaction of this subunit combination in 

COS-7 cells as well as in Xenopus oocytes. In both expression systems the 

current density was strongly enhanced (3.5-fold and 2.8-fold, respectively), an 

effect not seen with the « 2 8 -1  subunit. In a previous study where Cav2 .1 /P2a was 

coexpressed in combination with either ot28 - 1 , -2 or -3 , this selective current
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enhancement was not observed (Hobom et al., 2000). This might be a further 

indication that Cav2 .1/P4/cx2 0 -2  combination is interacting selectively.

Furthermore if the du mutant transcript 1 was expressed in COS-7 cells in 

our laboratory a consistent reduction of the Cav2 .1 /P4 current was observed 

(Brodbeck et a!., submitted). This might suggest that a dominant negative effect 

contributes to the du/du phenotype in addition to the loss of a functional « 2 0 -2  

subunit, possibly by interfering with the expression of the pore-forming â  

subunit.

It has been shown previously that the effects of « 2 6  subunits on biophysical 

parameters such as kinetics and voltage-dependence of activation of several 

different â  subunits are relatively minor (Walker and De Waard, 1998; 

Klugbauer et a!., 1999). In agreement, findings of our group show that the 

expression of « 2 6 -2  influences neither the voltage-dependent properties, the 

single channel conductance, nor other biophysical parameters of Cav2 .1 /p4 

currents. Therefore it is very likely that the « 2 6 -2  subunit influences the lifetime of 

the channel complex in the plasma membrane, either by enhancing trafficking or 

reducing turnover, resulting in reduced functional channel expression.

The tottering (tg) mutation also gives rise to a decrease in calcium channel 

function (Wakamori ef a/., 1998). However a compensatory uprègulàtiôn of other 

types of calcium channels could still be responsible for Ca^^ influx-mediated 

neurodegeneration in du/du mice at a later developmental stage as seen for L- 

type calcium channels in mice carrying the tottering (tg) mutation at two to three 

months of age (Campbell and Hess, 1999). Possible mechanisms for the 

changed expression of non-P/Q-type channels might include competition with 

Cav2.1 auxiliary subunits (Dunlap etal., 1995; Brice et al., 1997; Catterall, 1998) 

or Cav2.1- dependent changes in protein trafficking or gene expression (Sutton 

et al., 1999). A pharmacological characterization of Purkinje cell Ca^^ currents in 

du/du mice was not performed by Barclay et al., (2000) and a distinction in the 

way of entry is therefore not possible. The co-agatoxinVIA-sensitive [Ca^^j 

transients in cerebellar Purkinje cells however point towards the involvement of 

Cav2.1.
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In addition to their role in the integration of postsynaptic input in cerebellar 

Purkinje cells, calcium channels of the P/Q-type are widely expressed in the 

mammalian brain in a predominantly presynaptic distribution (Westenbroek et 

al., 1995) and have an important role in mediating neurotransmitter release. The 

major decrease in P/Q-type currents might therefore alter the balance of 

excitatory and inhibitory output of many synapses. This balance is of great 

importance in the thalamus, since oscillations generated here by a feedback loop 

are known to be sensitive to small changes in either excitation or inhibition and 

might lead to abnormal network synchrony (Huntsman et a!., 1999). This is 

thought to be an important factor underlying the generation of seizures as has 

been proposed for tottering mice for which a decrease in glutamate, but not y- 

aminobutyric acid release, has been observed in the neocortex (Ayata et a!.,

2000) and thalamus (Caddick etal., 1999).

6 .2 .1  T h a l a m o c o r t ic a l  C ir c u it r y  P r o m o t e s  

R h y t h m ic it y

The imbalance of excitation and inhibition within the thalamocortical 

network has been suggested to be critical for the genesis of seizures (Gloor and 

Fariello, 1988). SWD could be generated in the cortex of athalamic animals 

suggesting a determinant role of the cortex as minimal substrate for their 

generation (Steriade and Contreras, 1998). Nevertheless the thalamocortical 

circuit is a good example for the generation of hypersynchronized oscillations 

like those occurring during absence seizures. During normal slow-wave sleep 

spindle waves are generated in the thalamus as interaction between the 

GABAergic reticular neurones (nRT) and thalamic relay neurones (RN) (Figure 

6.1). Efferent pathways from thalamic relay neurones (RNs) activate a long-loop 

reciprocal inhibitory feedback circuit that is mediated by neurones in the nucleus 

reticularis (nRt) of the thalamus (Steriade et al., 1993). These neurones 

hyperpolarize RNs through activation of their postsynaptic GABAb receptors. A 

unique finding in RNs is the relatively large low-threshold transient (T-type) 

current enabling them to generate a low-threshold spike (LTS). The presence or 

absence of low threshold spikes (LTS) is directly dependent on the resting 

membrane potential. At the resting membrane potential (around -60 mV) these
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channels are inactivated, but become ready to be activated again when the 

membrane potential is depolarized by only about 7-15 mV. Hyperpolarization 

deactivates the Ca^  ̂conductance underlying LTS and promotes burst discharge. 

GABAs-mediated inhibition via nRt would actually tend to increase rhythmic firing 

through deactivation of the LTS.

'CN'

Reticular neurones

NHIBITIO

RN RN

Thalamocortical neurones

Figure 6.1 Thalamocortical circuitry promotes 
rhythmicity. Activation of reticular neurones (•) 
inhibits thalamocortical relay neurones (O) 
which generate Ca^^-mediated action
potentials that excite the reticular neurones 
again. CN cortical neurones. LTS low 
threshold spike.

Thus the following functional feedback loop may promote rhythmicity:

(1) activation of nRt cells results in inhibition of RNs.

(2) release of the hyperpolarization in RNs, because withdrawal of the 

inhibitory influence or direct excitatory input, would promote activation of 

LTS and associated multiple Na-dependent action potentials.

(3) the burst output of RNs would then evoke excitation of both nRt and 

cortical neurones.

(4) The activated nRt neurones might then restart the entire cycle.
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The activation of GABAergic nRT neurones causes GABAa- and GABAb- 

mediated hyperpolarization of thalamocortical relay neurones so that rebound 

bursts are generated, leading to reexcitation of nRT neurones (Huguenard and 

Prince, 1994; Destexhe et al., 1996). These thalamic GABAergic mechanisms 

are also involved in spike wave seizures as GABAa and GABAb agonists 

exacerbate seizures, whereas their antagonists suppress them (Hosford at al., 

1992; Snead, 1992). It has also been shown that suppression of GABAa- 

mediated inhibition between nRT neurones leads to hypersynchronization of the 

reciprocal thalamic network (Huntsman at al., 1999). Furthermore an elevated 

level of GABAb receptors has been proposed as a mechanism of seizure 

susceptibility of lethargic (Ih) mutant mice (Lin at al., 1993). The tottering (tg) and 

lethargic (Ih) mouse models for human absence epilepsy show a pronounced 

decrease in excitatory postsynaptic currents (EPSGs) and a smaller reduction in 

inhibitory postsynaptic currents (IPSCs). This might result in a net increase in 

inhibition to RN neurones (Caddick at al., 1999). Interestingly, nRT neurones 

predominantly express Cav3.2 and Cav3.3, whereas RN express mainly Cav3.1 

(Talley et al., 1999), and recently generated Cav3.1 knock-out mice do not show 

GABAB-mediated SWD in the thalamus, the hallmark of absence epilepsy (Kim 

etal., 2001). Finally Song etal. (2001) report that in double mutant mice, lacking 

both the Cav2.1 and the Cav3.1 encoding genes, SWD disappeared, which is an 

inherent feature of Cav2.1 knock-out mice (Jun at al., 1999; Fletcher at al.,

2001).

146



C h a p t e r  v i . G e n e r a l  D is c u s s io n

6 .2 .2  RELEVANCE TO HUMAN PATHOLOGY
Several human neurological and muscular disorders are attributable to 

mutations in genes encoding calcium channel subunits and show some similarity 

to their murine counterparts (Table 6.1). These, in contrast to the mouse, mostly 

dominantly inheritable disorders include familial hemiplegic migraine (FHM), 

episodic ataxia type 2 (EA2), spinocerebellar ataxia type 6 (SCAB), epilepsy, X- 

linked congenital stationary night blindness and malignant hyperthermia.

Three different allelic mutations in humans are attributable to disruptions in 

CACNA1A gene function, the human ortholog to Cacnala  mutated in tottering 

(tg) mice. Truncations leading to a total loss of channel function cause EA2, 

characterized by abnormal eye movement (interictal nystagmus) and episodes of 

vertigo and truncal instability triggered by stress or fatigue. The EA2 phenotype 

overlaps with the allelic disorders FHM and SCAB.

Several missense mutations have been identified in patients with FHM, a 

particularly severe form of migraine. Electrophysiological analysis of the mutant 

channels in heterologous expression systems found them to be functional but 

their properties were altered. However the disease mechanism is complex as 

both gain of function (e.g. shift-of the voltage dependence to less depolarized 

potential, Kraus et al., 1998) and loss of function (e.g. lower single-channel 

conductance, Hans et a!., 1999a) have been observed. The loss of function 

mutations are associated with human phenotypes showing characteristic 

cerebellar dysfunction.

SCAB is caused by an expansion of CAG repeats (polyglutamines) within 

an intron, which is incorporated into the open reading frame in one CACNA1A 

splice variant (normal individuals, 4-20 repeats; SCAB patients, 21-33 repeats). It 

has been shown that these expansions cause intracellular aggregation of the 

mutated protein both in cell culture and in patients, inducing apoptosis (Ishikawa 

etal., 1999).

A mutation in the P/Q-type calcium channel subunit in a patient with human 

absence epilepsy has recently been reported (Jouvenceau etal., 2001).

Mutations of Cav2.1 are associated with three distinct human diseases and 

two distinct mouse neurologic phenotypes. The human SCAB and mouse leaner 

{tg' )̂ both disrupt the intracellular carboxy tail of the calcium channel (Fletcher et
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a/., 1996; Zuchenko et al., 1997) and cause a persistent debilitating ataxia 

associated with severe degeneration of cerebellar neurones (Herrup and 

Wilczynski, 1982; Zhuchenko et a!., 1997). In contrast, the human disorders 

FHM and EA2 as well as the tottering mutation alter the transmembrane and/or 

pore regions of the channel (Fletcher eta!., 1996; Ophoff eta!., 1996) and cause 

episodic attacks of neurological dysfunction with little or no effect on cerebellar 

morphology (Isaacs and Abbott, 1995)

The phenotypic diversity of this group of allelic disorders exemplifies the complex 

but incompletely understood role that calcium channels play in heterogeneous 

cell populations making a strict genotype-phenotype correlation difficult. In 

addition, the dominant form of inheritance suggests some ‘gain of function’ in 

addition to altered channel properties.

Another set of mutations cause incomplete X linked congenital stationary 

night blindness, which is a recessive non-progressive retinal disorder 

characterized by night blindness, decreased visual acuity, myopia, nystagmus 

and strabismus. Electrophysiological data suggest a defect in retinal 

neurotransmission, while molecular studies have identified twenty different 

mutations in the CACNA1F  gene encoding the C av1.4  subunit with no apparent 

clustering (Bech-Hansen et a!., 1998; Boykott et a!., 2001). C A C /VA 7F shares 

high homology with the dihydropyridine sensitive L-type calcium channels (ais, 

0C1C, OCid).

Hyperkalaemic periodic paralysis is an autosomal dominant muscle 

disease manifested by episodic weakness associated with low serum and 

caused by missense mutations in CACNA1S  (Jurkatt-Rott et a!., 1994). 

Functional expression of mutated Cavl.1 channels in Xenopus oocytes showed 

reduced L-type current amplitude and altered activation properties. An allelic 

mutation causes malignant hyperthermia, which is a skeletal muscle disorder 

triggered by the inhalation of volatile anaesthetics and parenteral injection of 

depolarizing muscle relaxants (Monnier et a!., 1997). It is characterized by a 

combination of hyperthermia, skeletal muscle rigidity, tachycardia or arrhythmia, 

respiratory and metabolic acidosis and rhabdomyolysis.

Two mutations in the gene encoding P4 have been reported in patients with 

juvenile myoclonic epilepsy and episodic ataxia respectively (Escayg et a!.,
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2000). One is a point mutation and the other a mutation leading to the truncation 

of 38 C-terminal amino acids. Besides similarities in the phenotype to the murine 

lethargic mutation, there are also only subtle effects on calcium channel function 

in heterologous expression studies (Escayg et a!., 2000). These are so far the 

only mutations involving auxiliary calcium channel subunits in humans.

The discovery of genes involved in all these disorders has not only allowed 

DNA-based diagnostic tests but also increased information about the 

pathogenesis of the disorders and the normal functioning of ion channels. 

Increased understanding of the pathophysiological mechanisms that underlie 

neurological disorders will allow a more rational approach to their diagnosis, 

classification and perhaps subsequent therapy.
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Phenotype Gene
(Product)

Nucleotid 
e change

Predicted
effect

(location)

Physiologic
consequences f

F H M
(familial hemiplegic 
migraine)
± progressive ataxia

Missense
G850A

R192Q
(IS4)

TChannel density 
TOpen probability

1.
2,3

Missense
C2272T

T666M
(IIS5-S6)

^Channel density 
iUnitary conductance 

+state switching 
Calcium entry

1,
4.3

Missense
T2416C

V714A
(IIS6)

Negative voltage shift 
TOpen probability 
ÎRecovery from 

inactivation iUnitary 
cond uctance+state 

switching

1.
2,3

± progressive ataxia Missense
C2418G

D715E
(IIS6)

Unknown 4

± progressive ataxia

1
O

Missense
A5706C

I1811L
(IVS6)

iChannel density 
ÎRecovery from 

inactivation TOpen 
probability 
Calcium entry

1,
2,3

E A 2
Nonsense
4073Cdel

Stop codon 
(NISI) 1

(episodic ataxia 
type2)

1—
5 Splicing 

G 4270+1A
Splicing error 

(IIIS2)

6 Nonsense
C4110T

R1279stop
(IIIS2-S3) 5

± hemiplegia 
± migraine 2 Nonsense

C4110T
R1547stop

(IVS1) 6

Severe progressive 
ataxia ± migraine

Missense
G1152A

G293R
(IS5-S6) 7

Missense
T4747C

Phe1491Ser
(IIIS6)

non-functional 
channel in HEK293 

celis
8

Absence epilepsy, 
Episodic ataxia

C 5 7 3 3 T
R1820Stop 

(IVS6) ,
non-functional 

charinel in oocytes 9

altered channel

S G A 6
(spinocerebellar 
ataxia type 6)

GAG
expansion

Poly-glutamines 
in C-terminus

function, 
rate of activation and 
inactivation, positive 

and negative shift 
respectively

10,
11,
12

X-linked congenital 
stationary night 
blindness

CACNA1F
(C av1.4 )

20 known 
mutations no 

apparent 
clustering

70% truncations 
30% amino acid 

substitutions

13,
14

Hypokalaemic 
periodic paralysis CACNA1S

(C a v l.1 )

Arg1239His (IVS4) 
Arg1239Gly (IVS4) 

Arg528His (IIS4)

negative voitage shift 
of channei activation 

not reproduced in 
expression systems

15

Malignant hyper
thermia

A3333G
Arg1086His

IIS 3 -S 4
16

Juvenile myoclonic 
epilepsy CACNAB4

R482X Stop code 38AA c- 
term truncation

17

Episodic Ataxia
(C a v k )

C ^ T Cys104Phe

Table 6.1 Human mutations in voltage-dependent calcium channel subunits

(1) Ophoff et al., (1996); (2) Kraus et al., (1998); (3) Hans et al., (1999ab); (4) Ducros et al., 
(1999); (5) Vue et al., (1998); (6) Jen et al., (1999); (7) Vue et al., (1997); (8) Guida et al., 2001; 
(9) Jouvenceau et al., (2001); (10) Zhuchenko et al., (1997); (11) Restituito et al., (2000); 
(12) Toru et al., (2000) ; (13) Bech-Hansen et al., (1998); (14) Boycott et al., (2001) ; (15) Jurkat- 
Rott et al., (1994); (16) Monnier et al., (1997); (17) Escayg et al., (2000).
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6.3 Future work
Despite the identification of the du/du mutation in the (X2 8 -2  subunit the 

question of how mutations in calcium channel genes may trigger episodic 

neurological symptoms as well as cause persistent changes like progressive 

ataxia and cerebellar atrophy still remains largely open.

Direct questions arising from this study are abundant. One would be to 

question the role of mutant transcript 1 in the du/du phenotype and to identify the 

organelles in which the truncated du-mut1 protein accumulates, and why. Is the 

truncated « 2  subunit similarly transcribed and translated in the dû "̂  mutation 

described by Barclay eta l. (2001), and is calcium homeostasis equally disrupted 

and are the differences in its phenotype compared to du/du attributable to 

differences in the genetic background of the different mouse strains? The 

alterations in the Purkinje cell morphology makes appropriate synaptic 

connectivity doubtful (Chen et al., 1999). This could be addressed by electron- 

microscopic analysis but also through electrophysiological recordings in brain 

slices, where alterations in neuronal circuitry could be taken into account.

Recent studies have indicated that neurotransmitter release is impaired in 

hippocampus neuronal slices (Qin and Nobles, 2001) and in neuromuscular 

junctions of tottering mice (Plomp et a/., 2000). It would therefore be interesting 

to examine whether this also true in du/du mice.

Furthermore, abnormal calcium signalling especially during development 

could disrupt calcium-regulated gene expression (Finkbeiner and Greenberg, 

1998) as seen for example in the reduced expression of the brain derived 

neurotrophic factor (BDNF) in the stargazer (stg) mutation (Qiao et a!., 1996). 

Because BNDF regulates neuronal differentiation, survival, and synaptogenesis, 

this may potentially result in aberrant synapse formation and neuronal circuitry. 

BDNF also induces the expression of transcription factors (Pax2, Pax3 and 

PaxS; Kioussi and Gruss 1994). It is therefore very likely that far-reaching 

perturbations within important transcriptional cascades could be initiated by a 

single calcium channel mutation and result in altered gene expression.
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Summary

The mouse mutant ducky, a model for absence epilepsy, is characterized by spike- 

wave seizures, and cerebellar ataxia. A mutation In Cacna2d2, the gene encoding the 

g25-2 voltage-dependent calcium channel accessory subunit has been found to underlie 

the ducky phenotype. The o25-2 mRNA is strongly expressed in cerebellar Purkinje cells. 

Here we show that du/du mice have abnormalities in their Purkinje cell dendritic tree. The 

mutation in a25-2 results In the introduction of a premature stop codon and predicts the 

expression of a truncated protein encoded by the first three exons of Cacna2d2, followed 

by 8  novel amino acids. We show that both mRNA and protein corresponding to this 

predicted transcript are expressed in du/du cerebellum, and present in Purkinje cells. 

Whereas the g25-2 subunit increased the peak current density of the Cav2.1/p4 channel 

combination when co-expressed in vitro, co-expression with the truncated mutant o25-2 

protein reduced current density, indicating that it may contribute to the du phenotype.

Key words calcium channel, mouse mutant, o25 subunit, truncation, mutation



Introduction

Voltage-gated Ca^* (Cay) channels have been divided functionally into L-, N-, P/Q- 

, R- and T-types (1). Each Cav channel is composed of a pore-forming a1 subunit, 

associated at least in the case of the Cay1 and 2  subfamilies with an intracellular p 

subunit responsible for trafficking (2 ), and a membrane-anchored, but predominantly 

extracellular, a25 subunit, whose function Is less well-defined (2). Cay1.1 (o1S) Is also 

associated with a y subunit (y1 ), and this may be true for other Cav channels (3), although 

the neuronal y subunits may also subserve other functions (4). The a1 subunit 

determines the main biophysical properties of the channel and is modulated by the other 

subunits (2). Mammalian genes encoding ten a1, four p, eight y and three o25 subunits 

have been identified (1, 5, 6 ).

A number of spontaneous autosomal recessive mutant mouse strains have now 

been Identified, involving mutations in each of the four different subunits that together 

compose a voltage-dependent calcium channel. They all have a similar phenotype that 

includes cerebellar ataxia and spike-wave seizures. Tottering {Cacnala^ has a point 

mutation in Cay2.1 (a1A) (7), and a number of alleles of this mutant have now been 

Identified, as summarized recently (8 ). Lethargic {Cacnb4f^ represents a truncation 

mutation of the p4 subunit (9). Stargazer {Cacng2^^) has a truncation mutation In the y2 

subunit (3), although its role as a calcium channel subunit remains controversial (4), (10, 

11). Finally, the two ducky alleles {Cacna2d2f '̂ ,̂ Cacna2 d2 "̂̂ ) both predict truncation 

mutations in the o25-2 subunit (1 2 ).

Homozygotes for the ducky (du) allele are characterized by ataxia and paroxysmal 

dyskinesia (13). The cerebellum is reduced in size (14), but we have previously found no 

loss of Purkinje cell (PC) bodies at post-natal day (P) 21 (12). In this study we observed a 

reduction In calcium channel current in P21 PCs isolated from du/du compared to +/+
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cerebella (12). The present study provides evidence that the du mutation results in the 

persistence of PCs with an immature and grossly abnormal morphology, including multiple 

primary dendrites and a reduction in the size of the PC dendritic tree. This is associated 

with loss of full-length o25-2 protein and expression of a truncated mutant a25-2 protein 

with aberrant function.



Experimental procedures

Construction ofdu-m uti a2: The du mutant 1 construct (du-mut1 o2) was assembled by 

PCR (Platinum Pfx polymerase: Gibco Life Technologies, Paisley, UK) of du/du total brain 

cDNA using primers corresponding to the cDNA sequence (Genbank AF247140) 

containing engineered Smal or Spel restriction sites. The primer sequences are F; 5' - 

TTG(CCCGGG)GAACATGGCGGTGCCCGGCT-3’ and R: S' - 

TCT(CAGGTC)AGAGTAACCAGAGACCAA-3’, with the recognition sites indicated In 

parentheses. The PCR product was digested with Sma\ and Spel and ligated Into the 

corresponding sites of a modified pMT2 vector (Genetics Institute, Cambridge, MA).

Insert sequence fidelity was determined by automated sequencing (PE Biosystems, 

Warrington, UK).

Genotyping: Mice were obtained from The Jackson Lat>oratory (Bar Harbor, ME), and a 

colony established, as described previously (12). RNA was extracted from samples of 

mouse brain tissue using RNeasy Mini Kit and QIAshredder (Qiagen Ltd. Crawley, West 

Sussex. UK). RNA was reverse transcribed using Moloney murine Leukemia virus 

Reverse Transcriptase (Promega, Southampton, UK) with 0.6 units.mM RNasin 

Ribonuclease Inhibitor (Promega) and 25 ng.pl'  ̂ Random Hexamers (Promega). PCR 

reactions were carried out with primers 49F; 5 -ACGCCCGCTCTTGCTCTTGCT-3" and 

11R: 5 -CCTCCAAAAATCCGCATCAC-3' which produce a 156 bp product from both the 

wild-type and du alleles of the Cacna2d2 transcript. Primers 49F and 50R: 5'- 

TCAGCCTTGGCATCGTAGTA-3’ produce a 387 bp product from the wild-type allele only. 

Primers 2 0 F: 5’-GCCGCATCTTGAATGGAAAC-3’ and 8 6 R: 5’- 

CAGAGACCAATGAGACTGGA-3' produce a 456bp product from the du allele only.

DNA was extracted by incubating 2 mm tail-snip tissue in 75pl of 25 mM NaOH, 0.2 

mM NagEDTA at 95°C for 30 min followed by cooling to 4°C and addition of 75pJ of 40 mM
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Tris-HCI. 5̂ 1 of the resultant solution was amplified in the PCR reactions. Primers 98F; 

5’-ACCTATCAGGCAAAAGGACG-3' and 120R: 5 -AGGGATGGTGATTGGTTGGA-3' 

produce a fragment of 541 bp from a region which is duplicated in the du allele. Digestion 

with SspHI results in two fragments of 286bp and 273bp from the du allele while the wild- 

type allele remains uncut. Wild-type mice can be identified by the presence of a single 

band upon agarose gel electrophoresis. Heterozygous and du/du mice each show two 

bands and can by distinguished on the basis of their relative intensities.

Luciferyellow/neurobiotin injection and quantificaVon: P21 - P26 mice were asphyxiated 

with CO2, and the cerebella were sliced parasagittaly at 400 pm in artificial cerebrospinal 

fluid (in mM: 125 NaCI, 25 NaHCOg, 25 glucose, 2.5 KOI, 1.25 NaHgPO ,̂ 2 CaCl2, 1 

MgCl2, saturated with 9'5 % O2 / 5% CO2 at 4“C) using a vibratome (Campden 

Instruments, London. UK). Dendrites and somata of PCs were visualized by infrared 

differential interference contrast videomicroscopy (15). Glass microelectrodes (outer tip 

diameter 0.3 pm) were filled with an aqueous solution of 10% lucifer yellow Li salt (Sigma, 

Poole, UK) and 10% neurobiotin (Vector Laboratories Inc., Burlingame, CA), and 

backfilled with 1M LiCI. Dye was Injected iontophoretically into PC somata, by alternating 

the current repeatedly from — 40 nA to + 40 nA over 5 min. The tissue slices were then 

fixed for 1hr in 4% paraformaldehyde, immunostained for neurobiotin with Texas-red- 

coupled streptavidin (Molecular Probes, Eugene, OR, 25 pg.mM for 1 h), and viewed by 

confocal microcopy.Four cells of two genotypes (+/+ and du/du) were scanned using 

identical parameters. Selected fields were optically sectioned using 1 pm steps. The 

entire z-series was projected as a single composite image by superimposition. The final 

image was thresholded to form a binary image for analysis by NIH Image J software 

version 1.62. Following skeletonization, the dendritic tree was contained in a minimal 

rectangle, and the number of dendrites were counted crossing a horizontal and diagonal



line. Branchpoints were determined from the soma to the end of the three longest 

dendrites for each cell.

Golgi-Cox staining: P24 mice were asphyxiated with COg, their brains were removed from 

the cranium, immediately Immersed in 20 ml fixative (34 mM KgCrgO?, 37 mM HgClg, and 

23 mM K2Cr0 4 ), and left undisturbed for 12 weeks in the dark at 4°C. Vibratome sections 

(100 pm) were developed for 20 min in a 5% NagSOa solution, before being mounted on 

microscope slides and coverslipped with Vectashield (Vector Labs). Slides were viewed 

on a Leica microscope using 64 x magnification. Image sections were grabbed through an 

attached CCD camera, using Vision Explorer software (Alliance Vision, Mirmande, 

France), enabling the deconvolution and projection of different optical planes.

In situ hybridization and immunohistochemistry: Mice (aged P21 - P24) were 

anesthetized by CO 2 inhalation or pentobarbitone injection ( 2 0 0  m g.kg'\ i.p.) and 

perfused intracardially with 4% paraformaldehyde in phosphate-buffered saline (PBS).

The brain was placed in 4% paraformaldehyde at 4°C for 3 h, then transferred into 30%  

sucrose ovemight, before embedding in Cry-M-Bed (Bright Instrument Ltd, Huntingdon, 

UK) and sectioning. Alternatively, the brain was removed without fixation and frozen in 

liquid nitrogen. 10 - 25 pm cryostat sections were cut and air-dried onto positively- 

charged slides (Merck Ltd., Poole, UK).

A  cDNA fragment corresponding to Cacna2d2 5' (nt 206 -  620, using the 

numbering system from Genbank AF247139) was subcloned into pBluescript 

SK+(Stratagene, La Jolla, CA). Sense and anti-sense RNA probes were prepared using 

T3 or T7 polymerase and Digoxigenin RNA labeling mix, and purified using Quickspin 

columns (Roche Diagnostics Ltd, Lewes. UK). In situ hybridization was carried out as 

described (16).
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Two polyclonal antipeptide antibodies were raised in rabbits to amino adds 16-29  and 

102 -117 of q25-2. Neither of the peptides used as antigens showed any homology with 

other protein sequences in the database. They were purified by affinity chromatography 

using the immobilized synthetic peptide, and stored at 0.5 mg.ml'  ̂ In PBS, pH 7.2, at - 

20°C. For immunohistochemistry of o25-2,25 pm sections were incubated overnight with 

primary antibody at 4 ®C (1.25 pg.mM). This was followed by a biotinylated anti-rabbit IgG 

secondary antibody (Sigma. 7.2 pg.ml’ )̂, and a Texas Red-streptavldin conjugate (2 

pg.mM). Some tissue sections or cells were also incubated for 1 min with the nuclear dye 

4',6-diamidlno-2-phenylindole (DAPI, 300 nM, Molecular Probes). They were examined 

by laser scanning confocal microscopy, using 1 pm optical sections. For peptide controls 

the appropriately diluted antibody was incubated for 1 hour at 37**C with a 10x higher 

concentration (w/v) of the immunizing peptide, before applying it to sections. Transfecf/on 

of COS-7 cells: Transfection was performed with Geneporter transfection reagent (Gene 

Therapy Systems, San Diego, CA). Cells were plated onto coverslips or dishes, 2-3 h 

prior to transfection. The DNA and Geneporter reagent (6  pg and 30 pi respectively) were 

each diluted in 500 pi of serum-free medium, mixed, and applied to the cells. After 3.5 h,

1 ml of medium containing 2 0 % serum was added to the cells, which were then incubated 

at 37°C for 3 - 4 days. For electrophysiological recordings, cells were re-plated 1-6 h prior 

to use.

Immunocytochemistry on COS-7 cells: The method used is essentially as previously 

described (17). Cells were fixed with 4% paraformaldehyde in PBS for 15 min at room 

temperature. For permeabilization, cells were incubated twice for 7 min in a 0.02% 

solution of Triton X-100 in Tris-buffered saline (TBS), otherwise cells were washed twice 

with TBS for the same time period. The primary antibodies were used at 1.25 pg.mM. The 

biotinylated anti-rabbit IgG secondary antibody (7.2 pg.mM) was then incubated for 2  h at
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4 '*C. followed by streptavldin-Texas Red (2 Cells were then Incubated for 1 min

with DAPI (300 n M ).

Preparation o f whole COS-7 cell lysates: COS-7 cells were transfected with either oc25-2 

or d£/-mut1 o 2  as described above. On day 4 post-transfection, the cells were 

resuspended in detergent-free Buffer A. Samples (2 mg total protein) were then 

solubilized in Buffer A containing 1% CHAPS for immunoaffinity purification of o2S-2 as 

described below.

Preparation o f cerebellar tissue homogenate: Cerebella, stored at -80°C, were thawed in 

Ice-cold buffer A (10 mM Hepes pH 7 .4 ,150  mM NaCI, 2 mM EDTA and a protease 

inhibitors (Complete EDTA free, Roche, 1 tablet /  50 mi buffer)), plus 150 mM sucrose. 

The tissue was homogenized and the homogenate centrifuged at 5000 x g for 10 min at 

4°C. The resultant supernatant was diluted x 4 with buffer A, prior to detergent treatment. 

The protein concentration of samples was determined using either the blcinchoninic acid 

(BCA) assay (Perbio, Tattenhall, UK) in the presence of 0.5% sodium dodecyl sulfate 

(SDS). or where the samples were In SDS-poIyacrylamide gel electrophoresis (PAGE) 

buffer, by a modified filter paper dye-binding assay (18).

Immunoaffinity purification ofa2S-2 and du-m uti cc2: Affinity-purified Ab (16-29) or Ab 

(102-117) (2 mg) were covalently coupled to a 1 ml column of Sepharose-NHS 

(Pharmacia) according to manufacturers’ instructions. The efficiency of coupling was 

assessed by SDS-PAGE. The columns were pre-washed with 200 mM glycine-HCI, pH 

2.4 and neutralized before first use to ensure complete removal of any residual unbound 

IgG. Control columns contained 2 mg of protein A-sepharose-isolated IgG from the 

corresponding pre-immune rabbit sera. COS-7 cells transfected with either o25-2 or du- 

muti o2 ( 2  mg total protein), or cerebellar homogenate (+/+ or du/du, 6 - 2 0  mg total 

protein) were solubilized in Buffer A (see above) containing 1 % (w/v) CHAPS and placed
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on ice for 30 min following sonication for 3 x 10 s. The detergent extracts were cleared 

by centrifugation (48,000 x g, 20 min, 4*C) and then applied to the relevant antibody or 

control IgG columns which had been pre-equilibrated with Buffer A containing 0.5% 

CHAPS. The lysates were recirculated through the columns using two opposing syringes 

for 60 min at 4**C. Unbound material was washed from the columns in Buffer A containing

0.5% CHAPS and then Buffer A + 0.1% CHAPS. Bound proteins were eluted with 200mM 

glycine-HCI, pH 2.4 and then concentrated for SDS-PAGE and Western blot analysis by 

precipitation with 10% trichloroacetic acid followed by centrifugation (30,000 x g, 30 min. 

4°C). Samples of the precipitated proteins were separated on either 10% or 4-20%  

gradient gels under reducing conditions and then electrophoretically transferred to PVDF 

membranes for immunodetection. The PVDF membranes were blocked with 3% BSA for 3 

hours at 55*C. and incubated overnight with a 1:1000 dilution of either Ab (16-29) or Ab 

(102-117) followed by a 1:1000 dilution of goat anti-rabbit IgG-horseradish peroxidase 

conjugate (BioRad Laboratories, Hemel Hempstead. UK) for 1 hour at 20*C and detected 

using enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech, Little Chalfont, 

UK). The antibody and control IgG columns were neutralized and washed with 50 mM 

Tris, pH 7 .4 ,1M NaCI and 0.02% Na azide and stored in PBS, pH 7.2 with 0.02 % Na 

azide at 4°C.

Heterologous expression ofcDNAs and electrophysiology: Calcium channel expression in 

COS-7 cells was investigated by whole ceil patch clamp recording, essentially as 

described previously (19), by transfection of rat Cav2.1 (M64373) E1686R (20), in 

conjunction with rat |34 (L02315) and mouse oc20-2 (AF247139, common brain splice 

variant, lacking exon 23 and 6  bp of exon 38 (21)) or du-muti o2 (AF247140) cDNAs 

cloned, into the pMT2 vector. The cDNA for green fluorescent protein (mut3 GFP) (22) 

was included in the transfection to identify transfected cells from which recordings were 

made. Transfection was performed as described above, using the ratios fo ra l, p, o25
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and GFP of 3  : 1 : 1 : 0.1. tn the single channel experiments cDNA for pARKI GPy 

binding domain was included in the transfections, at the same concentration as the 3  

subunit cDNA (23). For expression In Xenopus oocytes, cDNAs encoding rabbit Cav2.1 

(X57689), rat p4 and mouse ot2S-2 or du-muti a2 cDNAs, were injected intranucleariy as 

described previously (24), except that 4 nl of the 1:1:1 ratio cDNA mixture was injected at 

1 pg.p|'\ In control experiments where o25-2 was omitted, the ratio was made up with 

buffer. Recordings were made using two electrode voltage clamp as described previously 

(24), using 10 mM Ba^* as charge carrier. Individual l-V relationships were fitted with a 

modified Boltzmann equation:

I = Gmax(V-Vr«v)/(1+exp[-(V-V5o)/k]),

where Gmax is the maximum conductance: Vrev is the reversal potential; k Is the slope 

factor and V50 is the voltage for 50% cument activation.

Single channel recording and analysis: Ail recordings were taken from cell-attached 

patches on GFP-posltive cells at room temperature (20 - 22®C). Recording pipettes were 

pulled from borosilicate tubes (World Precision Instruments, Inc., Sarasota, FL, USA), 

coated with Sylgard (Sylgard 184, Dow Coming, Wiesbaden, Germany), and fire polished 

to form high resistance pipettes (-10  MQ with 100 mM BaClg). The bath solution, 

designed to zero the resting membrane potential (25) was composed of (in mM): 135 K- 

aspartate, 1 MgCb, 5 EGTA and 10 HEPES (titrated with KOH, pH 7.3), and patch 

pipettes were filled with a solution of the following composition, in mM; 100 BaCiz, 10 

tetraethylammonium (TEA) -Cl, 10 HEPES. 200 nM TTX, titrated with TEA-OH to pH 7.4. 

Both solutions were adjusted to an osmolarity of 320 mOsmol with sucrose. Data were 

sampled (Axopatch 200B and Digidata 1200 interface, Axon Instruments, Foster City, CA) 

at 20 kHz and filtered on-line at 1 - 2  kHz. Voltages were not corrected for liquid junction 

potential (26), measured to be -15 mV in these solutions, in order to be able to compare
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the results to other published material. Leak subtraction was performed by averaging 

segments of traces with no activity from the same voltage protocol in the same 

experiment, and subtracting this average from each episode using pCIampS (Axon 

Instmments). Statistical analysis was performed using paired or unpaired Student's t-test. 

For the single channel analysis, patches were only used in which 3 or fewer overlapping 

openings were detected. With an open probability of about 0.5 at +40 mV and at least 20 

consecutive stimulations, the number of detectable multiple openings was considered to 

represent the number of channels active in these patches. Event detection was carried 

out using the half-amplitude threshold method. Single channel amplitude was determined 

by a Gaussian fit to the binned amplitude distributions. Mean open and closed times were 

determined as a single or double exponential fitted to open time distributions. Open time 

distributions were only collected in episodes or parts of episodes with no overlapping 

openings. For closed time distributions we used either single channel patches or 

segments towards the end of episodes in which only one channel remains active and no 

further overlaps occur. Data are expressed as mean ± SEM. For steady-state 

inactivation, ail the available patches were considered and each normalized to Its peak 

current response during the prepulse to +40 mV. Latency to first opening was measured 

in 2 ms bins. First latency (FL) histograms from each experiment were divided by the 

number of episodes collected, the plots were then accumulated and divided by the 

number of stimulations, to express the data as the FL probability (23, 27). Two- and three- 

channel patches were also corrected for the apparent number of channels in the patch, 

according to;

FL,=1-(1-FLn)

FLi and FLn are the single channel and multi-channel cumulative first latency functions 

respectively and N is the apparent number of channels.
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Results

C o m p ariso n  of morphology of du/du  and +/+ PCs

The du/du cerebellum exhibits normal foliation and laminar structure. There are no 

gaps in the PC layer and their perikarya form a single row. The thickness of each layer is 

reduced in du/du compared to wild-type llttermates as previously described (12). Two 

techniques were used to compare the morphology of cerebellar PCs between the different 

genotypes in more detail: firstly, classical Golgi impregnation, and secondly microinjection 

of PC somata with Lucifer yellow and neurobiotin. Both methods revealed a changed PC 

cytoarchitecture In homozygous du/du cerebella at P21-26, which was the latest time 

period in which morphology could be studied, given that the du/du mice die by P35. In the 

Golgl-impregnated cerebella, PCs were examined in detail in multiple cerebellar sections 

from 1 +/+ and 6 du/du mice. Atypical initial lateral extensions of the primary dendrite 

were seen in du/du but not in +/+ PCs (compare +/+ in Fig. 1A to du/du in Fig. IB , 0 , F). 

The primary dendrites may then bend apically in a delayed targeting of the pial surface, 

which they frequently fail to reach ( e.g. Fig. 1 B, C). Thickened tertiary branchlets were 

found to bend downwards in some du/du PCs, giving a 'weeping willow* appearance 

(Fig.IB, open arrowhead). Additionally, PC somata are frequently multipolar, exhibiting up 

to three primary dendrites (Fig.lD, E, F, filled arrowhead), which, in the cells shown in 

Fig.IE and F, extend laterally rather than targeting the pial surface.

Similar results were obtained with the cell-filling technique, for which 4 +/+ and 4 

du/du PCs were examined in detail. The du/du PCs displayed a dendritic arbor that was 

significantly less complex, reduced in size, and frequently did not reach the border of the 

molecular layer (compare the typical +/+ PC in Fig. 2A with three du/du PCs shown in Fig. 

28). Additionally, the shafts of the main and secondary dendritic branches of du/du PCs 

were often thickened (Fig. 28). In one du/du PC, the dendrites drooped down towards the
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granule cell layer giving a ‘weeping willow’ appearance (Fig. 2B, top right panel), similar 

to that seen in some of the Golgi-impregnated du/du PCs (Fig. 1B). Following 

skeletonization of the dendritic trees (Fig. 20), the numbers of dendrites were found to be 

reduced in du/du PCs (Fig. 2D, left panel) and the total length of the dendritic tree was 

also reduced (Fig. 2D, center panel). However, the number of branch-points on the 

longest dendrites was unchanged (Fig. 2D, right panel).

The du 5’ mutant transcript is present and translated in du/du cerebellar PCs

We have previously shown, by in situ hybridization using a 3’ antisense probe, that 

no full-length transcript for Cacna2d2 is present in du/du cerebellum, whereas a strong 

signal was obtained in +/+ cerebellar PCs (12). In the present study we performed in situ 

hybridization with a 5* Cacna2d2 anti-sense RNA probe in order to examine whether a 

truncated message was present in du/du PCs. This confirmed the presence of full-length 

transcript for Cacna2d2 in +/+ PCs (Fig. 3A). The data would also not be inconsistent with 

the additional presence of transcript in small Bergmann glial cell bodies (Fig. 3A, 

aiTowheads, see also Fig. 8), The results also demonstrate a low level of message 

hybridizing to the 5’ probe in du/du PCs (Fig. 3B, compared to 3A). This , together with 

the absence of full length transcript in du/du PCs shown in our previous study (12), 

provide evidence for a low level of transcription of du mutant transcript 1 (12) in these 

cells.

We therefore generated an o25-2 antipeptide antibody utilizing an immunizing 

peptide corresponding to amino acids 102 -117, with the intent of examining whether a 

mutant protein was expressed in du/du cerebellum. This sequence is near the N-terminus 

of oc2&-2, and also present in the predicted protein product of the du mutant transcript 1, 

termed du-muti o2 (Fig. 4A). This antibody, called Ab (102-117), was first characterized
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against heterologously expressed a25-2. On Western blots of gels run under reducing 

conditions. o2 is separated from the 5 moiety to which it is disulfide bonded under native 

conditions. Ab (102-117) specifically recognized the o2 moiety of o25-2 (as a broad band 

at about 150 kD), and not the «2 moiety of 025-1» when both o25-1 and o25-2 were over- 

expressed in COS-7 ceiis (Fig. 4B). It also recognized a -1 0  kOa protein product of the 

du-mut1 o2 cDNA expressed In COS-7 cells (Fig. 4B). When Ab (102-117) was used to 

examine the immunocytochemical localization of o25-2 in these cells, the epitope was 

accessible in non-permeabilized cells, orienting It exofacially (Fig. 4 0 , columns 1 and 2, 

upper panel). Additional intracellular staining was observed when the cells were 

permeabilized (Fig. 4C, columns 1 and 2, lower panel). When du-muti o2 was 

expressed, very little immunostaining was observed in non-permeabilized cells (Fig. 4 0 , 

column 3. upper panel), although a large number of cells were present in the field (Fig.

40 , column 4, upper panel), whereas intense intracellular immunostaining, localized to 

intracellular organelles was observed when the cells were permeabilized (Fig. 40 , 

columns 3 and 4, lower panel). The lack of staining with the anti-GFP antibody In non- 

permeabilized GFP-posltive cells provides further evidence that the plasma membrane of 

the cells has not been permeabilized by fixation (Fig. 4D).

The predicted protein MW of the entire du-muti o2 truncated protein is 16 kDa, 

which is larger than the -1 0  kDa band observed here. W e therefore utilized another anti

peptide antibody, generated against the epitope represented by amino adds 1 6 -2 9 ,  

which is within the predicted signal sequence of o25-2. In order to further examine the 

processing of the du-muti o2 protein. When du-mut1 o2 was expressed in COS-7 cells,

Ab (16 -  29) recognized a 16 kDa band in lysates of these cells (Fig. 5A, lane 1). No 

smaller MW  bands were observed on this gel (but see Fig. 7). This suggested that the 

signal sequence of du-muti a2 Is at least partly uncleaved when it is expressed in COS-7 

cells. Ab (16 -  29) also recognized a well defined 120 kDa protein when full-length o25-2
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was expressed (Fig. 5A, lane 2), and no bands when o25-1 was expressed as a control 

(Fig. 5A, lane 3 ). This 120 kDa protein is likely to represent an immature form of a25-2 

before cleavage of the signal sequence, which normally precedes glycosylatlon. The 

protein MW of the o2 moiety including the 6 kDa signal sequence is calculated to be 113  

kDa. Unlike Ab (102-117), Ab (16-29) did not recognize a band of 150 kDa, indicating 

that, as expected, the signal sequence is cleaved from the mature glycosylated form of 

025-2.

W e then examined the immuno-localization of du-muti o2 in COS-7 ceils, using Ab 

(16-29). Immunostaining for this epitope was not observed at the plasma membrane in 

non-permeabilized cells expressing o25-2, indicating that the signal sequence is cleaved 

before insertion of o25-2 into the plasma membrane. Furthermore this epitope was also 

generally not observed on the exofaclal side of the plasma membrane when du-muti o2 

was expressed (Fig. 5B, non-permeabilized cells). Diffuse intracellular staining was 

observed when the cells were permeabilized for both o25-2 and du-muti o2-expressing 

cells (Fig. 5B).

Immunopurification of du-muti o2 from du/du cerebellum

The use of an Ab (102-117) immuno-affinity column allowed the isolation of a low 

abundance protein o f -1 0  kDa from du/du cerebellum (Fig. 6A. lane 1), which was 

detected using the same antibody. This protein is very similar in MW to the du-muti o2 

protein isolated in the same way from lysates of COS-7 cells expressing du-muti o2 (Fig. 

6A, lane 2). if a protein product were produced from du mutant transcript 2 (accession 

number AF247141) in du/du cerebellum (12), its predicted MW would be -1 0 0  kDa. This 

would also be recognized by Ab (102-117), but no higher MW immunoreactive bands 

were observed from 4-20 % gradient gels of proteins isolated from du/du cerebellum (data
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not shown, n=2). A broad band of protein of -1 5 0  kDa, representing the o2 moiety of 

o25-2 was isolated from +/+ cerebellum using the same Immuno-affinity column, and 

detected using the same antibody (Fig. 6B, lane 1). This protein was the same MW as 

that Isolated by the same antibody from COS-7 cells transfected with o25-2, with the 

broad band probably representing different glycosylatlon states (Fig. 6B, lane 2).

Using an Ab (16-29) immuno-affinity column, a protein of -1 6  kDa was isolated 

from du/du cerebellum, (Fig. 60, lane 1). This protein is very similar in MW to the du-muti 

q2 protein Isolated in the same way from COS-7 cells expressing du-muti o2 (Fig. 6C. 

lane 2). Furthermore, a protein of about 120 kDa was isolated from +/+ cerebellum using 

the same Immuno-affinity column (Fig. 6D, lane 1 ). This protein was the same MW as 

that isolated by the same antibody from COS-7 cells transfected with <x25-2 (Fig. 6D, lane

2).

The basis for the difference in MW between the du-mut1 a2 species recognized by 

the two antibodies was further examined by PAGE of a larger amount (80 pg protein) of 

COS-7 cell lysate expressing du-muti a2, on a high % gradient gel, followed by 

immunoblotting (Fig. 7A). A 16 kDa band was recognized by both antibodies, but the 

predominant band recognized by Ab (102-117) was -1 0  kDa. This was not recognized by 

Ab (16-29), which recognized an additional 6 kDa band. The amino acid sequence of du- 

muti q2 is shown in Fig. 7B, with the antibody recognition sites (bold) and the predicted 

site of cleavage of the signal sequence (arrow). The predicted sizes of the peptides 

obtained before and after cleavage are 16 kDa for full-length du-muti a2, 10 kDa for du- 

muti o2 following cleavage of the signal sequence and 6 kDa for the cleaved signal 

sequence (Fig. 7C), in agreement with the experimental results.

The immuno-localization of a25-2 in the cerebellum was subsequently examined 

using Ab (102-117). This antibody gave a pattern of immunostaining In the Purkinje cell
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layer (PCL) and molecular layer (ML) In sections of +/+ cerebellum, consistent with 

localization of o25-2 in PC bodies and dendrites (Fig. 8A, left panel). The staining was 

lost when the primary antibody was pre-incubated with the immunizing peptide or when 

the primary antibody was not used (Fig. 8A). In cerebellar sections from du/du mice, Ab 

(102-117) gave a low level of immunostaining (Fig. 8A, right panel), consistent with the 

presence of du-muti a2 in du/du PCs. There was also some evidence for staining of 

Bergmann glia (Fig. 8A, right panel marked with *). We also used Ab (16-29) to determine 

where the uncleaved form of du-muti o2 was expressed endogenously in du/du 

cerebellar sections. A low level of immunostaining was observed with this antibody in +/+ 

PCs , consistent with the presence of the immature 120 kDa form of o25-2, with the signal 

peptide still present, which is likely to be localized to the endoplasmic reticulum (Fig. 88, 

left panel). Further evidence was obtained here for staining of Bergmann glia (Fig. 8b, left 

panel,*). In du/du cerebellum, we observed that immunostaining with this antibody was 

concentrated largely in the cell bodies of PCs (Fig. 8B, right panel). This is likely to 

represent the 16 kDa uncleaved du-muti o2 species. The immunostaining was lost when 

the antibody was pre-incubated with the immunizing peptide (Fig. SB). No differences 

were observed between +/+ and du/du PCs when Bergmann glia were visualized using an 

anti-glial fibrillary acidic protein antibody (results not shown).

Modulation of Cay2.1 channel currents by o25-2 and du-muti o2

The possible pathological function of the du-mut1 o2 protein encoded by the 

Cacna2d2^^ gene was investigated using in vitro expression and electrophysiology. In 

order to mimic the PC complement of calcium channel subunits, the cDNAs corresponding 

to rat Cav2.1 and p4 were transfected into COS-7 cells, with or without a25-2 or du-mut1 

a2 cDNA, and the resulting Cav currents (lea) recorded. Co-expression of o26-2
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'ncreased Cav2.1 / M  lea currents, inducing a 2.9-fold enhancement of amplitude at 0 

mV (Fig 9A. and l-V relationships In Fig. 9B). with no significant shift In the voltage- 

dependence of current activation (V50 for activation was -8.7 ±0.7 mV (n = 28) for Cav2.1 /  

(34 and -10.7 ± 0.8 mV (n = 42) for Cav2.1 /  p4 /  o25-2). There was no significant effect of 

a26-2 on the activation or Inactivation of the Cav2.1 /  p4 combination (Fig. 9A and results

not shown).

in contrast, co-expression of do-mut1 o2 Induced a consistent reduction in Cav2.1 /  

P4 lea amplitude throughout the voltage range (Fig. 9C and D). This amounted to a 51 % 

inhibition at 0 mV (Fig. 9E), and also resulted in a +5 mV shift in V 5 0  for activation to -3.5 

±1.1 mV (n = 12. p < 0.01 compared to Cav2.1 /  p4). The mean current densities at 0 mV 

under the two different conditions are compared in Fig. 9E. Similar results were obtained 

when these calcium channel subunits, in this case including rabbit Cav2.1, were 

expressed in Xenopus oocytes ((12) and data not shown).

Effect of o25-2 and du-mut\ a2 on single Ca** channel currents formed by Cay2.1

We compared single channel parameters between cell-attached patches of COS-7 

cells transfected with Cav2.1 / 34 cDNA, either without o25-2 (Fig. 10A), or co-expressed 

with either full-length o25-2 (Fig. 10B) or the do-muti o2 (Fig. IOC). These experiments 

were performed in order to differentiate between a mechanism that involves changing the 

biophysical properties of Cav2.1 channels and a mechanism that involves changing the 

trafficking or membrane expression levels of the Cay2.1 channels, imposed by either 

o25-2 or du-mut1 o2.

Once opened, Cav2.1 channels showed an average single channel conductance of 

9.9 ± 0.4 pS (n = 8) for Cav2.1 /  p4, which was not significantly affected by co-expression 

of 025-2 (10.2 ±  0.6 pS, n = 8) or do-mut1 o2 (8.8 ±  1.0 pS, n = 6) (Fig. 10D). This
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conductance is similar to that of P-type channels recorded from wiid-type and du/du 

PCs under the same conditions (12). More detailed analysis demonstrated openings to 

three distinct amplitude levels, as has also been shown In native Purkinje cells (28), level 

2 being the most prominent In our recordings (Fig. 10E, see legend for conductance and 

amplitude values). Neither the conductance nor the amplitude of the three cunent levels 

was significantly affected by expression of o25-2 or du-muti o2 (data not shown).

Neither o25-2 nor du-muti o2 caused any significant change in mean open or 

closed times, or In the pattern of voltage dependence of Cav2.1 channels (Fig. 10F). We 

also examined the activation kinetics by measuring the latency to first opening of the 

channels in response to a square voltage pulse (Fig. 10G). Cav2.1 channel activation 

was not influenced by the subunits examined (Fig. 10G, left), at any voltage (Fig. 10G, 

right). In addition, the voltage-dependence of Inactivation (Fig. 10H) was not Influenced by 

either o25-2 or du-muti o2.

Although the presence of a25-2 caused an approximately 3-fold increase in whole 

cell current amplitude, all the single channel parameters were indistinguishable between 

the three conditions. This implies that the basic active unit in the whole cell current (an 

individual channel) remains unchanged, and the modulation by a25-2 must involve an 

alteration in the number of active channels in the membrane.
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Discussion

PCs from du/du mice have a reduced dendritic arbor

PC somata form a monolayer by 10 days postnatally in the mouse, and their 

dendrites reach the pial surface at day 20. coinciding with the completion of granule cell 

migration and concomitant parallel fiber production (29). The PC soma typically exhibits 

one primary dendrite, which emerges apically, and one axonal process projecting in the 

opposite direction. The PC dendritic trees develop most dramatically between postnatal 

day 9 and 20, reaching 80% of their adult dimension in this period (30). PCs from du/du 

mice appear immature, reduced both in size and complexity, with multiple primary 

dendrites and small arbors that often terminate well below the pial surface. Thickened 

secondary and tertiary dendritic trunks are also present. The multipolar appearance of 

some of the du/du PCs may be a remnant of their immature stage (in which the normal 

resorption of all somatic filopodia fails to occur), with some of these processes continuing 

to develop Into dendrites as found in weaver and staggerer mouse mutants (31).

Thus, although we have shown that PCs are not lost in du/du cerebella at P21 (12), 

we now find that the PC dendritic tree is reduced in size, and shows other abnormalities, 

such as 'weeping willow’ dendrites, and dendritic thickening. Similar abnormalities have 

been found in a number of the spontaneously occurring Cay2.1 mouse mutants (8), and 

some of these (in particular tg/ )̂ also show PC loss in older mice (32). The mechanism of 

the altered PC morphology in du/du mice may result either from the reduced PC calcium 

channel currents, which we observed in P5 - P9 PCs, before the extensive growth of the 

dendritic arbor (12), or more directly from the loss of o25-2, with the possible additional 

consequences of expression of a truncated mutant o2 protein. A number of the human 

genetic diseases involving Cav2.1, for example familial hemiplegic migraine (33), 

cerebellar ataxia and PC degeneration are associated with mutations that have been
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shown to produce a reduction in Cav2.1 calcium currents in vitro (34). However, the 

mechanism whereby such molecular changes are translated into morphological and 

functional abnormalities remains to be determined.

A truncated mutant protein derived from the 5'mutant transcript of Cacna2d2 is 

expressed In du mice

The in situ hybridization study demonstrates that although wild-type Cacna2d2 

transcript is absent from the brain of du/du mice, because of the genomic rearrangement 

that disrupts Cacna2d2 (12), a 5' mutant transcript {du mutant transcript 1) is present in 

du/du PCs. This transcript is predicted to encode a protein (du-muti o2) that lacks most 

of the o2 subunit and the whole of the 5 subunit, including its transmembrane domain. It 

is frequently the case that mRNA encoding mutant transcripts, where a frame-shift or point 

mutation introduces one or more premature stop or nonsense codons, is unstable and 

subject to nonsense-mediated mRNA decay (35). Indeed, although a second mutant 

transcript 2, predicted to be formed from exons 2-39, was identified by RT-PCR and 

northern blot in du/du mouse brain, it was not observed by in situ hybridization in du/du 

PCs (12). Furthermore, the 5' du mutant transcript 1 appeared to be present at a low level 

in du/du brain (12). in order to determine whether this mutant transcript was translated, 

we used two q25-2 anti-peptide antibodies, which were raised against peptides within the 

du-mut1 o2 sequence, Ab (16-29) and Ab (102-117).

It has been established, from studies with site-directed anti peptide antibodies, that 

the topology of the a25-1 subunit is such that the o2 subunit, which has an N terminal 

leader signal sequence, is entirely extracellular (36-38). The o2 subunit is disulfide- 

bonded to a transmembrane 5 subunit, and both subunits have been found to be involved 

in the interaction with the alC subunit (38,39). Now that two other o25 subunit genes 

have been cloned, it is assumed that they have the same topology, and indeed, high
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t between the N termini of o25-1 and a25-3, with the clear prediction
homology is presen

f leaved signal peptide in both sequences. In contrast, although a putative signal 

fde is found In o25-2, it is much longer. Using prediction analysis, it is found to have 

a potential cleavage site after position 64 (40) (Fig 7B). whereas only 2% of eukaryotic 

signal peptides are longer than 35 residues (40). In particular, it has a longer sequence 

N terminal to the putative hydrophobic signal sequence (approximately 42 amino acids) 

than o26-1 or a25-3 (which are approximately 3 and 11 amino acids, respectively). Such 

“n regions" are found to be less than 25 amino acids in 80% of secreted or 

transmembrane proteins where they occur (41 ). Therefore it remains unclear whether this 

signal sequence is cleaved efficiently, as cleavage is often delayed when the signal 

sequence is long (42). This results in extended transit times through the endoplasmic 

reticuium-Goigi apparatus, which may be required for highly glycosylated proteins (42). 

Such an explanation is likely to be the reason for our observation using Ab (16 -29), of a 

120 kDa immuno-labeled protein when o25-2 was expressed in COS-7 ceils. This is likely 

to represent the o2 moiety of full-length o25-2 (predicted protein MW 113 kD), which is 

immature in that it has an uncleaved signal peptide and. judging by the MW, no added 

carbohydrate.

It appears that in the case of du-muti o2 expressed in COS-7 cells, the truncated 

protein is processed such that the signal sequence remains at least in part uncleaved, 

since both Ab (16-29) and Ab (102-117) recognized a band o f-16 kDa, the predicted size 

for the uncieaved du-mut1 o2, and Ab (16-29) also recognized a fainter band of about 6 

kDa, which would represent the cleaved signal peptide. However the predominant band 

recognized by Ab (102-117) but not Ab (16-29) was a -10  kDa protein, which is therefore 

likely to represent du-muti o2 with its signal peptide cleaved. This result corresponded 

exactly with the MW of the native cfu-muti a2 immunocaptured from du/du cerebellum by 

the same antibody, indicating that it is a stable in vivo species in these mice. This study
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also confirmed the previous Indication (12), that du mutant transcript 2, which would be 

recognized by Ab (102-117) is not translated. A 16 kDa protein was immunocaptured by 

Ab (16-29) from du/du cerebellum, indicating that the signal sequence remains, in part 

uncleaved from cfu-mutl a2. The reason that this species was not also immunocaptured 

by Ab (102-117) may indicate that Ab (102-117) is of lower affinity, as also suggested by 

the data In Fig. 8.

Immuno-localization of o25-2 and du-muti o2 in cerebellum

In cerebellar sections, we found, using Ab (102-117) that a25-2 is expressed in 

wild-type PC somata and also in the ML of the cerebellum, suggesting localization in PCs 

It is also possible that some of the immunostaining arises from cerebellar afferents, or 

from Bergmann glia, and this will be investigated in the future. In du/du cerebellum, a low 

level of immunostaining was observed with the same antibody. These results support the 

finding that du-muti o2 is expressed in du/du cerebellum. Immunoreactlvity in du/du 

cerebellar sections was also observed using Ab (16-29), where staining, presumably 

representing the uncieaved du-muti o2 was concentrated in PC somata. In agreement 

with the expression study in COS-7 cells and the immunopurification data from 

cerebellum, this suggests that du-muti o2 retains, in part, the putative signal sequence at 

its N terminus, and does not appear to be secreted. When du-muti o2 was expressed in 

COS-7 cells both Ab (16-29) and Ab (102-117) recognized an epitope that was only 

expressed intracellularly, indicating that du-muti o2 is unlikely to be secreted or inserted 

into the plasma membrane as a transmembrane protein.

The functional interaction of the Cav2.1/p4 combination with a25-2
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The similarity of the ducky phenotype to that observed in mice with mutations in 

genes encoding the Cav2.1 (7) and P4 (9) subunits and their predominant PC expression 

pattern suggests that a25-2 contributes to the P-type current This is reinforced by our 

finding that the currents formed by both rat and rabbit Cav2.1 co-expressed with p4, which 

is the main PC p subunit, were strongly enhanced by a25-2, In two expression systems 

(COS-7 cells and Xenopus oocytes).

Previous in vitro studies have shown that o25-1, 025-2 and o25-3 subunits act to 

increase the maximum conductance of a number of expressed calcium channel a1/p 

subunit combinations at the whole cell level (2, 43-46). However, this may be dependent 

to some extent on the specific combination of a1 and p subunits expressed. Furthermore, 

the effects of o25 subunits on kinetics and voltage-dependence of activation are more 

minor (2, 44). We have also Investigated this for the calcium channel subunit 

combinations used in the present study, and show that o26-2 had no influence on voltage- 

dependent properties and had no effect on single channel conductance or other 

biophysical parameters of the Cav2.1 /  P4 channels themselves. This implies that a25-2 

probably has its main effect on the lifetime of the channel complex in the plasma 

membrane, either by enhancing trafficking or reducing turnover. In agreement with this 

proposed mechanism, it has previously been found that o25-1 Increased the amount of 

Cavl .2 protein expressed in Xenopus oocytes (47).

In contrast, the protein product of du mutant transcript 1, du-mut1 o2, produced a 

consisfeni reduction in Cav2.1 /  P4 currents in COS-7 cells. Thus, while loss of full-length 

028-2 is likely to be the most important contributing factor, the expression of the truncated 

du-muti «2 may also contribute to the du/du phenotype, via an additional suppressive 

effect, possibly by interfering with the correct trafficking of at subunits.
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Figure legends

Figure 1 Comparison of +/+ and du/du  PC morphology by Goigi impregnation

Light micrographs showing Individual Golgl Impregnated PCs, of +/+ (A) and du/du (B-F) 

cerebellum. Parasagittal sections for both genotypes were taken from an identical region 

of the vermis (see diagram top left). (A) typical +/+ PC with dendritic processes reaching 

the pial surface. (B-F) du/du PCs were characterized by the absence of an apically- 

oriented main dendrite. The cell in (B) also exhibits a "weeping wiliow’-like dendrite 

bending back towards the granule cell layer (arrowhead). The cells in D, E, F show 

multiple primary dendrites emerging from the perikaryon (open amowheads).

Figure 2 Comparison of +/+ and du/du PC morphology by cell filling

Lucifer yeliow/neurobiotln injection of cerebellar PCs of (A) +/+ (neurobiotin staining for 

one representative cell shown, as morphology of all +/+ PCs was similar) and (B) du/du (3 

cells shown, to illustrate variation in morphologies observed, the first imaged with 

neurobiotin staining, and the other two with luclfer yellow). (C) skeletonized dendritic tree 

of the cells shown In A and B, for evaluation of arborization complexity. Independent of 

dendritic width. This Is quantified in (D). Left panel; the number of dendrites per cell 

crossing a horizontal (H) and diagonal (D) line. Center panel: number of black pixels as 

indication of the whole area covered by skeletonized dendrites. Right panel: number of 

branch points. For all panels of (D), n = 4 for both +/+ and du/du PCs. Asterisks Indicate a 

statistically significant difference; * p<0.05, ** p<0.01. Student’s t test.

Figure 3 Analysis of Cacna2d2 mutant transcript 1 expression in P21 +/+ and 

du/du cerebellum

In situ hybridization of +/+ and du/du sections with 5" Cacna2d2 anti-sense (A/S) RNA 

probes designed to detect du mutant transcript 1 in du/du mice. This probe will also
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detect wild-type transcript. Analyses were carried out on +/+ (A) and du/du sections 

(B). The arrowheads in A indicate the presence of a signal from smaller cell bodies, 

possibly Bergmann glial cells. No signal was detected on hybridization of control sense 

RNA to +/+ sections (C and D). ML = molecular layer, PCL = Purkinje cell layer, GCL = 

granule cell layer. Scale bar = 100  pm.

Figure 4 Specificity of Ab (102*117) and localization of a2Q-2 and c/ci-mutl a2 in 

COS-7 cells

(A) Schematic representation of o25-2 protein to show location of the Ab (102-117) 

binding site in relation to the end of exon 3.

(B) Immunoblots to show the specificity of the antl-o25-2 Ab (102 -  117), using lysates 

(20 pg protein) from COS-7 cells over-expressing cc20-2 (lane 1, 150 kD) or o25-1 as a 

control (lane 2) on 4-12 % gradient SDS PAGE gels, and du-muti o2 (lane 3, -1 0  kD) on 

a 4 -  20 % gel. The positions of the MW markers are shown next to the blots.

(C) COS-7 cells transfected with cDNAs for GFP and o25-2 (columns 1 and 2) or cfu-mutl 

o2, (columns 3 and 4). Cells were either not petmeabilized (upper row) or permeabilized 

with Triton X-100 (lower row). Immunostaining with Ab (102-117) is shown in columns 1 

and 3, and DAP I fluorescence to identify cell nuclei is shown in columns 2 and 4. The 

scale bars are all 40 pm. For clarity, the GFP fluorescence is not shown.

(D) COS-7 cells transfected with cDNA for GFP alone. Cells were either not 

permeabilized (upper row) or permeabilized with Triton X-100 (lower row). GFP 

transfection was used as a control to show lack of immunostaining with anti-GFP Ab (left 

column) of this intracellular antigen in non-permeabilized cells. GFP fluorescence is 

shown in the right column. Scale bar (40 pm) applies to all sections.



33

Figure 5 Specificity of Ab (16-29)

(A) Immunoblots to show the specificity of Ab (16-29), using lysates (20 pg protein) from 

COS-7 cells over-expressing cfu-mutl o2 (lane 1 ,16  kD) on a 15 % SDS PAGE gel, or 

0(25-2 (lane 2, 120 kD), or o2ô-1 as a control (lane 3) on 4-12 % gradient gels. The 

positions of the molecular weight markers are shown next to the blots.

(B) Immunostaining using Ab (16-29) in COS-7 cells transfected cDNA for full-length o25- 

2 (left panel) or cfu-mutl o2 (right panel). Cells were either not permeabilized (upper row) 

or permeabilized with Triton X-100 (lower row), as described in Methods. Scale bars 10 

pm.

Figure 6 Immuno-purification of cfu-mutl o2 from du/du cerebellum and the a2 

moiety of full-length o25-2 from +/+ cerebellum

Immunoblot analysis of o25-2 proteins Immunocaptured from detergent-solubilized du/du 

or +/+ cerebellar membranes using column-immobilized peptide antibodies. Samples were 

separated on either 4 -  20 % gradient gels (panels A and 8), a 20% gel (panel C), or on a 

7.5% gel (panel D). Arrows indicate the major protein bands detected. Panels A and C: 

proteins from du/du cerebella (lane 1 ) or from COS-7 cells expressing cfu-mutl o2 (lane 2) 

isolated using Abs (102-117) and (16-29), respectively. The respective apparent MWs are 

-1 0  and 16 kDa. Panels B and D: proteins from +/+ cerebella (lane 1) or from COS-7 

cells expressing full-length o25-2 (lane 2) Isolated with Abs (102-117) and (16-29), 

respectively. The respective apparent MWs are 150 and 120 kDa.

Figure 7 Processing of cfu-mutl o2
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(A) Immunoblot analysis of cfu-mutl a2 and fragments derived from cleavage of the 

signal peptide. Lysate (80 îg protein) of COS-7 cells expressing du-mut1 o2 was 

separated on a 10-20% gradient gel and probed with Ab (16-29) (lane 1) or Ab (102-117) 

(lane 2). A 16 kDa band is detected with both antibodies. Ab (16-29) also recognizes a 

band of 6 kDa, and Ab (102-117) recognizes a major band o f -1 0  kDa.

(B) Amino acid sequence of du-mut1 o2. The respective binding sites for Ab (16-29) and 

Ab (102-117) are shown in bold. The entire signal leader sequence is underlined with its 

predicted cleavage site marked by an arrow (40).

(C) shows the calculated MW values for du-mut1 o2 (16 kD), and the two proteolytic 

fragments: du-muti o2 following cleavage of the signal sequence (solid line, -1 0  kD) and 

the cleaved signal sequence (dotted line, -6  kD).

Figure 8 immunohistochemlstry in +/+ and du/du cerebellum

(A) Ab (102-117) detected the presence of a25-2 and du-muti o2 protein in +/+ and 

du/du sections, respectively. The affinity of the antibody for o2S-2 and du-muti <x2 may 

be different, therefore relative intensities cannot be compared directly. Results are 

representative of four experiments. (B) Ab (16-29) detected the presence of immature 

g25-2 in a +/+ cerebellar section (left) and du-muti o2 protein in a du/du cerebellar 

section (right). Representative of 3 experiments.

In both (A) and (B) the calibration bar is 30 pm. ML = molecular layer, PCL = Purkinje 

cell layer, GCL = granule cell layer. The label + peptide indicates that the primary antibody 

was preincubated with the immunizing peptide before application to the section. The * 

indicates examples of the presence of immunoreactlvity in a smaller cell body and 

process, possibly a Bergmann glial cell.
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Figure 9 Selectivity of enhancement of Cav2.1/p4 currents by a25-2  and inhibition 

by du-muti o2

(A) Examples of lea recorded from COS-7 cells transfected with Cav2.1/p4/o25-2 or 

Cav2.1/p4- The holding potential was -8 0  mV, and steps were to between -4 0  and +65 

mV in 5 mV steps, delivered every 15 s. The charge carrier was 5 mM Ba^\ The scale 

bars represent 10 pA.pF'^ and 10 ms.

(B) l-V relationships for Cav2.1/p4 (O, n = 28) and Cav2.1/p4/o20-2 (■ ,  n = 42) peak Ibb 

density in COS 7 cells.

(C) Examples of the maximum Ib* recorded at 0 mV from COS-7 cells transfected with 

Cav2.1/p4, Cav2.1/p4/o2ô-2, or a1A/p4/do-mut1 o2, as in (A). Co-expression ofa25-2 

induced a large enhancement of Cav2.1/p4 Isa, whereas du-muti o2 Induced a reduction 

of Cav2.1/p4 Isa*

(D) Mean l-V relationships for Cay2.1/p4 (O) and Cav2.1 /p4/du-mut1 o2 (A) peak lea 

density in COS 7 cells, fitted with a combined Boltzmann and linear function, as described 

in Methods.

(E) Histogram of mean data, for the transfection conditions shown beneath the bars, from 

COS-7 cells. Cav2.1/p4 (open bar, n = 13, controls for Cav2.1/p4/ot25-2 transfections); 

Cav2.1/p4/ct25-2 (black bar, n = 42); Cav2.1/p4 (open hatched bar, n = 15, performed in 

parallel with a1A/p4/du-mut1 o2 transfections) or a1A/p4/do-mut1 o2 (black hatched bar, 

n = 12). Statistical significance of differences indicated given by asterisks: ** p <0.001; * 

p<0.05 (Student’s independent two tailed t test).

Figure 10 Comparison between the effect of o25-2 or du-mutl q2 on single channel 

parameters of Cav2.1.
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(A) Single channel activity (maximum of two simultaneous overlapping openings) of 

Cav2.1 /  p4 without the g25-2 auxiliary subunit. Top, the voltage protocol: holding potential 

-100mV. A 2 s. long pulse, here to +30 mV. delivered every IDs. Bottom, 5 

representative traces of single channei activity. Openings are downward deflections and a 

continuous line marks both the closed and open states, in traces with overlapping 

openings an additional dashed line marks the second level.

(B) Single channel activity (maximum of two simultaneous overlapping openings) arising 

from Cav2.1 / p4 co-expressed with the o25-2 auxiliary subunit. Format as in (A).

(C) Single channel activity (maximum of two simultaneous overlapping openings) arising 

from Cav2.1 /  p4 co-expressed with the du-mut1 o2. Format as in (A).

(D) Average single channel conductance for the 3 conditions depicted in panels (A - C)

(O, n=8; □, n=8; A, n=6) respectively. Conductance was determined by linear fits to the 

data shown. See text for mean fit values.

(E) Left: examples of single channei activity at +30 mV for Cav2.1 /  p4 where more than 

one amplitude level was observed. Continuous lines mark the three amplitude levels, 

depicted by ■, level 1; # , Ievel2; A, level 3. Right: Single channel i-V plot to show the 

distinct conductances for data such as that shown. The single channel conductances for 

the three levels are 8.2 ±1 .2  pS, 12.1 ± 1.05 pS and 16.2 ± 0.46 pS (n = 6) and the 

corresponding amplitudes at +30 mV are -0.43 ± 0.027 pA, -0.63 ± 0.038 pA and -0.69 ± 

0.033 pA.

(F) Mean open (left) and closed (right) times were similar at all voltages examined, for the 

3 conditions respectively (O, n=8; □ , n=8; A, n=6).
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(G) FL probability histogram, for the 3 conditions respectively (O, n=8; □, n=8; A, n=5).

Left: mean (± S.E.M, shown every 10 ms for clarity) cumulative FL probability distributions 

at +30 mV, and right: FL probability at 20 ms for all voltages examined.

(H) Steady-state Inactivation of Cav2.1 ensemble currents from single and multi-channel 

patches. Left: An example of inactivation experiment. Top: the voltage protocol, holding 

potential, -lOOmV, followed by a 2 s. prepulse(pp) to a potential (Vpp) between -8 0  and 

+40 mV, followed by a test pulse to+40 mV for 100ms. Bottom; average ensemble 

currents (from the data as shown In (B) with a Vpp of +40 mV (left) and test pulse 

responses to Vpp o f-80 , +10 and +40 mV are superimposed. Right: all currents were 

normalized to the peak prepulse current at +40 mV and the ratio plotted as a function of 

Vpp. Data of the type shown In (A -C) respectively (O. n=11 ; n=11 ; A, n=4).
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Ducky Mouse Phenotype of Epilepsy and Ataxia Is Associated with 
Mutations in the Cacna2d2 Gene and Decreased Calcium Channel 
Current in Cerebellar Purkinje Cells
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The mouse mutant ducky, a model for absence epilepsy, is 
characterized by spike-wave seizures and ataxia. The ducky 
gene was mapped previously to distal mouse chromosome 9. 
High-resolution genetic and physical mapping has resulted in 
the identification of the Cacna2d2 gene encoding the a282 
voltage-dependent calcium channel subunit. Mutations in 
Cacna2d2 were found to underlie the ducky phenotype in the 
original ducky {du) strain and in a newly identified strain {dû '̂ . 
Both mutations are predicted to result in loss of the full-length 
«282 protein. Functional analysis shows that the «282 subunit 
increases the maximum conductance of the a1A/jS4 channel 
combination when coexpressed in vitro in Xenopus oocytes.

The Ca^+ channel current in acutely dissociated du/du cere
bellar Purkinje cells was reduced, with no change in single
channel conductance. In contrast, no effect on Ca^^ channel 
current was seen in cerebellar granule cells, results consistent 
with the high level of expression of the Cacna2d2 gene in 
Purkinje, but not granule, neurons. Our observations document 
the first mammalian «28 mutation and complete the association 
of each of the major classes of voltage-dependent Ca^^ chan
nel subunits with a phenotype of ataxia and epilepsy in the 
mouse.

Key words: epilepsy; ataxia; calcium channel; subunit; Pur
kinje cell; cerebellum; mouse mutant

Five spontaneous autosomal recessive mouse mutations impart 
a phenotype that includes epileptic seizures with features 
similar to those occurring in human idiopathic generalized 
epilepsy (IG E ) (Puranam and McNamara, 1999). Tottering 
(Cacnala^^, Cacnala^^'^^"), slow-wave epilepsy {Slc9aT'^^), le
thargic {Cacnb4^^), stargazer {Cacng2^*^, and
ducky {du) exhibit bilaterally synchronous spike-wave dis
charges (SWDs) on cortical electroencephalogram (EEG) re
cordings. These are accompanied by behavioral arrest and re
spond to the human anti-absence drug ethosuximide (Noebels et 
al., 1997). The electrophysiological hallmark of human absence 
epilepsy is 3 Hz SWDs. In mice, the frequency is usually 5-7 Hz 
(Noebels, 1991), except for those in SlcQaF'^^ (1-3 Hz) (Cox et 
al., 1997). Mutations in genes encoding voltage-dependent cal
cium channel (VDCC) subunits underlie three of these pheno-
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types: the genes encoding the a lA  {Cacnala), |84 {Cacnb4), and 
y2 {Cacngl) subunits are mutated in tottering (Fletcher et al., 
1996), lethargic (Burgess et al., 1997), and stargazer (Letts et al.,
1998) mice, respectively.

Voltage-dependent Ca^"  ̂ currents have been measured in all 
excitable cells and are implicated in many cellular processes 
(Berridge et al., 1998). They have been divided on the basis of 
kinetics and pharmacology into L-, N-, P/Q-, R-, and T-types 
(Catterall, 1998). Each VDCC is composed of a pore-forming a l  
subunit that may be associated with an intracellular j3, a 
membrane-spanning y, and a membrane-anchored, but predom
inantly extracellular, «28 subunit. The «1 subunit determines the 
main biophysical properties of the channel and is modulated by 
the other subunits (Walker and De Waard, 1998). Mammalian 
genes encoding 10 « 1, four jS, eight y, and three «28 subunits have 
been identified (for a comprehensive list, see Ertel et al., 2000; 
Burgess et al. 2001).

Homozygotes for the ducky (du) allele are characterized by an 
ataxic, wide-based gait and paroxysmal dyskinesia (Snell, 1955). 
They display reduced size and a failure to breed or survive beyond 
35 d. Neuropathological studies revealed dysgenesis of selective 
regions of the CNS, including the cerebellum, medulla, and spinal 
cord (Meier, 1968). Axonal dystrophy and demyehnation were also 
reported. Heterozygotes show no obvious phenotype. The du locus 
was locahzed to mouse chromosome 9 by linkage to the phenotypic 
markers dilute and short ear (Snell, 1955).

To identify and characterize the du locus, a positional cloning 
strategy was adopted. High-resolution genetic mapping identified

mailto:m.rees@ucl.ac.uk
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the gene encoding the VDCC a282 subunit as a positional and 
functional candidate. Mutations in this gene were identified in the 
original du strain and in a new allele, du^. This paper presents 
evidence that the gene underlying the ducky phenotype encodes 
the a282 subunit and explores the effect of a mutation on Câ "̂  
channel function in du/du brain.

MATERIALS AND METHODS
Genetic and physical mapping
Mice were obtained from The Jackson Laboratory (Bar Harbor, M E ). 
D N A  was prepared from tail biopsies or liver samples by standard 
methods. Microsatellite markers were amplified as described previously 
(Dietrich et al., 1996). Recombinants were identified by agarose gel 
electrophoresis or PAGE or single-strand conformation polymorphism 
(MDB1432) analysis. Yeast artificial chromosome (YAC) clones were 
identified by PCR-based library screens (Haldi et al., 1996) or from a 
web-based database of clones (Nusbaum et al., 1999). Genomic clones 
were obtained from the Human Genome Mapping Project Resource 
Centre (Cambridge, UK).

Candidate gene analysis
Total R N A  was prepared from frozen tissue using RNAzol B (Biogen
esis, Sandown, N H ) and used to prepare m RNA or cDNA using mRNA  
purification or First Strand cDNA synthesis kits (Amersham Pharmacia 
Biotech, Little Chalfont, UK). Northern blot analysis of 10 ju.g of cere
bellar m R N A  using Duralon U V  nylon membrane and full-length 
Cacna2d2 or human jS actin as probes (Stratagene, La Jolla, CA) was 
performed using the suggested conditions of the manufacturer to opti
mize the identification of the wild-type 5.5 kb Cacna2d2 transcript. This 
may have resulted in underestimation of the quantity of smaller tran
scripts (< 2  kb). The full-length Cacna2d2 cDNA was assembled using 
degenerate primers, reverse transcription (RT)-PCR, rapid amplification 
of cDNA ends (R A C E), and sequencing. A ll primer sequences are 
available on request. R A C E  was performed using the 573' R A C E kit 
(Roche Diagnostics, Hertfordshire, UK). Sequencing was performed on 
an A B I 373XL sequencer using TaqFS chemistry (PE Applied Biosys
tems, Foster City, CA). Genomic D N A  was embedded in agarose and 
subjected to pulsed field gel electrophoresis (PFGE) on a Bio-Rad 
(Hercules, CA) clamped homogeneous electrical field electrophoresis 
system.

Electrode implantation and E E G  measurements 
Homozygous du^  and control unaffected mice (8-12 weeks of age) were 
tested for spontaneous seizure activity. Mice were anesthetized with 
tribromoethanol (400 mg/kg, i.p.) and placed in a stereotaxic holder 
fitted with a mouse incisor bar. Burr holes were drilled (1 mm posterior 
to bregma, 1 mm lateral to midline) on both sides of the skull. Two 
Teflon-coated bipolar electrodes were implanted at 0.4-0.8 mm below 
the dura. Three screws were placed at the periphery of the skull to 
anchor the dental eap. Mice were allowed to recover for 2 d before EEG  
recordings were measured. The parameters for determining spike-wave 
discharges were described previously (Hosford et al., 1995).

In situ hybridization and immunohistochemical analyses 
Mice [aged postnatal day 21 (P21) to P24] were terminally anesthetized 
by C O 2 inhalation and perfused with 4% paraformaldehyde. The brain 
was dissected into cold paraformaldehyde and then transferred through 
a sucrose gradient before embedding in O C T  (Agar) and sectioning. 
Alternatively, the brain was removed without fixing and frozen in liquid 
nitrogen. Cryostat sections (10-15 jim) were cut and air dried onto 
positively charged slides (BDH Laboratory Supplies, Poole, UK).

cDNA fragments eorresponding to a2ô2 [nucleotide (nt) 3705-4909], 
«281 (nt 3521-3895), and «283 (nt 2581-3602) were subcloned into 
pBluescript SK+. Sense and antisense R N A  probes were prepared using 
T3 or T7 polymerase and digoxigenin (D IG ) R N A  labeling mix and 
purified using Quick spin columns (Roche Diagnostics). In  situ hybrid
ization was performed as described previously (Eisenstat et al., 1999).

Immunohistoehemistry was performed on perfused tissue and isolated 
cells with a polyclonal calbindin D28K antibody (Chemicon, Harrow, 
U K ) and on perfused tissue alone with a polyclonal calretinin antibody 
(Chemicon).

Heterologous expression o f  cDNAs
cDNAs encoding rabbit «1A (X57689), rat j84 (L02315), and mouse 
«282 (predominant brain splice variant that lacks exon 23 and 6 bp of 
exon 38, as described by Barclay and Rees, 2000) cDNAs, cloned into the 
pM T2 vector, were injected intranuclearly into Xenopus oocytes as de
scribed previously (Canti et al., 1999), except that 4 nl of cDNA mixture 
was injected at 1 p.g/p.1. Recordings were made using two-electrode 
voltage clamp as described previously (Canti et al., 1999).

Purkinje cell and granule cell preparation and I^a measurement 
Purkinje neurons. Cells were dissociated from P4-P8 mice (Mintz et al., 
1992) and plated onto concanavalin-A (2 jng/ml)-coated coverslips. 
Whole-cell was recorded 1-4 hr later with 5 mM Ba^^ as described 
previously (M intz et al., 1992). Purkinje cell (PC) identity was confirmed 
by positive calbindin immunostaining {n >  70).

Cerebellar granule cells. Granule cells (GCs) were isolated and cultured 
from P6 -P 8  mice, and whole-cell fg, was recorded as described previ
ously using 10 raM Ba "̂  ̂ (Pearson et al., 1995), except that the internal 
pipette solution contained (in mM): 100 HEPES, 30 EG TA , 0.57 CaCl;, 
2.25 M gClj, 3.68 ATP, and 0.1 GTP (Tris salt), pH 7.2 (320 mOsm).

Cells were used for analysis when the holding current at the holding 
potential was <20 pA for GCs and <50 pA for PCs. The holding current 
did not differ between genotypes. Leak current was subtracted using P/8  

protocol. Individual I - V  relationships were fitted with the modified 
Boltzmann equation I  =  * {V  ~  V ,^ )j{ l  +  exp[ -  {V  -  Fjo)/^]),
where G^ax is the maximum conductance, F/ev is the reversal potential, 
k is the slope factor, and F50 is the voltage for 50% current activation.

Single-channel recording
A ll recordings were performed as described by M eir et al. (2000). 
Experiments were performed on cell-attached patches from PCs at room 
temperature (20-22°C). Recording pipettes were pulled from borosili- 
cate tubes (World Precision Instruments, Sarasota, FL), coated with 
Sylgard (Sylgard 184; Dow Coming, Wiesbaden, Germany), and fire 
polished to form high-resistance pipettes (~10 M H  with 100 mM BaClz). 
The bath solution was composed of (in mM): 135 K-aspartate, 1 MgClj, 
5 EG TA , and 10 HEPES (titrated with KO H, pH 7.3). The patch 
pipettes were filled with a solution of the following composition (in mM): 
100 BaCl2, 10 tetraethylammonium (TEA)-C1, 10 HEPES, and 200 nM 
T T X , titrated with T E A -O H  to pH 7.4. Both solutions were adjusted to 
an osmolarity of 320 mOsm with sucrose. Data were sampled (Axopatch 
200B and Digidata 1200 interface; Axon Instruments, Foster City, CA), 
at 5 kH z and filtered on-line at 1 kHz. Voltages were not corrected for 
liquid junction potential (Neher, 1995) measured to be -1 5  m V in these 
solutions.

Leak subtraction was performed by averaging segments of traces with 
no activity from the same voltage protocol in the same experiment and 
subtracting this average from each episode using pClamp6  (Axon Instru
ments). Event detection was performed using the half-amplitude thresh
old method. Single-channel amplitude was determined by either a Gauss
ian fit to the binned amplitude distributions or the mean amplitude in 
two experiments at 4-10 mV when there was a small number of events.

A ll results are presented as mean ±  SEM, and statistical differences 
were determined by the Student’s t test.

GenBank accession numbers
D N A  and protein sequences described here have been deposited in 
GenBank under the following accession numbers: wild-type Cacna2d2, 
AF247139; du mutant transcript 1, AF247140; du mutant transcript 2, 
AF247141; and du^ mutant transcript, AF247142.

RESULTS 
Genetic and physical mapping of the du locus
Two genetic crosses were used to refine the location of du (Fig. 
la ). Progeny representing 1460 meioses (564 backcross progeny 
and 448 intercross progeny) were typed with microsatellite mark
ers 53.6-63.4 centimorgans (cM) from the eentromere on mouse 
chromosome 9 (Dietrich et al., 1996). This region was assembled 
in overlapping yeast artificial chromosome (YAC) clones (Fig. 
lb ). Sequence tagged sites (STSs) to Dagl and Lam b l (Skynner
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Figure I. Genetic and physical maps 
define the du critical region, a. Genetic 
map around the du locus. The relation 
of the dll gene to markers is shown to 
scale on partial chromosome linkage 
maps. Eight hundred ninety-six meio
ses of the (T K D V -+ /du X STOCK  
D liy ’" +  Tyf-^'^i+ p Tyd-^'') F I inter
cross place dll between D9Mit51 and 
D9Mit20 (2.9 ±  0.1 cM). Five hundred 
sixty-four meioses from an intersubspe
cific backcross [(TKDU--t-/r/« X CAST/ 
Hi) X T K V \3-+ idu] show that D9Mit?S 
and M DBI432  flank du, placing it in a 
0.8 ±  0.3 cM interval. D9Mit prefixes 
have been removed from the markers for 
clarity. Underlined markers were typed in 
both crosses, b. Physical map of the du 
region. Markers ordered genetically are 
shown above the horizontal line, and 
those ordered on the physical map only 
are placed below. The region around du 
is indicated by a filled bar. A  contig of 
YACs was assembled as illustrated. L i
brary identification is prefixed with y. 
Four PAC clones are indicated and pre
fixed with p. Marker content in genomic 
clones is indicated by filled circles aligned 
with markers on the physical map. Gene 
symbols are as follows; SemaSB, 
semaphorinSB; Dagl, dystroglycani; 
Lamb2, lamiidnfi2.

et al., 1995) localized both genes distal to the du critical region 
(Fig. \b). The  human orthologs o f these genes map to chromo
some 3p21 (Skynner et al., 1995). The  STS sequences D31943, 
M l3963, and X85990 demonstrated significant similarities w ith  
CISH  (U chida et al., 1997), G N A T l (B latt et al., 1988), and 
SEMA3B  (Sekido et al., 1996), respectively. These genes map to 
human 3p21.3, indicating that the dii gene is in a region of 
conserved linkage w ith this region.

Cacna2d2 is a candidate gene for the du locus
Cacna2d2 was identified as a candidate gene for du as a direct 
result o f the conservation of linkage of human chromosome

3p21.3 w ith  this region o f mouse chromosome 9. Hum an chro

mosome 3p21.3 is frequently deleted in small cell lung carcinoma 

and has been the target o f positional cloning efforts. One tran

script (hum an gene CACNA2D2-, G enBank accession number 

A F 042792) isolated from  this region showed 55.6%  homology 

w ith the «281 V D C C  subunit gene (K lugbauer et al., 1999; Gao  

et al., 2000). T w o  mouse expressed sequence tags (G enBank  

accession numbers AA 000341 and A A 008996) w ith 91 and 82%  

nucleotide identity to CACNA2D2 were identified by Basic Local 
Alignm ent Search Too l analysis. This  mouse sequence (gene 

Cacna2d2) was used to design a genomic P C R  assay to test Y A C s
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Figure 2. Cacna2d2 is predominantly expressed in brain in a pattern 
distinct from Cacna2dl but similar to Cacna2d3. a, Expression of 
Cacna2d2, Cacna2dl, and Cacna2d3 by RT-PCR of P28 + /+  mouse tissue 
RNA. j8-Actin primers were used to allow comparisons of transcript 
levels. Negative control was no RNA. /, Cacna2d2-\1FI\AR\ ii, Cacna2dl- 
IF /IR ; Hi, Cacna2d3-\F/\R\ iv, j3-actin. b. In situ hybridization analyses of 
whole-brain sections (P21 + /+ )  with a DIG-labeled antisense Cacna2d2 
RNA probe (nt 3705-4909). i. Sagittal section demonstrates the highest 
level of expression in cerebellum {cb), with some expression also in 
medulla (m), pons {p), and striatum (5t). ii. The horizontal section shows 
expression in cortex (cx), nucleus reticularis thalami {nrt), habenula {ha), 
and hippocampus {h). c. Detailed examination of some of these areas by 
in situ hybridization with the same probe as above. Moderate expression 
is seen in medulla (/), and higher levels were seen in a subpopulation of 
cells of the striatum {ii) and cerebral cortex in a large proportion of 
cortical neurons throughout all layers {Hi). Uniform expression is seen 
in nRT {iv), habenula (v), and hippocampus (v/). Scale bar: Ci-Ciii, 100 
jLt m; Civ, Cv, 50 jam.

from the du contig. Three positive clones (y203E7, y257D12, and 
y465Fl) placed Cacna2d2 between D17914 and M l3963, within 
the candidate interval (Fig. 16). STS content mapping of four 
overlapping Cacna2d2-positwe PI-artificial chromosomes (FACs) 
orientated the gene as 5' to 3' in a proximal to distal direction 
(Fig. 16). An intragenic (CA)n repeat («282-43.21) was nonre
combinant with du in the backcross. Therefore, Cacm2d2 was a 
good positional and functional candidate for du.

The 5.5 kb Cacna2d2 cDNA (GenBank accession number 
AF247139) shared 91% nucleotide identity with CACNA2D2. 
The genomic structure of the Cacna2d2 gene has been deter
mined (see Fig. 3d) (Barclay and Rees, 2000). Overall, mouse 
«282 shares 95% identity and 96.5% similarity with the human 
protein.

Barclay et al. • Calcium Channel «282 Mutations in the Ducky Mouse Muta t

Cacna2d2 is predominantly expressed In mouse brain 
In a restricted pattern
The predominant Cacna2d2 transcript is in brain, with lower 
levels in kidney and testis (Fig. 2ai), a pattern distinct from 
Cacna2dl (Fig. 2aii) but similar to Cacna2d3 (Fig. 2aiii). By 
RT-PCR, no Cacna2d2 expression was detected in lung at any age 
studied (1, 2, 6, and 20 months), a result confirmed using two 
additional sets of PCR primers (data not shown). Detailed 
Cacna2d2 brain expression was studied by in situ hybridization. A 
Cacna2d2 anti sense RNA probe (exons 38-39) was hybridized to 
sections of P21 +/+  mouse brain. Analysis of whole-brain sagittal 
sections (Fig. 26/) revealed the highest level of expression to be in 
the cerebellum, with moderate levels in medulla, pons, and stri
atum. Analysis of horizontal sections (Fig. 26/7) also shows ex
pression in cortex, hippocampus, habenula, and nucleus reticu
laris thalami (nRT). Figure 2c shows higher-resolution images of 
medulla (/), striatum (//), cerebral cortex {Hi), nRT (/V), habenula 
(v), and hippocampus (v/). No signal was detected with a control 
sense probe (data not shown). Cerebellar expression is investi
gated further in Figure 5, demonstrating that the gene is highly 
expressed in PCs with only very low levels in the granule cell layer 
(GCL) (see Fig. 5c).

Cacna2d2 Is mutated In du/du mice
No full-length Cacna2d2 transcript was detected by RT-PCR in 
du/du mice. A failure of amplification between exon 1 and 4-39 
implied disruption of the gene (Fig. 3ai, top and middle panels). 
Additional analysis identified two distinct mutant transcripts. 3' 
RACE of Cacna2d2 RNA in du/du identified a chimeric tran
script (mutant transcript 1) composed of exons 1, 2, and 3 spliced 
to a novel sequence (X). RT-PCR using primers for Cacna2d2 
exon 1 and region X gave a A-specific product (Fig. 3ai, bottom 
panel). Mutant transcript 1 encodes the first 414 nucleotides of 
Cacna2d2, followed by 24 novel nucleotides and a stop codon. 
Amplification between exons 1 and 3 (Fig. 3ai, top panel) reveals 
a low level of mutant transcript 1 in du/du mice. A low level of 
mutant transcript 2 (exons 2-39) is also detected by RT-PCR in 
du/du brain (Fig. 3aii). Wild-type Cacna2d2 (5.5 kb) and these 
mutant transcripts sized —1.5 and 5 kb can be detected by North
ern analysis of +/+ and du/du cerebellar mRNA, respectively 
(Fig. 36).

The presence by RT-PCR of the two mutant transcripts in 
du/du mice suggested a duplication of exons 2 and 3, although 
additional bands were not detected by standard agarose gel elec
trophoresis and Southern blotting (data not shown). In contrast, 
PFGE and Southern blotting revealed a large genomic rearrange
ment (Fig. 3c). Exons 1 and 4-39 are present once per + and du 
chromosome. This is demonstrated by the presence of single 190 
kb Notl hybridizing fragments with the probe corresponding to 
these exons (Fig. 3ci,ciii) in both genotypes. Exons 2-3 and region 
X are present once per + chromosome and twice per du chro
mosome, as indicated by the single (190 kb) and double (190 and 
600 kb) Notl fragments (Fig. 3cii), respectively. This supports a 
genomic duplication of exons 2-3 and region X. The large size 
(>150 kb) of this duplication precludes its identification by con
ventional PCR and sequencing or Southern blotting because 
internal primer sites and restriction sites have been duplicated 
without disruption, preventing any distinction between original 
and duplicated exons. The wild-type position of region X as 3' to 
the Cacna2d2 gene was confirmed by PCR amplification of the 
PAC clones (Fig. 16). In genomic DNA, the copy of region X 
common to +/+  and du/du contains two B2 repeat elements, and
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rearrangement involving the Cacnaldl 
gene, a. Two mutant transcripts can be 
identified by RT-PCR of total brain RNA  
from dujdu mice. Two + /+ ,  two duidu 
samples, and a negative control (no RNA) 
are shown per gel. i, Top, Normal size 
amplification product of exons 1-3 is shown 
in +/-I- and du/du RNA, with reduced lev
els in the latter. /Middle, Amplification be
tween exons 1 and 4 does not produce a 
product in du/du RNA, suggesting disrup
tion of the Cacnaldl gene in this region. 
Bottom, Amplification of the rfw-specific 
chimeric transcript of Cacna2d2 exons 1, 2, 
and 3 and a novel sequence X. ii, Overlap
ping PCR fragments spanning exons 2-39 
of Cacna2d2 can be detected in + /+  and 
du/du RNA, with lower levels observed in 
du/du samples, b. Wild-type Cacna2d2 tran
script (5.5 kb) is absent from du/du brain by 
Northern analysis using cerebellar mRNA  
and full-length Cacna2d2 as a probe. Low 
levels of two J«-specific bands (—1.5 and 5 
kb) are detected. The filter was rehybridized 
with ^-actin as a control for RNA loading, c, 
PFGE shows duplication of Cacna2d2 exons 
2 and 3 and region X  in du/du genomic 
DNA. Southern analysis of Aotl-digested 
genomic DNA separated by PFGE from 
-I-/+ , +/du, and du/du mice is shown. Blots 
were hybridized with Cacna2d2 probes: i, 
exon 1; ii, exons 2-3; iii, exons 4-39; iv, 
region X. Sizes are in kilobases. d, A  scale 
representation of the genomic region con
taining Cacna2d2 {red) and region X  {blue) 
in + /+  and du/du mice. N, Not\ sites. The 
presence of one or two B2 repeats 5' to 
region X  is marked by a vertical line. The 
mutant transcripts 1 and 2  produced from 
each region in du/du are represented by col
ored boxes. The Cacna2d2 gene is arranged 
5' to 3' in + /+ . In du/du, exons encoding 
mutant transcript 1 are shown in a 5' to 3' 
direction, and those encoding mutant tran
script 2 are inverted and shown 3' to 5'. The 
distance between exon 3 and region X  is 
unknown but is >12 kb. The scale bar is in 
kilobases.

the du-specific copy contains a single B2 repeat (Fig. ?>d). A 
plausible mutation mechanism, possibly mediated by the B2 re
peats, is a head to tail duplication of Cacna2d2 exons 2-39 and 
region X, followed by a deletion including exons 4-39 of the 
original Cacna2d2.

A second, distinct mutation of Cacna2d2 in 
du^^/du^^ mice

Recently, a spontaneous, autosomal recessive mouse mutant, with 
ataxia and paroxysmal dyskinesia, arose at The Jackson Labora
tory. Breeding experiments established it as a novel ducky allele; 
du-^. Cortical EEG recordings from du^/du^  revealed infrequent

bilateral SWDs of high amplitude (500 pN ) and 5-7 Hz (Fig. 4a). 
These spontaneous discharges were accompanied by behavioral 
arrest. To determine whether these discharges were seizure re
lated, an intraperitoneal injection of ethosuximide (100  mg/kg) 
was given, and the discharges were abolished.

Mutational analysis of Cacna2d2 in du^/du^  mice by RT-PCR 
and genomic sequencing revealed a 2 bp deletion (TO) within 
exon 9 (Fig. 4b) predicted to cause premature truncation of the 
protein (GenBank accession number AF247142). Sequence anal
ysis of 45 subclones of the du^/du^  RT-PCR product failed to 
detect any wild-type transcript (data not shown). Northern anal
ysis of mRNA from du^idu^  brain showed no difference in
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Figure 4. du^'ldu^ mice show 5-7 Hz SWD on cortical EEG and a 2 bp 
deletion in Cacnaldl. a, Representative EEG recordings of seizures from 
homozygous du^ Idu^ mice {n -  8). Low- and high-frequency filters were 
set at 0.3 and 35 Hz, respectively. Traces from cortical bipolar electrodes 
implanted in the left and right hemispheres are illustrated. These spike- 
wave discharges accompanied behavioral arrest. Control mice (n =  2) 
showed no abnormal activity (data not shown), b, Schematic representa
tion of exons 9 and 10 and intron 9 of the Cacna2d2 gene in + /+  and 
du^jdu^ genomic DNA.

Cacna2d2 transcription levels compared with wild type (data not 
shown), suggesting stability of the mutated transcript.

These observations suggest that Cacna2d2 mutations in duIdu 
and du^ldu^  mice underlie the ducky phenotype of ataxia, 
SWDs, and paroxysmal dyskinesia.

Immunohistoehemistry of du/du Purkinje and granule 
cells reveals no cell loss
In view of the cerebellar pathology in du/du mice, we wanted to 
identify whether there was any loss of PCs or GCs that might be 
responsible for this. However, immunohistochemical investiga
tions using calbindin as a PC marker (Fig. 5a,b) and calretinin as 
a GC marker (Fig. 5c,d) did not identify loss of cell bodies in 
du/du cerebella at P21 (Fig. 5b,d). Similar observations were 
made for du^/du^ (data not shown).

Absence of full-length «282 in du/du cerebellar 
Purkinje cells
In situ hybridization with a 3' Cacna2d2 anti-sense RNA probe 
(Fig. 5 e /)  was used to demonstrate the presence of full-length 
Cacna2d2 message in -I-/-I- PCs (Fig. 5e) and its absence in du/du 
PCs (Fig. 5/).

The possibility of compensatory upregulation of Cacna2dl 
(Fig. 5g,h) and Cacna2d3 (Fig. 51,j )  transcript levels in du/du 
cerebella was investigated by in situ hybridization with antisense 
RNA probes. No major differences were observed in their distri-

+/+ du/du
‘f • at

GCL '

e
*

g

f

Figure 5. Analysis of Cacna2d2, Cacna2dl, and Cacna2d3 expression in 
cerebellum of P21 4 -/4 - and du/du mice, a, b, Immunohistochemical 
detection of calbindin showing no obvious differences in PC number in 
du/du (b) compared with 4 -/4 - (a) cerebellum, c, d, Calretinin immuno
staining shows no difference in GC staining between 4 -/4 - ( c )  and du/du 
(d) cerebellum. In situ hybridization of 4 -/4 - and du/du sections with a 3' 
Cacna2d2 antisense RNA probe. Analyses were performed on 4 -/4 - (e) 
and du/du ( / )  sections. This probe does not detect any expression in the 
du/du PCs ( /) .  In situ hybridization with Cacna2dl (g, h) and Cacna2d3 
( i,j)  probes. (For a-j, n = 3 for each genotype and experiment.) For all 
three riboprobes used, no signal was detected on hybridization of control 
sense RNA to 4 -/4 - sections (results not shown). Scale bar: a-j, 100 ja m . 

The PCL is indicated by an arrowhead, and the M L is uppermost in all 
sections. A small region of cerebellum is shown throughout for clarity.

button in du/du compared with 4-/4- cerebellum, and in particular 
there was no compensatory expression of a251 or «253 mRNA in 
du/du PCs.

Modulation of channel currents by «282
The physiological function of the «202 subunit encoded by the 
Cacna2d2 gene was investigated using in vitro expression and 
electrophysiology. To mimic the composition of the predominant 
calcium channels in cerebellar Purkinje cells, we examined the 
effect of «2Ô2 when coexpressed with a lA  and )34 in Xenopus 
oocytes. Coexpression of a282 induced a large enhancement of 
alA  current amplitude (Fig. 6a,b). For example, at 0 mV, the 
increase was from -0.55 ± 0.15 (n = 14) to -1.8 ± 0.27 p.A {n = 
13), and there was a small hyperpolarization of current activation.
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Figure 6. The effect of a282 on alA/j34 calcium 
channel currents expressed in Xenopus oocytes, a, b, 
Calcium channel currents recorded in 5 mM Ba^^ 
from Xenopus oocytes injected with either alA/|34 
(a) or a l A/a282//34 (b). For clarity, only the currents 
on the rising phase of the I -V  relationship are shown, 
c, I - V  relationship of alA/j34 (O) and alA/a282/]84 
( • )  peak currents {n =  14 and 13, respectively). The 
mean I -V  relationships were fitted with a combined 
Boltzmann and linear fit, as described in Materials 
and Methods. No significant differences were ob
served in the V,̂  ̂or k (results not shown), cl. Steady- 
state inactivation of alA/)34 (O) and alA/a282/j34 
( • )  currents (n -  14 and 13, respectively) were ob
tained by stepping to the conditioning potential for 25 
sec, before measuring the current at the test potential 
of 0 mV. Individual data were fitted with a single 
Boltzmann equation of the form / / / „ ,u x  = 1/(1 +  
exp[(F -  T50)//:]), where k is the slope factor and F5,, 
is the voltage for 50% steady-state inactivation of the 
current. The K;o(macivu,ion) was -41.73 ±  1.0 mV for 
alA/j34 and -41.68 ±  1.1 mV for alA/a282/j34.

the voltage for 50% activation shifting from -6.4 ± 0.7 to 
-12.0 ± 1.4 mV {p <  0.01) (Fig. 6c). The maximum conductance 
was increased from 0.013 ± 0.003 to 0.036 ± 0.005 pS by coex
pression of «282. There was no effect of «282 on steady-state 
inactivation of «lA/j84 currents (Fig. 6d).

channel currents in du/du Purkinje cells and 
granule cells
The effects of «282 on the «lA/j34 current in vitro suggested that 
loss of wild-type «282 may result in a reduction in Ca^^ current 
density. To test this, was examined in acutely dissociated 
cerebellar PCs from P4-P8 mice, density was clearly reduced 
in the PCs from duidu compared with + /+  and +ldu mice (Fig. 
7a,b). There was no effect on voltage dependence of activation 
(Fig. 7a) or on the kinetics of activation or inactivation (data not 
shown). Cell size, as determined by the capacitance, was not 
significantly different between the genotypes, being 14.9 ± 1.4, 
15.1 ± 0.9, and 17.6 ± 1.7 pF in the + /+ , +ldu, and du/du PCs, 
respectively. To examine the basis for the reduction in the whole
cell /ga in du/du PCs, single P-type Ca^^ channels were examined 
in the cell-attached mode from + /-I-, +/du, and du/du PCs (Fig. 
7c). There was no difference in the single-channel conductance or 
amplitude between the three genotypes (Fig. 7d). In cultured 
cerebellar GCs, taken from P6 -P8 mice, there was no significant 
difference in /g  ̂ density at any potential (Fig. 7c/) or in cell 
capacitance between the genotypes.

DISCUSSION
Our data provide strong evidence that the ducky phenotype is 
associated with mutations in the Cacna2d2 gene. This is discussed 
together with a consideration of the normal expression pattern 
and function of the VDCC «282 accessory subunit it encodes and 
how disruption of this function leads to the phenotypic features 
of ataxia and spike-wave seizures.

Cacna2d2 is disrupted in du and dû '̂  mice
These studies demonstrate that wild-type Cacna2d2 transcript is 
absent from the brain of du/du and du^/du^ mice. In du/du mice, 
a genomic rearrangement disrupts Cacna2d2 and duplicates a 
nonfunctional open reading frame, region X, although the exact

mechanism remains unclear. Mutant transcripts 1 and 2 are 
present at very low levels in du/du mice and, if translated, would 
encode proteins that are unlikely to function normally. The 
product of mutant transcript 1 would lack most of the «2  subunit 
and the 8 subunit that includes the transmembrane domain, 
whereas that of mutant transcript 2 is unlikely to be trafficked 
correctly without a signal sequence. In du^/du^ mice, a 2 bp 
deletion in exon 9 of Cacna2d2 would result in a truncated protein 
lacking >800 amino acids, including the transmembrane domain. 
This is the first mammalian phenotype associated with disruption 
of an «28 subunit gene and should allow the physiological roles of 
«282 and the other «28 subunits to be characterized further.

Cacna2d2 is predominantly expressed in mouse brain
Northern analysis of CACNA2D2 in human tissue showed highest 
expression in heart, pancreas, and skeletal muscle and lower levels 
in kidney, liver, placenta, and brain (Klugbauer et al., 1999). A 
separate study reported highest expression in lung and testis and 
significant levels in brain, heart, and pancreas (Gao et al., 2000) 
and suggested that the pattern in the former study may reflect 
cross-hybridization of the probe with CACNA2DI. The expres
sion pattern presented here corresponds more closely with the 
latter study, and the differences observed (particularly in lung) 
may be attributed to species differences and/or developmental 
differences. This is not unprecedented (Fougerousse et al., 2000).

In brain, Cacna2d2 expression was highest in cerebellar PCs 
but was also detected in cerebral cortex, hippocampus, cerebellar 
GCs, nRT, habenula, pons, and medulla. The genes encoding the 
«281, «282, and «283 subunits show generally distinct patterns of 
expression within the cerebellum. Cacna2dl is predominantly 
expressed in the GCL, Cacna2d2 is predominant in the Purkinje 
cell layer (PCL), and Cacna2d3 expression is detected in the 
molecular layer (ML) (Klugbauer et al., 1999; Hobom et al., 2000; 
present study). Most of the «1, )3, and 7  subunit genes share at 
least one region of expression with Cacna2d2, making it difficult 
to predict in vivo interactions based on expression profiles. How
ever, the similarity of the ducky phenotype to that observed in 
mice with mutations in genes encoding the «1A and /34 subunits 
(Fletcher et al., 1996; Burgess et al., 1997) and their predominant
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Figure 7. Calcium channel currents in cerebellar 
Purkinje cells and granule cells, a, I - V  relationships 
in PCs from + /+  {n =  19), +/du {n =  32), and du/du 
{n =  14) mice. Genotypes as indicated in the figure.
Cells were held at -8 0  mV. At -1 0  mV, the /g^ 
density was -84 .9  ±  8.2, -90.5  ±  7.8, and -54 .2  ±
8.9 pA/pF in the + /+ ,  F/du, and du/du PCs, respec
tively (p  <  0.05 for du/du vs + /+ ;  p <  0.01 for du/du 
vs +/du). There was no significant difference between 
the genotypes in the kinetics of activation or in the 
inactivation over 50 msec. The 10-90% rise times at 
-1 0  mV were 3.5 ±  0.2,3.4 ±  0.2, and 3.9 ±  0.2 msec 
in -\-/du, and du/du PCs, respectively, and the 
respective percentage of inactivation in 50 msec was 
13.6 ±  1.3,16.4 ±  0.9, and 17.1 ±  2.0%. Calibration;
30 pA/pF, 20 msec, b, Example current traces from 
-i-/-i-, +/du, and du/du PCs. The currents were elicited 
by 50 msec voltage steps from -7 0  to -1 0  mV. /g^ 
density is reduced in PCs from du/du mice compared 
with +/4- mice, c, Ca^^ channel activity in cell- 
attached patches from PCs of + /+  {left\ two overlap
ping openings are evident, indicative of at least two 
channels active in the patch of membrane recorded),
+/du {middle-, two channels in patch), and du/du 
{right-, single channel) mice. Top, The voltage proto
col; holding potential, -7 0  mV; test potential, +20 
mV, for 500 msec, delivered every 5 sec. Three rep
resentative current traces are shown for each cell; 
openings are downward deflections, and the horizontal 
lines that run through the traces represent the closed 
state. Calibration: 1 pA, 250 msec, d. Similar single
channel conductance for VDC Cs in PCs of + /+ ,
+/du, and du/du mice using the same symbols as in 
a. Single-channel amplitudes were measured at 
three different voltages and averaged for each pop
ulation. n -  3 -4 , 4 -5 , and 2 -6  patches for + /+ ,
+/du, and du/du, respectively. The single-channel 
conductance was determined by fitting a linear 
function to the mean data and was 13.8, 11.4, and 
13 pS, respectively, e, I - V  relationships for GCs 
from + /+  {n =  35), +/du {n =  18), and du/du {n -
23) mice. Cells were held at -7 0  mV. The mean I - V  relationships were fitted with a combined Boltzmann and linear f it./. Example current traces
from + /+ ,  +/du, and du/du GCs. The currents shown were elicited by 100 msec depolarizing voltage steps from -5 0  to +15 mV. Calibration: 10
pA/pF, 50 msec.
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PC expression pattern suggests that a2ô2 contributes to the 
P-type current.

0:282 interacts in vitro with the o:1A//34 combination
In vitro studies have shown that a lb \  and a2ô3 subunits increase 
peak current amplitude and alter the kinetics of inactivation for a 
number of different a l subunits (Walker and De Waard, 1998; 
Dolphin et al., 1999; Klugbauer et al., 1999). In vitro studies with 
human a2S2 also demonstrate increased peak current amplitude 
for several a l subunits (Gao et al., 2000). Our results show that 
mouse a2ô2 causes a 2.8-fold increase in maximum conductance 
for the alA/j34 subunit combination when coexpressed in Xeno
pus oocytes.

Mechanism of the altered Ca^^ channel current in 
du/du PCs
The in vitro expression data suggested that disruption of a282 
expression in ducky mice may result in a decrease of the Ca^^ 
channel current in cells that express Cacna2d2. Electrophysiolog
ical recordings from isolated du/du PCs confirmed this hypothe
sis, with a 35% decrease in the peak P-type Ca^^ current density 
in du/du compared with + /+  PCs. This result has been confirmed 
recently by Ca^^ imaging experiments (J. Brodbeck and A. C. 
Dolphin, unpublished results). Furthermore, the comparable sin
gle P-type Ca^^ channel conductance in the two genotypes

indicates that the reduction in I .̂  ̂density reflects either a change 
in the number of functional channels or their open probability. 
The ducky mouse represents the first example of an accessory 
VDCC subunit mutant with a measurable effect in PCs. Record
ings from a lA  mutant mice PCs also revealed changes in the 
P-type Ca^^ current compared with that in wild-type PCs (Dove 
et al., 1998; Lorenzon et al., 1998; Wakamori et al., 1998; Jun et 
al., 1999). Similar studies performed on lethargic mice, however, 
showed no differences from wild type, potentially as a result of 
compensation by other j3 subunits (Burgess et al., 1999). The low 
levels of Cacna2dl and Cacna2d3 transcripts in the PCs may 
preclude such compensation in PCs of du/du mice, and indeed no 
upregulation of these mRNAs was seen in du/du PCs. In vitro 
recordings from cultured du/du and + /+  GCs demonstrated no 
significant difference in the Ca^^ channel current, consistent with 
the lower expression levels of Cacna2d2 in the GCL.

Calcium channel dysfunction and the ducky phenotype
It is likely that several features of the ducky phenotype, including 
the SWDs, ataxia, and paroxysmal dyskinesia, are attributable to 
loss of full-length functional a2ô2 in neurons of ducky mice. The 
occurrence of these traits in other mice with mutations in genes 
encoding VDCC subunits supports this hypothesis.

Homozygous Cacnala'^, Cacnbd'^ Cacng2^‘̂ , du, and du^  mice
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all exhibit generalized bilaterally symmetrical SWDs with a fre
quency of 5-7Hz (Noebels and Sidman, 1979; Noebels et al., 1990; 
Hosford et al., 1992; present study). Evidence from animal mod
els suggests that SWDs are generated by aberrant thalamocortical 
oscillations involving neocortical pyramidal neurons, thalamic 
relay neurons, and GABAergic neurons of the nRT (Snead, 
1995). T-type Ca^'^ currents underlie thalamic oscillations, and 
VDCCs have an essential role in presynaptic release of neuro- 
transmitters, providing two potential mechanisms linking Ca^^ 
currents and thalamocortical circuits (Coulter, 1997). Reduction 
of excitatory but not inhibitory synaptic transmission in the thal
amus of lethargic and tottering mice has been documented pre
viously (Caddick et al., 1999), and it was proposed that a net 
enhanced GABAergic input in thalamocortical neurons may syn
chronize them into a burst firing mode. In contrast, hippocampal 
neurotransmitter release appears to be stabilized by a Câ "̂  
current compensatory mechanism in the same mice (Qian and 
Noebels, 2000). Additional work is required to elucidate the 
mechanism of SWD generation in ducky mice. However, the 
expression of Cacna2d2 within the nRT and cortical pyramidal 
neurons suggests a similar mechanism may be involved.

An ataxic gait is first detectable between PIO and P21 in 
tottering, lethargic, stargazer, and ducky homozygotes (Snell, 
1955; Green and Sidman, 1962; Dickie, 1964; Noebels et al., 
1990). The high levels of expression of all the corresponding 
VDCC subunit genes in cerebellar neurons, particularly PCs, 
provides an obvious anatomical correlate with the presumed 
cerebellar dysfunction underlying the ataxia. PC loss has been 
documented in some, but not all, of these mutant strains; for 
example, it is observed in (Heckroth and Abbott, 1994). In 
duidu mice, no loss of PC somata was seen, but preliminary 
findings indicate major PC dendritic abnormalities (Brodbeck and 
Dolphin, unpublished results). The dujdu PCs in which a reduced 
Ca^'^ channel current was documented were obtained, for tech
nical reasons, from ducky mice too young and developmentally 
immature to manifest an ataxic gait. However, it is reasonable to 
assume that the functional deficit is also present in older mice, 
and its presence before the overt phenotype is seen demonstrates 
that it is not merely a secondary effect. It is noteworthy that 
mutations in the human ortholog of the tottering gene C A C N A IA  
are associated with ataxia and are also associated in vitro with a 
reduced whole-cell Ca^^ channel current (Hans et al., 1999).

There is one noticeable phenotypic difference between the 
dujdu and du^ jdu ^  mice. Homozygous d u ^  mice lack the char
acteristic “ducky” gait, potentially reflecting differences in the 
relative effects or stabilities of the mutant gene products. Addi
tionally, the two mutations are maintained on different genetic 
backgrounds {du on T K D U  and d u ^  on C57BLKS/J), and this 
has an effect in other channelopathy phenotypes (Sprunger et al.,
1999). Alternatively, these differences could result from involve
ment of other genes that are either disrupted or duplicated by the 
du rearrangement but unaltered in du jd u ^  mice. Several other 
genes lie within the du interval, including a semaphorin (Sekido 
et al., 1996).

These observations complete the association of mutations in all 
four main categories of VD C C  subunits with a phenotype in 
mouse that includes SWDs and ataxia. A  central role for dis
turbed neuronal calcium channel function can therefore be in
voked. In the case of «282, this is reinforced by the finding that a 
high-affinity binding site of the anti-epileptic drug gabapentin in 
brain has been identified as «28 (Gee et al., 1996). In conclusion, 
these observations extend the occurrence of epileptogenic muta

tions to the last major category of genes encoding VD C C  subunits 
and further strengthen the argument that such genes represent an
important class of candidates for human IGEs.
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