Molecular Neurobiology

Copyright © 2002 Humana Press Inc.

All rights of any nature whatsoever reserved.
ISSN0893-7648/02/25(1): 31-50/$15.00

Calcium Channels and Channelopathies
of the Central Nervous System

Daniela Pietrobon

Dept. of Biomedical Sciences, Univ. of Padova,
V.le G. Colombo 3, 35121 Padova, Italy

Abstract

Several inherited human neurological disorders can be caused by mutations in genes encoding
Ca?* channel subunits. This review deals with known human and mouse calcium channelopathies
of the central nervous system (CNS). The human diseases comprise: 1) a recessive retinal disorder,
X-linked congenital stationary night blindness, associated with mutations in the CACNATF gene,
encoding o11.4 subunits of L-type channels; and 2) a group of rare allelic autosomal dominant
human neurological disorders including familial hemiplegic migraine, episodic ataxia type 2, and
spinocerebellar ataxia type 6, all associated with mutations in the CACNA1A gene, encoding 0112.1
subunits of P/Q-type calcium channels. Mutations at the mouse orthologue of the CACNAIA
gene cause a group of recessive neurological disorders, including the tottering, leaner, and rocker
phenotypes with ataxia and absence epilepsy, and the rolling Nagoya phenotype with ataxia with-
out seizures. Two other spontaneous mouse mutants with ataxia and absence epilepsy, lethargic
and stargazer, have mutations in genes encoding a calcium channel auxiliary  subunit and a puta-
tive calcium channel auxiliary y subunit. For each channelopathy, the review describes disease
phenotype, channel genotype, and known functional consequences of the pathological mutations;
in some cases, it also describes working hypothesis and/or speculations addressing the challeng-
ing question of how the alterations in channel function lead to selective cellular dysfunction and
disease.

Index Entries: Calcium channel; channelopathy; migraine; ataxia; epilepsy; neurodegeneration;
genotypephenotype; mutation; mouse mutants; cerebellum.
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Fig. 1. Nomenclature of voltage-dependent Ca?* channels and matching percentage in membrane-spanning
segments and pore loops (see [3] for details). For o subunits, both the new numerical and, in parenthesis, the
old alphabetical nomenclature are shown. Ca?* channels are named using the chemical symbol of the principal
permeating ion (Ca) with the principal regulator (V) as subscript. Also shown are the corresponding classes of
native high-voltage-activated (L-, N-, P/Q- and R-types) and low-voltage-activated (T-type) Ca%* channels.

Neuronal Voltage-Dependent
Calcium Channels

Since Ca2* ions (unlike K*, Na*, Cl- ions)
are intracellular second messengers, calcium
channels are unique among ion channels
because they regulate a diversity of addi-
tional cellular functions, besides cellular
excitability. Voltage-dependent calcium chan-
nels mediate Ca?* entry into cells in response
to membrane depolarization, and thus, trans-
duce electrical signals into chemical signals.
In the nervous system they control a broad
array of functions including neurotransmitter
release, neurite outgrowth, synaptogenesis,
neuronal excitability, activity-dependent
gene expression, as well as neuronal survival,
differentiation, and plasticity.
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Voltage-dependent Ca?* channels are multi-
subunit complexes composed of a pore-form-
ing and voltage-sensing ou subunit and several
auxiliary subunits, including 026 and B sub-
units (and in some cases y subunits). They con-
stitute a complex family of channels
comprising a large number of different sub-
types, which have in common a steep voltage
dependence of the open probability and a very
high selectivity for Ca?* over Na* and K* ions
in physiological solutions. The structure of the
ou subunit shares a basic design with other
voltage-gated ion channels, consisting of six
membrane-spanning segments (51 to S6)
flanked by cytoplasmic and extracellular loops,
with the loop between S5 and S6 folded into the
membrane to form part of the pore. This basic
design is repeated in four homologous
domains (Fig. 2). The S4 segment has been
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shown to play a major role in voltage-sensing.
High selectivity for Ca?* ions is achieved
through a high-affinity binding site formed by
a ring of four glutamates, located within the
pore close to the external mouth (1,2).

Atleast 10 genes (CACNAIS,C,D,F A, B, E,
G, H, I) encode Ca?* channels o1 subunits.
According to aminoacid sequence homology,
the ou subunits can be grouped into three fam-
ilies (identity in sequence is more than 70%
within a family and less than 40% among fam-
ilies; see Fig. 1). Since the alphabetical nomen-
clature in use up to now does not reveal these
structural relationships, a new nomenclature
has been recently proposed, where the first
number refer to the family and the second
number to the order of discovery of the o1 sub-
unit within that family (3) (Fig. 1).

According to pharmacological criteria,
native high-voltage-activated Ca?* channels
have been classified as dihydropyridine-
sensitive channels (L-type), ®-conotoxin-
GVIA-sensitive channels (N-type), and
w-agatoxin-IVA-sensitive  channels (P/Q-
type). An additional component of current (R-
type) has been identified as the calcium
current resistant to the specific inhibitors of
L-, N-, and P/Q-type channels (4,5). The fol-
lowing correlation between native neuronal
calcium channels and cloned o subunits has
been established (Fig. 1): ou2.1, 012.2 and
012.3 subunits are the pore-forming subunits
of P/Q- (Cay2.1), N- (Cay2.2), and R-type
(Cay2.3) calcium channels, respectively: these
channels are expressed primarily in neurons,
where they initiate neurotransmitter release
at most fast synapses. a11.1, 011.2, 011.3, and
o11.4 subunits are pore-forming subunits of
different L-type calcium channels: Cay1.1 and
Cay1.2 are the main Ca?* channels of muscle,
where they initiate contraction; Cay1.3 chan-
nels are highly expressed in endocrine cells,
where they initiate secretion; Cayl.2 and
Cay1.3 are also widely expressed in neurons,
where they play an important role in control-
ling gene expression; Cayl.4 channels are
expressed only in the retina. 013.1, 0:13.2, and
013.3 subunits are pore-forming subunits of
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different low-voltage-activated T-type Ca?*
channels: Cay3 channels are expressed in a
wide variety of cell types, and in neurons
they are involved in shaping the action poten-
tial, in controlling patterns of repetitive fir-
ing, and in neuronal integration.

The Ca?* channel auxiliary 02-8 (028-1, -2,
-3), B (B1,2,3,4) and vy (y1,2,3,4,5,6,7,8) subunits are
encoded by three, four, and eight different
genes, respectively (3-7). Whereas the skele-
tal muscle Ca?* channel (Cayl.1) certainly
contains the y1 subunit, there is still consider-
able debate as to whether all the different
types of Ca?* channels contain y subunits (5).
Further molecular diversity of Ca?* channels
is created by the existence of multiple splice
variants for each pore-forming and auxiliary
subunit gene. The B subunits have major
functional effects on both membrane target-
ing and modulation of calcium channels con-
taining o1l and o2 subunits (8,9). In
heterologous expression systems different f3
and 02-0 subunits in combination with a
given oy subunit give rise to calcium channels
with different biophysical properties (8,10).
Moreover, functionally different calcium
channels can be formed by different splice
variants of a given o1 subunit (11-13). All the
different Ca?* channel subunits, except o11.1,
are expressed in the brain, with a differential
distribution in different neuronal populations
and different localization within the same
neuron. Different splice variants of a given
subunit are also differentially distributed and
localized in the brain. Therefore, the potential
for combinatorial structural and functional
heterogeneity of brain calcium channels is
enormous. Indeed, electrophysiological stud-
ies have revealed functional diversity of
native L-, P/Q-, N-, R-, and T-type Ca?* chan-
nels (14-18). Different combinations with
auxiliary subunits and/or alternative splicing
of o1 subunits most likely account for the
large functional diversity of native calcium
channels.

As might be expected from their central role
in signal transduction, Ca?* channels are
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tightly regulated by second-messenger path-
ways and protein-protein interactions. The dif-
ferent families of Ca?* channels have different
primary modes of regulation: e.g., the Cayl
family is regulated primarily by protein phos-
phorylation through second messenger-acti-
vated kinase pathways; in contrast, the Cay2
family is regulated primarily by direct binding
of G proteins and SNARE proteins, and that
mode of regulation is itself regulated by pro-
tein phosphorylation pathways (see [19] for a
recent review on regulation of calcium chan-
nels, which is outside the scope of the present
review).

Calcium Channelopathies

Several inherited human neurological disor-
ders can be caused by mutations in genes
encoding Ca?* channel subunits: we refer to
them as calcium channelopathies. This review
deals with known human and mouse calcium
channelopathies of the central nervous system
(CNS). The human diseases comprise: 1) a
recessive retinal disorder, X-linked congenital
stationary night blindness (xXICSNB), associ-
ated with mutations in the CACNATF gene,
encoding 011.4 subunits of L-type channels;
and 2) a group of rare allelic autosomal domi-
nant human neurological disorders including
familial hemiplegic migraine (FHM), episodic
ataxia type 2 (EA-2), and spinocerebellar ataxia
type 6 (SCA®), all associated with mutations in
the CACNA1A gene, encoding 012.1 subunits
of P/Q-type channels. Mutations at the mouse
orthologue of the CACNAIA gene cause a
group of recessive neurological disorders,
including the tottering (cacnala®8), leaner
(cacnala's72), and rocker (cacnala™) phenotypes
with ataxia and absence epilepsy, and the
rolling Nagoya (cacnala's') phenotype with
ataxia without seizures. Two other sponta-
neous mouse mutants with ataxia and absence
epilepsy, lethargic and stargazer, have mutations
in genes encoding a calcium-channel auxiliary
B subunit and a putative calcium-channel aux-
iliary y subunit.
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X-Linked Congenital Stationary Night
Blindness: A Human L-Type
(Cay1.4) Calcium Channelopathy

xICSNB is a recessive nonprogressive
human eye disease characterized by night
blindness, variable reduced day vision,
decreased visual acuity, myopia, nystagmus,
and strabismus. xICSNB is thought to result
from decreased effectiveness of synaptic
transmission between photoreceptors and
second-order neurons in the retina. Two dis-
tinct clinical entities have been proposed,
complete and incomplete xICSNB, whose loci
have been mapped to chromosome Xpll.4
and Xpll1.23, respectively. A gene, called
CACNA1EFE which encodes the calcium chan-
nel oil.4 subunit, has been mapped to
Xp11.23, and mutations in this gene have been
found in the majority of screened families
with incomplete xICSNB (20-22). Cay1.4 chan-
nels are L-type Ca?* channels expressed only
in the retina, in both the outer and inner
nuclear cell layers. Of the 20 mutations associ-
ated to xICSNB identified so far, 14 are non-
sense mutations or deletion/insertions
causing truncated and deleted proteins, one is
a splice donor site mutation, and five are mis-
sense mutations leading to substitution of
conserved aminoacids and a change in net
charge (Fig. 2). Three of the four aminoacid
substitutions are in regions—the P loops of
domains III and IV and the S6 segment of
domain I—that are thought to form part of the
pore. Although the consequences of the muta-
tions on channel function have not been
investigated, the truncated mutant proteins
are unlikely to form functional channels, and
therefore the association of xXICSNB with loss-
of-function mutations appears most likely.
Since L-type channels control neurotransmit-
ter release from photoreceptor presynaptic
terminals, loss-of-function mutations in
presynaptic L-type channels would decrease
presynaptic calcium influx and tonic gluta-
mate release in darkness, with consequent rel-
ative depolarization of bipolar cells. The
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Fig. 2. Mutations of the CACNATF gene associated with X-linked congenital stationary night blindness (xIC-
SNB): location in the secondary structure of the calcium channel o;1.4 subunit.

expression of ®11.4 subunits, not only in pho-
toreceptors, but also in other neurons of the
retina suggests that additional mechanisms
are probably involved in the disease.

Human Ca,2.1 Channelopathies

012.1 subunits are expressed throughout the
human and murine brain in most presynaptic
terminals and also in the cell body and den-
drites of most central neurons (23,24). Cay2.1
channels play a prominent role in controlling
neurotransmitter release at many synapses (4).
Their localization in somatodendritic mem-
branes points to additional postsynaptic roles,
e.g., in neural excitability and integration. In
both humans and mice the expression of 012.1
subunits is particularly high in the cerebellum,
in both Purkinje and granule cells and also in
the molecular layer (23,25,26). Most of the Ca%+
current of Purkinje cells and a large fraction of
the Ca?* current of cerebellar granule cells is
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inhibited by w-AgalVA, the spider toxin that
specifically inhibits P/Q-type Ca?* channels
(15,27,28). In the rat the same toxin inhibits
most of the excitatory synaptic transmission
onto Purkinje cells, at both parallel fibers and
climbing fibers synapses (29). Moreover, it
inhibits also most of the inhibitory synaptic
transmission between Purkinje cells and deep
cerebellar nuclei (30).

Migraine is a frequent and clinically hetero-
geneous neurological disorder, affecting up to
15% of females and 6% of males in Caucasian
populations. Migraine attacks, typically lasting
1-3 d, are characterized by severe, unilateral
pounding head pain associated with nausea,
vomiting, and sensitivity to light and sound
(migraine without aura). In about 15% of
patients the attacks are preceded by transient
neurologic abnormalities, such as visual, sen-
sory, motor, or cognitive impairment (migraine
with aura). Family-, twin-, and population-
based studies suggest that genetic factors are
involved, most likely as part of a multifactorial
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Fig. 3. Mutations of the CACNATA gene associated with pure familial hemiplegic migraine (FHM) and FHM
with progressive ataxia (FHM/PCA): location in the secondary structure of the calcium channel 042.1 subunit.
Mutation R1667W could be associated or not to progressive ataxia.

mechanism. FHM is a rare autosomal domi-
nant subtype of migraine with aura of child-
hood onset, characterized by intermittent
unilateral weakness or paralysis lasting for
hours to days. Some patients show nystagmus
and develop a slowly progressive ataxia with
evidence of cerebellar atrophy later in life. Uni-
lateral weakness is suggestive of brainstem,
subcortical, or possibly cortical involvement,
whereas ataxia points to cerebellar involve-
ment. A gene for FHM has been assigned to
chromosome 19p13 in about 50% of families
tested, and identified as being CACNATA in
1996 (31,32). Evidence from sibling pairs analy-
sis points to an important involvement of the
CACNAI1A gene containing region in the more
common types of migraine, especially in
migraine with aura (33).

Twelve different missense mutations in the
CACNAI1A gene in 28 unrelated FHM families
and one de novo FHM mutation have been
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reported, all resulting in substitutions of con-
served aminoacids in important functional
regions of the o2.1 subunit (31,34-38) (Fig. 3).
Three mutations are substitutions of a posi-
tively charged argininine with a neutral
aminoacid in 54 segments, that form part of the
voltage sensor; two mutations are in pore-lin-
ing segments (P-loops) in close proximity to
one of the key glutamates that form the high-
affinity binding site for divalent ions in the
selectivity filter; three mutations are at the
intracellular end of transmembrane segments
S6: these segments are thought to contribute to
the lining of the pore internal to the selectivity
filter; two mutations are in transmembrane
segments S5 and the remaining three are in
linkers of transmembrane segments S3-54 and
54-55. As shown in Fig. 3, half of the mutations
cause FHM associated with progressive cere-
bellar ataxia and atrophy (FHM/PCA). By far
the most recurrent mutation is T666M, in the P-
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loop of domain II, found in 12 families with
FHM/PCA. There is a strong correlation
between the T666M genotype and the
FHM /PCA phenotype (36).

The functional consequences of the four
FHM mutations described by Ophoff et al. (30)
have been investigated in heterologous expres-
sion systems expressing either rabbit (39) or
human (40) Cay2.1 channels. The mutations
altered in a complex manner both the density
of functional channels in the membrane and
the biophysical properties of recombinant
Cay2.1 channels. The three mutations located
in pore regions (T666M, V714A, and I1811L)
decreased the density of functional human
P/Q channels in the membrane (40). Strikingly,
mutation R192Q, located in the voltage-sensor
region, had the opposite effect. Two of the
mutations located in pore regions (T666M and
V714A) reduced the single-channel conduc-
tance of human Cay2.1 channels. Surprisingly,
a minor fraction of mutant channels had the
wild-type conductance, suggesting that the
abnormal channel may switch on and off, per-
haps depending on some unknown factor (40).
Two mutations located in 56 segments (V714A
and I1811L) increased the single-channel open
probability at all voltages and shifted the volt-
age-range of channel activation towards more
negative voltages. The single-channel open
probability was increased also by mutation
R192Q. The rate of recovery from inactivation
of both human and rabbit Cay2.1 channels was
increased by both mutations V714A and I811L,
and decreased by mutation T666M, with con-
sequent reduced inactivation during train of
pulses with the first two mutations and
increased inactivation with the latter (39,40).
The rate of recovery from inactivation of rabbit
Cay2.1 channels was decreased also by muta-
tions V1457L in the P loop of domain III and
R583Q in the S4 segment of domain II (41).
Inactivation during train of pulses was larger
than wt for mutant R583Q), but was similar to
wt for mutant V14571, because the slower
recovery from inactivation was counteracted
by the slower inactivation produced by muta-
tion V1457L. The rate of inactivation was
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increased by mutation D715E, adjacent to
V714A, with consequent increased inactivation
during train of pulses, despite the absence of
effect on the rate of recovery from inactivation.
Judging from the macroscopic current-voltage
relationship, all three new FHM mutations
studied by Kraus et al. (41) shifted the voltage
dependence of activation of rabbit Cay2.1
channels towards more negative voltages.
Their effect on human Cay2.1 channels and, in
general, on the density of functional channels
in the membrane and on the single-channel
current and open probability remains
unknown.

Tables 1 and 2 show how the changes in
functional properties of recombinant human
and rabbit Cay2.1 channels produced by the
FHM mutations are predicted to affect calcium
influx into neurons. The question of whether
the FHM mutations lead to gain- or loss-of-
function in terms of Ca?* influx does not have
a simple and univocal answer. Mutation
T666M should lead to a reduction of Ca?*
influx (loss-of-function) and mutation R192Q
to an increase of Ca?* influx (gain-of-function),
both at the single-channel level and at the level
of the whole-cell calcium current. On the other
hand, mutations V714 A and 11811L would lead
to an overall gain-of-function at the single-
channel level, given the higher open probabil-
ity and the faster rate of recovery from
inactivation, while they may lead to an overall
loss-of-function at the level of the whole-cell
calcium current, given the decreased density of
functional channels (particularly large for
I1811L). Considering the possibility that the
FHM mutations may differentially affect the
expression of Cay2.1 channels in different neu-
rons, then one can predict either an increased
or a decreased Ca?" influx through mutant
channels (especially V714A and I1811L)
depending on the type of neuron. Moreover,
the FHM mutations might affect differently
P/Q-type calcium influx in different neurons
also as a consequence of expression of different
0u2.1 splice variants and/or different auxiliary
subunits. For example, the predicted effect of
the increased rate of recovery from inactivation
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Table 1
Effect of FHM Mutations on Ca?* Influx
Inactivation
Functional Single Open during train Recovery from
channel density ~ channel current probability of pulses inactivation

T666M il Ll -? - l

V714A l L TT T T
11811L R - T T T
R192Q T - T - -

The table shows how the changes in functional properties of human recombinant Ca?* channels produced by FHM
mutations (40) are predicted to affect Ca?* influx into neurons. An increased, a decreased or an unchanged Ca?* influx
with respect to wt are indicated with T, |, and -, respectively. The smaller symbols in parenthesis refer to the function of

a minority of mutants.

Table 2
Effect of FHM Mutations on Ca?* Influx

V1,2 activation

Inactivation during Recovery from

(from I-V) V1,2 inactivation train of pulses inactivation
T666M T - 1l l
V714A T - T T
11811L T - T ™
R192Q - - - -
V1457L T - - N
D715E T l 1l -
R583Q T l 1l l

The table shows how the changes in functional properties of rabbit recombinant Ca?* current (39,41) produced by
FHM mutations are predicted to affect Ca?* influx into neurons. An increased, a decreased, or an unchanged Ca?* influx

with respect to wt are indicated with 7,1, and -, respectively.

of the V714A and I1811L mutants would be
enhancement of calcium influx during repeti-
tive activity in neurons expressing inactivating
012.1 variants (as shown in Tables 1 and 2) or
no change in calcium influx during repetitive
activity in neurons expressing noninactivating
variants. For the same reasons, the FHM muta-
tions might affect differently calcium influx in
different compartments of the same neuron
(e.g., dendrites vs synaptic terminals).

EA-2 is a rare dominantly inherited neuro-
logical disorder, characterized by interictal
nystagmus and episodes (lasting hours to

Molecular Neurobiology

days) of ataxia, ie. truncal instability,
unsteady gait, loss of limb coordination, and
sometimes vertigo or dizziness, that may be
precipitated by stress or fatigue. Many patients
develop progressive cerebellar ataxia and cere-
bellar atrophy predominating on the anterior
vermis, and about 50% of the patients report
migraine symptoms. Weakness and/or confu-
sion are other symptoms often associated with
episodic ataxia. In general, great intra- and
interfamilial variability exists in the symptoms
(both episodic and permanent) experienced by
EA2 patients. A severe progressive ataxia in
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Fig. 4. Mutations of the CACNATA gene associated with episodic ataxia type 2 (EA-2) with and without pro-
gressive ataxia (PCA) and with spinocerebellar ataxia type 6 (SCA6) location in the secondary structure of the

calcium channel 012.1 subunit.

the absence of paroxysmal episodes may be
part of the clinical spectrum of the disease
(42,43). EA-2 has been mapped in the same
interval as the FHM locus and mutations in the
same CACNATA gene have been found in a
large fraction of familial and sporadic cases
(31,42—48). The majority of the 15 mutations,
reported so far, disrupt the open reading frame
leading to truncation, exon skipping, or intron
inclusion of the gene product. However, four
are missense mutations, resulting in substitu-
tions of conserved aminoacids in important
functional regions of the a2.1 subunit (Fig. 4):
two mutations introduce the positively
charged aminoacid arginine in P loops and one
of them changes one of the glutamate residues
in the selectivity filter (44,47); one mutation
substitutes an arginine with an histidine in the
voltage sensor (46) and the fourth changes a
phenylalanine with a serine in transmembrane
segment S6 of domain III (48). The latter is the
only mutation linked to EA-2 whose functional
consequences on recombinant human Cay2.1
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channels have been investigated. The muta-
tion, which causes EA2 with progressive ataxia
and cerebellar degeneration, leads to complete
loss-of-function of human Cay2.1 channels,
without affecting channel expression (48).
Since it is unlikely that the truncated ol sub-
units produced by other EA2 mutations form
functional channels, complete loss of Cay2.1
channel function may be the common mecha-
nism underlying EA2, whether due to truncat-
ing or missense mutations. It remains
unknown whether a heterozygous condition
for the mutation acts through a haploinsuffi-
ciency mechanism or a dominant-negative
effect (e.g., produced by competition between
functional and nonfunctional channels for reg-
ulatory-associated proteins).

The autosomal dominant spinocerebellar
ataxias are a group of inherited neurodegener-
ative disorders characterized by progressive
ataxia and cerebellar degeneration, caused by
expansions of CAG trinucleotide repeats cod-
ing for an extended polyglutamine sequence
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(35 to 135 repeats). Zhuchenko et al. (48a) iden-
tified small CAG expansions, ranging from 21
to 27 repeat units, in the 3’ end of CACNA1A
in patients with a late-onset autosomal domi-
nant slowly progressive ataxic syndrome that
they named SCAG6. Patients develop perma-
nent balance and coordination difficulties pro-
gressively leading to impairment of gait that
may cause them to become wheel-chair bound.
There is evidence of marked cerebellar atrophy
especially in the superior vermis, with more
severe loss of Purkinje cells than granule cells,
and variable mild atrophy of the brain stem.
Episodic features have been reported in SCA6
patients, and a small CAG expansion was
found in a family with typical EA-2 symptoms,
leading to the suggestion that SCA6 and EA-2
represent a clinical continuum (42,45).
Alternative splicing of the CACNATA gene
results in at least six mRNA isoforms with dif-
ferent 3’ end, in which the CAG repeat is either
part of the noncoding or part of the coding
region (in 3 isoforms). In the latter isoforms,
the CAG repeat encodes a polyglutamine
stretch at the C-terminus. Immunohistochem-
istry in human brain sections showed the
expression of isoforms containing a polygluta-
mine stretch in both control and SCA6 patients
(49). The most notable difference with respect
to control was the presence of cytoplasmic
aggregations of the aia protein exclusively in
the cytoplasm of SCA6 Purkinje cells, together
with a mild reduction of immunoreactivity in
the Purkinje and molecular layers, suggestive
of reduced oua expression. There are some
indirect evidences that selective neuronal
degeneration in SCA6 might be associated
with aggregation of oua protein. Expanded
polyglutamines were found to directly alter
the biophysical properties of heterologously
expressed Cay2.1 channels, and to affect differ-
ently P/Q channels containing rabbit or
human o2.1 subunits or different splice vari-
ants of human 2.1 (50-52). Particularly mean-
ingful appear the findings that pathological
expansions of 24 polyglutamines shifted the
voltage dependence of steady-state inactiva-
tion of human Cay2.1 channels, but had no
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effect on rabbit Cay2.1 channels, and that the
shift in the steady-state inactivation of chan-
nels containing different human 2.1 splice
variants was in opposite directions (51). Thus,
depending on the splice variant (-NP or +NP),
either an increased or a decreased Ca?* influx
through mutant human Cay2.1 channels can be
predicted.

Mouse Cay2.1 Channelopathies

Spontaneously arising mutations in the
mouse orthologue of CACNA1A were identi-
fied in four recessive neurological mouse
mutants: tottering (cacnala'€), leaner (cacnala's
Ia) - yolling Nagoya (cacnala'87!) and rocker
(cacnala™) (25,53-55). The tottering, rolling, and
rocker phenotypes are caused by three different
missense mutations in the cacnala gene: a sub-
stitution of proline with leucine in the S5-56
linker of domain II (located about 20
aminoacids from the T666M mutation causing
FHM/PCA) in tottering; a threonine to lysine
substitution in a similar position in domain III
in rocker; an arginine to glycine substitution in
the voltage sensor IIIS4 in rolling. The leaner
phenotype is caused by a splice-site mutation
producing a frameshift in the reading frame
and two aberrant splice products with altered
C-terminal sequences (Fig. 5).

Homozygous tottering, leaner, and rocker
mice exhibit intermittent seizures very similar
to human absence epilepsy, a generalized, non-
convulsive epileptic disorder that is most com-
mon among children and is characterized by
cortical spike-wave discharges recorded by
EEG concomitant with behavioral immobility.
The neurological phenotype of tottering mice is
in addition characterized by mild ataxia (wob-
bly gait) and episodic dyskinesia, a form of
dystonia involving only specific muscles.
Rocker mice exhibit mild ataxia similar to that
of tottering, but without episodic dyskinesia.
The leaner phenotype is usually described as
being characterized by much more severe
ataxia than tottering, without episodic dyskine-
sia; but the typical stiff posture with extended
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Fig. 5. Spontaneous mutations in the cacnala gene causing the tottering, leaner, rocker, and rolling Nagoya
phenotypes: location in the secondary structure of the calcium-channel 012.1 subunit.

limbs and severe impairment in the ability to
walk can be more appropriately described as
dystonia. The ataxic phenotype of rolling mice
is intermediate between that of tottering and
leaner. However, rolling mice do not have
seizures. Neurological symptoms appear in the
second week after birth in leaner and rolling
and later, at 3-4 wk after birth, in fottering and
rocker. In the leaner cerebellum there is exten-
sive degeneration of granule, Golgi and Purk-
inje cells. Granule cell loss begins in the second
week after birth, and progresses slowly over a
period of months, showing an anterior-poste-
rior gradient, with more severe loss in the ante-
rior lobe. Purkinje cell loss begins later at about
4 wk after birth, and occurs in parasagittal
stripes separated by areas of normal cells.
Interestingly the pattern of surviving Purkinje
cells is essentially coextensive with the striped
pattern of zebrin staining and tyrosine hydrox-
ilase expression. In leaner, rolling, and tottering
mice the normally transient expression of tyro-
sine hydroxilase is not suppressed, resulting in
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expression in the adult. However, in contrast
with leaner, no Purkinje cell loss was found in
tottering and rolling; cerebellar atrophy has
been reported only in some old fottering mice
and there are conflicting reports on granule cell
loss in rolling. In rocker mice tyrosine hydroxi-
lase is not expressed in the adult, and there is
no evidence of cell loss in the cerebellum of old
animals. At the ultrastructural level leaner,
rolling, and tottering mice show an altered cere-
bellar phenotype consisting in enlarged paral-
lel fibers varicosities synapsing on several
Purkinje cell dendritic spines, in addition to
the common monosynaptic contacts (56,57).
Ectopic spines and axonal swellings are pre-
sent in the Purkinje cells of the three allelic
mouse mutants. They are absent in rocker,
whose Purkinje cells, on the other hand, show
a characteristic reduction of branching of the
dendritic arbor and a “weeping willow”
appearance of the secondary branches in aged
animals (55). A characteristic feature of totter-
ing and rolling brain is the aberrant synaptoge-
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nesis of locus ceruleus neurons, with conse-
quent hyperinnervation by noradrenergic ter-
minals of all major locus ceruleus targets,
including the cerebellum and the hippocam-
pus (53).

Immnunocytochemistry and in situ
hybridization in leaner cerebellar slices
showed no difference in «12.1 protein and
mRNA level with respect to wild-type (58).
However, Northern-blot analysis revealed
selective reduced expression of one of the two
major ou2.1 transcripts already at 9 d after
birth (P9) (59). No differences in 0;12.1 mRNA
levels were detected in adult tottering cerebel-
lum, but an interesting upregulation of o11.2
mRNA level in Purkinje cells was observed
(59,60). The functional consequences of the
tottering, leaner, and rolling mutations have
been investigated in both heterologous
expression systems (54,61) and native Purk-
inje cells (54,61-63), whereas the functional
consequences of the rocker mutation have not
been reported. In freshly dissociated Purkinje
cells of leaner, rolling, and tottering mice (10-35
d in age), the mutations caused a reduction of
peak P/Q-type calcium current density of
70-80, 25-30, and 15-50%, respectively, with
no change in the non-P/Q-type current. A
50-70% decrease in current density was also
measured after transient expression of rabbit
o12.1 subunits containing the tottering or
rolling mutations, or one of the two possible
abnormal leaner C-termini (whereas the same
current density was found for the other
abnormal splicing product). Neither in the
Purkinje cells nor in the heterologous expres-
sion system was there evidence of changes in
the kinetics or voltage-dependent properties
of mutant tottering Cay2.1 channels. A small
shift of the voltage range of both activation
and inactivation towards more positive volt-
ages has been reported for leaner by some
authors (61) but not by others (62,63). A simi-
lar shift of activation (but not inactivation)
was produced by the rolling mutation (54).
Neither the tottering nor the leaner mutation
apparently changed the single-channel con-
ductance.
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Neurotransmitter release appears to be dif-
ferentially affected by the tottering mutation
depending on the synapse. A strong reduction
of the contribution of P/Q-type channels to
calcium influx into presynaptic terminals of
CA3 pyramidal cells was measured in hip-
pocampal slices of adult tottering (64). The
reduced presynaptic P/Q-type calcium influx
was at least partially compensated by an
increased influx through presynaptic N-type
calcium channels, with a consequent much
lower reduction of synaptic transmission than
expected. Evoked neurotransmitter release at
the neuromuscular junctions of tottering and
wt mice was similar (65). Quite interestingly, a
reduced excitatory but not inhibitory synaptic
transmission has been measured at synapses
on neurons of the ventrobasal nucleus in the
tottering thalamus (66). A decrease of both glu-
tamate and GABA release was measured in
neocortex by in vivo microdyalisis in fottering
(67). In contrast, the same method revealed a
decrease of glutamate but not GABA release in
leaner.

Recently, a cacnala null mouse (0:12.17/-)
was generated in two laboratories (68,69).
Interestingly, it exhibits a neurological pheno-
type very similar to that of leaner. Moreover,
histological examination at 15 wk of age
revealed selective degeneration of the cerebel-
lum in a specific pattern, with loss of Purkinje
cells in parasagittal stripes and graded loss of
granule cells more severe in the anterior lobe,
like in leaner (69). A selective histopathological
involvement of the cerebellum might be pre-
dicted from the known high level of ouia
expression in the cerebellum. However, the
highly specific pattern of neurodegeneration is
surprising; it implies the existence of two types
of cerebellar neurons: one with absolute
dependence of Cay2.1 channel function for sur-
vival, and another that can tolerate lack of
Cay2.1 channels. In 012.1/~ Purkinje cells the
ablation of the P/Q-type current was partially
compensated by an increase of the L- and
N-type calcium currents (unlike leaner) (68). A
partially compensating increase of L- and
N-type calcium current, with no change of the
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R-type component, can also be observed in
012.1/~ cerebellar granule cells (69), but cf (68).
Interestingly, heterozygous 012.1~/+ mice have
no phenotype in terms of motor performance,
cerebellar neuroanatomy or EEG, despite hav-
ing a 50% reduction of P/Q-type calcium cur-
rent (69). No compensatory increase of other
Ca?* channel types was measured in cerebellar
granule cells of heterozygous 012.1~/* mice,
and the reduction of total calcium current was
similar in cacnala null homozygous and het-
erozygous mice.

Lethargic mice have a clinical phenotype
almost identical to that of tottering, except that
they exhibit earlier (onset at P15) and more
pronounced ataxia, and also suffer from
reduced body weight and transient defects in
the immune system (53). The mutation causing
the lethargic phenotype is in the Cacnb4 gene
encoding the auxiliary calcium-channel sub-
unit B4, and is equivalent to a null mutation
(70). The level of expression of different 3 sub-
units vary considerably in different regions of
mouse brain and in different cells within the
same region. In both humans and mice the
expression of B4 subunits, like that of 012.1
subunits, is particularly high in the cerebellum
in both Purkinje and granule cells (26,71). In
lethargic mutants there is evidence for an
increased level of expression of Bi, subunits
in both forebrain and cerebellum, which par-
tially compensates for the lack of B4 subunit
(72). Moreover, coimmunoprecipitation experi-
ments show an increase in the fraction of 012.1
and 012.2 subunits associated with B1, and B3
in the brain, and suggest that there are no
channels lacking an auxiliary B subunit in the
mutant (26). Thus, the B4 subunit can be
replaced by the remaining coexpressed 3 sub-
units in the lethargic brain, a process termed
“subunit reshuffling.” There are conflicting
data on the effect of the lethargic mutation on
the level of expression of o1 subunits (no
change in either 012.1 or 0142.2 subunits in [25],
but decreased expression of ¢:12.2 in [70]). The
kinetics and voltage-dependent properties of
the P/Q-type calcium current in wild-type and
lethargic Purkinje cells were very similar, and
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although quantitative values were not pro-
vided, there was no evidence for significantly
different current densities (26). Synaptic trans-
mission and the pharmacological profile of
presynaptic calcium influx at CA3-CAl
synapses in wild-type and lethargic hippocam-
pal slices were also very similar (64). In con-
trast, as in tottering, excitatory but not
inhibitory synaptic transmission was reduced
at synapses on the ventrobasal nucleus in the
lethargic thalamus (66).

A mutation in a gene encoding a brain spe-
cific protein called stargazin, that shares a
modest partial sequence similarity and pre-
dicted secondary structure with the auxiliary vy
subunit of the skeletal muscle calcium channel,
is the genetic defect in stargazer and allelic wag-
gler mice. These mouse mutants exhibit recur-
rent seizures characteristic of absence epilepsy,
distinctive head-tossing, and severe ataxia
beginning at P15 (53,73). Complex alterations
are present in the stargazer brain, including
remarkable outgrowth of dentate granule
axons in the hippocampus. The adult cerebel-
lum is morphologically normal, but there is
evidence for delayed granule-cell migration
and maturation, most likely as a consequence
of striking downregulation of BDNF expres-
sion in cerebellar granule cells. Cerebellar
granule cells of adult stargazer and waggler lack
functional AMPA receptors, which implies a
virtual absence of massive afferent information
from mossy fibers, since at the mossy fiber-
granule cell synapse usual excitatory synaptic
transmission at low frequency is mediated
mainly by AMPA receptors (74,75). Moreover,
synaptic transmission was reduced also at the
parallel-fiber-Purkinje cell synapse, most likely
as a consequence of lower transmitter release.
Recently, it has been shown that stargazin is
critical for bringing AMPA receptors to the cell
membrane and for targeting them specifically
to postsynaptic sites, and it has been hypothe-
sized that in stargazer the defect is restricted to
cerebellar granule cells because in other types
of neurons the loss of stargazin is compensated
by other members of the stargazin/y-subunit
family (76).
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The only reported evidence linking stargazin
to calcium-channel function is a small shift
towards more negative voltages of the steady
state inactivation curve of recombinant Cay2.1
channels (and small shifts towards more posi-
tive voltages of both activation and inactiva-
tion of Cayl.2 channels) upon coexpression
with stargazin (7,73). The mutation in stargazer
leads to premature termination of the tran-
script and therefore most likely to a nonfunc-
tional protein. Assuming stargazin is a
neuronal y subunit affecting steady-state inac-
tivation of calcium channels, then one would
predict enhanced P/Q calcium influx in
stargazer neuronal cells as a consequence of
increased Cay2.1 channel availability in the
absence of the y subunit. However, the pre-
dicted increased calcium entry cannot account
for the functional deficits measured in stargazer
cerebellar synapses, showing a decreased (not
increased) excitatory transmission. As a matter
of fact, no difference in steady-state inactiva-
tion (nor activation or peak calcium current
amplitude) was found in cerebellar granule
cells of stargazer and wt mice (76)(even though,
in our experience, expression of Cay2.1 chan-
nels in cerebellar granule cells is very low at 2
d in culture, when the recordings were per-
formed: Tottene and Pietrobon, unpublished
data). Thus, the connection between stargazin
and neuronal calcium channels remains
unclear, and there is still considerable uncer-
tainty as to whether stargazin and its human
ortholog 72 subunit (and other 7y isoforms)
really form part of neuronal voltage-depen-
dent calcium channels.

How Do Calcium-Channel Mutations
Produce Disease?

Researchers are beginning to answer the
question of how specific calcium-channel
mutations alter channel function. The more
challenging question of how the alterations in
channel function lead to selective cellular dys-
function and to the episodic as well as persis-
tent neurological symptoms of calcium
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channelopathies remains unanswered. To
answer this question, parallel studies at the
molecular, cellular, neuronal network, and
behavioral levels in mouse genetic models will
be extremely important. Since Ca?* ions regu-
late numerous intracellular signaling path-
ways, including those regulating gene
expression, the activity of calcium channels is
inextricably linked to a broad array of func-
tions in the developing and mature nervous
system, including cell proliferation, differentia-
tion, survival, neurite outgrowth, synaptogen-
esis, neuronal excitability, transmitter release,
and plasticity. Although the primary func-
tional defect may be abnormal Ca?* entry into
neurones, any of these secondary processes
could contribute substantially to the disease
phenotype. It is tempting to speculate that
abnormal neuronal excitability due to dysfunc-
tional calcium channels may trigger the
episodic neurologic symptoms (e.g., attacks of
migraine, ataxia in humans, absence epilepsy
in mouse mutants), whereas chronic abnormal
calcium homeostasis may lead to progressive
neuronal degeneration and to progressive
tixed dysfunction of the involved tissue (42).
The human Cay2.1 channelopathies (FHM,
EA-2, and SCA6) show a number of overlap-
ping symptoms, including progressive ataxia
and cerebellar degeneration. The available
data from channel genotype-phenotype stud-
ies suggest that mutations in Cay2.1 channels
cause progressive ataxia and cerebellar atro-
phy through a loss of function mechanism. An
interictal cerebellar syndrome of variable
severity, ranging from nystagmus to severe
progressive ataxia and cerebellar atrophy pre-
dominating in the anterior vermis, is typical of
EA-2. The only missense mutation linked to
EA-2 (with interictal ataxia and cerebellar ver-
mis atrophy), investigated so far, leads to com-
plete loss of P/Q channel activity. Most likely,
nonfunctional proteins are produced also by
nonsense truncating EA2 mutations. Expanded
polyglutamines reduce the availability of
human Cay2.1 channels containing the 2.1
(-NP) splice variant, the isoform largely pre-
dominant in Purkinje cells. It has been pro-
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posed that reduction of Ca?* influx, due to
reduced availability of P-type channels, may
contribute to the severe Purkinje cell loss typi-
cal of SCA6, whereas compensation, due to the
additional presence of the +NP splice variant
in granule cells, might explain the milder loss
of these neurons (cf shift in opposite directions
of steady-state inactivation for the two iso-
forms). Progressive ataxia and cerebellar atro-
phy are present only in a fraction of FHM
families linked to CACNAIA and in none of
the unlinked families, and are strongly corre-
lated with the T666M genotype. Mutation
T666M is the only FHM mutation, of the four
analyzed, that leads to a predicted decrease of
P/Q-type Ca?* influx into cerebellar neurons at
both the single channel (cf. lower single chan-
nel conductance and slower recovery from
inactivation) and whole-cell level (cf. lower
density of functional channels).

The hypothesis that mutations in Cay2.1
channels cause progressive ataxia and cere-
bellar atrophy through a loss of function mech-
anism is also supported by the severe
progressive ataxia (and/or dystonia) and by
the cerebellar degeneration exhibited by 2.1-
deficient and leaner mice (with either absent or
strongly reduced P/Q-type calcium current).
Interestingly, in humans with mutations in
CACNALIA cerebellar degeneration occurs pre-
dominantly in the anterior vermis (43,77,78),
like in o32.1-deficient and leaner mice. The
available data on mouse mutants are consis-
tent with the hypothesis that survival of cere-
bellar neurons depends specifically on a
critical level of P/Q channel function, that can-
not be compensated for by other Ca?* channel
types. In fact, partial (<50%) reduction of P/Q
current density in tottering, rolling and het-
erozygous knockout (0u2.1*/-) mice does not
cause cell death, but more severe reduction,
seen in leaner and homozygous null (012.1-/-),
causes degeneration. Since the overall calcium
current density is similar in heterozygous and
homozygous null (due to compensation), it
would appear that the degeneration is specifi-
cally related to a critical threshold of P/Q
channel function. It remains unknown why,
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when reduction of P/Q channel function
exceeds this threshold, neuronal death in the
cerebellum is not homogeneous and occurs in
a highly specific pattern. Moreover, the human
mutations are inherited as autosomal domi-
nants, causing cerebellar degeneration in the
heterozygous state. Assuming that they are
loss-of-function mutations, haploinsufficiency
could be the underlying pathological mecha-
nism, but this would be dissimilar from the
recessive mouse mutations. Another possibil-
ity is that, as a consequence of the human
mutations, other functions are disrupted, and a
dominant negative effect could be the underly-
ing mechanism. For example, cytoplasmic
aggregations of the 2.1 protein might con-
tribute to death of Purkinje cells in SCA6, and
nonfunctional mutant proteins might interfere
with the wild-type channels, e.g., by compet-
ing for regulatory proteins, in EA-2.

In mice with mutations in calcium-channel
subunits, ataxia is not correlated with Purkinje
cell loss. Indeed, with the exception of leaner,
all mouse mutants are ataxic but do not show
Purkinje cell loss, and in both leaner and
cacnala null mice ataxia starts before Purkinje
cell loss. Moreover, ataxia does not appear
to correlate in a simple manner with the re-
duction of P/Q-type calcium current in Purk-
inje cells, since a 50% reduction of P/Q current
in heterozygous 2.1+ mice does not cause
ataxia, whereas a similar or lower reduction in
tottering and lethargic (with no alterations in
biophysical properties of the current) is associ-
ated with ataxia. The ataxia phenotype is
probably linked in a complex manner to dys-
function of cerebellar neuronal circuits that
involve P/Q-type calcium channels at multiple
synapses. As shown in fottering and lethargic,
the same mutation in P/Q channels may affect
differently neurotransmitter release at different
synapses. Many mechanisms could lead to dif-
ferential effect at different synapses, including
different intrinsic contributions of P/Q-type
channels in controlling release, different muta-
tion-induced changes in expression of P/Q-
type channels, and different compensatory
changes of other calcium channel oy and/or
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auxiliary subunits. Secondary changes in non-
P/Q Ca?* channels can contribute to the
pathology, as shown by the role played by L-
type channels in the generation of episodic
dyskinesia in tottering (60).

The clinical distinction between the different
human and mouse Cay2.1 channelopathies is
based mainly on the different episodic neuro-
logical symptoms, ranging from migraine in
FHM to episodic ataxia in EA-2 to absence
epilepsy in the mouse mutants. It remains
unclear how different mutations in the same
gene can lead to such varied clinical pheno-
types and, on the other hand, how mutations
that are predicted to affect calcium influx in the
opposite direction all lead to the same
migraine phenotype. Also unclear is how in
general a permanent mutation leads to
episodic disorders.

Given the delicate balance between excita-
tory and inhibitory signals that regulates
neuronal excitability, even relatively small
changes in channel activity may tip this
delicate balance. Thus, channelopathies may
be considered as defects of cellular excitabil-
ity (79). It has been suggested that the differ-
ential effect of the tottering and lethargic
mutations on excitatory and inhibitory trans-
mission in the thalamus may tip the balance
between excitation and inhibition towards
inhibition of thalamic relay neurons, that can
lead to syncronization of these neurons into a
burst-firing mode and generation of spike
wave discharges typical of absence epilepsy
(66). Although an established model that
explains migraine attacks is still lacking, a
favored hypothesis considers a persistent
state of hyperexcitability of neurons in the
cerebral cortex as the basis for susceptibility
to migraine (80). This state would favor the
onset of cortical spreading depression (CSD),
which is believed to initiate the attacks of
migraine with aura (81). Recently, it has been
shown that P/Q channels contribute to mech-
anisms involved in initiation and propagation
of CSD in neocortex, and that the tottering and
leaner mutations raise the threshold for initiat-
ing CSD (67). It remains possible that FHM
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mutations produce cortical network excitabil-
ity effects opposite to those found in tottering
and leaner, and one can speculate about differ-
ent mechanisms with which neuronal
excitability can be increased and/or the
development of CSD can be facilitated by
either loss- or gain-of-function variants of
presynaptic and/or postsynaptic human
P/Q-type calcium channels. However, to
explain the similar FHM phenotype produced
by mutations that are either gain- or loss-of
function in heterologous expression systems,
the assumption of differential changes in cal-
cium influx produced by a given mutation in
different neurons, and/or differential up- and
downregulation of inhibitory and excitatory
neuronal elements appears necessary.

The episodic nature of the neurological
symptoms might perhaps be explained by the
mutant channels providing a continous back-
ground of neuronal instability and by the inter-
vention of internal modulatory factors and/or
external environmental factors that push the
system past some boundary and precipitate an
attack. The observation that anxiety or stress
triggers almost instantaneously attacks of
ataxia in many EA-2 patients suggests poten-
tially important modulatory action of nora-
drenergic or serotonergic inputs to the
cerebellum. Interestingly, lesions of central
noradrenergic axons early in development
obliterate seizure expression in tottering
mutants (53). The finding that the functional
effect of the FHM mutations on single-channel
conductance was not present in some mutant
channels or periods of activity, suggests the
interesting possibility that some unknown fac-
tor can precipitate an attack by directly switch-
ing the abnormal channel on or off (40).

In human calcium channelopathies there is
remarkable phenotypic variability in terms of
frequency of attacks, features and severity of
symptoms among affected individuals in all
reported pedigrees, suggesting that environ-
mental, metabolic, and other genetic factors
contribute to the phenotypic expression of the
mutations. Specific alleles or external factors
that influence the expression of proteins
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involved in signaling, including phosphatases,
kinases, G proteins, neurotransmitter recep-
tors, and ligand-gated or other ion-channel
types may be expected to play significant mod-
ifying roles in the phenotypic expression of
calcium-channel defects.
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