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An L-type calcium-channel gene mutated in incomplete
X-linked congenital stationary night blindness
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The locus for the incomplete form of X-linked congenital sta-
tionary night blindness (CSNB2) maps to a 1.1-Mb region in
Xpll.23 between markers DXS722 and DXS255. We identified
a retina-specific calcium channel a;-subunit gene (CACNALF)
in this region, consisting of 48 exons encoding 1966 amino
acids and showing high homology to L-type calcium channel
o,-subunits. Mutation analysis in 13 families with CSNB2
revealed nine different mutations in 10 families, including
three nonsense and one frameshift mutation. These data
indicate that aberrations in a voltage-gated calcium channel,
presumably causing a decrease in neurotransmitter release
from photoreceptor presynaptic terminals, are a frequent
cause of CSNB2.

Congenital stationary night blindness (CSNB, OMIM
310500) is a clinically and genetically heterogeneous non-pro-
gressive eye disorder with life-long impairment of night vision
and variably reduced day vision. Patients with the ‘Schubert-
Bornschein’ type of CSNB have an electroretinogram (ERG)
with essentially normal a-waves in a mixed cone-rod response
and small b-waves resulting in a characteristic ‘negative’ ERG
waveform, suggesting functional rod photoreceptor outer
segments with a more proximal molecular defect!. Complete
Schubert-Bornschein lacks rod b-waves and dark adaptation,
whereas the incomplete type has residual rod activity and an
abnormal cone ERG (refs 2-4). X-linked CSNB (xICSNB),
always of the Schubert-Bornschein type, frequently also mani-
fests reduced visual acuity, myopia, nystagmus and strabismus.
Genetic analyses of xICSNB revealed heterogeneity with at least
two loci®®. Complete xICSNB segregates with markers from
Xpl11.4-Xp11.3 (CSNB1), and incomplete XICSNB segregates
with markers from Xp11.23 (CSNB2; ref. 7).

Schubert-Bornschein CSNB is thought to result from decreased
effectiveness of synaptic transmission between photoreceptors
and second-order neurons in the neuroretina8. A tie between reti-
nal disease and voltage-gated ion channels was suggested by frog
retina studies indicating that glutamate release from photorecep-
tor presynaptic terminals, important in the transmission of
graded potentials, is mediated by L-type (long-lasting) dihy-
dropyridine (DHP)-sensitive calcium channels®. L-type calcium
channels consist of four subunits (a4, a,9, B and y), with the cal-
cium-conducting pore located in the a;-subunit. Three autoso-
mal L-type channel o, genes have been cloned thus far: a4 from
skeletal musclel®, a,, from cardiac muscle and brain'! and a4
from neural and endocrine tissues*2.

We analysed 1000 kb of genomic DNA encompassed by mark-
ers DXS6950 distally and DXS1331 proximally (http://genome.
imb-jena.de). Screening of nonredundant EST database and

exon-prediction programs revealed a novel L-type calcium chan-
nel a;-subunit gene spanning 28 kb. Its 3" and 5" ends lay 5 kb
proximal to the synaptophysin gene and 600 bp distal to a HSP27
pseudogene, respectively (Fig. 1). The 3" end was represented on
two retinal cDNA clones (IMAGE 363620 and AA317815) and
was also identified during the characterization of sequences
around the synaptophysin locus!3. RT-PCR with primers from
non-conserved exon regions was performed using retinal cDNA
as a template, as the 3" end is represented in two retinal cDNA
clones. Sequencing of overlapping PCR products identified 48
exons, a coding sequence of 5901 nucleotides and a predicted
protein 1966 amino acids in length (219.5 kD). Except for splice
acceptor sites for introns 2, 19 and 33, all intron splice acceptor
and donor sequences followed the GT-AG rule. Forty-four of
forty-eight exons were predicted by GENSCAN (ref. 14), 43 by
GRAIL (ref. 15) and 36 by GENEFINDER.

5-RACE and RT-PCR extended the transcript sequence 62 bp
upstream of the first ATG. A possible TATA box was found
103 bp upstream of the first ATG (TSSG program). Analysis of
sequences around the first ATG suggested that CACNALF lacks a
Kozak consensus sequence. CpG islands were present within the
HSP27 pseudogene, located 1000 bp upstream of the first exon
(68.2% G+C, 0.79 observed/expected, 628 bp), around exon 4
(62.7% G+C, 1.18 CpG observed/expected, 311 bp) and in
intron 6 (56.3% G+C, 1.09 CpG observed/expected, 158 bp). At
the 3" end, RACE product sequences and the sequence of
IMAGE clone 363620 identified a 3" UTR of only 73 nucleotides
with a polyadenylation signal (AATAAA) 25 bp downstream of
the stop codon.

Database analysis showed a 55-62% overall amino-acid
sequence identity between CACNALF and L-type calcium chan-
nel a;-subunits (Fig. 2a,b). The amino-acid identity to P- and
N-type calcium channels was approximately 35%. Sequence iden-
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Fig. 1 Physical mapping of CACNA1F. The gene was identified on cosmids
LLNLc110P037 and LLNLc110MO0111 (ref. 22) by direct sequencing with subse-
quent use of exon-prediction programs. It is flanked by synaptophysin (SYP)
and a HSP pseudogene (HSP27p).
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Fig. 2 CACNA1F encodes the aq-subunit of an L-type calcium
channel. a, Diagram of the voltage-gated calcium channel a;-sub-
units. Each a,-subunit contains four repeat domains, which closely
resemble a single K*-channel a-subunit in structure and basic
function. Each repeat domain contains six transmembrane
domains (S1-S6). The amphipathic transmembrane domain is indi-
cated by a plus sign. The segment to which the B-subunit protein
binds is indicated by a black box, the positions of the amino acids
conferring DHP binding are indicated by a black square.
The mutations are depicted by coloured circles. b, Partial align-
ment of CACNALF with other human L-type calcium channels:

CACNA1D (PIR:JH0564), CACNALC (GenBank:L29529), CACN1AS  NH,

(PIR:A55645). The figure shows the alignment from transmem-
brane domain 11S6 to 11IS6. The putative transmembrane domains
are blue, the amino acids conferring dihydropyridine binding yel-
low, and the missense mutation R1049W orange.

tity between CACNALF and the L-type channels was
highest in the putative membrane-spanning regions
and the intracellular loop linking repeat domains i1
and 1V. The charged residues of the S4 regions, impor-
tant as voltage sensors®, were also conserved. The
amino acids at the DHP binding sites at 111S5/S6 and
IVS6 (refs 17,18) and the B-unit binding sequence
after the first repeat domainl® were well conserved.
These data support CACNALF as a new member of the
L-type calcium channel a;-subunit family.

Zoo-blot hybridization containing EcoRI-digested
genomic DNA with a 3" probe (jm8-13) produced a
single band per species, indicating no cross hybrid-
ization (Fig. 3a). In human genomic DNA, a 5.8-kb
band corresponded with the expected EcoRI restric-
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tion fragment. Hybridization of this probe to north-
ern blots revealed a 6.3-kb signal in retina only under
stringent washing conditions (Fig. 3b). Faint signals
were observed in skeletal muscle, kidney and pan-
creas under low washing stringency (data not
shown). Previously reported skeletal muscle expres-
sion®3 may result from use of a less specific probe.
Tissue specificity was further confirmed by RT-PCR
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using CACNA1F-specific primers, which produced
fragments from retinal, but not heart or brain, cDNA
(data not shown). RNA in situ hybridization of the

jm8-13 antisense probe on paraffin-embedded mouse eye sec-
tions revealed transcriptional activity in the retinal outer-
nuclear (ONL) and inner-nuclear (INL) cell layers. A weaker
hybridization signal was observed in the ganglion-cell layers
(GCL; Fig. 4). The ONL contains photoreceptor cell bodies,
whereas the INL consists of horizontal, bipolar and amacrine
cells. Ganglion cells are the final retinal output neurons.

a

Fig. 3 Retinal specificity of CACNALF. a, Zoo-blot hybridiza-
tion with probe jm8-13 (586 bp) revealed only a single band
per species. Washing was under stringent conditions; lanes
with human DNA were exposed 1 d, lanes with non-human
DNA were exposed 5 d. b, Northern-blot analysis with probe
jm8-13 revealed specific retinal expression. A 6.3-kb tran-
script was observed under stringent conditions in retinal tis-
sue only. Cerebellum, retina and retinal pigment epithelium
(RPE) lanes contain total RNA (left), the other tissues are
represented by polyA*-RNA. Exposure was for 10 d.
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Hybridization of the sense probe demonstrated no detectable

We then investigated 13 xICSNB index patients presenting with
either reduced visual acuity, nystagmus, strabismus or a combi-
nation of these findings. There was a consistent incomplete phe-
notype within each family. X-linked inheritance was determined
by pedigree analysis, resulting in a pattern of affected males in

kb
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CACNALF loss-of-function mutations as the
cause of CSNB2. The significance of the mis-
sense mutations (Table 1) was supported by
high structural conservation of the affected
amino acids between a4-subunits.

It is thought that Schubert-Bornschein
CSNB results from defective neurotransmis-
sion between photoreceptors and bipolar cells
via a decrease either in the amount of transmit-
ter released or the effectiveness of the transmit-
ter at the postreceptoral site8. Xenopus laevis

of photoreceptors

Fig. 4 RNA in situ hybridization. The jm-13 antisense probe was used to hybridize mouse eye sections. ‘reduced-retina’ investigations show that gluta-
Specific signals can be seen in the ONL and INL with a weak hybridization in the GCL. Nosignal canbe  mate neurotransmitter release from photore-

seen in RPE or inner plexiform layer (IPL).

ceptor presynaptic terminals is mediated by
L-type calcium channels of unknown class®2°,

two or more generations with intervening asymptomatic females,
except families xICSNB13 and 14, where the affected males were
brothers or maternal first cousins (families 1, 2; ref. 4).

Mutation screening in index patients was performed using
single-stranded conformation polymorphism (SSCP; Fig. 5a).
Thirty-nine of forty-eight exons were screened with primer pairs
based on exon-intron boundaries, and exons with an abnormal
migration pattern were directly sequenced (Fig. 5b, Table 1). In
ten of the thirteen families, nine different mutations were identi-
fied in affected males and their carrier mothers, and no mutations
were seen in unaffected brothers tested. The five missense muta-
tions and the 12-bp deletion were not found in 120 control
chromosomes by SSCP. Family xICSNB06 had two missense
mutations; the second affected a non-conserved leucine (L849P).
The missense mutation in family XICSNBO2 segregated in the
family with a lod score of 2.1 (data not shown). The four muta-
tions causing truncated and deleted proteins strongly implicated

Table 1 « CACNALF mutations in families with XICSNB

Family Mutation Exon Type
02 1106G - A, G369D 8 missense
03 1523G - A, R508Q 13 missense
06 1523G - A, R508Q 13 missense
14 2172C - T, R958X 24 stop
22 3133insC 27 frameshift
13 3145C - T, R1049W 27 missense
05 del3658-3669 30 12-bp deletion
21 4042C - T, Q1348X 35 stop
15 4091T - A, L1364H 35 missense
10 4771A - T, K1591X 41 stop

A

Assuming a similar mechanism, ERG results in
our patients, together with the protein implied, are more sup-
portive of decreased transmitter release with essentially normal
photoreceptor current as shown by the dark- and light-adapted
a-waves, but abnormal inner nuclear layer activity as reflected in
the rod and cone b-waves. ERG b-waves are mainly generated by
Muiller glial cells but also depend on the light response of de-
polarizing ON-bipolar cells?L, We suggest that mutations in the
0;-subunit of the L-type calcium channel impair the influx of
Ca?* required for tonic glutamate release from photoreceptor
presynaptic terminals in darkness. The lowered glutamate levels
would inadequately stimulate the postreceptor bipolar cell mem-
branes, thus keeping the ON-bipolar cells relatively depolarized
(light-adapted) and limiting synaptic gain between first- and sec-
ond-order retinal neurons. Other mechanisms or retinal sites of
action for Schubert-Bornschein CSNB have also to be consid-
ered, as indicated by the result of RNA in situ hybridization.

We present the first report of mutations in a voltage-gated
L-type calcium channel aj-subunit gene causing an inherited
human eye disease. These findings may enable investigations into
pharmacologic agents to regulate retinal calcium metabolism
and neurotransmitter release. In addition, the mutation data pre-
sented provide evidence that complete and incomplete XICSNB
result from non-allelic heterogeneity.

Methods
Clinical details. The clinical methods have been published in detail else-
where2#. Every patient had a general ophthalmologic examination. Best-
corrected visual acuity at distance ranged from 20/30 to 20/400. All
family members had normal peripheral visual fields on Goldman
perimetry (except XICSNB13 and 14, not tested). Dark adaptometry
showed elevation of rod dark adaption final thresholds from 0.3 to 2.5 log
units. Dark-adapted Ganzfeld ERGs showed attenuated rod b-waves, and
a ‘negative’ ERG waveform to bright flashes, in other words a large a-wave
followed by a small b-wave, the peak of which was
below the ERG baseline (except in family xIC-

ffFTc 16 1 6 A6 I ACTCCG &6

SNB14). In the light-adapted ERG, there was a
decrease in cone amplitude and delay of peak
times; 30 Hertz flicker stimuli evoked a character-
istic double-peak response in most patients.

Genomic sequencing. Overlapping human cos-
mid clones from the Xpl1.23 region?? were
sequenced using a combination of the shotgun

approach and primer walking strategy, as des-

2

cribed?. Briefly, the cosmids were subcloned in

Fig. 5 Mutation analysis in family xICSNB14. a, Co-
segregation of incomplete CSNB with SSCP band
shifts. Affected males and female carriers are repre-
sented by standard symbols. b, Identification of a
C-T transition at nucleotide position 2172 in exon
24 causing a stop codon (R958X).

F T CT 6 C6 A6 T ~CTCCLCG &G

pUC18 plasmids and the shotgun plasmid clones
were sequenced from both ends using standard
M13 primers and dye terminator chemistry. The
data were collected using ABI 377 automatic
sequencers (PE Applied Biosystems) and assem-
bled using GAP4 (ref. 24). Remaining gaps were
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closed using custom-made primers on plasmid
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templates, PCR products or cosmid DNA. The genomic sequences are
posted (http://genome.imb-jena.de).

Sequence analysis. Homology searches against the nonredundant and EST
databases were performed using BLAST and FASTA. CACNALF was pre-
dicted using GENSCAN (ref. 14), GRAIL (ref.15) and GENEFINDER
(C. Wilson, L. Hillier and P. Green, pers. comm.) as exon prediction pro-
grams. Genome-wide repeats were identified using the REPEATMASKER
program. Sequence alignments were performed using the Global Alignment
Program (GAP) and CLUSTALW for multiple alignments.

RT-PCR and RACE. RT-PCR was performed using retinal cDNA (1-2 ng;
Clontech) as a template. RACE was performed with the Marathon cDNA
Amplification Kit (Clontech). The primers designed in non-conserved
regions of the predicted cDNA sequence are available on request. The
specific probe jm8-13 was obtained with the following primer pairs:
jm8-13F, 5'-GTGTCTCTGCCTGTCGG-3'; jm8-13R, 5'~TGCGCAGTG-
GGCCACTG-3'.

Northern-blot analysis. The northern blot with cerebellum, retina and
RPE contained 12 pg total RNA. The multiple-tissue northern blot
(MTN1) contained polyA*-RNA from heart, brain, placenta, lung, liver,
skeletal muscle, kidney and pancreas (2 pg each; Clontech). Hybridization
with probe jm8-13 was performed in Church buffer at 65 °C; washing was
done with 0.01xSSC at either 30 °C (non-stringent) or 60 °C (stringent).

In situ hybridization on paraffin sections. The 586-bp fragment jm-13 was
used as a probe for in situ hybridization. The PCR fragment was cloned into
pBluescript 11 SK(+) (Stratagene) and linearized using Xhol or Notl restric-
tion enzymes. Transcription reactions were carried out according to the
manufacturer’s instructions using either T7 or T3 RNA polymerase in the
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presence of 11-digoxygenin UTP (Boehringer). Eyecups of adult CD1 mice
(Charles River Laboratories) were fixed in 4% paraformaldehyde in PBS at
4 °C overnight, washed in PBS, dehydrated in a graded isopropanol series,
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mounted on polylysine-coated slides, dried overnight at 42 °C and stored at
4°C. RNA in situ hybridizations were performed as described?, except sec-
tions were hybridized at 65 °C with digoxygenin-labelled probes (1 mg/ml).

SSCP mutation analysis. Genomic DNA was isolated from peripheral
EDTA-blood by standard techniques. CACNALF exons were amplified with
intronic primers (obtainable on request). Amplified fragments from
39 exons (available on request) were analysed by SSCP using Hydrolink gels
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formed with ™VistraGreen and detection performed with a Fluorimager
(Molecular Dynamics). Variant bands were reamplified and used for direct
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Accession numbers. CACNAIF cDNA, AJ224874; CACNAIF genomic
sequence, AJ002616 (submitted to EMBL).
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