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A naturally-occurring mutation in Cacnalf in arat model of
congenital stationary night blindness
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Purpose: Toidentify the gene mutation responsible for a previously described rat model of X-linked congenital stationary
night blindness (CSNB).

Methods: Rat orthologous genes fblyxandCacnalfwere isolated from retina through rapid amplification the cDNA
ends (RACE) and examined for mutations. Electroretinograms were used to identify affected animals.

Results: The ratNyxcDNA spans 1,971 nucleotides and encodes a protein of 476 amino acids (GenBank: DQ393414).
The ratCacnalfcDNA spans 6,076 nucleotides and encodes a protein of 1,980 amino acids (GenBank: DQ393415). A
€.2941C>T (p.R981Stop) mutation@acnalfwas found in affected rats. Immunochemistry study showed labeling for
rod bipolar and horizontal cells were reduced in affect retinas. For affected rats, b-wave and oscillatory potentials of
scotopic ERG were absent, and b-wave of photopic ERG was clear but obviously reduced.

Conclusions: TheCacnalfmutation identified in the rat model of CSNB was predicted to lead to a protein product that is
shortened by 999 amino acids, indicating that this is a model for the incomplete subtype of human X-linked CSNB
(CSNB2). This rat model will be useful for defining the pathophysiological properties of this human disorder.

Congenital stationary night blindness (CSNB) encom-lectroretinogram (ERG) recordings obtained from a single
passes a group of inherited, nonprogressive retinal disordessitbred Sprague Dawley rat, and the trait has since been in-
that primarily affect night vision [1] and can be transmitted inbred for more than 16 generations. The ERGs obtained from
autosomal recessive, autosomal dominant or X-linked modehke original mutant showed a marked loss of the rod b-wave
[2-7]. The X-linked form of CSNB is frequently associatedwith relatively normal cone ERGs, and were interpreted to
with myopia, nystagmus, decreased visual acuity, and occaesemble most closely the human CSNB1 phenotype. During
sionally strabismus [8-10]. Based on functional and clinicathe inbreeding process, however, it became clear that the cone
information, Miyake et al. [11] divided X-linked CSNB into response of mutant rats was also compromised such that the
two types: complete (CSNB1) and incomplete (CSNB2)overall phenotype more closely resembled the CSNB2 phe-
CSNBL is characterized by normal to mildly subnormal con@otype. In the present study, we isolated the rat orthologous
function and the complete absence of rod function. It is causegknes for bottNyxandCacnalfand examined these for mu-
by mutations in the NYX gene, encoding a tations in affected rats. As will be described, our results indi-
glycosylphosphatidylinositol (GPI)-anchored extracellularcate that this rat model of CSNB is caused Baanalfimu-
protein [12,13]. CSNB2 patients retain measurable rod fundation.
tion with significant impairment of cone function, yet have
mutations in th&€acnaligene, which encodes the.subunit METHODS
of an L-type calcium channel [14,15]. Recently, mutations irAnimals: Affected and control rats were obtained from the
GRMS6, coding for the metabotropic glutamate receptod4" inbred generation derived from the originally identified
MGIuR6 [16,17], and CABP4, encoding a calcium bindingmutant male [19]. Since the defect is inherited as an X-linked
protein [18], have been identified as the cause of autosomthit, the mutant line has been maintained by mating affected
recessive CSNB (arCSNB) leading to phenotypes similar tmales to control females and then mating carrier females to
CSNBL1 and CSNB2, respectively. affected males. All procedures involving the animals were

We recently reported a naturally occurring rat model ofapproved by Animal Care and Use Committee of the Fourth
X-linked CSNB [19]. This model was originally identified by Military Medical University and were in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
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described previously [20]. After 10 h dark adaptation, rats were  Bioinformatics: The open reading frame (ORF) and trans-
anesthetized intraperitoneally with ketamine (70 mg/kg, Sigmdated amino acid sequences were predicted by the National
Saint Louis, MO) and xylazine (10 mg/kg, Sigma). The pu-Center for Biotechnology Information’s (NCBI) ORF Finder
pils were dilated with 0.5% tropicamide, and animals wer@and DNAStar 2.0 program. The nucleotide and amino acid
secured to a platform with a heating pad to maintain the bodsequences were aligned in NCBI's Blast program to search
temperature. ERGs were recorded from the corneal surfader sequence matches. The chromosomal location and extron-
using a silver-chloride electrode loop that made contact throughtron structure were analyzed in the NCBI's Genomic Biol-
a layer of 1% methylcellulose. Stainless steel needle electrodegy. The sequences to be analyzed were retrieved from
placed in the cheek served as reference leads while those placehBank by NCBI's Entrez system. Multiple alignments were
in the tail acted as ground leads. ERGs were recorded byparformed with Clustal X (1.8) program. Motif searches were
commercial system (RETIport; Roland Consult GmbH,carried out with ExXPASy and Smart program.
Brandenburg, Germany) using a band pass of 0.5 to 1000 Hz. Mutation screening:To identify whether a mutation in
Strobe stimulus flashes were delivered in a Ganzfeld, and nebdyx or Cacnalfgene was present in the CSNB-like rat, we
tral density filters were used to control stimulus intensity.

A dark-adapted intensity series was recorded first, using
a stimulus range of -2.5 to 0.5 log cd s farmterstimulus ~ TaBsLE 2. PRIMERS USED TO AMPLIFY THE FULL-LENGTH CDNA OF RAT
intervals increased from 15 s at the lower flash intensities, to Nvx AND CAcNALF
2 min at the highest flash levels. A steady adapting field (1.3Gene

log cd mn?) was then presented within the Ganzfeld. Aftera ...... .Pf'.fn.af _P?_S'.f'.f’?_ .._..S????Tf?.f?.:.g_? ______
10-minute period of light adaptation, cone ERGs were elictyx m;; ibgg. 1056 a%%%?gm
ited by flash stimuli superimposed against the adapting field. TNOE 1210-1239  GAGTGGTTGOGTGATTGGATG
Cone ERGs were recorded in response to stimuli ranging from TNIR 1946-1971  TTCTACTTTAATTTAGGCCTGTAGGC
-2.5t0 0.5 log cd s mfn In each case, the responses to 25! T 12 T
consecutive flashes presented at 2.1 Hz were averaged. TC2F 1230-1249  GGACCTTCGGGGCTACCTGG
Isolation of therattus norvegicus Nyand Cacnalfull- TR e T ance

length cDNA:Smart Race technology (Clontech, Mountain TC3R 3559-3579  CACGOGGTACTGATGTGGATT
View, CA) was used to amplify the fuII-qugth CDNANX ' ¥g; 2‘21‘713: 3‘2‘2; é&%ﬁ?ﬁ%mw
andCacnalfrom the rat. Total RNAs were isolated from reti- TCSE 4090-4111  CTTCAGGACGGCACACAGATAA
nas of affected and control rats with Trizol reagent (Invitrogen, Igs 3;;; 411;23 ;ﬁ%ﬁ %‘ﬁmﬁé
Frederick, MD) according to manufacturer’s protocol. Prim- TOBR 5703-5723  CTGOOCCTCTTGOGGTGACTG
ers were designed from predictedMgiksequence (GenBank: TC7F 5468-5488  AACGOCAGGGCAGTTGTGAGG

TC7R 5990- 6014 GCAGCGAATTTATTGAGCGATAGGTA

NM_001100967) and availabzachalfsequence (GenBank:
NM_053701) in Table 1. The PCR products were subclonedragments of rat cDNA dlyxandCacnalfwvere amplified to cover

into the pMD-18T vector (Takara, Dalian, China) and transthe full length. Primers were designed according to sequences iso-
formed intoE.coli, and sequenced. lated in previous part.

TABLE 1. PRIMERS USED TO ISOLATE THE RATTUS NORVEGICUS NYx AND CACNALF FULL-LENGTH cDNA

Gene Pur pose Primer (5'-3") Location

Ny x 5' RACE F: AGGAGACGCTCGGGCACGCTGAAG (nt496 to nt159)

According to 3" RACE R GCACCCTCAATCTGGGCGGCAAC (nt825 to nt847)

(NM_001100967) For m ddl e region F: CCACAACAACCTGTCCTTTATTAC (nt 337 to nt360)
R. TCAGTCCCTCTGI GGACCCAAC (nt 1480 to nt 1501)

Cacnalf 5' RACE F: TGGCTTCCACTCCACAATGCTGATG (nt284 to nt308)

According to 3' RACE R:  CAGTGACCTGCTGGCACAGAGAACC (nt5861 to nt5885)

(NM_053701) For middl e region F: AGAGGATGTCGGAATCTGAAGTCG (nt25 to nt48)
R GGACCTTCGGGECTACCTGGAC (nt 1226 to nt1247)
F: TGGAAGCGGATAAAGCAGAAAT (nt4698 to nt4719)
R TCAAAACTGTGAACTGGACAAGAA (nt2470 to nt2493)
F: TGGAAGCGGATAAAGCAGAAAT (nt4698 to nt4719)
R GGGGGTGTCTGTTATGGAACCA (nt 1454 to nt 1475)
F: CCTTGCGAAGCGGGITGGITTG (nt2592 to nt2613)
R GTGTTGAGGAGGATGAGCAGAA (nt3616 to nt3637)
F: TGGATGAGAAATGTGGCATAGAA (nt4773 to nt4775)
R: CATCAAAGCGGGAGAGAATAGACT (nt5908 to nt5931)

Full length cDNA of rafNyxandCacnalfwere isolated by 5' and 3' rapid amplification the cDNA ends. Primers were designed according to
available sequences and manufacturer’s protocol.
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Figure 1 (left). Dark-adapted electroretinogrars Comparison of
dark-adapted ERGs recorded from control and affectedBraten-
plitude of dark-adapted a-wave (square) and b-wave (circle) for con-
trol (filled) and affected rats (open). Data points indicate the
meanr-SEM. response from ten 10-week-old r&is.Peak time of
dark-adapted a-wave (square) and b-wave (circle) for control (filled)
and affected rats (open). Data points indicate the meanpom SEM.
response from ten 10-week-old rats.

A

Flash intensity Control Affected
(log cd sec m?)

D5 e M
2.0 P e WS A M

MU s IR ey e
R

30uV

250ms

B 80 4
—u— Phot b-wave of Control

. —o— Phot b-wave of CSNB
60

= 504

=S

2

8 404

2

§ 30
20 - / —
10 §js,=,———}

T T 1
-1.0 -05 00 05

Flash Intensity (log cd s/m’)

C 1104

100 1
90 4 T -

60 4

]
504 I/J

Peak Time (ms)

304

T
10 05 0.0 05

Flash Intensity (log cd stm7)

Figure 2 (above). Light-adapted electroretinograftsComparison

of light-adapted ERGs recorded from control and affected Bats.
Amplitude of light-adapted b-wave for control (filled square) and
affected rats (open square). Data points indicate the+8&d. re-
sponse from ten 10-week-old ra@s. Peak time of light-adapted b-
wave for control (filled square) and affected rats (open square). Data
points indicate the meaBEM. response from ten 10-week-old rats.



Molecular Vision 2008; 14:20-8 <http://www.molvis.org/molvis/v14/a3/> ©2008 Molecular Vision

designed primers to amplify fragments encompassing the fulplex (Boster) for 30 min. Sections were rinsed in PB and
length cDNA from both control and affected rat (Table 2).immunoreaction was visualized with a diaminobenzidine-
The PCR products were subcloned into TA vectors (pMD-18Thickel solution (Boster) as the chromogen. The reaction in PB,
Takara) and sequenced as described in the previous sectiohefore slides were coverslipped and images were captured
Histology: After 10-week old control and affected rats digitally on light microscopy.
were killed by CQ(5-10 min, in a sealed chamber), the eyes
were enucleated, dissected along the ora serrata, and posterior RESULTS
eyecups were fixed in 4% paraformaldehydea for over-  Electrophysiology:Figure 1A presents ERGs recorded from
night. The eyecups were then rinsed in phosphate buffer (PBgpresentative control (left) and mutant (right) animals under
dehydrated through a graded series of ethanol washes, atark-adapted conditions. Under dark-adapted conditions,
embedded in paraffin. Amicrotome was used to cum3hick  ERGs of mutant rats lacked distinct b-waves or oscillatory
sections, which were mounted onto slides and stained withotentials throughout the range of stimulus intensities. In re-
hematoxylin and eosin for anatomy analysis. sponse to high stimulus intensities, mutant rats generated a
Immunochemistry: Sections were rehydrated, and 3% clear a-wave. In comparison to control responses, a-waves of
H,O, in 40% methanol was used to block the endogenous pemutant rats were significantly reduced in amplitude. Figure
oxidase. After sections were incubated in blocking solutioriB,C show intensity-response functions for dark-adapted a-
(10% goat serum, Boster) for 30 min, solutions were replaceahd b-waves of ten control and ten affected rats.
and sections were incubated with primary antibody diluted in
blocking solution at £C for overnight. Primary antibodies
used were a 1:5000 of anti-protein kinase(BKC, Sigma)  Figure 4 (next page). Alignment of rat, mouse (Genbank:
and a 1:3000 dilution of anti-calbindin D-28K (ChemiCOﬂ,NP_062528)' and human (Genbank: NP_005174) prediztedalf
Southampton, UK). After washing with PB, sections were in-amino acid sequences. Conservative residues are indicated by aster-
cubated in a 1:1000 dilution of biotin-conjugated secondarisks (*). The putative transmembrane domains (lon_trans) are shaded
antibody (Boster, Wuhan, China) for 1 h. After a wash in PBIn gray. The box marks the position at which the normal protein is
sections were incubated in an avidin-biotin peroxidase conftuncated in affected rat.

Signal Peptide LRRNT
rat —WLNLLLYAVYFSLPCTRATEACLRACPAACTCSNYERGCSVRCORAGL GRVPT EFPCEAAS| DLDRNGLR | LGERAFGTLPSLRCLSLRHNNLSF ITPGAFKG 103
mouse — WL | LLLHAVVFSLPYTRATEACLRACPAACT CSHVERGCSYRCORAGL ORVPAEFPCEAAS | DLDRNGLR | LGERAFGT LPSLRRLELRHNNLSF ITPGAFKG 103
human MKGRGWL VLLLHAVYLGLPSAMAYGACARACPAACACSTYERGCSYRCORAGLLRYPAELPCEAVS | DLDRNGLRFLGERAFGT LPSLRRLELRHNMLSF [ TPGAFKG 108

®E ERE KEX FE ¥ ¥ *k EEE F EREE Fkk FAEE
rat GRLRRLOLAACRLFSVPERLLAE LANLTHAHFERSR | EAVASSSLLGMRRLESLSLQAN 211
mouse GRLRRLOLAACRLFSYPERL LANLTHAHFERSR | EAVASGSLLGMRRLRSLSLGAN 211
human SRLRRLOLAACRLFSVPERL! LANLTHAHLERGR I EAVASSSLQGLRRLRSLELQAN 216
FEEAEE F ko * ok £k HE
rat RVRAVHAGAFG RRLRTLNLGGN.ALGS‘.’ARGFS-SGLLALI-LN GNRLT VLSWAAFGP 319
mouse RVRAVHAGAFG RRLRTLMNLGGNALGSVARAWFS| SGLLALHLNGNRLT YLSWAAFQP 319
human RVRAVHAGAFG RRLRTLNLGGNALDRVARAWFA SGLLALHLNGNRLT VLAWVAFQR 324
e dkko ok Fdk ek ke dok ok ko
LRRCT
rat GFFLGRLFLFRNPYRCDCHL EWL RDWME GSGRVADVACASPGSVAGADLSUVYFERSSDGI CYOPDELNFTTFSPGPSPEPWAT TYSRFSSLLSKLLAPRAPVEEYAN 427

mouse GFFLGRLFLFRNPHRCDCOLEWL ROWMEGSGRYADVACASPGSVAGODL SQYYFERSSDGLCYDPOELNFTT SSPGPSPEPYATTVSRFSSLLSKLLAPRAPVEEVAN 427
human GFFLGRLFLFRNPHCCDCRLEWL RDWMEGSGRYT DYPCASPGSVAGLDLSQYT FGRSSDGLCYDPEELNLTT SSPGPSPEPAATTYSRFSSLLSKLLAPRYPYEEAAN 432

deskekeskolebolesk dokkoiskok ckeksk dekkk ek ok ek chokskdlek ok soleloksk ekl ek ek ok ek ks ok
rat TTWELVNVSLNDSF [VMYMCYKATFLFT SCLWLSLAQYVYLGPQRD 476
mouse TTHELVNVSLNDSF [VMVF CYKATFLFT SCYLLSLAQYVYVGLARE 476

human TTGGLANASLS DGLSSRGV.GRQPWF LLASCLLPSVAQHWYFGLAOMD 4281

#k sk ok ek ke k% #k ok EJNE = S

Figure 3. Alignment of rat, mouse (Genbank: NP_775591) and human (Genbank: NP_072089) pexlestedo acid sequences. Conser-
vative residues are marked by asterisks (*). Signal peptide is shown in white shading, N and C-terminal leucine-richR&gipimsdtay,
LRRs in green, predicted glucose phosphate isomerase (GPI) cleavage site in pink.
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MSESE YGKDT TPEPSPANGT GPGPEWGLCPGPPT YGT DTSGASGLAT PRRRT QHNKHKT VVVASAGRSPRALFGLTLTNPI RRSCI S| YENKPFDI L LLT | FANGVALG
MSESEVGKDTTPEPSPANGT GPGPEWGLCPGPPT YGT DTSGASGLGT PRRRTOHNKHKT VAVASAGRSPRALFCLTLTNPI RRSCI S| VENKPFDI LILLT | FANCVALG
MSESEGGKDT TPEPSPANGAGPGPEWGLCPGPPAYEGE SSGASGLAT PKRRNGHSKHKT VAVASAGRSPRALFCLT LANPLRRSCI S| VENKPFDI L ILLT | FANCVALG
Fdok A + Ak R e
VY1 PFPEDDSNTAN HILEQVEYVFLYI FTVETVLKI VAYGLYLHPSAYI RNGHNLLDF | | VVVGLFSVLLEQGPGRPGDAPHT GGKPEGFDVKALRAFRVLRPLRLVSGY
VY 1PFPEDDSNTAN HILEQVEYVFLYI FTVETVLKI VAYGLYLHPSAYI RNGKNLLDF | | VVVGLFSVLLEQGPGRPGDAPHT GGKPGFDVKALRAFRVLRPLRLVSGY
V¥ 1 PFPEDDSNTAN HNLEQVEYVFL VI FTVETVLKI VAYGL VL HPSA Y1 RNGKNLLDF | | VWVGL FSVLL EQGPGRPGDAPHT GGKPAGFDVICALRAFRVL RPLRL VSGY
sk sk ok o e obe ook ek o sk b obok ok ook sk ook e skok wk
PSLHI YLNSI MKALVPLLHI ALLYLFVI | | YA | GLELFLGRMHKT G YFLGSDMEAEEDPSPCASSGSCRSCT LN QTECRGRIPGPNGG] TNFONFFFAMLT YFQC] THE
PSLHI VLNSI MIALVPLLHI ALLVLFVI | | YA | GLELFLGRMHKT O YFLGSDMEAEEDPSPOASSASCRSCT LNHTECRGRIPGPNGGI TNFONFFFAMLT VFQC] THE
PSLHI VLNSI MIKALVPLLHI ALLVLFVI | | YA | GLELFLGRMHIT C YFLGSOMEAEEDPSPCASSASCRACT LNOTECRGRWP GPNGGI TNFONFFFAMLT VFQCVTME
sk ok
GHTDYLYHMODAMGYELPHVYFVSLY| FGSFFVLNLYLGYLSGEFSKEREKAKARGDF QKL REKQOMEEDLRGYLDHI TQAEEL DLHDPSVDGNLASLAEEGRAGHRPQL
GHTDYLYWMADAMGYEL PHVYFVSL Y] FASFFVLNLVLGVLSGEFSKEREKAKARGDF QKL REKQOMEEDLRGYLDHI TOAEEL DLHDPSVOGNLASL AEEGRAGHRPQL
GHTDYLYWMADAMGYEL PHVYFVEL VI FASFFVLNLVL GVL SGEFSKEREKAKARGDFQKQREKQOMEEDL RGYLDHI TGAEEL DMEDPSADDNL GSMAEEGRAGHRPAL
ok ok dE F kR
SELTHRRRGRLRWFSHSTRETHST SSHASLPASDT 681 TOT PROEDEEEGTMASCT LCLNK | MKT KVCRHFRRANRGLRARCRRAVKSNACYHAVLLLVFLNTLT | ASEH
SELTNRRRORLRWF SHSTRSTHSTSSHLSLPASDT GSMTOT PGDEDE EEGTMASOT RCLNK | MKT RI CRHFRRANRGLRARCRRAVICSNACYWAVLLLVFLNTLT | ASEH
AELTNRRRORLRWF SHSTRSTHSTSSHASLPASDT GSMTET QGDEDEEEGAL ASCTRCLNIC| MKTRVCRRLRRANRVL RARCRRAVKSNACYWAVLLLVFLNTLT | ASEH
* % ek ok dekdokk kokskk
HGGPYHLT QT QEVANKVLLCLFT VEMLLKLYGLGPSY YVASFFNREDCF VYCGG! LETTLVEVGAMIPLG| SYLRCVRLLRI FKYTRHHASLSNLYASLLNSMKS| ASLL
HGOPLHLT T QEVANKVLL CLFT VEMLLKLYGLGPSYYVASFFNRFDCFVVCGEI LETTLVEVGAMOPLG| SVLRCVRLLRI FKVTRHHASLENLVASLLNSMKS | ASLL
HGGPYHLT 0 GEVANKVLLCLFT VEMLLKLYGLGPSAYYSSFFNREDCEVVGAA! LETTLVEVGAMIPLG| SVLRGVRLLRI FKVTRHHASLENLVASLLNSMKS| ASLL
otk *4
LLLFLFI | | FSLLGMOLFGGKFNFDOTHT KRSTFOTFPGALLT VFQI LTREDKNVYMYDGI MAYGGPFFPGMLVCYYF | ILF | CGNY | LLNVFLAI AVDNLASGDAGAAK
LLLFLFI I | FSLLGMOLFGGKFNFDOTHT KRSTFOTFPOALLTVFQI LTGEDKNVVMYDGI MAYGGPFFPGMLVCYYF | |LF 1 CGNY | LLNVFLAI AVDNLASGDAGTAK
LLLFLFI | | FSLLGMOLFGGKFNFDOTHT KRSTFOTFPGALLT VFQI LTGEDKNVYMYDGI MAYGGPFFPGMLVC YF | ILF | CGNY | LLNVFLAI AVDNLASGDAGTAK
ok kK #of
DKCREKSSEGNPPOENKVLYPGGENEDT EGT KSE GAAP GHEEEEEEE EEEEEE—NGAGHVELLQEVVPKEKYYP| PEGSAFFCLSATNPLRIAGHT LI HHHVFTSL
DKGREKSSEGNPPIKENKVL VPGGENEDAKGARSE GAAP GHE EE EEEE EEEEEEEEEENGAGHVEL LOEVVPKEKYYP| PEGSAFFCLEATNPLRIACHT LI HHHI FTSL
DKGOEKSNEKDLPOENEGL VPGV EKEEEEGARRE GADMEE EEE EEEE EEEEEEE—EGAGGVELLQEVVPKEKYYP| PEGSAFFCLSATNPLRIGOHT LI HHHVFTHL |
Fdk kkE ok ok Bk kkEE ok k% gk B e Hokk *k Fk
LVFI | LSSVSLAAEDP | RAHSFRNHI LGYFDYAFTS| FTVE | LLKMT VEGAFL HOGSFCRSHENLLDLLYVSVSL| SEGIHSSAI SYVKI LRVLRVLRPLRA | HEIAKGLK
LVFI | LSSVSLAAEDP | RAHSFRNH] LGYFDYAFT S FTVE | LLKMT VFGAFL HRGSFCRSWANL LDLLVVSVSL | SFGIHSSAI SVVKI LRVLRVLRPLRAT NRAKGLE
LVFI | LSSVSLAAEDP | RAHSFRNHI LGYFDYART SI FTVE | LLKMT VFGAFL HRGSFCRSWENMLDLLYVSVSL | SFGIHSSA | SYVKI LRVLRVLRPLRA| NRAKGLK

HVVACYFVAI RT | GNI MI VT TLLOFMFACI GYQLFKGKFYSCT DEAKHT LKECKGSFL | YPDGDVERPLYRERLWYNSDFNFDNVLSANMALFT VST FEGHPALL YKAI D
HYVOYFVAL RT | GNI MIVT TLLOFMFAC] GYGLFKGKFYSCT DEAKHTLKECKGSFL | YPDGDVSRPLVRERLWYNSDFNFDNVLSANMALFT VST FEGHPALL YKAI D
HVVACYFVAI RT | GNI MIVT TLLGFMFAC] GYALFKGKFYT CTDEAKHT PAECKGSFLVYPDGDVSRPLVRERL WYNSDFNFONVLSANMALFT VST FEGHPALL YKAI D

ok % kok skdkkkk sk dkdkd bk ek ko kb kokk ¥k
AHAEDEGP | YNYHVEI SVEFIVYI [ | | AFFMMNI FYGFYI | TFRAQGEQE YGNCELDKNGRACVE YALKAGPLRRY | PKNPHQYRVIATYNSAAFE YLMFLL | LLNTVAL
BNAEDEGP | YNYHVEI SVEFIVYI 1 1 1AFFMMNIFVGFYI | TFRAQGEQE YQNCEL DKNQROCYE YALKAGPLRRY | PKNPHQYRVWATVNSAAFE YLMFLL | LLNTVAL
AYAEDHGP | YNYRVEI SVEFIVYI | | | AFFMMNI FYGFYI | TFRAQGEQE YQNCELDKNGRACVE YALKAGPLRRY | PKNPHQYRVIATYNSAAFE YLMFLL | LLNTVAL
+ okt
AMQHYEQTAPFNYAMDI LNMVFT GLFTVEMVLKI | AFKPKHYFADANNT FDAL | VVGSVVDI AVTEVNNGGHLGESSEDSSRI €1 TFFRLFRVMRLVKLLSKGEG  RTLL
AMOHYEQTAPFNYAMDI LNMVFT GLFT | ENVLII | AFKPIKHYFADAWNT FDAL | VVGSVVDI AVTEVNNGGHLGESSEDSSR | §1 TFERLFRVMRLVKLLSKGEG | RTLL
AMQHYEQTAPFNYAMDI LNMVFTGLFT | ENVLKI | AFKPKHYFTDARNTFDAL | VVGSI VDI AVTEVNNGGHLGESSEDSSRI S1 TFFRLFRVMRLVKLLSKGEG  RTLL

WTFI KSFQALPYVALL | AMI FF | YAY| GMOMFGKYAL GDGT 01 NRNNNFQTFPOAYLLL FRCAT GEAWCE | MLASLPGNRCDPESDF GPGEEFT CGSNFA | Y YFI SFEML
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WTFI KSFQALPYVALL | AMI FF ] YAV | GMOMFGKYAL GDGT QI NRNNNFQTFPOAVLLL FRGAT GEAWGE | MLASLPGNRCDPESDF GPGEEFT CGSNFA | AYF| SFEWL
Fokok
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CAFLI INLFVAVIMDNFDYLTROWS | LGPHHLDEFKR | WSE YDPGAKGRI KHLDVVALLRR | GPPLGFGKLCPHRVACKRLYAMNMPLNSDGT VTFNATLFALVRT SLK|
*
KTEGNLDGAN QELRMYI KK | WKR1 KQKLLDEY | PPPOEEEVTVGKF YATFLI QDYFRKFRRRKEKGLLGADAPT ST SSVLOAGLRSLQDLGPE| ROALT YDT EEEEEEEE
KTEGNLDGAN QELRMVI KK | WKR| KQKLLDEV | PPPOEEEVTYGKF YATFL| QDYFRKFRRRKEKGLLGREAPTST SSALOAGLRSLODLGRE| RQALT YOT EEEEEEEE
KTEGNLEGANQELR | V1 KiK| WKRMKQKLLDEY | PPPDEEEVTYGKF YATFL| QDYFRIKFRRRKEKGLLGNDAAPST SSALOAGL RSLODLGPEMROALT COT EEEEEE—
* *# Fokkdkokok ok kbbb dokk ke % sk dekokskskdokolskokkoksok ekl dekdekekse ek
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Figure 2A presents representative ERGs recorded undeal sequence, the core segment consists of 11 leucine-rich re-
light-adapted conditions. In comparison to control responsegjons (LRRs) flanked by two cysteine-rich LRRs (LRRNT
light-adapted ERGs of mutant rats were significantly smalleand LRRCT). Unlike human, the C-terminal GPI membrane
in amplitude and delayed in peak time. Figure 2B,C show inanchor was not predicted in rat sequence. Only a potential
tensity-response functions for the cone ERGs. cleavage site was found at C-terminal. Identity was much

Isolation of ratNyx and CacnhalftDNA: Full-length rat  higher in the LRR core segment than in the signal sequence
Nyx cDNA spans 1,971 nucleotides (GenBank: DQ393414)and C terminal among the species. Recent work has suggested
Compared with the computational predicted one (GenBankoth human and mouse nyctalopin are membrane-bound ex-
NM_001100967), this sequence has complete 5' and 3' UTRacellular proteins with function conserved [25], and
When aligned with the rat genome, it was predicted to locaterthologous nyctalopin proteins may have different mecha-
in Xg12 and contain 3 exons. The ORF was confined to exonisms of cell membrane attachment [26].

2 and 3 as in human [12,13], mouse [21,22], chic [23], and  Full-length of raCacnalitDNA spans 6,076 nucleotides
zebrafish [24] genes, and encodes a protein of 476 amino g&enBank: DQ393415) and has complete 3'-UTR compared
ids with a predicted molecular weight of 52.5 kDa. The nuclewith available one (GenBank: NM_053701). When aligned
otide sequence is 86% and 93% identical to human (GenBankith the rat genome, it was predicted to locate in Xq13 and
NM_022567) and mouse (GenBank: NM_173415) sequencespntain 49 exons. The ORF was confined to all of the exons
respectively. The translated amino acid sequence is 84% aadd encodes a protein of 1980 amino acids with a predicted
95% identical to human (GenBank: NP_072089) and mousmolecular weight of 220.0 kDa. The @acnalfshares 88%
(GenBank: NP_775591) sequences, respectively (Figure 3nd 95% identity with human (Genbank: NM_053701) and
Computational protein motif analysis of tdyxpredicted a mouse (GenBank: NM_019582) sequences, respectively. The
characteristic domain structure: the N-terminal putative sigtranslated amino acids shares 91% and 97% with human
(GenBank: NP_005174) and mouse (Genbank: NP_062528)
A sequences, respectively (Figure 4). Computational protein
= motif analysis showed four homologous domains of ion trans-

Lm O port protein (lon_trans), each containing six transmembrane

h li [J_‘| alpha helices. The transmembrane segments were best con-
ondunoonod

BUOOLONLIONMOeO

served among species, and the most disparate regions were C
O phenotype normal female

terminal and cytoplasmic loop between domains 2 and 3 [27].
Mutation analysis: To identify the mutation responsible
for CSNB rats, we amplified fragments encompashingor
Cacnalffrom cDNAs isolated from the retinas of control and
mutant rats, which were identified by ERG analysis. Sequence
analysis revealed a point mutation of C to T at position 2941,
which changes codon 981 from arginine (CGA) to a stop codon
(TGA). This R981Stop point mutation was predicted to lead

I:' phenotype normal male

. phenotype affected male ’ phenotype affected female

*  indicate the animal with the known CACNAIF genotype

B
Control ‘

AGCCATTAACCGAGCC CAAGGGAC
1

to a version of protein shortened by a total of 999 amino ac-
ids, and missing the C-terminal and, in particular, part of the
third and all of the fourth ion transport domains.

To confirm that R981Stop was casually associated with

the phenotype, we analyzed 24 rats obtained in our breeding

pedigree (Figure 5). After ERGs were used to determine the

phenotype, the mutant position was amplified from each

k.o L) D . animal’s retinal cDNA. All seven affected rats were found to
Affected carry the ¢.2941C>T mutation in the retinal cDNAs, while no

AGCCATTAACTGAGCCAAGG GACT rat with a normal ERG carried this mutation.

ﬁ ; Histology and immunochemistridistology showed that

|

retinal structures were similar in both control and affected rats
(Figure 6A,B). Labeling of control retinas with PkGhowed
dendrites of bipolar cells terminated in the OPL (Figure 6C),
in agreement with previous reports [28-31], whereas labeling
with PKCo. in affected retina was much reduced (Figure 6D).
Labeling of control rat for horizontal cells with calbindin
showed staining of bodies and processes in OPL (Figure 6E),
M'contrast, labeling for horizontal cells in affected retinas were
gare (Figure 6F). In affected retinas, no extension to outer
nuclear layer for dendrites of rod bipolar cells and horizontal
cells were observed.

25

Figure 5. Mutation analysis @acnalfin CSNB rat. A: Pedigree
was set up and it shows the complete cosegregation of the mutati
with the phenotypeB: By mutation screening, a C>T mutation at
position 2941 (p.R981Stop) was identified in affected animals.
represents Arginine.
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DISCUSSION
This study found that the rat mutant identified by ERG re- Control Affected

cordings [19] carried a mutation in tR&cnalfgene, while
Nyxis normal. As a consequence, the rat model provides a GC
new model for CSNB2, which also involv€acnalfmuta-
tions. The protein encoded IBacnalfis thea, subunit of
voltage-gated L-type calcium channels, which appear to be IPL
expressed only in the retina [12]. Immunohistochemical analy-
sis has localized this subunit to the ribbon active zones in rod
photoreceptor terminals [32]. The visual signal generated by
rod and cone photoreceptors in response to light is transmit- 0L
ted to second order neurons through glutamate released at rib-
bon synapses located in the rod and cone terminals [33]. Thus, OPL
a defect ino, . would be expected to severely diminish post-
receptoral transmission of the visual signal, which is clearly ONL
seen in all patients with CSNB2 and in the available animal
models.

There are two mouse models for CSNB2. Mansergh et al
[30] described the phenotype of a knock-out mo@akcfalf 0S
1), while Chang et al [31] detailed a naturally-occurring mu-

tant fiob2 identified, like the rat model under consideration,
through fortuitous ERG studies. The rat phenotype appears to | ¢ D T GC
be an intermediate between these two mouse models. Under ' ,
dark-adapted conditions, ERG b-waves and oscillatory poten- & ;L @

tials are essentially absent (Figure 1). This resembles the phe- ESESSSEACRES S ‘ B 1pL
notype ofCacnalf mice [30] but not of theob2mouse [31]. : A
Under light-adapted conditions, affected rats generated clear

cone ERGs of reduced amplitude (Figure 2). This phenotypic

feature resembles more closely the results obtainedbg@ RS &
mice [31] than ofCacnalf mice [30]. Immunochemistry ® ¥,
showed that labeling for both rod bipolar cells and horizontal | ¥ %
cells in affected retinas were reduced, especially for horizon-
tal cells. This indicates that presence and activity of voltage-
gated L-type calcium channels are essential for development
of second-order neurons, such as bipolar and horizontal cells.
Contrary to observations made Gacnalfmutant mouse
models, neither rod bipolar nor horizontal cells dendrites were
observed to extend beyond the OPL in the rat. Given the range
of phenotype seen in these mouse models and in human pa-
tients with Cacnalf mutations [14,15], tBacnalfrat model

will provide an additional animal model with which to under-
stand the relationship between Cacnalf mutations and retinal
phenotypes.

INL
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