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TaBLE 1. THE PRIMER SETS USED IN THIS STUDY.

Exon Direction Primer sequence (5'-3")
2 Forward GCTTGGGAATGTATTGGTCC
2 Reverse TTCTGGACTCCTCTTTCTGC
3-1 Forward TTGCTAATGAAGGGGAAAGG
3-1 Reverse TGAAAGCTGTGATCCTAGTG
4-2 Forward TACCCAACAGATTCCTATGG
4-2 Reverse TTGTGGATTCAGAGCTTTGG
4 Forward TGCTTGGACATGAGCAATAG
4 Reverse TATTAGGAAGCTCTTTGGGG
5 Forward GATCTGTAGGGAATGTAGGG
5 Reverse CAACTGCATCTGAATCAACG
6 Forward TATTGTGCTTGCTTCCCTTG
6 Reverse GCAATCAATCTCCTTCTCAG
7 Forward TACTCTTCCCCATACTTCAG
7 Reverse CGTTTGGAATGTCTAAGCAG
8 Forward CCACAGCAAAGTCTCAAATC
8 Reverse AATAACCCTGTCATGCACAC
9 Forward CAGTCTCTGTGGTCATTTTG
9 Reverse TTCATGCTGAGACTGCTCAAG
10 Forward AAGCCAGCAATGCTTAGTTC
10 Reverse TGTCACAAGGGAGAACATAC
11 Forward ATGTGTGCACATACAGAGGT
11 Reverse GAAGCAAGGACAAGAACCAT
12 Forward ACCCTTTCCTCTGTGTTTCC
12 Reverse GCACAATATGCACCAGTGAC
13 Forward TACTGACCTCAAGTGATCTG
13 Reverse TTCATTATCTCCTGTGCCTG
14 Forward CTGTTACATGAACTCCCAAG
14 Reverse TTGTTGAAAAGCAAGCGAGG
15 Forward CCATTCGTATGTCCACTATC
15 Reverse GAGTAGTATCGTATATTCGC
16 Forward AGTTCTGGAACTCTTTGTTG
16 Reverse AGAGACAAGTACTCAGGATG
17 Forward GGTGGATATGCCTGTCTAAG
17 Reverse AAAGTGCTCAGTTCAGCCTG
18 Forward GGCTCCTAGGTTATTGAATA
18 Reverse GTGGTACAAGAAATCTCAAC
19 Forward TTCTAATGGTGCCTGTGTGC
19 Reverse CAATGTTAGCCAGAGATCTC
20 Forward GTGTCAACCTGAAAGAAAAC
20 Reverse TTTCAGTAAGGAGCCATATC
21 Forward ATGACCTGGAATGTTCCATC
21 Reverse GCCTGTTCTTATGTCCTAAC
22 Forward TATAATGAGCCAGGGTGAAC
22 Reverse TTTGGAACTGATCATCTGCC
23 Forward CTTTTCTCTCAACCATCATC
23 Reverse ACAGTGAATTTGTGGTTCTC
24 Forward AGCTGGGGCTACAGAGTTTA
24 Reverse TATCTTGGGAGCGTTCTGAG
25 Forward GTAACTTTGACTGCTCTGGG
25 Reverse CGAGCAAGTAGTTGAGTGAG
26 Forward GGGCTGTGAAATTCTCATTG
26 Reverse AACTCTGGCATCCCCCATAG
27-1 Forward CATGTTAGGGGATTGTGAAG
27-1 Reverse ATACGTTGCCTCACATTCAG
27-2 Forward CAGAATGGTGAATGCTCTTG
27-2 Reverse GAAAGGTGAAGACTGTTCTG
27-3 Forward AAAAAAACCTGTTCCTTCCG
27-3 Reverse TTTGTCGTTTCCACTGTTAG
274 Forward GAAGAAACTATTTCCCCAAG
27-4 Reverse GAATATCTGTGCTATGAGAG
27-5 Forward TAGAGTACAGTTCAATCACG
27-5 Reverse ATGGATTTCACATTCCTAGG
27-6 Forward TCTGTGAAGCCAGATCAAAC
27-6 Reverse GTTTAGATGGCCAAGATGAC
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co-localization with mGluR6 [11,19]. Trpm! null mutant
mice completely lose the photoresponse of ON BCs. Trpml-
L channe] activity is negatively regulated by activated G, in
the mGIuR6 cascade, and we showed that Trpml-L is a
component of the ON BC transduction channel. Interestingly,
the frpmi-deficient mice showed similar electrophysiological
responses to the responses of those with complete CSNB—
significantly reduced b-waves—which led us to examine
whether the gene is mutated in human patients with complete
CSNB.

Very recently three groups reported the association of
TRPMI1 mutations with CSNB [20-22]. Independently from
these studies, in our present study, we identified five different
novel mutations in the human TRPM! gene: IVS2-3C>G,
IVS8+3_6delAAGT, R624C (c.1870C>T), S882X (e
2645C>A), and F1075S (c.3224T>C). In addition, our
biochemical and cell biologic analyses suggested that the two
intron mutations were likely to result in abnormal protein
production by abnormal splicing, and the two missense
mutations lead to the mislocalization of the TRPM1 protein
in BCs. Fundus examination revealed no abnormalities other
than myopic changes, and the single bright-flash, mixed rod-
cone ERG showed a “negative-type” configuration with a
reduced normal a-wave and a significantly reduced b-wave
amplitude.

METHODS

Subjects: Four separate patients with complete CSNB (#204,
#373, #437, and #484) in whom previous molecular
examination revealed no mutation in either NYX or GRM6
among 11 separate patients were analyzed. They were all
male, and their ages were 26, 9,19, and 27 years, respectively.
They complained of night blindness from early childhood, and
otherwise had no health problems. All individuals examined
had been under observation at the Department of
Ophthalmology of Nagoya University, Nagoya, Japan. The
research protocol was designed in compliance with the
Declaration of Helsinki and approved by the institutional
review board. Written informed consent was obtained from
the subjects after an explanation of the purpose of this study
was provided. Briefly, the protocol entails molecular analysis
of causative genes from blood samples of patients with
complete CSNB and in vitro analysis including expression
assay and cytological assay using the samples without any
disadvantages for the patients.

DNA analysis of patients with complete CSNB: Genomic
DNA was extracted from the peripheral blood leukocytes.
Exons 2 through 27 of TRPM!I were amplified by polymerase
chain reaction (PCR) using the DNA Thermal Cycler 9700
(Applied Biosystems, Foster City, CA). Primers were
designed by and purchased from Invitrogen (Carlsbad, CA).
The primer sets used in this study are shown in Table 1. For
all exons, 100 ng of genomic DNA was amplified in a 50 pl
reaction with 0.5 uM of each primer, 0.2 mM of each ANTP,
and Ampli7ag Gold polymerase (Applied Biosystems). The
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PCR conditions were as follows: 5 min at 94 °C; 35 cycles at
94 °C for 30 s, followed by 30 s at 54 °C, and 45 s at 72 °C;
and a final extension step at 72 °C for 7 min. The PCR products
were directly sequenced using an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems) and BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems). To search for
polymorphisms, exons 3, 8, 16, 21, and 24 of TRPMI from
200 alleles (50 men and 50 women) from unrelated, normal
Japanese individuals were directly sequenced.

TRPMI splicing minigene constructs: DNA fragments of
TRPMI exon 2 with its downstream splice donor region
(nucleotide position in GenBank # NC 000015: 24738-
25055; exon 24+SD) and exon & with its downstream splice
donor region (39020-39392; exon 8+SD) were PCR-
amplified using human genomic DNA as a PCR template;
Sacl and Kpnl sites were appended to the 5’ and 3’ ends,
respectively. A partial fragment of p-globin (HBB) intron 2
(614-1166 in GenBank # NC_000011) was PCR-amplified;
Kpnl and Sall sites were appended to the 5’ and 3’ ends,
respectively. DNA fragments of TRPMI exon 3 with its
upstream splice acceptor region (31325-31691; SA+exon 3)
and exon 9 with its splice acceptor region (39976-40280; SA
+exon 9) were PCR-amplified using human genomic DNA as
a PCR template; Sall and BamHI sites were appended to the
5" and 3' ends, respectively. The exon 2+SD, HBB intron, and
SA+exon 3 fragments (exon 2+3 construct), or exon 8+SD,
HBB intron, and SA+exon 9 (exon 8+9 construct) were ligated
and subcloned into the Sacl and BamHI sites of pBluescript
KS+ (Stratagene), containing three repeats of the Flag-tag
between the BamHI and Notl sites. The generated exon 2+3
construct and exon 8+9 construct were digested with Sacl and
Notl and subcloned into Sacl and BamHI digested pEGFP-C3
and pEGFP-C2 (Clontech, Palo Alto, CA), respectively, each
with a synthesized BgllI-NotI linker.

Transfection andwestern blots analysis: HEK293T cells were
cultured in D-MEM containing 10% fetal bovine serum (FBS;
Nissui, Tokyo, Japan). These cells were grown under 5%
carbon dioxide at 37 °C. Transfections were performed using
the calcium phosphate method. Transfected cells were
incubated at 37 °C for 48 h, and harvested for further analysis.
Cell extract proteins were separated by SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane (ATTO,
Tokyo Japan). The membrane was incubated with a mouse
anti-Flag antibody (1:1,000; Sigma, St Louis, MO), a rabbit
anti-B—gal antibody (1:10,000; Chemicon, Temecula, CA), or
a mouse anti-f—actin antibody (1:2,000; Sigma), and
incubated with a horseradish peroxidase-conjugated goat anti-
mouse or -rabbit IgG (1:10,000; Zymed Laboratories, San
Francisco, CA). The bands were visually developed using
Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan).

In vivo electroporation and section immunohistochemistry:
In vivo electroporation was performed at postnatal day 0 (P0)
as described previously [23]. Approximately 0.3 pl of DNA
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solution (5 pg/ul) was injected into the subretinal space of PO
mouse pups, and square electric pulses (80 V; five 50 ms
pulses with 950 ms intervals) were applied with electrodes.
Wild-type (WT) and mutant forms of TRPMI (R624C and
F1075S) containing 3% Flag at the C-terminus were expressed
from the mouse mG/uR6 promoter (mGluR6-TRPMI1-—
3xFlag). To generate this construct, the chicken B-actin gene
(CAG) promoter region in CAG-TRPMI was replaced with
the 9.5 kb fragment of mGIluR6 5' upstream genomic sequence
[24]. mGluR6-TRPM1-3xFlag (4 ug/pl) and CAG-GFP
(1 pg/ul) were co-electroporated and harvested at P14,
Immunochistochemistry to observe the subcellular localization
of TRPM1-3xFlag expressed in the electroporated ON BCs
was performed on sections as previously described [23].
Mouse anti-Flag antibody (1:500), rabbit anti-PKCa antibody
(1:20,000; Sigma), and rat anti-GFP antibody (1:1,000;
Nacalal Tesque) were used. The signal intensity of Flag
immunostaining at the dendritic tips and somas of ON BCs
was measured using AxioVision software (Carl Zeiss,
Oberkochen, Germany). The ON BCs that showed more
intensity in the dendritic tips than in the somas were counted.
One hundred electroporated ON BCs were counted from three
retinas independently prepared for each construct.

Clinical evaluations in patients associated with TRPMI
mutations: The ophthalmologic examination included best-
corrected visual acuity, refraction, biomicroscopy,
ophthalmoscopy, fundus photography, Goldmann kinetic
perimetry, color vision testing, and electroretinography [25].
Standardized full-field ERGs were elicited by Ganzfeld
stimuli after pupillary dilation with 0.5% tropicamide and
0.5% phenylephrine hydrochloride and 20 min of dark-
adaptation. The rod (scotopic) ERGs were elicited by a blue
stimulus with a luminance of 5.2x1073 c¢d/sec*m?. The mixed
rod-cone, single flash (bright white) ERGs were elicited by a
white stimulus 0f 44.2 cd/sec*m?. The photopic (cones) single-
flash ERGs and 30 Hz flicker ERGs were elicited by white
stimuli at a luminance of 4 cd/secem? and 0.9 cd/secem?,
respectively, on a white background of 68 cd/m?. The single
flash bright white ERGs were recorded again after 17 h of dark
adaptation.

ERG recordings in the trpm1 null mutant (trpm1-") mice: We
generated #rpmI~- mice as described previously [11]. Our
methods for recording the ERGs from the mice have been
described in detail [26]. In brief, the mice were dark-adapted
overnight, and then anesthetized with an intramuscular
injection of 70 mg/kg ketamine and 14 mg/kg xylazine. ERGs
were recorded with a gold-wire loop electrode placed on the
anesthetized cornea. The mice were placed in a Ganzfeld bowl
and stimulated with stroboscopic stimuli of 1.0 log cd-s/m?
(photopic units) maximum intensity. Four levels of stimulus
intensity ranging from —5.0 to 1.0 log cd-s/m? were used for
the dark-adapted ERG recordings, and four levels of stimulus
intensity ranging from —0.5 to 1.0 log cd-s/m? were used for
the light-adapted ERGs. The light-adapted ERGs were



Molecular Vision 20103 16:425-437 <http://www.molvis.org/molvis/v16/a48>

recorded on a rod-suppressing white background of 1.3 log
cd-s/m? (photopic units). The amplitude of the a-wave was
measured from the baseline to a set time of 8 msec after the
initial negative wave for the dark-adapted ERG, and 11 msec
for the light-adapted ERG. The b-wave amplitude was
measured from the negative trough of the a-wave to the
maximal positive peak.

Animal care: All procedures conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, and these procedures were approved by the
Institutional Safety Committee on Recombinant DNA
Experiments and the Animal Research Committee of Osaka
Bioscience Institute. The mice were housed in a temperature-
controlled room with a 12h:12h light-dark cycle. Fresh water
and rodent diet were available at all times.

RESULTS

DNA analysis of the complete CSNB patients: Five different
mutations in TRPMI were identified: IVS2-3C>G,
IVS8+3 6delAAGT, R624C (c.1870C>T), S882X (c.
2645C>A), and F1075S (c.3224T>C). Mutations were
present in three unrelated patients with complete CSNB
(#373, #437, and #484). All three patients were compound
heterozygotes. Their pedigrees and the DNA sequence
chromatogram for the patients harboring these mutations are
presented in Figure 1A,B.

The two intron changes, IVS2-3C>G  and
IVS8+3 6delAAGT (Figure 1C), were interpreted to be
pathogenic because no RNA splicing activities were detected
when each of the two changes was present (see splicing assay
section). They were also predicted to affect RNA splicing, as
assessed by an online splice-site prediction tool. The donor
site prediction score from the software for the exon 8 donor
site in TRPMI was 0.99 for the WT sequence, whereas it was
under 0.01 for the corresponding mutated sequence with the
IVS8+3 6delAAGT sequence change. The acceptor site
prediction score for the exon 3 acceptor site in TRPMI was
0.98 for the WT sequence, whereas it was 0.44 for the mutated
sequence with the IVS2-3C>G sequence change. The two
mutations were not found in an analysis of 100 Japanese
normal controls.

The S882X mutation was considered to be a pathogenic
null mutation since mRNA containing the predicted early stop
codon would most likely be subject to nonsense mediated
decay without being translated into a protein [27]. Even if the
translated protein was produced, it would lack the C-terminus
region of TRPMI, including transmembrane domains 4-6,
which is very likely to lead to a loss of function as a cation
channel (Figure 1D). This change was not found among the
100 healthy control individuals we examined. The two
missense changes in the TRPM1 gene, R624C and F1075S,
were located in the N-terminal region and in the C-terminal
end of the transmembrane domain, respectively (Figure 1D).
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They were interpreted as likely pathogenic because the
arginine at position 624 and the phenylalanine at 1075 are well
conserved among the TRPM subfamily, suggesting the
importance of these amino acid residues for TRPM function
(Figure 1E). The two mutations were not found in an analysis
of 100 Japanese normal controls. None of the five mutations
mentioned above have been reported in a SNP database.

Analysis of protein expression from TRPMI mutant
minigenes: Our previous expression analysis of mouse
TRPMI1 showed that the long form (TRPMI-L), which
functions as a cation channel, is predominantly expressed in
the retina [11], suggesting that human patient samples for
directly analyzing splicing are not readily available. To
overcome this limitation, minigenes for expression in tissue
culture cells were designed; these minigenes included the
upstream exons (exon 2 or 8) fused with EGFP, downstream
exons (exon 3 or 9) fused with 3xFlag-tags, and a HBB intron,
which is often used in splicing assays (an exon 2+3 minigene
and an exon 8+9 minigene; Figure 2A). Since the signals
required for constitutive splicing are usually within ~100
nucleotides of splice junctions [11], we took ~200 nucleotide
regions for both splicing donors and acceptors to ensure the
splicing assay. We also generated mutated minigenes
containing the IVS2-3C>G mutation in the exon 2+3
minigene or the IVS8+3 6delAAGT mutation in the exon 8+9
minigene. Minigene splicing was analyzed in HEK293T cells
since they have been used extensively to study constitutive
RNA splicing. HEK293T cells were transfected with
minigene DNA and a lacZ expression internal control vector,
and western blotting was performed on whole cell extracts
isolated 48 h later. We then analyzed protein products of the
EGFP-exon 2+3 fusion and the EGFP-exon 8+9 fusion
proteins by western blot analysis of whole cell extracts
transfected with the WT and mutated minigenes. We detected
an expected 45 kDa or 39 kDa band with the anti-Flag
antibody in HEK293T cell extracts transfected with the WT
exon 2+3 minigene or the exon 8+9 minigene (Figure 2B,C).
In contrast, we did not detect any bands in either of the cell
extracts transfected with the mutated minigenes. We detected
the B-gal bands of the transfection internal control, and the -
actin bands of the cell extract control in both the WT and
mutant minigene transfected cells. These results showed that
both the IVS2-3C>G and IVS8+3 6delAAGT mutations
abrogate normal splicing and lead to abnormal protein
production, suggesting that these #rpml alleles are loss-of-
function alleles.

In vivo analysis of intracellular localization of TRPMI
protein carrying missense mutations: The TRPM1 missense
mutations R624C and F1075S are located in the N-terminal
and the C-terminal end of the six-transmembrane domains
(6TM), respectively (Figure 1D). Mutations in these regions
often cause misfolding/mislocalization of the protein, and/or
a defect in channel activity [28-32]. To determine the
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Figure 1. Compound heterozygous TRPMI mutations identified in patients #373, #437, and #484. A: Sequence chromatograms showing the
mutations: [VS2-3C>G in patient #373 (a), IVS8+3_6delAAGT in patient #484 (b), Arg624Cys (c. 1870C>T) in patients #437 and #484 (c),
Ser882Ter (c. 2645C>A) in patient #437 (d), and Phel075Ser (c. 3224T>C) in patient #373(e). B: Complete CSNB pedigrees of Japanese
patients #373, #437, and #484. These three patients are compound heterozygotes of TRPMI mutations. C: Exon structures of human
TRPM]I. The first methionine (Start) and a stop codon (Stop) of the TRPM1 open reading frame are indicated. All mutations found in this
study are shown. D: Putative topology of the human TRPM1. All mutations found in this study are illustrated. The six transmembrane domains
are indicated as TM1-TM6. E: Alignment of R624 and F1075 in TRPM proteins. Sequence alignment of TRPM1 from human, bovine, mouse,
chick, and TRPM2, TRPM4, and TRPM7 from human. Amino acid residues R624 and F1075 are boxed. The asterisks indicate completely
conserved residues.
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Figure 2. Analysis of protein expression
from TRPMI] mutant minigenes. A:
Schematic of TRPMI minigenes. The
minigene [VS2-3C>G contains an
EGFP gene, exon 2, the exon 2 splice
donor region, a portion of the B-globin
(HBB) intron 2, the exon 3 splice
acceptor region, and exon 3, and uses the
CMV promoter and SV40 polyA4 site
from the pEGFP-C3 wvector. The
minigene [VS8+3 6delAAGT contains
an EGFP gene, exon 8, the exon § splice
donor region, a portion of the HBB
intron 2, the exon 9 splice acceptor
region, and exon 9, and uses the CMV
promoter and SV40 polyA site from the
PEGFP-C2 vector. Mutations of IVS2—
3C>G and IVS8+3 6delAAGT are
shown. B-C: western blots of HEK293
cell extracts transfected with minigenes
IVS2-3C>G (B) or
IVS8+3_6delAAGT (C). WT
represents protein from a wild-type
minigene transfection, and asterisks
represent spliced EGFP detected by an
anti-Flag antibody. B-Gal and f-actin
were used for transfection control and
loading control, respectively.
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functional relevance of R624C and F1075S TRPM1 residues,
we mutagenized the TRPMI cDNA to introduce R624C and
F1075S mutations. We first prepared expression vectors
encoding R624C or F1075S mutant proteins attached with a
Flag-tag at the C-terminus, and expressed them both, as well
as WT vectors, in HEK293T cells. We did not observe a
significant difference in the protein level between the mutants
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and WT by western blotting, suggesting that the protein
stability of R624C and F1075S was not affected (data not
shown). We then prepared expression vectors of R624C- and
F10755-TRPMI cDNAs fused with the mouse mGuR6 9.5 kb
promoter that drives ON BC-specific expression (Figure 3A).
We electroporated each of them as well as the WT vector into
the PO mouse retinas. We examined the localization of the
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expressed TRPM1 mutant proteins in ON BCs at P14 when
the endogenous mouse TRPMI1 is preferentially localized to
the dendritic tips [11,19]. The electroporated human TRPM1
was visualized by an anti-Flag tag antibody. TRPM1 WT was
localized at the soma (arrow) and dendritic tips (arrowheads)
of the ON BCs (Figure 3B,C). On the other hand, the
immunostaining signals of both the R624C and the F1075S
TRPM!I proteins were significantly weaker than those of the
WT protein (Figure 3D-G). We quantified the number of
electroporated ON BCs in which the WT TRPM1 protein was
localized more in the dendritic tips than somas. About 70% of
ON BCs that electroporated with WT TRPMI1 showed a
brighter TRPM 1 signal at the dendritic tips, and the signals on
the dendritic tips were dramatically reduced in both mutant
proteins (Figure 3H). These results may imply that R624C and
F1075S mutations lead to mislocalization of TRPM1 protein
and are responsible for the protein trafficking of TRPM1
channel proteins. However, it should be noted that there is also
a possibility that the transfected TRPMI1 proteins are
misfolded due to the addition of the 3xFlag tag, leading to the
undetectability of Flag-tagged mutant proteins specifically in
the dendrites. Future analysis is required to obtain a
conclusive result on this point.

Clinical characteristics of the complete CSNB patients
associated ~ with  TRPMI  mutations: The clinical
characteristics of the three complete CSNB patients with
TRPMI mutations are summarized in Table 2. All the patients
showed the typical clinical features of complete CSNB. They
complained of night blindness from their early childhood, and
the best-corrected visual acuities were normal in two patients
(#373 and #437) and mildly reduced in one (#484). The
refractive errors were highly or moderately myopic, and
astigmatism was present in all of the patients (Table 2). Mild
nystagmus and esotropia was observed in the patient with
reduced visual acuity (#484). Slit lamp examination revealed
no abnormality, and all fundus examinations revealed no
abnormalities in the posterior pole other than myopic changes,
including the tilted discs and temporal pallor of the optic discs
(Figure 4). Goldmann kinetic visual fields and color vision
tests with the Ishihara plates, the AO H-R-R
pseudoisochromatic plates, and Farnsworth D-15 panel test
were conducted in two patients (#437 and #484) with normal
results. No family history was obtained from the patients
(Figure 1B).

The full-field scotopic (rod) ERGs elicited by a blue light
were non-recordable after 20 min of dark-adaptation (Figure
5B). The photopic ERG showed an a-wave with apparently
normal implicit time and a b-wave with delayed implicit time
(Figure 5C). The amplitudes of the 30 Hz flicker ERG were
within normal range (Figure 5D). The single bright-flash,
mixed rod-cone ERG elicited by a white stimulus had a
“negative-type” configuration with a reduced normal a-wave
and with a significantly reduced b-wave amplitude (Figure
5A). The oscillatory potentials were reduced.
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ERG analysis of the trpml null mutant (frpmi~-) mice: To
address a possible role of TRPM1 in ON BC function, we
previously generated #zpmI null mutant (¢rpml1~-) mice by
targeted gene disruption [11]. Next, to compare the
physiologic retinal function of zrpmI~~ between humans and
mice, we recorded mouse ERGs in 8-week-old mice (Figure
6). The dark-adapted (rod) ERGs elicited by different stimulus
intensities from WT and trpmI~~ mice are shown in Figure
6A. The amplitudes of the a-wave, originating from the
photoreceptors, were approximately equal for both types of
mice (Figure 6B). In contrast, the dark-adapted ERG b-wave,
originating mainly from the ON BCs, in trpm 1~ mice was not
present at the lower intensities, and only a very small positive
inflection was seen at the highest stimulus intensity of 1.0 log
cd-s/m? (Figure 6C). The ERGs elicited by different stimulus
intensities from light-adapted WT and #rpmI~ mice are
shown in Figure 6D. The b-wave was severely depressed or
absent leaving only the a-wave in the trpmI~~ mouse (Figure
6E,F). These ERG results are similar to those obtained by
other groups [19,33], and suggested that the function of both
rod and cone ON BCs, and the signal transmission from rod
and cone photoreceptors to BCs were severely impaired in
trpm1~~ mice. In contrast, the presence of a normal a-wave
indicated that the rod and cone photoreceptors were
functioning normally in this mutant mouse.

DISCUSSION

An essential step in intricate visual processing is the
segregation of visual signals into ON and OFF pathways by
retinal BCs [34]. The release of glutamate from
photoreceptors modulates the photoresponse of ON BCs
[35] via metabotropic glutamate receptor 6 (mGIuR6) and the
G-protein (G,) that regulates a cation channel [36-38]. We
recently reported that we identified a mouse trpm1 long form
(trpmi-L) and found that TRPMI-L localization is
developmentally restricted to the dendritic tips of ON BCs in
co-localization with mGIuR6 [11]. TrpmI null mutant mice
completely lose the photoresponse of ON BCs. TRPMI1-L
channel activity is negatively regulated by activated G, in the
mGluR6 cascade. These results suggest that TRPM1-L is a
component of the ON BC transduction channel. These
observations led us to examine whether the gene is mutated
in human patients with complete CSNB in the current study.

To identify human 7RPMI gene mutations in CSNB
patients, we analyzed four separate Japanese patients with
complete CSNB in whom previous molecular examination
revealed no mutation in either the NYX or GRM6 genes. In the
current study, we identified five different mutations in
TRPMI: 1VS2-3C>G, IVS8+3_6delAAGT, R624C (c.
1870C>T), S882X (c.2645C>A), and F1075S (¢.3224T>C).
Mutations were present in three unrelated patients with
complete CSNB (#373, #437, and #484). Using a minigene
expression assay, we showed that two intron mutations,
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A
CAG-GFP

Figure 3. In vivo electroporation of WT,

MGIuR6-TRPM1-3xFLAG 3 x FLAG R624C, and F1075S TRPM expression

- mouse mGIuR6 9.5kb upstream | TRPMH1 vectors fused with the mGluR6
promoter. A: DNA constructs used for

electroporation. CAG-GFP was co-

WT R624C F -1 0758 electroporated to identify electroporated

regions. WT and mutant forms of
TRPMI1 fused with 3xFlag were
expressed under the mouse mGIuR6 9.5
kb promoter. B-G: Section
immunohistochemistry of the P14
retinas electroporated in vivo at PO with
CAG-GFP and mGIluR6-TRPMI-
3xFlag. The sections were
immunostained with PKCa (blue), GFP
(green), and Flag (red) antibodies (B,
D, and F). Immunostaining with Flag
was visualized separately (C, E and G).
Arrows represent the soma and
arrowheads represent the dendritic tips
of ON BC. Scale bar: 10 pm. H.
Composition of electroporated ON BC
(GFP+ PKCoa+), where bright Flag
signal was observed in the dendrites.
The error bars represent standard
deviation (SD). Asterisks show that the
differences are statistically significant
(n=3) (Student’s #-test, p<0.05).
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TABLE 2. CLINICAL CHARACTERISTICS IN COMPLETE CSNB witi TRPM1 MUTATIONS.

Corrected Color

Mutation visual acuity Refraction vision
patient #373 (Male, 9 years old)
1VS3-3C>G, 1.0 (OD) 8.25-2.75 X 40 (OD) ND
F1075S

1.0 (OS) -8.25 —0.50 X 180 (0S)
patient #437 (Male, 19 years old)
R624C, S882X 1.0 (OD) -4.50 -2.25 X 120 (OD) Normal

1.0 (OS) -4.50 =2.75 X 50 (OS)
patient #484 (Male, 27 years old)
1VS9+3_6delA 0.5 (0D) -13.00 -3.00 X 90 (OD) Normal

AGT, R624C

Fundus Visual Night

appearance field blindness Nystagmus Strabismus
Myopic ND + - Orthophoria
Myopic Normal + = Orthophoria
Myopic Normal + + Esotropia

Figure 4. Fundus photographs of patients with mutations of 7TRPMI. A-C: Fundus images of patient #373 (A), patient #437 (B), and patient
#484 (C). All fundus examinations revealed no abnormalities in the posterior pole other than myopic changes, including the tilted discs and
temporal pallor of the optic discs. The patient’s number is indicated in each photograph.

IVS2-3C> and IVS8+3 6delAAGT, can cause splicing
abnormalities leading to defects in protein production. Since
these two mutations are located in the N-terminus region of
TRPMI, these mutations are likely to produce a loss-of-
function allele of TRPMI. The nonsense mutation S882X (c.
2645C>A) is located between TM2 and TM3. Thus, the
truncated TRPM1 protein is likely to be non-functional as a
channel. Regarding the two missense mutations, R624C (c.
1870C>T) and F1075S (c.3224T>C), we observed failure of
the transportation of the missense mutant channels to the
dendritic tips. However, ~20% of ON BCs could transport the
mutant forms of TRPM1, suggesting that these ON BCs are
still active. Considering that human patients carrying these
mutations still have cone ERG responses, this fraction might
be cone ON BCs converging inputs from cone photoreceptors.
Since these two amino acid residues are evolutionarily
conserved among the TRPM subfamily, these amino acid
residues are indispensable for the physiologic functions of
TRPM channels. For example, R671Q mutation in the
Drosophila TRPMI homolog (trp'?) resulted in a significant
reduction of ERG response [39]. This mutation is located

433

between the 6TM and the TRP domain [40], which is close to
the F1075 residue of human TRPM1. Although this region is
not in the functional domains, it still could be responsible for
the physiologic function of the TRPM channel.

The scotopic ERG b-waves recorded using Ganzfeld
stimuli were nonrecordable, and the photopic ERG showed
normal a-wave amplitude, but the amplitude of the b-wave is
reduced or absent in the three affected human individuals.
There seems to be no apparent genotype-phenotype
correlation in our patients with 7RPMI mutations. Full-field
ERG results showed no detectable post-receptoral ON-
pathway function for the three patients. The ERG amplitudes
of patient #484 were smaller than those of the other two
patients, but the reductions were considered to be due to high
myopia (—12 to —13 D) [41] or other unknown reasons. The
function of the inner retina was further analyzed using L-M
cone ERGs elicited by rectangular, 100—125 msec duration
light stimuli under light-adapted conditions in one patient, and
as a result, the amplitude of the b-wave at light onset (ON-
response) was significantly reduced, but the d-wave amplitude
(OFF-response) at light offset was unaffected with normal
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Figure 5. Full-field ERGs of patients
with mutations of the TRPMI gene. A-
D: Full-field ERGs recorded in a normal
subject and three affected individuals.
The single bright-flash, mixed rod-cone
ERGs showed a ‘“negative-type”
configuration with a reduced normal a-
wave and a significantly reduced b-
wave amplitude (A). The scotopic ERGs
showed no response after 20 min of
dark-adaptation (B). The photopic
ERGs showed an apparent a-wave with
normal implicit time and a b-wave with
delayed implicit time (C). The
amplitudes of the 30 Hz flicker ERGs
were within normal range (D). The
oscillatory potentials were reduced.
Arrowheads: stimulus onset. Each
patient’s number is noted at left.

f Dark-adapted ERG B Dark-adapted ERG c Dark-adapted ERG ) L
T Wild type TRPM1 KO a-wave amplitude b-wave amplitude Figure 6. ERG of WT and trpm -~ mice.
BB ) e Semmesnemans S 1000 " A-F: ERGs recorded from 8-week-old
4007 - wiid type . .
g JL‘ _ -+ TRPM1 KO A S w0 mice. Dark-adapted (A) and light-
&30 3 300 f % adapted (D) ERGs were elicited by four
%‘ ‘_g' E 600 different stimulus intensities in both WT
g 1.0 2 200 B ® Wiid type and frpm1~- mice (n=5). Amplitudes of
c = 400
ﬁ L bowave V g 5 * TRPM1KO  dark-adapted (B) and light-adapted (E)
S E 100 .
‘g 2001 * A ERG a-waves as a function of the
3 1.0 1 4 Sl stimulus  intensity  are  shown.
N— i avL 50 30 -1.0 10 50 ‘30 -1.0 10 Amplitudes of dark-adapted (C) and
soms  Stmulus intensity (log cd-s/m?)  Stmulus intensity (log cd-sim?)  light-adapted (F) ERG b-waves as a
D - E . F ) function of the stimulus intensity are
Light-adapted ERG Light-adapted ERG Light-adapted ERG shown. The bars represent the standard
€ Wildtype  TRPM1 KO a-wave ampiitude bawave ampilude error of the mean (SEM). Asterisks
F 05— N 207 - wild type ~ show that the differences are statistically
k) o __L N “* TRPM1KO 4 g 200 significant ~ (Mann-Whitney  test,
§ 315 i 2 15 p<0.05). The #rpmI~- mouse had a
Py 3. ] 3 normal a-wave, but a severely depressed
G 210 & o yeep
§ 05 — g g 100 N Wild type b-wave for both dark- and light-adapted
g b
€ ~ ;| < . TRPMIKO  ERGs
5 b-wave 50 :
g 1.0 ~ N 0 " o J'Vv’bf»m«—‘
@ awave  qoopv| 05 0 05 10 05 0 05 10
50ms Stimulus intensity (log cd-s/m?)  Stimulus intensity (log cd-s/m?)

OPs on the OFF-responses (data not shown). These
electrophysiological results indicated that the pathology in
complete CSNB with TRPM] mutations lay in the dysfunction
of the depolarizing ON BCs because it is generally considered
that the positive ON-response (b-wave) reflects the
depolarizing ON BCs. The impairment in the ON-response
was also observed in the #zpmI~" mice in which b-wave
amplitude for both scotopic and photopic conditions were
completely defective. These results in human and mice
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strongly indicated that TRPM1 is essential for the function of
ON BCs in the visual pathway.

The clinical features of patients with complete CSNB are
similar even when the causative gene is different. Most
patients complain of night blindness while showing normal
fundi accompanied by highly myopic refractive errors [4,5].
The best-corrected visual acuity is mildly reduced, or
sometimes normal. We could not clarify any difference in
ERG responses that were recorded according to ISCEV
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protocol among those with different gene defects. To date, the
only phenotypic difference among complete CSNB patients
with different gene mutations has been detected using a
scotopic 15 Hz-flicker ERG with increasing intensities [42].
It was reported that patients with TRPMI mutations showed
15 Hz-flicker ERG responses similar to those with NYX
mutations, but different from those with GRM6 mutations or
normal control subjects, suggesting some difference in the rod
pathway [21].

Very recent studies reported that 7TRPMI gene mutations
were the major cause of AR complete CSNB in patients with
Caucasian ancestors [20-22]. We previously identified NYX
mutations in five families and GRM6 mutations in two
families among 11 Japanese families with complete CSNB
[43,44], and in the current study, we found TRPMI mutations
in three of the remaining four families. From these results we
confirmed that the gene was responsible for patients with
complete CSNB. It is likely that one of the three genes that is
localized at the dendritic terminals of ON BCs and
contributing the cell activity, TRPM1, GRM6, or NYX, would
responsible for most patients with complete CSNB.

In conclusion, we identified five different mutations in
the TRPMI gene in three unrelated Japanese patients with
complete CSNB. TRPM] is essential for the depolarizing ON
BC function in humans as well as in mice.
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An essential step in intricate visual processing is the segregation of
visual signals into ON and OFF pathways by retinal bipolar cells
(BCs). Glutamate released from photoreceptors modulates the
photoresponse of ON BCs via metabotropic glutamate receptor 6
(mGIuR6) and G protein (Go) that regulates a cation channel.
However, the cation channel has not yet been unequivocally
identified. Here, we report a mouse TRPM1 long form (TRPM1-L)
as the cation channel. We found that TRPM1-L localization is
developmentally restricted to the dendritic tips of ON BCs in
colocalization with mGIuR6. TRPM1 null mutant mice completely
lose the photoresponse of ON BCs but not that of OFF BCs. In the
TRPM1-L-expressing cells, TRPM1-L functions as a constitutively
active nonselective cation channel and its activity is negatively
regulated by Go in the mGIuR6 cascade. These results demonstrate
that TRPM1-L is a component of the ON BC transduction channel
downstream of mGIuR6 in ON BCs.

G protein | retina | photoresponse | glutamate | vision

Segregation of visual signals into ON and OFF pathways orig-
inates in BCs, the second-order neurons in the retina (1,2). ON
and OFF BCs express metabotropic glutamate receptors,
mGluR6, and ionotropic glutamate receptors (iGluRs), re-
spectively, on their dendrites (3-5). Reduction of glutamate re-
leased from photoreceptors by light stimulation depolarizes ON
BCs and hyperpolarizes OFF BCs (6-8) mediated through re-
spective glutamate receptors. The mGIuR6 couples to a hetero-
trimeric G protein complex, Go (9, 10). Signals require Goa, which
ultimately closes a downstream nonselective cation channel in ON
BGs (6, 9, 11-13). However, this transduction cation channel in
ON BCs has not been identified, despite intensive investigation.

In our screen to identify functionally important molecules in
the retina, we found that TRPMI is predominantly expressed in
retinal BCs. Most members of the TRP superfamily, which are
found in a variety of sense organs, are non-voltage-gated cation
channels (14-16). The founding member of the TRP family was
discovered as a key component of the light response in Droso-
phila photoreceptors (17). TRPM1, also known as melastatin, was
the first member of the melanoma-related transient receptor
potential (TRPM) subfamily to be discovered (18, 19). TRPM1I is
alternatively spliced, resulting in the production of a long form
(TRPM1-L) and a short N-terminal form devoid of trans-
membrane segments (TRPM1-S) (18, 20). Although mouse
TRPM 1-S was previously identified as melastatin, mouse TRPM1-
L has not been identified (18). The distinct physiological and
biological functions of TRPMI still remain elusive, although
some recent evidences including us suggested that TRPM1 might
contribute to retinal BC function (21-23). Here, we show that
TRPMI-L is the transduction cation channel of retinal ON BCs
in the downstream of mGluR6 cascade.

332-337 | PNAS | January 5,2010 | vol. 107 | no.1

Results

Isolation of Mouse TRPM1-L. We identified a mouse TRPMI-L
cDNA (Fig. 14) that corresponds to the human 7RPM1 long form
(20). The mouse TRPM1-L encodes a predicted 1,622-aa protein,
containing six transmembrane domains, a pore region, and a TRP
domain, as do other major TRP family members (Fig. 14).
Northern blot analysis revealed the presence of both TRPMI-L
and -§ transcripts in the retina; however, only the latter was de-
tected in the skin (Fig. 1B). In situ hybridization (ISH) showed the
presence of substantial TRPMI-L transcripts in the inner nuclear
layer (INL) at postnatal stages (Fig. 1C). Faint TRPM1-S signals
were detected in the INL at postnatal day 9 (P9) (Fig. 1D). Im-
munostaining with anti-Chx10 antibody, a pan-BC marker,
showed that TRPMI-L signals were located in BCs in the adult
retina (Fig. 1E).

Localization of TRPM1-L on Dendritic Tips of ON BCs. Next, we raised
an antibody against TRPM1-L (Fig. S1) and examined the local-
ization of TRPM1-L (Fig. 1 F-K and Fig. S1). At P14, TRPM1-L
was found diffusely in BC somata (Fig. 1F). At 1 month after birth,
TRPMI-Llocalized to the dendritic tips in the outer plexiform layer
(OPL) (Fig. 1G, arrows and stars). This labeling was not observed in
the TRPM1 null mutant (TRPM1~'") mice (Fig. 2D and Fig. S1 B~
E). To identify the subtypes of BCs expressing TRPM1-L, we
coimmunostained BCs with anti-TRPM1 antibody and several adult
retinal BC markers (Fig. 1 H-K and Fig. S1 B-E). Punctated
TRPM1-L signals were localized at the tips of Goa-expressing and
mGluR6-expressing dendrites (Fig. 1 H and I, and Table S1). We
also coimmunostained TRPM1-L with PNA that binds to glyco-
conjugates associated with the cell membrane and the intersynaptic
matrix of cone terminals. The continuous punctated TRPM1-L
signals appeared in register with the PNA signals, suggesting that
TRPMI-Lis localized adjacent to cone photoreceptors as well as to
rod photoreceptors (Fig. 1J, indicated by stars, and Table S1). Ac-
tually, TRPM1-L was not expressed in photoreceptor terminals
because the punctated TRPMI-L signals did not colocalize with
bassoon, a marker for the presynaptic photoreceptor structures
(Fig. 1K and Table S1). We did not observe distinct colocalization of
TRPMI-L with OFF-BC markers (Fig. S2).
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TRPM1-L Is Required for the Photoresponse of ON BCs. To address a
possible role of TRPM1 in ON BC function, we generated TRPM 1
null mutant (TRPMI ") mice by targeted gene disruption (Fig.
2A4). We used Southern blots to confirm the exons 4-6 deletion
(Fig. 2B). Northern blot analysis showed that no substantial
transcripts were detected in TRPM1 '~ retinas (Fig. 2C). Although
TRPMI-S is expressed in the skin, TRPMI~'~ mice were indis-
tinguishable from wild-type (WT) littermates in appearance, in-
cluding coat color. In TRPMI™~ mice, immunoreactivity to
TRPMI-L was essentially undetectable (Fig. 2D). In contrast, no
substantial reduction of retinal BC markers including Chx10, Goa,

Koike et al.

S

fpore] TRP domain

ITransmembtane domain

TRPM1-L

D Fig. 1. The molecular analysis and
expression of mouse TRPM1-L. (A)
Schematic diagrams of full-length
mouse TRPM1-L and TRPM1-S genes
and their ORFs. Light gray boxes
represent ORF, and light purple box-
es indicate exon 14 (L and S). Green
and pink bars indicate sequences
used for TRPM1-L- or TRPM1-S-spe-
cific probes, respectively. The red bar
indicates amino acid sequence used
for generating anti-TRPM1-L anti-
body. (B) Northern blot analysis of
mouse TRPM1 transcription in adult
mouse tissues. The sizes of TRPM1-L
and TRPM1-5 transcripts are ~6 kb
and 3 kb, respectively. Both TRPM1-L
and -S transcripts were detected in
the retina; however, only the TRPM1-
§ transcript was detected in the skin.
(Lower) Ethidium bromide staining
of RNA. Each lane contains ~10 pg of
total RNA. Trigeminal N., trigeminal
nucleus. (C and D) ISH analysis of
mouse TRPM1 in the postnatal retina.
TRPM1-L-specific signal was detected
in the INL at P9 (C). TRPM1-S was
detected in the INL at P9 (D). PRL,
photoreceptor layer; INL, inner nu-
clear layer; GCL, ganglion cell layer.
(Scale bar: 100 pm.) (E) ISH of TRPM1-
L mRNA and following im-
munostaining of anti-Chx10 anti-
body, a pan-BC marker. (Scale bar: 50
pm.) (F and G) Immunostaining with
an antibody against TRPM1-L ex-
hibited TRPM1-L signals in cell bodies
of retinal BCs at P14 (F) and at den-
dritic tips of retinal BCs (stars and
arrows) at 1 M (G). N, nucleus of a BC.
(Scale bars: 50 pm.) (H-K) Confocal
images of OPLs double-labeled with
anti-TRPM1-L antibody and other
retinal markers. TRPM1-L-positive
puncta were localized at the tips of
Goa distribution (H). TRPM1-L-pos-
itive puncta were colocalized with
mGluR6 staining (/). Continuous
puncta marked with TRPM1-L were
colocalized with PNA (stars) (J).
TRPM1-L-positive puncta were sur-
rounded by synaptic ribbons stained
with bassoon (K). (Scale bars: 10 um.)

Bassoon

and mGluR6 was observed in TRPM 1™/~ mouse retinas at 1 month
(Fig. 2 E-G).

To examine whether TRPM1-L can function as a transduction
cation channel in rod and cone ON BCs, we applied whole-cell
recording techniques to BCs in mouse retinal slices (Fig. 3).
Under the whole-cell voltage clamp, light stimulation induced an
inward current in ON BCs of WT mice (Fig. 34, WT), reflecting
the opening of transduction cation channels via mGIluR6 deac-
tivation (11, 13, 24, 25). On the other hand, neither rod BCs nor
cone ON BCs of TRPM1™'~ mice evoked photoresponses (Fig.
34, TRPM1 KO). Collected data showed significant differences
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Fig. 2. Generation of TRPM1~~ mouse by targeted gene disruption. (A)
Strategy for the targeted deletion of TRPM1 gene. The open boxes indicate
exons. Exons 4-6 were replaced with the PGK-neo cassette. The probe used
for Southern blot analysis is shown as a dark bar. (B) Southern blot analysis
of genomic DNA. Sphl-digested genomic DNA was hybridized with a 3’
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in the amplitude of photoresponses between WT and TRPM 1™/~
mice (Fig. 3B). Membrane current fluctuations of ON BCs in the
dark were much smaller in TRPM1~'~ mice than in WT mice
(Fig. 34), suggesting that there are no functional transduction
cation channels in ON BCs of TRPM1~/~ mice (Fig. 3C). On the
other hand, light stimulation of cone OFF BCs in both WT and
TRPMI~~ mice evoked photoresponses (Fig. 3D). We detected
no significant differences in either the amplitude of the light
responses (Fig. 3E) or the time for half-maximal amplitude after
the light was turned off (7)) (Fig. 3F).

Functional Coupling Between TRPM1-L and mGluR6. To examine
whether or not TRPM1-L is modulated by mGluR6 activation, we
measured ionic currents in TRPMI-L-trasnfected CHO cells un-
der whole-cell voltage clamp. We measured the amplitude of the
inward current at —100 mV, which was plotted against time to
examine the effects of glutamate and N-methyl-p-glucamine
(NMDG™), an impermeant cation. In the CHO cells expressing
mGluR6, Goa, and TRPM1-L, constitutively active inward cur-
rents were observed, whereas in Goa-transfected CHO cells sta-
bly expressing mGluR6 but not TRPM1-L (7 = 11), a whole-cell
current was negligible (Fig. 44). The I-V relationship of the in-
ward currents was almost linear with a reversal potential (V) of
~0 mV (0.92 mV, n = 15), indicating that, like most TRP chan-
nels, TRPM1-L may be a nonselective cation channel (Fig. 44).
In fact, replacement of extracellular cations with NMDG™" re-
sulted not only in the reduction of the current but also in a shift of
V,ey toward hyperpolarizing potential (AV;., = =23.7mV, n = 15)
(Fig. 44). Constitutively active currents were detected even b;l the
replacement of extracellular cations with either Na*, K*, Ca™, or
Mg**, supporting the idea that TRPM1-L is a constitutively active
nonselective cation channel (26) (Fig. S34). In CHO cells ex-
pressing mGluR6, Goa, and TRPM1-L, constitutively active cat-
ionic currents were suppressed by the addition of 1 mM glutamate
to the bath solution (Fig. 44). Although in CHO cells co-
transfected with Goa and TRPMI-L, whole-cell currents with
similar -} relationships were detected, application of glutamate
did not affect the whole-cell current (in 11 of 11 cells). A calcu-
lated average suppression ratio of inward current (V, = —100
mV) by 1 mM glutamate administration was 52.7% (n = 15) in
CHO cells expressing mGluR6, Goa, and TRPM1-L, whereas the
average suppression ratio in CHO cells coexpressing Goa and
TRPMI-L was 2.1% (n = 11) (Fig. 44). The effects of glutamate
were reversible (Fig. 44).

We investigated the effect of Go activation on the TRPM1-L
current by measuring a whole-cell current in TRPM1-expressing
CHO cells transfected either with wild-type of Goa (Goa) or a
constitutively active mutant of Goa (Goa-Q205L). Analysis of
the reduced currents upon replacement of extracellular Na™ with
NMDG™ demonstrated that the current density obtained in
TRPMI-L-transfected cells (3.53 pA/pF, n = 8) was considerably
larger than that in vector-transfected control cells (0.50 pA/pF,
n = 6) and that in TRPM-L- and Goo-cotransfected cells (1.89
pA/pF, n = 14) (Fig. 4B). Furthermore, intracellular applica-
tion of GMP-PNP (1 mM), an unhydrolyzable analog of GTP, to

outside probe, detecting 23-kb WT and 8-kb mutant bands. (C) Northern
blot analysis of total RNA extracted from the retina derived from WT,
TRPM1*'~, and TRPM1~'~ mice using cDNA probe derived from exons 3-9.
(D-G) Immunostaining of WT and TRPM1~'~ retinal sections at 1 M. The
TRPM1-L signal in the INL of WT mouse retina disappeared in the TRPM1~'~
mouse retina (D). Immunohistochemical analysis using antibodies to Chx10
[pan-BC nuclei marker (E)], Gou [ON BC dendrite marker (F)], and mGIuR6
[ON BC dendrite tip marker (G)] showed no obvious difference between WT
and TRPM1~'~ mice retinas. PRL, photoreceptor layer; INL, inner nuclear
layer; GCL, ganglion cell layer. (Scale bar: 50 pm.)
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Fig. 3. TRPM1-L is essential for ON BC photoresponses. (A-C) Data from ON
BCs in the retinal slice preparation. (4) Photoresponses of ON BCs from WT
(Left) and TRPM1~'~ (Right) mice (holding potential at—62 mV). Each trace il-
lustrates the average of three responses. (B) Mean + SEM of photoresponses
from WT (15 cells, 12 mice) and TRPM17~'~ (9 cells, 8 mice) mice. *, P<0.05.(C)
The variance against the mean (the leak current not subtracted) of the dark
membrane current fluctuations obtained from WT (open circles: 34 traces, 15
cells) and TRPM1~'~ (filled circles: 26 traces, 9 cells) mice. (D-F) Data from OFF
BCs in the retinal slice preparation. (D) Photoresponses of OFF BCs from WT
(Left) and TRPM17'~ (Right) mice under similar recording conditions as in A.
Eachtraceillustrates the average of two responses. No significant differencein
the response amplitude (WT, 5 cells; TRPM1~'~, 6 cells) (E) or in the time for
half-maximal amplitude after the termination of light stimulation (7;,,) (WT, 5
cells; TRPM17"-, 6 cells) (F).

TRPMI-L- and Goua-cotransfected cells resulted in a remarkable
decrease of current density (1.00 pA/pF, n = 22), whereas intra-
cellular application of GDPPS (1 mM), an unhydrolyzable analog
of GDP, restored the current density to a level comparable to that
in TRPM1-L-transfected cells (3.35 pA/pF, n = 9) (Fig. 4B). We
also observed suppression of current density in TRPMI-L- and
Goa-0205L-cotransfected cells to a level comparable to that in
TRPMI-L- and Goa-cotransfected cells intracellularly perfused
with GMP-PNP (1.00 pA/pF, n = 36) (Fig. 4B). We confirmed that
the expression level of TRPM1-L protein was not significantly
affected by Goa expression with a pull-down assay of biotinylated
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membrane proteins (Fig. S3B). These results suggest that TRPM1-
L channel function is negatively regulated by Go activation.

To confirm that TRPM1-L channel activity is regulated via Go
proteins in the mGluR6 signal cascade, we performed single-
channel recordings in the outside-out patch mode (Fig. 4C). In
mGluR6-stably expressed CHO cells transfected with both
TRPMI-L and Gou, constitutively active currents, whose single-
channel conductance was 76.70 pS and open probability (NPo) was
0.48, were obtained in 41 cells out of 129 cells. These currents
showed a V., of ~0 mV (6.86 mV, n = 21). By contrast, similar
single-channel currents were absent in cells expressing both
mGluR6 and Goa but not TRPM1-L (n = 32) (Fig. S3C). We next
examined whether these single-channel currents were regulated by
the mGluRG6 signal cascade. Analyses of time-dependent changes
in NPo demonstrated a reversible suppression of NPo by 1 mM
glutamate application (in 7 of 16 cells) (Fig. 4C). The average NPo
suppression ratio was 65.0% (n = 7). The average amplitude of
single-channel currents in TRPMI-L-transfected cells was —4.60
pA (n =30), and that in 2 mM Ca**- and 1 mM Mg**-containing
solution was significantly reduced to —1.01 pA (n = 10) (Fig. 4D).

To demonstrate more directly that TRPM1-L is regulated by
Go protein, the effect of addition of the purified Go protein
from the intracellular side on TRPM1-L activity was tested in the
excised inside-out patch mode (Fig. 4E). We confirmed that the
purified Go protein contains mainly Goa by Western blotting
and silver staining (27, 28). In TRPMI-L-transfected cells, we
detected similar single-channel currents (-4.60 pA, n = 43) as
observed in Fig. 4C. Application of the purified Go protein
gradually but strongly suppressed NPo (by 80.2%, in 16 of 16
cells) within 60 s, whereas administration of heat-denatured Go
protein failed to suppress NPo (by 0.6%, in 14 of 14 cells) with
GMP-PNP (Fig. 4E).

Discussion

Recently, it was suggested that TRP channels have a possible
function in retinal BCs (22, 23). Bellone et al. (22) reported that
TRPM1 may be responsible for horse congenital stationary night
blindness (CSNB), from their observation that TRPM1 expression
was decreased in CSNB (LP/LP) Appaloosa horses among five
genes within the LP candidate region of the equine genome. Al-
though mutations of TRPM1 in LP/LP horse were not identified,
they even speculated that TRPM1 might be a transduction cation
channel in retinal ON BCs. Shen et al. (23) investigated whether or
not TRPV1 is a retinal ON BC transduction channel. ON BCs
responded to TRPV1 agonists; however, photoresponses of ON
BCs in TRPVI ™'~ mice were normal. Based on the absence of the
dark-adapted ERG b-wave in the Trpm ™ mutant mouse, they
speculated that ON BC function would be disrupted in these mice
(23). We also examined the optokinetic responses (OKRs) and
electroretinograms (ERGs) of 2-month-old WT and TRPM1~/~
mice. Optokinetic deficiencies similar to those of mice lacking
mGIluR6 (29) were observed in TRPMI™'~ mice. It is interesting
that the OFF pathway did not compensate for the loss of the ON
pathway in spatial processing. In contrast to this result, patients
lacking mGIuR6 receptors were behaviorally normal, suggesting
some OFF pathway redundancy and/or compensation (30). The
ERG b-wave, originating mainly from the rod BCs, in TRPM1~/~
mice was not present. In the light-adapted state, the ERG b-wave
was severely depressed or absent leaving only the ERG a-wave in
the TRPM1~'~ mouse (21). These ERG results suggested that both
the function of rod and cone BCs, and the signal transmission from
rod and cone photoreceptors to BCs were severely impaired in
TRPM1™'~ mice.

In this study, we show that TRPMI-L is essential for the light-
evoked response of ON BCs and that TRPM1-L meets the criteria for
the transduction cation channel as follows. (/) Immunohistochemical
experiments revealed that TRPM1-L is specifically expressed in ON
BCs, especially at the dendritic tips in colocalization with mGIluR6.
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(i) Retinal slice patch recordings from the TRPMI ™'~ mice show that
photoresponses disappear in ON BCs but remain intact in OFF BCs.
Other cellular properties of the ON BCs were unaffected in the
TRPMI~~ mice (e.g, leak and calcium currents), suggesting that
compensatory changes or general cellular malfunction did not occur
in TRPM17'~ mice. (iii ) Application of patch-clamp techniques to the
TRPMI-expressing cells found that TRPMI-L is a nonselective
cation channel and that the TRPM1-L activity is negatively regulated
by the glutamate-activated mGluR6-Gou signaling cascade. Thus,
we clearly demonstrate that TRPM1-L is a component of the trans-
duction cation channel in the mGluR6 cascade of retinal ON BCs.

Materials and Methods

Molecular Cloning and Construction of Mouse TRPM1-L Expression Vector. We
screened the UniGene databases by Digital Differential Display (DDD) and
found UniGene Cluster Mm.58616, which contains ESTs (expressed sequence
tags) enriched in the eye and the skin. Represented EST sequences encoded
TRPM1-S (melastatin, trpm1 short form). We screened a mouse P0-P3 retinal
cDNA library using a 1,703-bp fragment of the mouse melastatin cDNA (283-
1991 bp of #AF047714) and isolated the mouse TRPM1 long form (TRPM1-L).
TRPM1-L <DNA was subcloned into a modified pCAGGS vector (31).

Immunohistochemistry. Mouse eye cups were fixed, cryoprotected, embedded,

frozen, and sectioned 20 pm thick. Forimmunostaining, we used the following
primary antibodies: anti-Goa antibody (mouse monoclonal, Chemicon,
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Inhibition (%)

Boiled G,

#MAB3073), anti-bassoon antibody (mouse monoclonal, Stressgen, #VAM-
PS003), and anti-Chx10 antibody [rabbit polyclonal, our production (32)].

Antibody Production. A cDNA encoding a C-terminal portion of mouse TRPM1-L
(residues 1554-1622 aa, TRPM1-L-C) was subcloned into pGEX4T-1 (Amersham).
We confirmed, either by immunohistochemistry or Western blotting, that the
signals detected by this antibody in the retina disappeared in TRPM1~'~ mice
(Fig. S1). The antibody against mGIuR6 was raised in Guinea Pigs with synthetic
peptides [KKTSTMAAPPKSENSEDAK] (853-871, GenBank #NP_775548.2). We
confirmed that the signals detected by this antibody in the retina disappeared
in mGIuR6 ™"~ mice and by preincubation with 5.7 pg/mL synthetic peptides as
molar ratio 1:100 with antibody.

Generation of TRPM1-Null Mutant Mice. We deleted exons 4-6 of the TRPM1
gene to produce the targeting construct for the targeted gene disruption of
TRPM1. The linearized targeting construct was transfected into TC1 em-
bryonic stem cell line (33).

Retinal Slice Preparation and Recordings. Adult (postnatal day <28) 129Sv/Ev
(WT) mice were dark adapted for ~20 min, and retinal slices were prepared
as described in ref. 34. At the end of perforated patch recordings, the patch
membrane was ruptured to introduce Lucifer yellow from the patch pipette
into the cell and then its morphology was examined by epifluorescence
microscopy (35-37). The extracellular solution contained 120 mM Nadl,
3.1 mM KCl, 2 mM CaCly, 1 mM MgSO,, 23 mM NaHCOs, 0.5 mM KH,PO,,
and 6 mM p-glucose (pH adjusted to 7.6 with 95% 0,/5% CO, at 36°C). The
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pipette solution for recordings consisted of 105 mM CsCH3SO3, 0.5 mM
CaCly, 5 mM EGTA, 20 mM Hepes, 10 mM TEA-CI, 5.5 mM MgCl;, 5 mM ATP
disodium salt, 0.5 mM GTP disodium salt, and 0.25% Lucifer yellow dipo-
tassium salt (pH adjusted to 7.6 with CsOH). For perforated patch recordings,
0.5 mg/mL amphotericin B (Sigma) was added to the pipette solution. The
retinal slice was diffusely illuminated (2.3 x 10* photons.um™~2s™") by a light-
emitting diode (emission maximum at 520 nm) from underneath the
recording chamber.

Recombinant Expression and Current Recording in CHO Cells. Whole-cell and
patch recordings were performed on CHO cells at room temperature (22-25°C)
with an EPC-9 (Heka Electronic) or Axopatch 200B (Axon Instruments) patch-
clamp amplifier as described in ref. 24. For whole-cell recordings, the Na*-based
bath solution contained 145 mM Nacl, 10 mM Hepes, 10 mM p-glucose, and 10
mM p-mannitol (pH adjusted to 7.4 with NaOH). The pipette solution contained
145 mM CsCl, 2.86 mM CaCl,, 1 mM MgCl,, 5 mM EGTA, and 10 mM Hepes (pH
adjusted to 7.4 with CsOH). The free Ca®* concentration of this solution was
calculated to be 200 nM as computed with Maxchelator (38). The suppression
ratio (%) in Fig. 4A was calculated according to the following equation: sup-
pression ratio (%) = 100 x {1 — (lgi, — Inmpa)/Ucu — Inmpa)}, Where Iy and /gy, are
whole-cell current observed before and during 1 mM glutamate application at
—100 mV, respectively. lympg represents the current observed during NMDG*
-replacement of extracellular cations with NMDG™". Single-channel recordings
were performed in the excised inside-out or outside-out configuration. Activity
plots of open probability (MPo; Nis the number of channelsin the patch and Pg is
the single-channel open probability) recorded from inside-out and outside-out
patches, as calculated for a series of 500-ms test pulses to —60 mV and plotted asa
vertical bar on the activity histogram. The NP of single channels was calculated
by dividing the total time spent in the open state by the total time of continuous
recording (500 ms) in the patches containing active channels. The amplitude of
single-channel currents was measured as the peak-to-peak distance in Gaussian
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fits of the amplitude histogram. For outside-out recordings, the extracellular
side was exposed to a bath solution containing 140 mM KCl, 10 mM Hepes, 5mM
p-glucose, and 25 mM p-mannitol (pH adjusted to 7.4 with KOH). To observe the
effects of extracellulardivalent cations, 2 mM CaCl; and 1 mM MgCl, were added
to bath solution. The pipette solution was composed of 145 mM CsCl, 2.86 mM
CaCly, 1 mM MgCly, 5 mM EGTA, and 10 mM Hepes (pH adjusted to 7.4 with
CsOH). The suppression ratio (%) in Fig. 4C was calculated according to the fol-
lowing equation:suppressionratio (%) = 100 x {1 — NPg g1u/NPo cu}, where NPg ¢y
and NPy g, indicate mean NP of six traces obtained before and during 1 mM
glutamate application, respectively. For inside-out recordings, the intracellular
side was exposed to a Cs*-based bath solution consisting of 145 mM CsCl, 2.86
mM CaCl;, 1 mM MgCl,, 5mM EGTA, and 10 mM Hepes (pH adjusted to 7.4 with
CsOH), and an extracellular (pipette) solution that contained 140 mMKCI, 10mM
Hepes, 5 mM p-glucose, and 25 mM p-mannitol (pH adjusted to 7.4 with KOH)
was used. Purified Go protein was activated by 100 nM GMP-PNP for 30 min at4°
C (Go) or denaturated by boiling for 10 min at 95°C (Boiled Go) before use. The
suppression ratio (%) in Fig. 4 was calculated according to the following
equation: suppression ratio (%) = 100 x {1 = NPo co/NPo cu}, where NPg ¢y and
NPg 6o indicate mean NPg of six traces obtained before and during activated or
boiled Go protein application.
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Multicenter Survey with a Systematic Overview of
Acute-Onset Endophthalmitis after Transconjunctival
Microincision Vitrectomy Surgery

e

YUSUKE OSHIMA, KAZUAKI KADONOSONO, HIDETAKA YAMA]I, MAKOTO INOUE,
MUNENORI YOSHIDA, HIDEYA KIMURA, MASAHITO OHJl, FUMIO SHIRAGA, AND
TOSHIMITSU HAMASAKI, ON BEHALF OF THE JAPAN MICROINCISION VITRECTOMY SURGERY
STUDY GROUP

® PURPOSE: To explore the incidence and visual out-
comes of acute-onset endophthalmitis after transconjunc-
tival microincision vitrectomy surgery (MIVS).

® DESIGN: Retrospective, interventional, multicenter
survey with a systematic review.

® METHODS: A clinical database search was performed at
27 institutions involving 43 868 consecutive patients
who underwent vitrectomy between November 2003 and
October 2008 to identify all patients with endophthalmi-
tis after vitrectomy. A systematic review of studies
reporting the endophthalmitis rates after MIVS versus
20-gauge vitrectomy was conducted to assess the pooled
incidence rates of postvitrectomy endophthalmitis.

® RESULTS: The endophthalmitis rates from the multi-
center survey were 0.034% (10 cases per 29 030 eyes)
after 20-gauge vitrectomy and 0.054% (8 cases per 14
838 eyes) after MIVS, with no significant (P = .603)
differences between groups. Although the incidence in
25-gauge cases (6 per 8238 eyes; 0.073%) was greater
than in 23-gauge cases (2 per 6600 eyes; 0.030%), the
difference was not significant (P = 0.451). Of 8 eyes in
which endophthalmitis developed after MIVS, 6 eyes
(75%) had a final visual acuity of 0.5 or better, and none
lost light perception. By combining the results of 7
studies, including the current multicenter survey, meta-
analyses from a total of 77 956 cases at the baseline
showed that the pooled endophthalmitis rates after MIVS
(0.08%; 95% confidence interval, 0.030% to 0.164%)
and after 20-gauge vitrectomy (0.030%; 95% confidence

Accepted for publication June 2, 2010.

From the Departments of Ophthalmology (Y.O.) and Biomedical
Statistics (T.H.), Osaka University Medical School, Suita, Japan; the
Department of Ophthalmology, Yokohama City University Medical
Center, Yokohama, Japan (K.K.); the Department of Ophthalmology,
Kagawa University Faculty of Medicine, Kagawa, Japan (H.Y., F.S.); the
Kyorin Eye Center, Kyorin University School of Medicine, Mitaka, Japan
(M.1.); the Department of Ophthalmology and Visual Science, Nagoya
City University Graduate School of Medical Sciences, Nagoya, Japan
(M.Y.); Nagata Eye Clinic, Nara, Japan (H.K.); and the Department of
Ophthalmology, Shiga University of Medical Science, Shiga, Japan
(M.O.).

Members of the Japan Microincision Vitrectomy Surgery Study Group
participating in this study appear in Appendix.

Inquiries to Yusuke Oshima, Department of Ophthalmology, Osaka
University Medical School, Room E7, 2-2 Yamadaoka, Suita, 565-0871,

Japan; e-mail: yusukeoshima@gmail.com

716 © 2010 BY ELSEVIER INC. ALL RIGHTS RESERVED.

interval, 0.012% to 0.048%) did not differ significantly
(P = .207, pooled risk difference; 0.0005 [95% confi-
dence interval, —0.0002 to 0.0012]).

® CONCLUSIONS: The incidence of postvitrectomy en-
dophthalmitis was low with no significant differences
between MIVS and 20-gauge vitrectomy. (Am J Oph-
thalmol 2010;150:716-725. © 2010 by Elsevier Inc.
All rights reserved.)

CUTE-ONSET POSTVITRECTOMY ENDOPHTHALMI-

tis is uncommon but remains one of the most

serious complications associated with devastating
visual loss or blindness, despite appropriate treatment.'”
The reported incidence of infectious endophthalmitis after
conventional 20-gauge vitrectomy has decreased to 0.03%
to 0.05% during the past decades because of improved
surgical techniques and recognition of the importance of
perioperative antiseptic preparations."'_6 However, be-
cause of the recent trend toward more frequent use of and
expanding indications for microincision vitrectomy sur-
gery, there is a growing concern that microincision vitrec-
tomy surgery with either 23- or 25-gauge instrumentation
may increase the risk of postoperative endophthalmitis
compared with conventional 20-gauge vitrectomy because
of the transconjunctival approach and sutureless nature of
the procedure.”

Based on a computerized search of PubMed (National
Library of Medicine) databases from 2002 when modern
microincision vitrectomy surgery began to be performed,®’
acute-onset infectious endophthalmitis after microincision
vitrectomy surgery first was reported in 2005 in a case
treated with a 25-gauge system,'® and this was followed by
an increasing number of small case series describing the
potential risk over the years.!!™!* To date, several studies
have reported the incidence of acute-onset endophthalmi-
tis after transconjunctival 23- or 25-gauge microincision
vitrectomy surgery compared with that after conventional
20-gauge vitrectomy.'* % However, the reported inci-
dence of acute-onset endophthalmitis after microincision
vitrectomy surgery varies across studies (0% to 1.55%),
because most reports are based on the experience of
individual institutions or groups of surgeons and because
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statistically valid data often are limited by small sample
sizes. Although a prospective, randomized, controlled
study clearly would be most valid for determining the
accurate incidence rates of endophthalmitis after microin-
cision vitrectomy surgery compared with conventional
20-gauge vitrectomy, the relative rarity of endophthalmitis
poses a significant challenge when conducting such a
clinical trial because extraordinarily large numbers of
patients (no fewer than 30 000 per group) would be
required for robust data in prospective studies, given the
low incidence rates.”' In contrast, as evidenced in the
postcataract endophthalmitis literature,*” other appropri-
ate methods, such as a systematic review of studies or a
multicenter survey, are more practical and can identify the
clinical and statistical trends of this devastating complica-
tion.

In the current study, we conducted a multicenter survey
and a systematic overview of the recent literature and
combined the results of multiple studies to obtain the best
available perspective of the recent trends in acute-onset
endophthalmitis after microincision vitrectomy surgery.
The clinical features, management strategies, causative
organisms, and visual outcomes in patients in whom
acute-onset endophthalmitis developed after microinci-
sion vitrectomy surgery were investigated.

METHODS

® A RETROSPECTIVE, MULTICENTER SURVEY OF ACUTE-
ONSET POSTVITRECTOMY ENDOPHTHALMITIS: A retro-
spective database search was performed at 27 institutions
(Appendix) in Japan to identify all patients who under-
went conventional 20-gauge pars plana vitrectomy (PPV)
or transconjunctival microincision vitrectomy surgery with
23- or 25-gauge instruments between January 1, 2004, and
December 31, 2008, and subsequently were treated for
acute-onset infectious endophthalmitis after the initial
vitrectomy. The time chosen for a database search was
immediately after the introduction of a 25-gauge transcon-
junctival microincision vitrectomy surgery system in Ja-
pan. The search combined the procedure key words of pars
plana vitrectomy with the diagnosis key word of endoph-
thalmitis and specified by checking that the date of devel-
opment of endophthalmitis was within 6 weeks after the
date of vitrectomy. The patients’ medical records were
reviewed to reconfirm that endophthalmitis was associated
with vitrectomy and to collect clinical data to meet the
study objectives. The exclusion criteria were a preopera-
tive diagnosis of current intraocular infection or inflam-
mation, such as endogenous endophthalmitis, acute retinal
necrosis, cytomegalovirus retinitis, and vitreous opacity
associated with uveitis of unknown cause or suspicious
malignancy.

In the current multicenter survey, retina specialists
performed all surgeries (n = 31) in the 27 institutions after
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standardized preoperative antiseptic preparation that in-
cluded topical administration of a third- or fourth-gener-
ation fluoroquinolone 3 to 4 times daily beginning 3 days
before surgery. After scrubbing the eyelids and periorbital
area with 1.25% povidone—iodine solution, undiluted po-
vidone—iodine solution was used to sterilize the surgical
field. All patients were draped in the standard fashion with
the lashes everted from the surgical field. No antibiotic
irrigation or intravitreal antibiotics were used during sur-
gery. At the end of surgery, subconjunctival antibiotics, a
steroid, or both were administered at the discretion of the
surgeon. A topical antibiotic ointment was applied, and
the eye was patched and shielded. Patients routinely
received postoperative topical fluoroquinolone and pred-
nisolone acetate for at least 1 month.

In eyes undergoing conventional 20-gauge 3-port vitrec-
tomy, all sclerotomies were created with the 20-gauge
microvitreoretinal blade after conjunctival peritomy. At
the end of surgery, all 20-gauge sclerotomies and conjunc-
tival incisions were sutured. In contrast, all sclerotomies in
eyes undergoing microincision vitrectomy surgery were
created transconjunctivally using 23- or 25-gauge trocar—
cannula system (Alcon Laboratories, Inc, Fort Worth,
Texas, USA; Dutch Ophthalmic Research Center, Zuid-
land, The Netherlands). The 25-gauge sclerotomies were
performed using perpendicular incisions in the early
years after the introduction of the 25-gauge system and
then with an oblique incision from 2005 onward,?>**
whereas the 23-gauge sclerotomies were created by an
oblique incision from the time the procedure was
introduced.?’” The conjunctiva was displaced before the
trocar—cannula was inserted in most cases to misalign
the conjunctival and scleral incisions.””*® All cannulas
were removed at the end of surgery. The sclerotomies
were sutured if the operating surgeon suspected that a
leak was present.

Acute-onset postoperative endophthalmitis was defined
by the presence of anterior chamber inflammatory cells
with fibrin formation, hypopyon, vitreous cells and
fibrin, progressive ocular pain, conjunctival congestion,
and blurred vision occurring within 6 weeks after sur-
gery. #1927 Specimens from the vitreous biopsy were
cultured, but the results were unnecessary for diagnosis of
acute postoperative endophthalmitis, given the reported
high false-negative rate of intravitreal sampling.”” Data
collected from the patients with acute-onset endoph-
thalmitis included demographic information, presenting
signs and symptoms, duration of symptoms, presenting
visual acuity (VA), surgical details, therapeutic interven-
tions, and postoperative course, including intraocular pres-
sure on the first postoperative day, culture results, and VA
outcomes.

® STUDY SEARCH AND SELECTION FOR META-ANALY-
s1s: All studies published in the English literature on
endophthalmitis after 23- or 25-gauge microincision
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