Molecular Vision 20105 16:425-437 <http / wyw.molvis org'molvis/v 16'a4 8-

17.

18.

20.

21.

22.

23,

24.

25,

26.

27.

28.

marker melastatin (TRPM1) by MITF in melanocytes and
melanoma. Cancer Res 2004; 64:509-16. [PMID: 14744763

Kim DS, Ross SE, Trimarchi JM, Aach J, Greenberg ME,
Cepko CL. Identification of molecular markers of bipolar
cells in the murine retina. J Comp Neurol 2008;
507:1795-810. [PMID: 18260140}

Koike C, Sanuki R, Miyata K, Koyasu T, Miyoshi T, Sawai H,
Kondo M, Usukura J, Furukawa T. The functional analysis of
TRPMI in retinal bipolar cells. 30 Annual meeting Japan
Neuroscience Society 2007; 58(Supplement 1):841.

Morgans CW, Zhang J, Jeffrey BG, Nelson SM, Burke NS,
Duvoisin RM, Brown RL. TRPMI is required for the
depolarizing light response in retinal ON-bipolar cells. Proc
Natl Acad Sci USA 2009; 106:19174-8. [PMID: 19861548]

Audo], Kohl S, Leroy BP, Munier FL, Guillonneau X, Mohand-
Said S, Bujakowska K, Nandrot EF, Lorenz B, Preising M,
Kellner U, Renner AB, Bernd A, Antonio A, Moskova-
Doumanova V, Lancelot ME, Poloschek CM, Drumare I,
Defoort-Dhellemmes S, Wissinger B, Léveillard T, Hamel
CP, Schorderet DF, De Baere E, Berger W, Jacobson SG,
Zrenner E, Sahel JA, Bhattacharya SS, Zeitz C. TRPM1 is
mutated in patients with autosomal-recessive complete
congenital stationary night blindness. Am J Hum Genet 2009;
85:720-9. [PMIT3; 19896113

van Genderen MM, Bijveld MM, Claassen YB, Florijn RJ,
Pearring JN, Meire FM, McCall MA, Riemslag FC, Gregg
RG, Bergen AA, Kamermans M. Mutations in TRPMI1 are a
common cause of complete congenital stationary night
blindness. Am J Hum Genet 2009; 85:730-6. [PMID:
19896109]

LiZ, Sergouniotis PI, Michaelides M, Mackay DS, Wright GA,
Devery S, Moore AT, Holder GE, Robson AG, Webster AR.
Recessive mutations of the gene TRPM1 abrogate ON bipolar
cell function and cause complete congenital stationary night
blindness in humans. Am J Hum Genet 2009; 85:711-9.
{PMID: 19878917)

Onishi A, Peng GH, Hsu C, Alexis U, Chen S, Blackshaw S.
Pias3-dependent SUMOylation directs rod photoreceptor
development. Neuron 2009; 61:234-46. [PMI11): 19186166

Ueda Y, Iwakabe H, Masu M, Suzuki M, Nakanishi S. The
mGluR6 5" Upstream Transgene Sequence Directs a Cell-
Specific and Developmentally Regulated Expression in
Retinal Rod and ON-Type Cone Bipolar Cells. J Neurosci
1997; 17:3014-23. [PMID: 9096137)

Nakamura M, Ito S, Terasaki H, Miyake Y. Novel CACNAIF
Mutations in Japanese Patients with Incomplete Congenital
Stationary Night Blindness. Invest Ophthalmol Vis Sci 2001;
42:1610-6. | PMI13: 11381068

Chen S, Kadomatsu K, Kondo M, Toyama Y, Toshimori K,
Ueno S, Miyake Y, Muramatsu T. Effects of flanking genes
on the phenotypes of mice deficient in basigin/CD147.
Biochem Biophys Res Commun 2004; 324:147-53. [PMID;
15464995]

Chang YF, Imam JS, Wilkinson MF. The nonsense-mediated
decay RNA surveillance pathway. Annu Rev Biochem 2007;
76:51-74. [PMID): 17352659]

Yang K, Fang K, Fromondi L, Chan KW. Low temperature
completely rescues the function of two misfolded K ATP
channel disease-mutants. FEBS Lett 2005; 579:4113-8.
[PMID: 16U23110]

436

29.

30.

31,

32.

33,

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

© 2010 Molecular Vision

Smit LS, Strong TV, Wilkinson DJ, Macek M Jr, Mansoura
MK, Wood DL, Cole JL, Cutting GR, Cohn JA, Dawson DC,
Collins FS. Missense mutation (G480C) in the CFTR gene
associated with protein mislocalization but normal chloride
channel activity. Hum Mol Genet 1995; 4:269-73. [PMID:
7737078]

Ruan Y, Liu N, Priori SG. Sodium channel mutations and
arrhythmias. Nat Rev Cardiol 2009; 6:337-48. [PMID:
19377496]

Mukerji N, Damodaran TV, Winn MP. TRPC6 and FSGS: the
latest TRP channelopathy. Biochim Biophys Acta 2007;
1772:859-68. [PMID): 17459670

Montell C. TRP channels in Drosophila photoreceptor cells. J
Physiol 2005; 567:45-51. [PMID: 15961416]

Shen Y, Heimel JA, Kamermans M, Peachey NS, Gregg RG,
Nawy S. A transient receptor potential-like channel mediates
synaptic transmission in rod bipolar cells. J Neurosci 2009;
29:6088-93. [PMID): 19439586

Werblin FS, Dowling JE. Organization of the retina of the
mudpuppy, Necturus maculosus. II. Intracellular recording. J
Neurophysiol 1969; 32:339-55. [PMID: 4306897)

Ayoub GS, Copenhagen DR. Application of a fluorometric
method to measure glutamate release from single retinal
photoreceptors. ] Neurosci Methods 1991; 37:7-14. [PMID:
1677056]

Masu M, Iwakabe H, Tagawa Y, Miyoshi T, Yamashita M,
Fukuda Y, Sasaki H, Hiroi K, Nakamura Y, Shigemoto R,
Takada M, Nakamura K, Nakao K, Katsuki M, Nakanishi S.
Specific deficit of the ON response in visual transmission by
targeted disruption of the mGIluR6 gene. Cell 1995;
80:757-65. [PMII): 7889569]

Nawy S. The metabotropic receptor mGluR6 may signal
through G(o), but not phosphodiesterase, in retinal bipolar
cells. ] Neurosci 1999; 19:2938-44. [PMID: 10191311]

Dhingra A, Lyubarsky A, Jiang M, Pugh EN Jr, Birnbaumer L,
Sterling P, Vardi N. The light response of ON bipolar neurons
requires G[alphaJo. J Neurosci 2000; 20:9053-8. [PMII:
11124982

Wang T, Jiao Y, Montell C. Dissecting independent channel and
scaffolding roles of the Drosophila transient receptor
potential channel. J Cell Biol 2005; 171:685-94. [PMID:
16301334]

NishidaM, Hara Y, Yoshida T, Inoue R, Mori Y. TRP channels:
molecular  diversity and  physiological  function.
Microcirculation 2006; 13:535-50. {PMID: 16990213)

Westall CA, Dhaliwal HS, Panton CM, Sigesmun D, Levin AV,
Nischal KK, Héon E. Values of electroretinogram responses
according to axial length. Doc Ophthalmol 2001;
102:115-30. [PMID; 11518455]

Scholl HP, Langrova H, Pusch CM, Wissinger B, Zrenner E,
Apfelstedt-Sylla E. Slow and fast rod ERG pathways in
patients with X-linked complete stationary night blindness
carrying mutations in the NYX gene. Invest Ophthalmol Vis
Sci 2001; 42:2728-36. [PMTID: 11581222]

Nakamura M, Lin K, Ito S, Terasaki H, Miyake Y. Novel NYX
Mutations and Clinical Phenotype in Japanese Patients with
Complete Congenital Stationary Night Blindness. ARVO
Annual Meeting; 2003 May 4-9; Fort Lauderdale (FL).



Molecular Vision 20105 16:425-437 <hitp: wyav.molvis org molvis/y 16/a48- © 2010 Molecular Vision

44, Nakamura M, Miyake Y. Molecular genetic study of congenital
stationary night blindness. Nippon Ganka Gakkai Zasshi
2004; 108:665-73. [PMID: 15584331

The print version of this article was created on 9 March 2010. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.
437
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Cilia function as cell sensors in many organs, and their disorders are
referred to as “ciliopathies.” Although ciliary components and trans-
port machinery have been well studied, regulatory mechanisms of
ciliary formation and maintenance are poorly understood. Here we
show that male germ cell-associated kinase (Mak) regulates retinal
photoreceptor ciliary length and subcompartmentalization. Mak
was localized both in the connecting cilia and outer-segment axo-
nemes of photoreceptor cells. In the Mak-null retina, photoreceptors
exhibit elongated cilia and progressive degeneration. We observed
accumulation of intraflagellar transport 88 (IFT88) and IFT57, expan-
sion of kinesin family member 3A (Kif3a), and acetylated a-tubulin
signals in the Mak-null photoreceptor cilia. We found abnormal rho-
dopsin accumulation in the Mak-null photoreceptor cell bodies at
postnatal day 14. In addition, overexpression of retinitis pigmentosa
1 (RP1), a microtubule-associated protein localized in outer-segment
axonemes, induced ciliary elongation, and Mak coexpression res-
cued excessive ciliary elongation by RP1. The RP1 N-terminal portion
induces ciliary elongation and increased intensity of acetylated a-tu-
bulin labeling in the cells and is phosphorylated by Mak. These
results suggest that Mak is essential for the regulation of ciliary
length and is required for the long-term survival of photoreceptors.

Cilia are evolutionally conserved microtubule-based organelles
that extend from basal bodies and form on the apical surface of
cells. In humans, ciliary dysfunction is associated with various dis-
eases that can be broadly classified as “ciliopathies.” As exempli-
fied by Bardet-Bied! syndrome (BBS), diseases linked with a defect
in the primary cilia usually are associated with a broad spectrum of
pathologies, including polydactyly, craniofacial abnormalities, brain
malformation, situs inversus, obesity, diabetes, polycystic kidney,
and retinal degeneration (1, 2). In vertebrates, many types of cells
in the G1 phase develop cilia, but ciliary length varies in each cell
type of different tissues (3). Retinal photoreceptor cells develop
a light-sensory structure containing photopigments and light-
transducing machinery, the outer segment. Outer segments are
formed initially from the primary cilia in photoreceptor precursors
(4, 5). The photoreceptor cilium is divided structurally into at least
two subcompartments: the connecting cilia, distal to the basal body,
and the axoneme in the outer segment, distal to the connecting
cilia. The connecting cilium is analogous to the transitional zone of
the motile cilia (6, 7). Connecting cilium connects the inner and
outer segments of photoreceptors and is essential for protein
transport between the inner and outer segments. Defects of the
photoreceptor ciliary transport machinery (called “intraflagellar
transport,” IFT) cause photoreceptor degeneration in model ani-
mals (8-10). The retinitis pigmentosa 1 (RP1) protein is localized
specifically in the outer-segment axonemes in photoreceptors,
which stabilizes cytosolic microtubules (11). A mutation in human
RP1 generating a deletion of the RP1 C-terminal portion causes
dominant retinitis pigmentosa (12).

Mechanisms of ciliogenesis have been well studied in the green
algae Chlamydomonas reinhardtii. The Chlamydomonas LF4 mu-
tant shows a long-flagella phenotype. LF4 encodes a protein highly

www.pnas.org/cgi/doi/10.1073/pnas. 1009437108

similar to mammalian male germ cell-associated kinase (Mak) and
intestinal cell kinase (ICK) (13). Loss of function of the LF4
homologs Caenorhabditis elegans dye-filling defective 5 (Dyf-5) and
Leishmania Mexicana LnmxMPK9 also causes slightly elongated
cilia or flagella (14, 15). However, molecular regulatory mecha-
nisms controlling ciliary length remain unknown. Mak was first
identified as a gene highly expressed in testicular germ cells (16).
Spermatogenesis of the Mak-KO mouse is intact (17). In addition
to expression in the testis, Mak is also expressed in the retina (18,
19). However, the molecular function of Mak in the retina has not
been reported yet.

Results

Mak Is Expressed in Photoreceptors in the Retina. In the course of
a microarray screening for genes specifically expressed in pho-
toreceptors (20), we found that the Mak transcript is markedly
reduced in the orthodenticle homeobox 2 (Otx2) conditional
knockout (CKO) retina in which most of the photoreceptors are
converted to amacrine-like cells (21). We confirmed by quantita-
tive PCR analysis that Mak expression is markedly decreased in
the Onx2 CKO retina at postnatal day 12 (P12) (Fig. $14). From
a retinal cDNA library we cloned an alternatively spliced form of
Mak full-length ¢cDNA containing a 75-bp in-frame insertion to
the reported Mak cDNA (19) (Fig. $2). RT-PCR analysis revealed
that this form is likely to be the major alternatively spliced form of
the Mak transcript in the retina (four of six clones analyzed). To
investigate Mak expression in the developing retina, we performed
in situ hybridization analysis using a Mak probe (Fig. 14 and B and
Fig. 81 B-D). Mak expression was detected first at embryonic day
155 (E15.5) in the outer part of the neuroblastic layer (NBL),
corresponding to photoreceptor precursors (Fig. 14). Mak ex-
pression was restricted to the photoreceptor layer after birth
(Fig. 1B and Fig. 51 €' and D). These results indicate that Mak is
expressed predominantly in photoreceptor cells in the retina.

Mak Is Localized in the Photoreceptor Connecting Cilia and Outer-
Segment Axonemes. To investigate the subcellular localization of
Mak in photoreceptor cells, we immunostained retinal sections
using an anti-Mak antibody. To eliminate cross-reaction with
other kinases, we raised an antibody which recognizes the C-ter-
minal portion of Mak. We confirmed that the anti-Mak antibody
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Fig. 1. Expression and subcellular localization of Mak in the retina. (A and
B) In situ hybridization analysis of retinal sections at E15.5 (A) and postnatal
day 9 (P9) (B). Mak mRNA is expressed in both photoreceptor precursors and
developing photoreceptors in the retina. (C-L) Subcellular localization of
Mak in photoreceptors. Retinal sections at P14 (E) and 1 mo (C, D, F, and G)
and dissociated photoreceptor cells at P14 (H-L) were stained with anti-Mak
(red in C-L) and anti-acetylated a-tubulin (a marker for cilia; green in C, D,
and /), anti-RPGR (a marker for connecting cilia; green in £ and J), anti-RP1
(a marker for outer-segment axonemes; green in F and K), anti-ROM1
(a marker for outer-segment disks, green in H), or anti-y-tubulin (a marker
for basal bodies; green in G and L) antibodies. [Scale bars: 100 ym (A and B),
2 ym (H-L and D-G Center and Right), and 10 ym (C and D-G Left).]
Arrowheads (D-L) indicate basal body-connecting cilium junctions. Brackets
(E and J) indicate connecting cilia. CC, connecting cilia; GCL, ganglion cell
layer; INL, inner nuclear layer; IS, inner segments; NBL, neuroblastic layer;
ONL, outer nuclear layer; OPL, outer plexiform layer OS, outer segments;
RPE, retinal pigment epithelium.

recognizes the major retinal variant of Mak with the 25-amino acid
insertion (¥ig. 51/). By immunostaining, we observed a layer of
Mak signals between the retinal pigment epithelia and outer nuclear
layer (ONL) corresponding to the photoreceptor cilia (Fig. 1C).
To identify the precise localization of Mak in the photoreceptor
cilia, we immunostained the retina using the Mak antibody along
with other ciliary markers including acetylated o-tubulin (a ciliary
marker), retinitis pigmentosa GTPase regulator (RPGR, a con-
necting cilium marker) (7), RP1 (a marker for the outer-segment
axonemes) (11), and rod outer-segment membrane protein 1
(ROM1, a marker for the outer-segment disks) (Fig. 1 C-L) (22).
The Mak signal was observed broadly in the photoreceptor cilia
overlapping with ROM1, RPGR, RP1 and acetylated o-tubulin
signals (Fig. 1 C-F and H-K; for summary, see Fig. $9). We ob-
served a slight signal of Mak overlapping with the y-tubulin signal,
a marker for basal bodies (Fig. 1 G and L). These results indicate
that Mak is localized in both the connecting cilia and the outer-
segment axonemes. Interestingly, the intensity of the Mak signal
was not uniform in the photoreceptor cilia. The decreased Mak

22672 | www.pnas.org/cgi/doi/10.1073/pnas. 1009437108

signal was observed in the proximal portion of the connecting cilia

(Fig. 1 E and J) and the distal portion of the outer-segment axo-
nemes (Fig. 1 F and K).

Photoreceptors Degenerate Progressively in the Mak-Deficient Retina.
Mak-null mice were established previously, and it was reported
that Mak is not essential for spermatogenesis, although Mak is
highly expressed in the testis (17). To investigate in vivo Mak
function in the retina, we analyzed this KO mouse. We confirmed
that none of the normal Mak transcripts, including the major
retinal variant of Mak with a 75-bp insertion, were expressed in the
Mak-KO retina (FFig. 51/7). Until retinogenesis was complete in the
normal retina at postnatal day 14 (P14), the Mak-KO retina
exhibited normal layering and cell composition, indicating that
loss of Mak does not affect cell fates (Fig. 24 and B and Fig. S3
A-I"). We also analyzed the retinas at age 1 mo, 6 mo, and 12 mo.
Notably, we found progressive degeneration of the ONL (a pho-
toreceptor layer) in the Mak-KO retina after 1 mo (Fig. 2 C-).
This progressive ONL loss often is observed in animal models of
retinitis pigmentosa and Leber’s congenital amaurosis (23-27).
We observed no obvious structural differences between the het-
erozygous and wild-type retinas at 6 mo (Fig. S4 A-(). The
thickness of the other layers did not differ in the Mak-KO and
wild-type retinas (Fig. 554).

To examine if loss of Mak in the retina affects photoreceptor
function, we recorded electroretinograms (ERG) from adult Mak-
KO mice at age 3 mo. Both scotopic and photopic ERG ampli-
tudes of Mak-KO mice were significantly smaller than those of the
control mice (Fig. 2/ and F'ig, 85 B-0). These results show that the
loss of Mak impairs the function of both rods and cones.

Cilia Are Elongated in AMak-KO Photoreceptors. How does pro-
gressive photoreceptor death occur in the Mak-KO retina? To
explore this question, we examined photoreceptors in the Mak-
deficient retina by immunostaining using antibodies against
photoreceptor ciliary markers. We first confirmed the loss of
Mak in the photoreceptor cilia of the Mak-KO retina at P14 (Fig.
3 A4, A, B, and B'). Notably, we found that the cilia stained with
the anti-acetylated o-tubulin antibody were markedly elongated
in Mak-deficient rod photoreceptors (Fig. 3B). We measured
ciliary length of rod photoreceptors and found that the acety-
lated a-tubulin—positive cilia in Mak-KO photoreceptors were
approximately twice the length of wild-type cilia (Fig. 3 K and L).
We also found that cone photoreceptor cilia were elongated in
the Mak-null retina (Iig. S0 4-/7). To investigate whether ciliary
subcompartments are affected in Mak-KO photoreceptors, we
immunostained for RPGR (a marker of the connecting cilia) in
the Mak-KO retina. We observed an approximately twofold
elongation of the RPGR-positive connecting cilia in the Mak-KO
retina (Fig. 3 C, D, and L and Fig. 56/). In contrast, y-tubulin
staining (a basal body marker) showed no significant difference
between Mak-KO and wild-type photoreceptors (Fig. 3 C and
D). Next, we stained for RP1, a marker of the outer-segment
axonemes. Unexpectedly, we observed excessively long acety-
lated a-tubulin labeling in the outer-segment axonemes (Fig. 3 E
and F). In most of the wild-type photoreceptors, an acetylated
a-tubulin signal is observed in less than half of the proximal
portion of the RP1-positive outer-segment axoneme, whereas in
the Mak-KO photoreceptors often almost all the outer-segment
axoneme is acetylated o-tubulin signal-positive. The percentage
of excessively long acetylated a-tubulin labeling of the outer-
segment axonemes (wherein more than half of the distal portion
of the outer-segment axoneme is acetylated a-tubulin signal-
positive) is 5.1% (n = 59) in the wild-type photoreceptors,
whereas in Mak-KO photoreceptors 83.3% (n = 66) of the
axonemes have excessively long acetylated a-tubulin labeling.
The distance from the top of the outer segment to the top of the
outer-segment axonemes stained with acetylated o-tubulin de-
creased in Mak-KO photoreceptors (Fig. 56 F and (). These
results demonstrate that loss of Mak affects both subcompartments
of the cilia, the connecting cilia and outer-segment axonemes.

Omori et al.
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To examine whether loss of Mak affects the anterograde IFT
and kinesin motors, we stained photoreceptor cilia with anti-
IFT88, anti-IFT57, and anti-Kif3a antibodies. We observed that
both IFT88 and IFT57 were concentrated on two portions, the
tip of the connecting cilia at the outer-segment base and the
basal part of the connecting cilia, as previously reported (28).
Notably, in Mak-KO photoreceptors, we found that IFT88 and
IFTS57 were accumulated in outer-segment axonemes (Fig. 3 G
and H and Fig. 56 /1 and 7). In wild-type photoreceptors, the
Kif3a staining overlaps with the acetylated o-tubulin staining and
is concentrated on the basal part of the cilia (Fig. $6J and K). In
Mak-KO photoreceptors, the Kif3a staining extends along the
elongated acetylated o-tubulin-positive cilia (Fig. $6 J and K).
Interestingly, we also observed an accumulation of thodopsin in the
Mak-KO photoreceptor cell bodies at P14 (Fig. 31, I, J, and J').

Mak is expressed in epithelia of the nasal cavity and the testis
(16, 19). Respiratory epithelia of the nasal cavity have multiple
motile cilia which display the 9+2 microtubule structure. We
observed Mak localizing in the cilia of the respiratory epithelia
(¥ig. 561.). The Mak signal is reduced in the Mak-KO nasal
cavity (Fig, 56M). However, the ciliary length of respiratory
epithelia did not differ in wild-type and Mak-KO mice (Fig. $6
L~N). Similarly, we also found that the acetylated-o-tubulin-
positive flagellar length of epididymal sperm does not differ in
wild-type and Mak-KO mice (Fig. S6 O-0)).

Aberrant Outer-Segment Disk Formation in Mak-Deficient Photo-
receptors. The 940 axonemes of the photoreceptor cilia are as-
sembled by nine peripheral doublet microtubules without a central
microtubule (3). To test if loss of Mak affects ultrastructural mi-
crotubule organization in the photoreceptor cilia, we performed an
electron microscopic analysis. We observed no significant change in
ciliary ultrastructures, including the array of the 9+0 microtubule
doublets in transverse sections of the connecting cilium in Mak-KO

Omori et al.
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photoreceptors (Fig, 57 4 and B). Consistent with the results of the
immunofluorescent analysis, we found elongated connecting cilium
in the Mak-KO photoreceptors at age 1 mo in a longitudinal section
of the connecting cilia (100 + 2% in wild type, n = 12; 233 + 22% in
Mak-KO, n = 9; P < 0.03) (Fig. 3 M and N).

In both vertebrate photoreceptors and nematode amphid
channel cilia, the proximal microtubules of the axonemes are
doublets, whereas distal microtubules are singlets (29, 30). In the
distal segment of the amphid channel cilia in dyf-5 animals, singlet
microtubules were observed (14). We observed singlet micro-
tubules in outer-segment axonemes, which are positioned near the
disk clefts, in both wild-type and Mak-null retinas (Fig. S7 C-F).

We observed severely disorganized Mak-KO outer segments at
age 1 mo compared with the wild type (Fig. 3 M and N). In
contrast, disk rim formation seems to be intact in the Mak-null
outer segments at age 1 mo (Fig. 87 ¢ and F). To examine
whether the outer-segment disorganization observed in Mak-
deficient retinas is caused by a developmental defect or de-
generation after normal development, we observed photore-
ceptor outer segments at P14 by electron microscopy. At this
stage, the outer segments are still developing (31). In wild-type
photoreceptors, the stack of disk membranes in the outer seg-
ments is oriented perpendicular to the long axis of the outer
segments (Fig. 57 / and /'). In the Mak-KO retina, however, we
observed that the disk membranes were frequently oriented
obliquely or parallel to the long axis of the outer segments (Fig,
57 J and J'). In addition, the disk diameters are approximately
two to four times larger in Mak-null than in wild-type outer
segments (Fig, 87 /" and J'). Enlarged disks oriented obliquely or
parallel to the long axis of photoreceptors were reported in
mutant mice including RPI-mutant and RPGRIPI-null mice (24,
25). These results suggest the disorganization of the outer seg-
ment observed in the Mak-KO retinas is, at least partially, the
result of a developmental defect in outer-segment formation.
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Fig. 3. Ciliary defect in Mak-null photoreceptors. (A-H) Immunohisto-
chemical analysis of the Mak-null photoreceptor cilia. Retinal sections from
wild-type mice (A, A’, C, £, and G) and Mak-KO mice (B, B', D, F, and H) at age
P14 (A, A’, B, and B) and 1 mo (C-H) were stained with anti-Mak (red in A, A",
B, and B'), anti-acetylated a-tubulin (a ciliary marker; green in A, B, G, and H;
red in £ and F), anti-RPGR (a connecting cilium marker; red in C and D), anti-
RP1 (a marker for the outer-segment axonemes; green in £ and F), anti-IFT88
(a component of IFT complex; red in G and H) or anti-y-tubulin (a marker for
the basal bodies; green in C and D) antibodies. Arrowheads in E and F in-
dicate the distal tips of acetylated microtubules in the outer-segment axo-
nemes. (I and J) Rhodopsin is mislocalized in the Mak-KO retina. Retinal
sections from wild-type mice (/ and /') and Mak-KO mice (J and J') at age P14
were stained with an anti-rhodopsin antibody. [Scale bars: 10 pm (A, C E,
and G, Upper), 100 ym (/and /'), and 2 pm (A’, C, E, and G, Lower).] (K and L)
Length of the ciliary axonemes stained with the anti-acetylated a-tubulin
antibody (K and L) and connecting cilia stained with the anti-RPGR (L) an-
tibody in the wild-type photoreceptors (black bars) and Mak-KO photo-
receptors (gray bars) were measured. Error bars show SE. *P < 0.03. (M and
N) Longitudinal profiles of the connecting cilia in 1-mo-old wild-type pho-
toreceptors (M) and Mak-KO photoreceptors (N) observed by electron mi-
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Mak Overexpression Reduces Ciliary Elongation in Cultured Celis. To
investigate the mechanisms by which Mak regulates ciliary
length, we established a cultured cell system in which NIH 3T3
fibroblast cells develop cilia at a high frequency within 24 h after
serum starvation (Fig. S8). We prepared FLAG-tagged con-
structs expressing a full-length wild-type Mak (Mak-WT), a ki-
nase-dead mutant Mak (Mak-KD), and a deletion-mutant Mak
lacking the C-terminal nonkinase domain (Mak-N) (Fig. S8F).
The Mak-KD construct was generated by replacing a lysine res-
idue (K33) located in the ATP-binding pocket of the Mak kinase
domain with an arginine residue (32).

We transfected these constructs into NIH 3T3 cells and
measured ciliary length. We found that the cells transfected with
the wild-type Mak construct had shorter cilia than cells trans-
fected with the control constructs (Fig. S8 4. B. and (7). On the
other hand, cells transfected with the Mak-KD or Mak-N con-
struct showed no significant change in ciliary length (Fig. S8 D.
£, and (7), showing that kinase activity and/or the C-terminal
region of Mak is essential for the regulation of ciliary length.

We then investigated the subcellular localization of Mak in
transfected cells using an anti-FLAG antibody. We observed that
Mak-WT was localized mainly in the nuclei as previously reported
(32). As expected from the ciliary localization of Mak in photo-
receptors, we observed that Mak-WT is also localized in the cilia of
transfected cells. Mak localization was restricted to the tip of the
shortened cilia (Fig. S85). Although we rarely observed elongated
cilia in Mak-WT-transfected cells, ciliary tip localization of Mak-
WT was observed in those cells (Fig. S8C’). We found that Mak-KD
is also localized at the ciliary tip, suggesting that kinase activity is
not required for the ciliary localization of Mak. In contrast, Mak-N
was not localized in the cilia, showing that the C-terminal portion
of Mak is essential for the ciliary localization of Mak.

RP1 Induces Ciliary Elongation and Reduces the Effect of Mak Over-
expression. It was previously reported that knock-in mice with
a partial deletion of the RPI gene exhibited shorten cilia (24). As
we described above, we found colocalization of Mak with RP1 in
the ciliary axoneme of wild-type photoreceptors. Mak-KO pho-
toreceptors exhibited excessively long acetylated a-tubulin label-
ing. These observations prompted us to investigate whether RP1 is
involved in the mechanisms by which Mak regulates ciliary length.
To do so, we prepared constructs expressing RP1 and transfected
them with or without the Mak-expressing constructs (Fig. 44). We
observed increased ciliary length in the cells transfected with full-
length RP1 (RPI-FL) (Fig. 4 B-E, J, and K). In humans, the
mutations in the RP] gene generating deletion of the C-terminal
portion of RP1 cause dominant retinitis pigmentosa (12). In-
terestingly, the intensity of acetylated a-tubulin labeling signifi-
cantly increased in cells expressing the N-terminal RP1 (RP1-N)
construct containing the doublecortin domain, indicating that the
cytoplasmic microtubules are more stable in these cells (Fig. 4 F-
I). Coimmunostaining of FLAG-tag with acetylated o-tubulin
showed that RP1-FL and RP1-N were localized in a large portion
of the distal cilia but not in the basal cilia, a putative transition
zone (Fig. 4 E and G). These results suggest that RP1 is a positive
regulator of ciliary length. Notably, cotransfection of Mak with
RPI-FL or RPI-N constructs rescued the excessive elongation of
the cilia (Fig. 4 J and K). This result suggests that a functional
balance between Mak and RP1 is essential for the regulation of
ciliary length and proper formation of the ciliary subcompart-
ments. To test whether Mak rescues increased acetylated a-tu-
bulin signals in cells expressing RP1-N, we cotransfected Mak with
an RP1-N construct and observed the acetylated a-tubulin signal
levels in the cells. We found that expression of Mak significantly
decreased the intensity of acetylated a-tubulin labeling in the cells
expressing RP1-N (Fig. S& H-)).

croscopy Arrowheads indicate the basal body-connecting cilium junctions in
the photoreceptors. (Scale bar in M: 1 pm.)
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To assess whether Mak physically interacts with RP1, we
performed an immunoprecipitation assay. We expressed Mak
and FLAG-tagged full-length RP1 or RP1-N in HEK293 cells
and performed an immunoprecipitation with an anti-FLAG an-
tibody. We found specific interactions of Mak with both RP1-FL
and RP1-N (Fig. 4L).

Then, to examine the possibility that Mak directly phosphor-
ylates RP1, we performed a kinase assay using purified GST-
Mak. Interestingly, we found that GST-RP1-N was markedly
phosphorylated by Mak, whereas no obvious phosphorylation of
the GST-RP1 C-terminal (GST-RP1-C1) construct or GST alone
was detected (Fig. 4M). We observed weak phosphorylation of
GST-RP1-C2 by Mak. To characterize the kinase activity of Mak
with the RP1-N substrate, we performed a kinetic analysis. We
found that the K, value for ATP was 19 pM (Fig. S8K). In ad-
dition, we confirmed that Mak-phosphorylated RPI-N was
dephosphorylated by A-phosphatase (fig. $81.). These results
support the idea that RP1 is a phosphorylation target of Mak.

Discussion

In the current study, we show that Mak is essential for preventing
excessive elongation of the cilia and for maintenance of photore-
ceptor cells. Our observations in the Mak-KO retina suggest that
a negative regulatory mechanism of ciliary length is essential for long-
term photoreceptor survival, suggesting that this mechanism is in-
volved in the pathogenesis of human photoreceptor degenerative
diseases such as retinitis pigmentosa, Leber’s congenital amaurosis,
and BBS. In addition, similar negative regulatory mechanisms of cil-
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Fig. 4. RP1 controls ciliary length and is phosphorylated by Mak. (A-/) Overexi

iary length might be involved in the pathogenesis of other ciliopathies
including polydactyly, craniofacial abnormalities, brain malformation,
situs inversus, obesity, diabetes, and polycystic kidney (1, 2).

How does the aberrant ciliary elongation in Mak-KO photo-
receptors induce progressive photoreceptor death? One possible
explanation is that the abnormally elongated cilia affect protein
transport from the inner segments to the outer segments in pho-
toreceptors, resulting in photoreceptor degeneration. Several lines
of evidence support this idea. We observed an accumulation of
rhodopsin in the Mak-KO photoreceptor cell bodies in the retina
at P14. The transport efficiency of rhodopsin from the inner to the
outer segments through the connecting cilia would be reduced in
Mak-KO photoreceptors. Mutations in rhodopsin or protein
transport machinery of the cilia (e.g., Kif3a or IFT mutants) cause
accumulation of rhodopsin in the photoreceptor cell body and
result in photoreceptor cell death. Absence of Dyf-5, a nematode
homolog of Mak, affects the motility of kinesin motors and IFT
particles in the cilia (14). Similarly, we identified aberrant accu-
mulations of IFT and kinesin in the Mak-KO photoreceptor cilia.
Mak may regulate ciliary transport by directly phosphorylating the
components of ciliary transport machinery including kinesin and
dynein motors, IFT particles, and/or BBSomes 1, 3, 33).

We demonstrate that overexpression of wild-type RP! induces
ciliary elongation. In addition, expression of the N-terminal por-
tion of RP1 induces an increased intensity of acetylated a-tubulin
labeling in cultured cells. These results suggest that excess acti-
vation of the microtubule-associated protein RP1 can induce ex-
cess ciliary elongation. The evidence shown here supports the idea

RPAFL: - -~ + + . .
L RPIN:- - . . &+ &4
Mak: - + - + . 4

o R TR S Ww8: €368
= 1 s anti-Mak o *ﬁ rMak
: : anti-FLAG "’.ﬁ P -RP1-FL
, I i antiFLAG 'MRN-N
. W8
. - - - anti-Mak
+ + - -
- - o+ + anti-FLAG
. + “ +
antl-FLAG
vid 2
KON
& &
A R & &
P L B &
o o <<
- + -+ - - +
! RPN
- 4~RP1-C1
RP1-C2
-GST

lZP

pression of RP1 induces ciliary elongation. (A) Schematic diagrams of the RP1-

FL, -N, -C1 and -C2 constructs. DC, doublecortin domain. (B-/) FLAG-tagged constructs expressing GFP (B and C), RP1-FL (D and E) or RP1 lacking the C-terminal
portion (RP1-N) (F-/) were transfected into NIH 3T3 cells. Localization of FLAG-tagged proteins was observed using anti-FLAG (green) and anti-acetylated
o-tubulin (red) antibodies and DAPI (blue). Arrows indicate transfected cells. Arrowheads indicate basal part of cilia. (/ and K) RP1 and Mak antagonistically
regulate ciliary length. FLAG-tagged constructs expressing GFP, RP1-FL, or RP1-N were transfected with or without a Mak expression plasmid into NIH 3T3
cells. (J) Cilia were observed using the anti-acetylated a-tubulin (red) antibody. (K) The length of the cilia stained with the anti-acetylated a-tubulin antibody
(n > 30 for each construct). Error bars show SE. *P < 0.03. (L) Mak interacts with RP1. A Mak expression plasmid was transfected with or without FLAG-tagged
RP1 expression plasmids (RP1-FL or RP1-N) into HEK293 cells. RP1 proteins were immunoprecipitated with the anti-FLAG antibody. Immunoprecipitated Mak
was detected by Western blotting analysis using the anti-Mak antibody. (M) Mak phosphorylates RP1 in vitro. GST-RP1-N (residues 1-661), GST-RP1-C1 (residues
662-1,380), and GST-RP1-C2 (residues 1,381-2,095) were purified from bacterial extracts and stained with Coomassie brilliant blue (CBB) (Left). GST-RP1 deletion
proteins were applied for the in vitro kinase assay using purified GST-Mak (Right). [Scale bars: 100 pm (B, D, and F), 10 ym (C, E, G, H, and /), and 2 um ()]

Omori et al.

PNAS | December 28, 2010 | vol. 107 | no.52 | 22675

NEUROSCIENCE



that Mak regulates ciliary elongation through RP1 phosphoryla-
tion. First, we observed that coexpression of Mak with the RP1
constructs rescued the excess ciliary elongation. Second, we
identified that Mak phosphorylates the N-terminal portion of
RP1, which contains the doublecortin domain. This domain was
originally identified in Doublecortin, whose mutations cause X-
linked lissencephaly and double cortex syndrome in humans (34).
Interestingly, phosphorylation of Doublecortin by several kinases,
including JNK, protein kinase A, and cyclin-dependent kinase 5,
was shown to regulate affinity to microtubules and migration of
neurons (35, 36). Similarly, it is possible that phosphorylation of
RP1 by Mak regulates microtubule stability and controls ciliary
length (Fig. S9). Retinitis pigmentosa 1-like 1 (RP1L1), a putative
microtubule-associated protein, is another candidate for phos-
phorylation by Mak (37). In contrast to the restricted localization
of RP1 in the axonemes of the outer segments, RP1L1 is localized
both in the connecting cilium and the outer-segment axoneme,
suggesting its involvement in the mechanisms regulating the
length of connecting cilium in photoreceptors. How does Mak
affect the intensity of acetylated a-tubulin labeling in the cilia?
The first possibility is that the change of microtubule-binding
status of microtubule-associated proteins by phosphorylation
leads to the activation of enzymes involved in microtubule acet-
ylation or deacetylation, because several microtubule-associated
proteins were reported to induce microtubule acetylation (38).
The second possibility is that Mak directly regulates enzymes in-
volved in microtubule acetylation and/or deacetylation. It was
reported that Aurora A regulates ciliary disassembly before cell-
cycle entry through phosphorylation of tubulin deacetylase, his-
tone deacetylase 6 (HDACS). Phosphorylated by Aurora A,
HDACS6 deacetylates microtubules of the cilia and facilitates
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disassembly of the cilia (39). Furthermore, microtubule acetyla-
tion causes the recruitment of the molecular motors dynein and
kinesin to microtubules (40). In the developing photoreceptor
cilia, regulatory balance of acetylation and deacetylation of ciliary
microtubules seems to be important for keeping proper ciliary
length and/or ciliary transport machinery. Mak may regulate this
balance by phosphorylation of these molecules.

Materials and Methods

Animals. We used Mak-KO mice with a deletion of exons 5-8 in the Mak
genomic locus which encodes the catalytic kinase domain and the proline
and glutamine-rich domain as previously reported (17). The Mak-KO mouse
strain was provided by RIKEN BioResource Center through the National Bio-
Resource Project of the Japanese Government Ministry of Education, Cul-
ture, Sports, Science and Technology. Reagents and procedures are de-
scribed in detail in S/ Materials and Methods.
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Abstract: We report a cuse of paranecplasiic retmopaihy zssociated vith a retroperitoneal
liposarcoma. A 42-year-old man was referred to our hospiial wiih complaints of night blindness
and blurred vision m the penipheral ticld. Elecwoictinograms showed a progressive amplitude
redueiion i his both eyes. Abdowminal maguetic resonance imaging showed o large relroperi-
toncal mass, and pathologic examination revealed a dedifferentiated liposarcoma. Western blot
analysis showed an antirciinal sotibody in the serum o our patient, and Ins serum reacted with
the photorceeptors of a bovine retina To the best of our knowledge, this is the first case of
parancoplastic retmopathy associated with o Hiposarcoms.

Keywords: paraneoplastic refinopathy, retroperitneai liposarcoma, electroretinogram, cancer-
associated reunopathy

Introduction

Parancoplastic retinopathy (PR} is a progressive vetinal disease caused by antibodies
generated from neoplasms distant from the eye.’  The retinopathy can develop either
before or after the diagnosis of the ncoplasm. Patients with PR usually have tight
blindness, photopsia, ring scotoma, attenuated retinal arteriole, and abnomal electro-
retinograms (ERGs). PR is thought to be mediated by an autoimmune mechanism, and
1s associated with the presence of antiretinal autoantibodies in the serum.

Various types of neoplasms are known to cause PR, including malignancies of the
lung, breast, cervix, colon, prostate/bladder, uterus/endometrium, and blood celis.
Only two cases of PR associated with a sarcoma. a malignant tumor arising from
mescenchymal cells, have been reported.™® We report a case of PR associated wiith a
retroperitoneal liposarcoma. The patient’s visual symptoms preceded the discovery of
the tumor by six months.

Case report
A 42-year-old man was referred to our hospital with complaints of night blindness
and blurred vision in the peripheral field. He did not have any systemic or eye discascs
including a malignant tumor. and the family history revealed no other members to
have any eye diseases.

At the initial examination. his best-corrected visual acuity was 1.0 in both eves,
but Goldmann perimetry showed defects in the mid-peripheral visual fields in both
eyes (Figure 1A). Ophthalmoscopy showed that the fundus was nearly normal. but

fuorescein angiography demonstrated mottled hyperfluorescence along the vascular
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arcades (Figure 1B and [C). The ERG amplitudes of both the
rad and cone camponents were reduced (Figure D, middie
colamin). Based un thiese hindings. we diagnosed him as hav-
ing u rod-cone dvsirophy.

FHowever, s sympioms progressively worsened, and the
ampittudes ot the ERGs ware fiuther reduced six months
ht column). We

then suspected PRLand performed sysiemaiic magnenc reso-

after the initial examinagion (Figure 1D 1i

nance imagzing (MR, The abdomimal MRI showed a large
e

seriioneal mass (Figure 2A, arrow) which compressed
the icft kidney.

Voo alse periormed Western biot analvsts using bovine

retitad proteins to determine whether there were any antivetimal

antibodies in the serum of our patient. A rerinal proteiii of

approximately 85 KD (Frgure 2. arrow ) was detected in the
seruin of this pancnt. We also confirmed that the serum reacted

with the photoreceptors of'a bovine retina (Figure 2C).
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We then diagnosed our patient as having PR associated
with retroperitonzal tamor, and the tumor as well as the lefi
Nidney was removed (Figure 2D Pathologic examination
revealed @ dedifterentiaica hiposarcema that contained the
characterisiic two patterns of a well differentiated lipo-
sarcomia (Figure 2F. asteiisk) and dedifierentisted fibrotic
saircomaioid tissuc (Figure 2L, arrow), Atter the tumor was
resected. he received chemotherapy but he had a recurrence
with mictustasis. His siatas became anknown afier he moved

to his hometown for ieiminet care.

Comments

A PubMed scarch foi cases of PR associated with o
sarcoma yieided two cases ™ One case involved a uier-
inc sarcoma, and the other a rhabdomyosarcoma of the
thorax. To the best of our knowledge, s is the itrst case
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£) Abdominal MRI showing 2 large retreperitoneal mass (arrow), which compressad
the left kidnay. B) Western blot anzlysis of patient’s serum using bovine ietinal protem.

The seiurn reacted to an 83 kU zantigen (arrow) C) Immunchistochemicai analysis using

pAtENT’s serum Cemonstiates autoreaciivity against the photoreceprors of bovine retina.
D) Gross appearsr

ce of tumer. E) Microscopic appearance of retroperitonaal umr.or
(x 20} Two charzctensuc patterns of well differenuated liposarcoma (zsterisk) and
dedifferentinted fibrotic carcomatoid ussue (arrow) can be seen.

Abbreviations: OS, cuter segmentiS,inncr segment; OML, ovier huclear fzyer: OF L.
outer plexiforn: layer, INL irner nuclear layert MRI magnenic resonance inaging.
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Paraneoplastic reuncpathy with retroperitoneal liposarcoma

a malignancy of fat cells that occurs in deep soft tissue
and is mostly seen in the limbs and retroperitoneum.® It
is the most common soti tissue sarcoma and accounts for
approximately 20% of all mesenchymal tumors. Most of
the patienis with liposarcoma have no symptoms uniil
the tumor becomes large and causes pamn or functional
disturbances in neighboring organs.

We deiected an antirctinal antibody in the scrum of
our patient. and found that the serum reacted with the
photoreceptors of a bovine retina, sugeesting that this anti-
body caused the retinopathy of our patient. However, we
did not confirni thut this antibody actually reacted to the
tumor proteins of our paticnt. Thus. additional cxperiments
arc needed becausce it is known that the antiretinal antibody
can be produced not onty in PR, but also in other retinal
degenerative diseases as a secondary complication of retinal
cell death”

Our experience with this case demenstrated that it is
important for ophthalmologists wo be aware that liposarcoima
can be the cause of PR. In these cases, the visual symptoms
may precede the discovery of this tumor, becanse liposarcoma
usually grows silently in deep soft tissues without any local

SYMptons,

Chinical Ophthalmology is an international, pecr-reviewed jonrnal
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Furpese: The ann of this siudy was o derermine whether a siemificant correlation caists
between the seotopic and photopic components ol clectroretinograms (ERGs) and the degree
of ciredlanon disturbances esused by a central raiinal artery ocelusion (CRAO).

Basign: Observational chinical study.

Participants: Sixteen patients with a CRAQ (16 eyes;.

Methods: The circulatory disturbance in eyes wiin CRAQ was graded as miid (group 1) when
the arm to-retina ransmission time was <730 see and severe {group 2) when the arm-to retina
transmission time was =30 sec. Scotopic and photopic ERG components in eyes with { RAQ
were compared with those in healthy fellowe eves with respect to the degiee of circulation
disturbance.

Results: The scotopic and photopic b-waves were significamtly veduced only in group 2, whercas
the amplitudes ol the photopic negative response (PANR) of the photopic cone ERGs were
significantly reduced m both groups. The amphiudes of cach FRG comporent, except for the
a-wave ul the mixed rod-cone ERG. were significantly smailer 1 group 2 than in group 1.
Conclusiens: The PhNR was reduced even in group | with minimal circalatory disturbance
and thus may be 2 good funchonel indicator.

Keywords: scotopic electroretinogrant. photopic electroretmogram, photopic neganve response,
central retinal artery oeclusion. fluorescen angiography

introduction

A central retinal artery occlusion (CRADQ) is one oi the most scrious vascular
vbstruciive disorders of the eye. Several ivpes of treatments have been considered
for the acute phase of CRAQ." The Luropean Assessment Group for Lysis in the Lye
(EAGLE) study was a multicenter, randomized trial that evaluated the efficacy and
adverse effeets of treating a CRAO by convenilenal isovolemic hemodilution or by
local intra-arterial fibrmolysis.” The authors reporied that the improvement of visual
acuity was similar in both groups and conctuded that because of the similar outcomes
and higher ratc of adverse reactions associated with inta-arterial fibrinolysis, they
could not rccommend intra-arterial fibrinolysis,

The clectroretinographic (ERG) findings in cyes with CRAQ are characterized
by a decrease of the b-wave because of the inner laver retinal ischemia.” * However,
Miyake clearty showed that the visual ficld defects and the alterations of the ERGs
were often inconsistent in eyes with CRAO. For example, the visual fields may be
extremely constricted and the visual acuity may be severely reduced, bui the ERGs
can be well preserved.®

Clinical Ophthalmology 2011:5 115-121 115
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Althougli the funciion of the retinal layers that give
rise to the ERGs can recover to a certain extent following
a return of the retinal circulation, the retinal ganglion cells
(RGCs) usually suffer irreversible damage soon after the
occlusion because they are more vulnerable to ischemia.
The histopathoiogical changes associated with a CRAO
include the death of the RGCs by apoptosis.” Machida et al
reporied that the photopic negative responsc (PhNR) of the
ERG can be used to assess the retinal function following
retinal vascular disorders.” Moreover, they showed a selective
attenuation of the PhNR amplitude in cyes with a CRAQ, but
the relationship to other clinical findings was not prescented.

At present, the effects of CRAG are asscssed by
visual acuity, fundus appearance, and fundus fluorescein
angiography (FA). but a correlation between the difierent
components of the ERG and the degree of circulation distur-
bances has not been determined. Recently, we reported that
the PhINR reflects the severity of ocular circulatory damage
in CRAQO in the same patients used in this study.” In the
carlier study, we focused on the photopic ERG components
and especially the PhNR. In this study. the scotopic and
photopic components of the ERGs recorded according to the
rccommendations of the International Socicty for Clinical
Electrophysiology of Vision (ISCEV) were analyzed."”

The aims of this study were to correlate the scotopic

and photopic components of the ERGs recorded according

to the recommendation of the ISCEV!" with the degree of

circulation disturbances and to investigate whether these
findings can be mdicators of the severity of the retinal

alterations in CRAO patients.

Patients and methods

The medical records of 16 eyes of 16 consecutive paticnts
with a CRAO who were examined at the Oita University
Hospital, Oita, Japan, from 2003 to 2007 were analyzed. The
procedures used conformed to the tenets of the Declaration
of Helsinki, and an informed consent was obtained from
all patients after the pature of the study had been fully
explained.

A complete ophthalmological examination was per-
formed on each patient. The diagnosis of CRAQ was made
by the findings obtained by indircet ophthalmoscopy and FA.
Because the aim of the study was to determine which ERG
components were significantly correlated with the retinal
circulatory disturbance, the arm-to-retina time was chosen
instcad of visual acuity or visual field as the functional
parameter. To determine the arm-to-retina circulatory time,
5 mL of 10% fluorescein sodium was ijected into the cubital

vein, and the time between the injection of the dye and its
first appearance wr ihe retinal artery was measured as the
arm-to-retina circulation time.

Based on the FA and/or indocyanine green choroidal
angiographic findings, eyes with CRAO were divided into
two groups. Eyes with choroidal and retinal circulation
disturbances were considered to have the miost severe retinal
changes and were exciuded from the analysis.* The normal
arm-to-retina transimission time is known to be not >15 sec.*
Eyes with an arm-to-retina transmission time <30 sec
were placed in the mild group (gioup 1), and eyes with an
arm-to-retina transimission time =30 sec were placed in the
severe group (group 2). For siatistical analysis, cach group
was scored as 1 and 2, corresponding to the group number
(circulation severity score)

The patients consisied of six nien and seven women
ranging in age from 44 to 81 ycars (mcan 68.8 years).
Paticnts with other retinal discases were excluded. All emer-
gency treatment procedurces, eg, ocular massage, lowering
of the intraocular pressure (IOP), and administration of
thrombolytic agent, were performed before or on the same
day as the ERG recordings. ERGs were recorded from the
13 cyes with CRAO and 12 of the normal fellow eyes as
controis. The onset of the CRAO was dctermined by the
patients’ subjective ocular symptoms. One patient had a
branch retinal vein occlusion in the fellow cye.

The clinical findings of the cases with CRAO are
presented in Table 1. The 10P was measured before each
ERG recording by applanation tonometry, and none of the
patients had an IOP =19 mm Hg.

Electroretinography
The ERG recordings were performed on the same day
or on the day after the treatment staried. Scotopic mixed
rod-cone ERGs and photopic-cone T'RGs were elicited
by stroboscopic stimuli, and the recordings were made
according to the standards recommended by the ISCEV."
A customized 30 cm diameter Ganzfeld ColorDome stimula-
tor was used to present the stimuli. The patients’ pupils were
fully dilaied with 0.5% tropicamide and 0.5% phenylephring
hydrochloride. The ERG responses were recorded with a
corneal bipolar electrode (78 19NFC-4; Mayo Corp, Inazawa,
Japan) placed on the ancsthetized cornea. The eyes were
dark-adapted for 20 min before the scotopic recordings and
light-adapted for 10 min before the photopic recordings.
ERGs with poor signal-to-noise ratio were excluded.

The ERGs were clicited by flashes of white light from
a white light-emitting diode. The rod ERG was elicited
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Table | Demographics of the patients with CRAO

o ERG and circulatory damage in CRAO

Case Age (years) Gender Bilaterality Group First visit day Visuai acuity Time until ERG recording'
| 72 F L 1 3 0.2 30d

2 68 F R | 0 Hiv 10 h

3 gl R | 2 0.06 3d

4 73 F R | | Hi4 134

5 59 ] L l 0 0.04 2h

6 71 ™M L 2 0 0.0« 12 h

7 66 M K 2 G PL( ) 30h

&’ 79 ™M R 2 i0 HM 9d

9 44 F R 2 G SL -) 30d

10 80 v L 2 0 =M 24 h

N [ ] L 2 0 PL(+) 3h

12 £6 M R 2 ! PL(-) 6d

13 74 F R 2 0 FL(-) 28h

Notes: 'Cases | and 9 weie excluded from the FRG analysis “All patients developed unilavzral CRAO and the hes -—ll;:/?y; ‘;ICLZ;S—CC;IN—;I c:r.e;f_omé:/;o

devzloped branch retinal vein occlusion w the lef cye.
Abbreviaticns: CRAO,
PL, prreeption of hght; PL(-). with
fiorescein angiography; fust visit

centrai rednal ariay  ocdusion; ERG,

Pox:
pe

with white flashes at an intensity of 100 ¢d/m’. To elicit
the standard combined rod-cone ERGs and bright-flash
LRGs, 1000 c¢d/m® and 8000 cd/m. respectively. white
flashes were delivered. The simulation rate was 0.1 Hy in
the dark-adapied statc. The cone TIRGs were clicited with

the same white flashes at an intensity of 1000 cd/m® on a

wlute background of 25 cdm? with a frequency of (.5 Hz.
The 30 Hz flicker ERG was cheited with winte pulses at
160

the signal-to-noise ratio, four ERGs were averaged and

cd’m” on a white background of 25 cd/m”. To improve

analyzed. The ERG elicited by the first ifash was excluded
from the average.

The ERGs were amplified by a bioamplifier (Neuropack:
Nihon Kohden, Tokye, Japan), with the low- and high-
bandpass filters set at 0.1 and 1000 Hz, respectively. The
ERGs were digitalized with a 12 it A/D board (AD 32/ 10HD;
Contee. Osaka, Japan) and averaged online, and offfine if
necessary, using customized software (Mulii Analyser EP:
MTS. Tokyo, Japan).

Representative scotopic and photopic ERGs are shown
in Figure 1. The amplitudes and peak implicit times of
the scotopic and photopic ERGs were measured as shown
in Figure 1. The PhNR elicited by red stimuli on a blue
background® '* was not availabie in this study. Therefore.
the amplitude of the negative trough was analyzed follow-
ing the cone ERG b-wave as the PhNR. One-factor analysis
of variance {ollowed by Scheffé’s /' post hoc test was per-
formed to evaluate the difterences among the three groups.
1c. two groups of eyes with a CRAO and z control group of
healthy fellow eyes. A P value << 0.05 was considered to be
statistically significant,

clectroreninograum:
i of ligha PL{=). without perccption cf light: group 1. arni-to-tcurna T
day 0 pauentvisiczd clinie vadhin 24 h after onseu b,

F, fenaler M. male, Lo deft cye; R, right eyer HM. hand motion,

30 sz group 2, arm-to-reting time =30 sec in
hours, d days.

Results

I'he time intervai between the CRAO and the ERG recording
ranged from 2 h to 30 days (7.4 £ 10.8 days; Table 1), Two
patients whose TRG was measured 30 days after onset of
CRAO were excluded from the FRG analyses so thai the
time interval ranged from 2 h to 13 days (3.2 £ 4.3 days).
Of the 11 eyes. four were placed in group 1 and seven in
group 2. A partia! internal carotid artery obstruciion was
found in thice patients.

The distribution of the visual acuities is shown in
Figure 2. The visual acuity was significantly higher in group
! than in group 2. The visual ficlds were available only on
two eyes: cases 5 and & (Table ). Case 5 showed a temporal
defect with a central scotoma, and case 6 had a nasal defect
with a central scotoma according to the classification of
Hayreh and Zimmerinan. '

The b-wave/a-wave (b/a) ratios of the scotopic standard-
fash ERG and the scotopie bright-flash ERG are plotted in

Figure 3. The mean b/a ratio was low in eyes with a CRAQ,

but only one eyc showed the negative type for the scotopic
standard-flash ERG. 1e. a b/a ratio <1.0.

The average amplitudes of the CRGs recorded under
scotopic condition in the two groups and the control fellow
eves are shown in Figure 4. The average b-wave amplitudes
of the scotopic rod ERGs in both affected groups were
significantly smaller than those in the control cyes. The
average a-wave amplitudes of the mixed rod-cone ERGs in
aroup 2 were reduced. but the decrease was not significant
compared with the control eyes, whereas the average b-wave
amplitudes of the mixed rod-cone LRGs in group 2 were
significantly smaller than those in the control eyes.

Clinical Ophthalmology 201!:5
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Figure | ERGs recorded from the normal fellow eye (ieft) and cye with a central retinal artery occlusion (right).
Abbreviations: ERG, clectroretinagram; CRAQ, central reunai avtery occlusion, FhNR, photopic negative response.

The ERGs recorded under photopic condition are shown
in Figure 5. The photopic a-wave ampliludes were decreased
in group 2, but the decrcase was not statistically significant
compared with the control eyes. The photopic b-wave was
significantly smaller mn group 2, and the amplitude of the

s

> 0.1 $ .
5 001
® CFf
e L
g HM *é LA
;.2 PL(*) &

PL(-) *eee

< =5 e i e
Group 1 Group 2

Figure 2 Distribution of the visual acuities at the initial visit in the two groups.

Abbreviations: HM. hand motioin: CF, counting finger: PL. perception of lighr:

PL{+}, with perception of light; PL(-), without perception of light.

PhNR in the control fellow cye was significantly larger than
the PhNR for both affected groups. The 30 Hz flicker ERG
was significantly reduced in group 2.

In summary, significant reductions in the scotopic rod
b-wave and the PhNR were found only in the group 1 eyes.

Discussion

Results showed that the amplitudes of the b-wave of the
scotopic and photopic ERGs were significantly smaller in
an cye with a CRAQ than in the fellow control eye. On the
other hand, the amplitude of the a-wave was not significantly
reduced. The b/a ratio was also smaller in eyes following
a CRAO. These findings arc in agreement with the known
origins of the a- and b-waves. ic, that the a-waves originate
from the activity of postphotoreceptoral cells, including the
off-bipolar cells and photoreceptors, and the b-waves from
the activity of the inner retina but not the RGCs.

I8
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Figure 3 The b-wivela-wave ratio of the ERGs in ¢yes with a CRAO and the feliow cyes clicited by stzndzrd tiash (l2ft) and by scotopic bright flash (right) recommended by

the ISCEY Only ene eye with 3 CRAO had = bfa ritio -

1.0 in the recordings with standard fiash (left) The errcr bars represent the standard deviation

“bbreviations: ERG, electroretinogram: CRAQC, contral retinal artery occlusion; ISCEV. Inrarnavonal Ssaicty for Clinicat Blectrophysiology of Vision

The new findimg in this study was thie high correlation
between the degree of reduction of the scotopic b-wave

and degree of ocular eireulation distnrbances, and between

the degree of reduction of the PhINR and degree of ocular
circulation disturbances.

In a physiological study of a primaie inodel of transient
CRAOQ, the ERGs and visual-cvoked responses were found
to tolerate 94-100 min of ischemiia, but the retinal damage
was morce severe. extensive. and irreversible following longer
periods of ischemia.’'® However, because only a minority ot
patients have a complete obstruction of the retinal blood flow
and most have a partial or transicnt obstruction, the resuits of
the primate model of CRAO may not reflect the pathophysi-
ology of CRAO in ihese patients. As reported. a recovery
of visual function can be obtained cven in cases who were
tecated "~ 18 b afier the onset of the CRAQ. suggesting that
retinas can folerate a transient obstruction.

Scotopic rod ERG
b-wave

Standard flash ERG

The a-wave of the scotopic ERG was generally una{fecied.
but the scotopic b-wave amplitude was reduced. However,
ancgative-type ERG was observed in only one case of CRAO
in the ERGs elicited by the ISCEV siandard-fiash stimuli.
Because the severity of the retinal ischemia differed widely
among these patients, with most of the cases having a par-
tial and/or transient obstruction of the central retinal artery,
vartations in the amplitudes of the ERG components would
be expected. In an experimental study of the retinal survival
time, Hayreh et al reported that the b/a ratio of the combine
rod-conc responses were significantly different between
those with shorter and longer periods of CRAO.™ A previous
study on animals showed that the correlation between the
ERG parameters and the histological changes with any of the
restdual retmal circulation vanables was not significant.

In this study, 1000 edin’” and 8000 cd/m” white flashes

were used to ehiait the standard combined ERG and

Standard flash ERG

a-wave b-wave

T S
120 ¢ = 500 ¢
( [ | ~300 R o i
100 i 50 [ |
= < o r ! :
3 T 1 ng = 200 ] 3
§ 60 i J ° ’ B ] J K 300 260125 2523
p =1 : =
%. 40 | : £ T -121.8 . :‘:_ 200 | rL 1
£ ¢t l 3‘100 4 ? Tt;uii
< 4l | < < 100 | i
2] b e e 0 O e e
Group 1 Group 2 Controt Group 1 Group 2  Conirol Group 1 Group 2 Control

Figure 4 Average amplitudes of the ERGs reccrded under scotopic conditions in the two groups and the control fellow eyes. Left. the amplitudes of the b-wave of the
scotopic rod ERG. Middle and right: the amplitudes of the a- and b-waves of the ERGs clicited by the standard flzzh, respectively. The amplitude of scotopic rod b-wave was
significancly lower in groups | and 2 compaied with contrel, In addition, the b-wave of the mixed 1od-cone ERG was zignificantly smaller in group 2 than in the conwols.
Contiols ara the healthy fellow eyes of all the patients. The error bars represent the standzrd deviation.

Notes: “P < 0.05; P -~ 0.0}
Abbreviation: ERG, electroretinogram.
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Figure 5 Average amplitudes of ERGs recorded undar photopic condition in the two groups and tha control icllow eyes Only the PRNR s significantly different in group |
from the controls. The controls are the healthy fellow eyes of all the patients. The error bars represent the stzndard deviation

Notes: *P = 0.05; *P < 00l.
Abbreviations: ERG, electroresinogram: PhNR, photopic negative response.

brighi-flash ERG, respectively. In the V-log T curve.” wherc
the amplitudes of the a- and b-waves are plotted against the
logarithm of stimulus intensity. the b-wave amplitude reached
the platcau, whereas the a-wave amplitude was still in the
ascending part with 1000 cd/m?, Therefore, a b/a ratio -2 1.0
was not ofien observed in this series, and with an intensity
of 8000 ed’m’. which was used to ¢licit bright-flash ERGs.
the b-wave amplitude was on the plateau and the a-wave
amplitude was stili growing. Therefore. the incidence of the
eve with a b/a ratio <<1.0 was higher under these conditions.
It was reported that the negative-type waveform was more
frequently detected when | log unit higher stimulus intensity
was used to elicit the ERGs in eyes with congenital stationary
night blindness and x-linked retinoschisis.?*2

This study had several limitations, eg, small sample
number, lack of widely accepted quantitative indicators for
retinal circulation disturbances, large range in the time from
CRAO onset to recording the ERG, and different treatments

for CRAQ because of the retrospective nature of the study.
It would be interesting to use other parameters of rctinal
circulation, such as those obtained by a laser flowmeter or
ocular fundus blood pressure measurements. [n addition,
the PhINR was not elicited by the most effective stimuli, !5
Instead. the PhNR corresponding component of the cone
ERG clicited by the ISCEV standard was analyzed, con-
sidering that it would contain the majority of the original
PhNR. Further investigations on the pure PhANR and its cor-
relation to the clinical parameters in CRAO patients should
be carried out. The results obtained in this study should be
carefully interpreted, but this study still provides clinically
useful evidence that the b-wave and a-wave would be good
indicators of the severity of retinal ischemia in CRAQ
patients,

The PhNR corresponding component was reduced even
in group 1 with minimal severity of circulatory disturbances
and where a- and b-waves of the scotopic and photopic

120
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ERG showed almost no alreration compaied with those in
control eyes. Ihese findings suggest that PhNR corresponding
component is the mostuftected and possibly the more sensitive
component of the ERG following retinal circalation injurics.
This is in good accordance with previous studies reporting
that the PhNR of the photepic ERG originated from the inner
ctivity of'the RG( s
Muachuda ctal have shovwa that the

retina and reficcted the a ' Inaddition,
PhNR was the most affecied
vave w seven cases of CRAQC Together with the previous

evidenee, these 1esults shov the high correlation of the ERG

parameters. especially PhNR, with the severity of CRAQO.
A useful LRG parameter to determine the prognosis of retinal
vessel ocelusion i needed. Recently. the implicii time of the
30 Hy flicker FRG has been reported to be g good indicator for
the development of ocular neovascularization afier a central
retinal vein ocelusion” Further investigations to determine
the ERG parameters that are significantly correluted with the
visual prognosis i CRAO patients are needed.
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Abstract

Purpose: For human trials with retinal prostheses it is mandatory to develop procedures to safely explant
and possibly reimplant the devices. This prompted us to investigate in a small exploratory study the safety
of repeated transchoroidal implantation and explantation procedures of complex subretinal devices in
laboratory animals.

Methods: Repeated transchoroidal surgery was performed in four rabbits. The rabbits were examined
by clinical examination and funduscopy. Function was assessed by electroretinography and cortical
recordings following light and subretinal electrical stimulation. Sections of the retina and of the implanta-
tion channel were examined by light microscopy.

Results: Using the same access route, repeated transchoroidal subretinal implantation surgery was success-
fully performed in all cases. Fixation of implants was stable for up o 13 months: retinas remained attached
al all examination dates. Electroretinograms and visual evoked cortical potential proved retinal and visual
pathway integrity. Subrcunal electrical stimulation elicited retinal and cortical responses. While retinal
morphology at earlier stages was found to be essentially unaltered, atrophic disorganization in the region
of the subretinal channel was observed after 10 months and alter subretinal clectrical stimulation.

Conclusions: Repeated transchoroidal surgery can be safely performed for implantation, explantation,
and reimplantation of subretinal devices in rabbits. With modifications, we believe the technique can be
applied in human surgery. Jpn J Ophthalniol 2010;54:467-475 © Japanese Ophthalmological Society

2010
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Introduction

Increasing cfforts are being made worldwide to develop
retinal prostheses for blind people who suffer from degen-
erative retinal diseases such as retinitis pigmentosa (RP)
and age-related macular degeneration."" On the basis of
promising results of experimental animal studies, develop-
ment has advanced to a point where human trials are
increasingly being conducted." '
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The original idea for a subretinal prosthesis involving
use of an independent array of microphotodiodes as
replacements for photoreceptors™” had to be abandoned
because photodiodes could not produce sufficient energy
by merely transforming light into electrical energy.””
This led to a change in concept: external energy will be
coupled through a cable connection to the subretinal
microphotodiode array (MPIDA). This technique maintains
the original idea of localized clectrical stimulation. Extra-
ocular parts and a transscleral and transchoroidal connec-
tions have been successfully used by many groups working
in this research area and is not unique to subretinal
implants.'>'®

Several human trials with subretinal and epiretinal
implants are currently under way.""'™ Some groups have
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permission by approval committees for restricted time
pertods only, as 1s the case with human implants currently
performed by our group.’ " But scveral other scenarios
where explantation and possibly reimplantation of implants
is neeessary can be anticipated.as in cases of implant failure,
severe adverse evenls (c.g., endophthalmitis o retingl
detachment), or following the patient's request, for example,
when newer and beiier implants become available. There-
lore, safe explantation and reimplantation techniques are
needed.

To assess the princpal feasibility of the transscleral and
transchoroidal approach for repeated surgical interventions
1t seemed appropriate as a (irst step to perform a small
exploratory study on a limited number of animals.

Materials and Methods
Antnials

Experiments were performed on one eye cach of four adult
rabbits (Charles Kiver. Sulzfeld, Germany) with the other
cve serving as a control. Two additional rabbits were used
in the preliminary experiments. All animal cxperiments
adhered to the “Principles of laboratory animal care™ (N1H
publication No. 85-23. revised 1983), the OPRR Public
Health Service Policy on the Humane Care and Use of
Laboratory Animals (revised 1986), and the US. Animal
Weltare Aci. as amendced, as well as the local commission
for animal welfarce.

Surgical Procedure

‘ihe surgical procedure has been described before.™™ In
summary, an infusion cannula was sutured 2.5 mm from the
limbus to maintain and control intraocular pressure. and a
(ull-thickness scleral flap of 3 mm by 3 mm was prepared
6 mm away {rom the limbus in the upper lateral quadrant
of the eye. Afier local drug-induced vasoconstriction with
cpinephrine 1:1000, the choroid was incised for 2 mm paral-
lel to the large vesscels with a 27-gange needle. A flexible
plastic foil (length, approximately 30 mm; width, 2.5 mm)
with a rounded leading edge was introduced into the sub-
retinal space in order to open it for insertion of the final
implant. The final implant was introduced subretinally along
it and advanced to the desired position (Fig. ). The guiding
loil was then explanted and the final implant lelt in position.
The scleral Nap was repositioned and tied with 7-0 sutures
at two corners, and the conjunctiva closed by Y-0 sutures.
For all implantations. explantations, and reimplantations in
cach rabbit the same access route and subretinal tunnel
were used. Explantation and reimplantation were per-
formed within one surgical session, immediately following
each other. Anesthesia was achieved by intramuscular injec-
tion of ketamine hydrochloride (40 mg/kg) and xylazine 2%
(S mg/kg).
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Figure 1. Scheme of the transchoroidal implantation and explantation.
Acscleral Rap is prepared and the chorond incised ab externo to provide
access to the subretinal space. In the subretinal space the implant can
be advanced until 1t reaches the desired position.

Functional Evaluation

For cortical recordings to light stimulation (visnally evoked
potentials, VEPs) and to subretinal electrical stimulation
(clectrically evoked cortical potentials. cECPs). one active
screw clectrode (Synthes. Umkirch bei Freiburg, Germany)
was placed in the skull over each primary visual arca (i.c.,
6 mm anterior and 5 mm lateral on each side of the lambda
point). A reference screw clectrode was placed at the
midline 16 mm anterior to the lambda point. A subcutane-
ous needle electrode at the tip of the nose served as a
ground electrode. For electroretinographic recordings to
light stimulation (electroretinograms. ERGs) and to sub-
retinal clectrical stimulation (¢ERG) a gold-ring corneal
contact lens clectrode (ERGJet, Universo, La Chaux-de-
Fonds. Switzerland) served as the active electrode. The same
reference and ground electrodes were utilized for VEP,
cECP, ERG, and ¢ERG recordings. For all recordings, an
ESPION Console (Diagnosys, Littleton, MA. USA) was
used. Cutoff filters were set to 1.25-300 Hz. An ESPION
ColorBurst Handheld Ganzfeld LED-stimulator was used
to chicit ERGs and VEPs. All experiments were conducted
in ganzield mode (4-ms pulse duration delivered at 1 Hz
with a whitc flash of 3.0 cd®s/m°).

For subretinal electrical stimulation monophasic. anodic
first voltage pulses (pulse duration. 500 us; frequency,
0.87 Hz; <3.0 V) were delivered to subretinal electrodes
against the larger subretinal reference clectrodes (stimulus
generator, STG 1008, Multi Channel Systems, Reutlingen.
Germany). Between 20 and 100 responses were recorded to
calculate the averaged response.



