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FIGURE 2. Photographs taken dur-
ing implantation surgery and 1
month after implantation. (A) Micro-
electrode array and return electrode
are combined into one bundle and
covered with silicone rubber tubing.
(B) Customized trocar and elec-
trodes. (C) Creation of a scleral
pocket. (D) Electrodes and cables are
passed under an extraocular muscle.
(E) Cable is sutured to the sclera. (F)
Insertion of a return electrode. (G)
An electrode array was inserted into
the scleral pocket, and the cable was
sutured to the sclera. (F) Return
electrode inserted intravitreally and
sutured to the sclera. (I) Extraocular
microstimulator implanted on the
surface of the left temporal muscle.
(J) Frontal view of dog 1 month after
implantation. The position of the eye
is orthophoric. (K) Temporal view of
dog 1 month after implantation. All
wounds have healed properly, and
no sign of infections or wound dehis-
cence can be seen. The position of
the extraocular stimulator was sur-
rounded with the white line. () An
enucleated eye that has an electrode
array implanted into the scleral
pocket.

trocar (Fig. 2B).2%?° The devices and cables were passed through the

tunnel under the superior muscle, and the silicone rubber protector
was removed to separate the microelectrode array and the return
electrode.

A scleral pocket (7 mm X 7 mm) was made in the superotemporal
or superonasal quadrant approximately 10 to 12 mm posterior to the
limbus (Fig. 2C). The cable connecting the array was passed under the
other rectus muscles and sutured to the sclera (Figs. 2D, 2E). The other
cable connected to the return electrode was also passed under the
other rectus and was sutured to the sclera after the insertion of the
return electrode into the vitreous cavity (Fig. 2F).

After implantation of the electrodes (Figs. 2G, 2H), the extraocular
stimulator was tightly sutured to the temporal muscle, and the inci-
sions on the head and the brow were sutured (Fig. 2I).

Fundus Photography and
Fluorescein Angiography

Color fundus photographs were taken under general anesthesia before
surgery and monthly after surgery. Fluorescein angiography (FA) was
performed at 1 month and 3 months after surgery. For both proce-
dures, the eyes were dilated with topical 2.5% phenylephrine hydro-
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chloride and 0.5% tropicamide (Midrine P; Santen Co., Ltd., Osaka,
Japan), and fundus photographs were taken with a fundus camera
(TRC-50IX; Topcon Corporation, Tokyo, Japan). For FA, photographs
were taken after the injection of 0.075 mL/kg of 10% sodium fluores-
cein solution (Fluorescite; Alcon Japan Ltd., Tokyo, Japan) into a vein.

Electroretinography

Bright-light flash electroretinograms were recorded 3 months after the
implantation of the STS electrode array. Under general anesthesia, the
pupils were dilated with 2.5% phenylephrine hydrochloride and 0.5%
tropicamide, and a 2.5% hydroxypropyl methylcellulose ophthalmic
solution (Scopysol; Santen Co. Ltd., Osaka, Japan) was used with a
corneal contact lens electrode/LED mini-Ganzfeld stimulator (WLS-20;
Mayo Corporation, Nagoya, Japan). A reference electrode was inserted
subdermally into the left ear, and a ground electrode was inserted
subdermally into the nose. The animal was dark-adapted for 30 minutes
before the electroretinographic (ERG) recordings. Responses elicited
by bright flash stimuli (1.5 log cd - s/m?) were amplified, band pass
filtered from 0.3 to 1000 Hz, and digitized at 3.3 kHz. Five responses
were averaged with an interstimulus interval of 10 seconds on a
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computational ERG recording system (Neuropack w; Nihon Kohden,
Tokyo, Japan). -

Functional Testing of STS System

To confirm the integrity and stability of the STS system, functional
testing of the STS system was performed. The voltage in the micro-
electronic circuit of the extraocular stimulator was measured by an-
other circuit as a comparator inside the extraocular stimulator. The
maximum voltage of this circuit was 10.0 V, and we set 9.5 V as a
saturation voltage. Just after implantation and then at 1, 2, and 3
months after implantation, we checked to be sure that the voltage did
not exceed the saturation voltage of 9.5 V. Each of the nine active
electrodes was activated with balanced, cathodic-first biphasic pulses
of 200 to 1000 uA, with a duration of 0.5 ms/phase and pulse duration
of 0.5 ms. The frequency of the pulses was 20 Hz for 0.5 seconds that
was controlled by the extraocular stimulator driven by the extracor-
poreal transmitter. If the voltage in the electric circuit in the micro-
stimulator was less than the saturation voltage, the device set the
current as pass, but if the voltage exceeded the saturation voltage, the
device set the current as failure.

Next the artifacts evoked by electrical stimulation were recorded
with a contact lens corneal electrode/LED mini-Ganzfeld stimulator
(WLS-20; Mayo Corporation). A reference electrode was inserted sub-
dermally into the left ear, and a ground electrode was inserted subder-
mally into the nose. Responses elicited by electrical stimulation were
amplified and band pass filtered from 0.3 to 1000 Hz, and the re-
sponses were digitized at 3.3 kHz. One response was recorded using a
computational ERG recording system (Neuropack p; Nihon Kohden).

Histologic Analyses

After 3 months, the animals were euthanatized with 120 mg/kg intra-
venous pentobarbital (Somunopentyl; Kyoritsu Seiyaku Corporation)
while the animals were under general anesthesia. Both eyes were
enucleated, after which the electrodes and cables were removed from
the left eyes. Then the eyes were placed in 1.2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer (PB) for 30 minutes at
room temperature. Eyes were trimmed, and the eyecup with the optic
nerve was postfixed in the fixative at 4°C for 24 hours. The eyecups
were kept in 10% formaldehyde in 0.1 M phosphate buffer at 4°C for
24 hours. Tissues were trimmed and embedded in paraffin. Semithin
sections (4.0 um) were cut along the meridian, including the optic disc
and the electrode array, and were stained with hematoxylin and eosin
for light microscopy.

RESULTS

Results of Implantation Surgery

Results of the implantation surgery are shown in Figure 2. All
prostheses were safely implanted, and no intraoperative com-
plications were encountered. The shape of the extraocular stim-
ulator fit the curve of the head, and the electrode array and the
return electrode could be easily passed under the skin from
the temporal muscle into the orbit with the customized trocar.
The cable easily encircled the globe, and the electrode array
and the return electrode could be easily inserted (Figs. 2G, 2H).
No severe bleeding occurred during the creation of the scleral
pocket and the insertion of the needle electrode.

The position of the eyes was maintained orthophoric with-
out proptosis (Fig. 2]). All the wounds healed properly, and no
sign of infections or wound dehiscence could be seen (Fig.
2K). The fixation of the extraocular stimulator was also stable
throughout the observation period in all cases (Fig. 2K). The
animals moved freely in their kennels and showed no apparent
alterations in behavior.

Three months after implantation, the animals were deeply
anesthetized and the eyes were enucleated. The fixation of the
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clectrode array and the cable was examined macroscopically.
The electrode array was found to be completely inserted into
the sclera pocket and had not rotated on its axis (Fig. 2L).

Postoperative FA and Ophthalmic Examinations

Immediately after surgery, moderate edema and hematomas
were noticeable in the periorbital region. Conjunctival chemo-
sis and injection were also observed in all cases. Approximately
7 days after surgery, the conjunctival chemosis, periorbital
edema, and hematoma had almost completely resolved. All
wounds healed properly, and no signs of infections or wound
dehiscence were noticed.

Ophthalmic examinations showed that there were no ocu-
lar complications, infections, retinal detachment, or vitreous or
subretinal hemorrhages. A localized posterior subcapsular cat-
aract was present in dog 2 that was probably caused by the
needle electrode touching the lens; however, the opacification
did not get worse.

Fundus photographs of the three dogs are shown in Figure 3.
In dog 1, the implanted electrode array was not detectable, and
there was no obvious indication of surgical damage or side
effects (Figs. 3A, 3C). In dogs 2 and 3, the notch of the
electrode array and the outline of the array were detected 1
month after implantation (Figs. 3E, 31, white and black arrow-
heads). In addition, pigmentation of the retina at the edge of
the array distal to the cable was observed in dog 2 (Fig. 3. The
size of the pigmented area did not change throughout the
3-month observation period (Fig. 3K).

FA showed intact vasculature without signs of inflamma-
tion, leakage, obstruction, or formation of new vessels in the
area overlying and surrounding the implant in all dogs (Figs.
3B, 3D, 3F, 3H). In dog 2, there was no detectable sign of
retinal damage at the pigmented area (Figs. 3J, 3L).

Electroretinography

The electroretinograms had normal a-wave and b-waves, and
the shapes did not differ from those of electroretinograms
recorded from the unoperated fellow eye 3 months after im-
plantation in all three animals (Fig. 4, Table 1).

Functional Testing of STS System

The voltage in the microelectronic circuit of the extraocular
stimulator was less than the saturation voltage in all electrodes
and in all cases throughout the observation period (data not
shown). Representative stimulus artifact waveforms recorded
with a contact lens electrode are shown in Figure 5. All the
electrodes could deliver the electric currents (Figs. 5A, 5B).
Pattern stimulation could also be performed as shown in Fig-
ures 5C to 5F. The amplitude of the artifacts was altered by the
current intensity (Figs. 5E, 5F).

Histologic Analyses

Sections from two implanted and control eyes showed no
obvious changes in the structure of the retina and the choroid
beneath the electrode array in dogs 1 and 3 (Figs. 6A, 6C).
Although the notch of the electrode array was not visible in
dog 1, the electrode array was completely inserted in the
scleral pocket (Fig. 6A). On the other hand, pathologic changes
were detected in the retina of dog 2. Although the changes
were limited to the edge of the array, the retinal and choroidal
architecture was destroyed because of the mechanical pressure
of the array (Figs. 6B, 6D; black arrowheads). However, there
was no obvious damage at other regions of the retina beneath
the array (Figs. 6B, 6D; black arrows).
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FiGure 3. Fundus photographs and
fluorescein angiograms 1 month and 3
months after implantation in three
dogs. (A-D) The retina appears nor-
mal, with no evidence of the STS elec-
trode array implanted in dog 1. (A, C)
One month after implantation. (B, D)
Three months after implantation. (E-H)
Photographs of dog 3. Although the
notch of the electrode array can be
seen (black arrowhecds), there are no
significant changes such as inflamma-
tion, retinal obstruction, and vascular
damage throughout the observation
period. (B-G) One month after implan-
tation. (F-H) Three months after im-
plantation. (I-L) Photographs of dog 2.
Although pigmentation of the retina
can be seen at the implantation site
(white arrowheads), there is no se-
vere retinal damage around the array.
d, K) One month after implantation.
(J, 1) Three months after implantation.

DISCUSSION

Our results showed that it is possible to implant our STS device
into the deep lamellar scleral space of beagle dogs without
intraoperative or postoperative complications and that the
system was biocompatible with the tissue and remained stable
for 3 months. This is the first report of successful implantation
of an STS device consisting of electrodes and an extraocular

200pV

100 ms

FIGURE 4. Three months after implantation. Representative electro-
retinograms recorded of the implanted eye (A) and fellow eye (B) of
dog 1.
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microstimulator and demonstrates that this device operated
normally for the 3-month experimental period.

Feasibility of Implanting STS System Device

The surgery was successful in all cases and led to stable place-
ment of the prosthesis over the 3-month period. Although the
device was designed to be implanted into humans, the shapes
of the microstimulator and the electrodes fit the anatomy and
tissues of the dog very well. It was not difficult to pass the
electrodes from the head region to the eye, though our internal
device was divided into electrodes and extraocular microstimu-
lator because we used a customized trocar similar to that used
by Gekkeler et al.>* and Besch et al.?® The electrodes and
cables were first enclosed in a silicone cover and passed
through the trocar to the surface of the eye. The length of the
cable was sufficient, and its flexibility was good for the implan-
tation surgery.

In one animal, the retina at the edge of the electrode
array distal to the cable was histologically degenerated,
though this degeneration did not spread. Because the scleral
incision was made only to the surface of the outer choroid,
the local circulation of the choroid at the edge of the array
might have been damaged. This taught us that it is critical to
control the depth of the scleral pocket to avoid retinal and
choroidal damage.
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TasLe 1. Amplitudes and Latencies of Electroretinograms of 3 Dogs

Left Eye (operated) Right Eye (unoperated)
a-Wave b-Wave a-Wave b-Wave
Amp Latency Amp Latency Amp Latency Amp Latency
Dog (uv) (ms) (wv) (ms) (nv) (ms) (V) (ms)
1 170 447 264 56.7 144 45.0 225 57.6
2 233 45.0 383 69.3 270 46.5 484 70.5
3 118 45.0 244 73.8 82.7 45.3 215 71.1

Amp, amplitude.

Biocompatibility and Stability of STS Device

No major undesirable reactions such as cellular proliferation,
inflammation, or retention of subretinal fluid in the retina
beneath the electrode array occurred during the experimental
period. These results are similar to our findings in rabbits.>%>°
ERG studies showed no significant decline of retinal function
compared with the electroretinograms in the control eyes,
indicating good biocompatibility of the implanted STS system
in dogs.

We also checked whether the voltage in the circuit in the
microstimulator was greater than the saturation voltage to
examine the stability of the STS device. Although the voltage
evoked by each of the nine eclectrodes was less than the
saturation voltage, we could not measure the actual voltage
from nine electrodes because of the recording system. There-
fore, we could not detect any significant difference in the
amplitude of the voltage among these electrodes to check
which electrode made good contact with the tissue or whether
it was damaged.

We recorded the artifacts evoked by electrical pulses and
considered these electrical changes as an indication of the
function of an STS system, as did Yamauchi et al.,> because it
was difficult to record the electrical-evoked potentials on the
surface of the visual area of the brain. These results indicated
good stability of the STS system device after implantation.

Comparison with Other Retinal Prostheses

It has still not been determined which approach— epiretinal,
subretinal, optic nerve, or suprachoroidal—will provide the

best functional outcomes. To avoid the invasive surgery re-
quired to implant the epiretinal, subretinal, and optic nerve
electrodes, we chose the suprachoroidal position for the elec-
trode array. Subretinal implantation requires more complex
surgery and requires a transscleral approach. With this method,
the electrode array would have to pass through the choroid to
the subretinal space, and it is possible that this would result in
ocular complications such as retinal detachments, choroidal
hemorrhages, and endophthalmitis. The epiretinal prosthesis is
not difficult to place on the retina; however, the epiretinal
implants and cables must pass through the pars plana and
vitreous and be placed directly on the retina. Therefore, vitre-
ous hemorrhage, retinal detachment, endophthalmitis, and ret-
inal damage can develop. The optic nerve prosthesis requires
complex surgery because it is necessary to insert the elec-
trodes into the optic nerve, and the number of electrodes is
limited by the size of the orbital space.

On the other hand, the surgical technique for implantation
of the STS system is relatively simple and is less invasive
because the electrode array is implanted into the deep lamellar
scleral space away from the retina. In addition, the surgical
difficulties of removing or replacing the electrodes are less
traumatic than those necessary for the other types of prosthe-
ses. However, the estimated spatial resolution for the STS
prosthesis is approximately 1° of visual angle,*® which is not as
good as that of subretinal stimulation or epiretinal stimula-
tion.?®3%

Although the threshold current by STS is slightly higher
than that for the other types of prostheses,*! the current is

FIGURE 5. Three months after im-
plantation. Representative waveforms
of the stimulus artifacts of dog 3.
Drawing of the stimulus pattern of
electrodes (A) and waveforms of ar-
tifacts derived from each of nine
electrodes (electrodes 1-9) sequen-
tially. Nine waves are shown (B).
Drawing of stimulus pattern (C) and
waveforms of artifacts derived from
three electrodes (electrodes 1, 4, 7).
Three waves can be seen (D). Draw-
ing of stimulus pattern (E) and wave-
forms of artifacts derived from nine
electrodes with different electric cur-
rent intensity (electrodes 1 [1 mA], 2
[0.9 mA], 3 [0.8 mA], 9 [0.2 mA]).
Amplitudes of artifacts increase with
increasing current intensity (F).
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FIGURE 6. Light microscopic photo-
graphs of the retina and sclera of the
implanted eyes. (A, C) Photographs
of the retina and sclera around the
electrode array of dog 1. There is no
obvious change in the structure of
the retina and the choroid around
the array. Magnifications: (A) X40;
(C) X400. (B, D) Photographs of the
retina and sclera around the array of
dog 2. Local damage to the retina and
choroid at the site of the implanted
clectrode array can be seen (arrow-
heads), however, other areas of the
retina on the array are intact (ar-
rows). Magnifications: (B) X40; (D)
X400. Scale bars: (A, B) X500 pm;
(C, D) 100 um. (usterisk) Edge of the
array distal to the cable.

within the safe limits for long-term stimulation.”” In addition,
Shivdasani et al. % suggested that it was possible to reduce
voltage requirements for the STS system by selecting the
proper electrical parameters.

STS Device

Our electrode array had 49 potential electrodes, but only nine
were active in this study. We are developing a complete STS
device with 49 active electrodes. We plan to implant this STS
device into animals and to observe the animals for a longer
period.

Conclusion

In conclusion, the aim of this study was to determine the
feasibility of implanting our STS system into animals with larger
eyes and to determine compatibility and stability over a
3-month period. We successfully implanted a newly developed
STS prosthesis in the deep lamellar scleral space of beagle dogs.
The implanted STS prosthesis was biocompatible and remained
stable for at least 3 months. Further investigations are needed
to rule out any influence of chronic electrical stimulation
provided by this STS system on its biocompatibility and stabil-
ity for a longer term follow-up.
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Abstract

Background: Paraneoplastic retinopathy (PR), including cancer-associated retinopathy (CAR) and melanoma-associated
retinopathy (MAR), is a progressive retinal disease caused by antibodies generated against neoplasms not associated with
the eye. While several autoantibodies against retinal antigens have been identified, there has been no known autoantibody
reacting specifically against bipolar cell antigens in the sera of patients with PR. We previously reported that the transient
receptor potential cation channel, subfamily M, member 1 (TRPM1) is specifically expressed in retinal ON bipolar cells and
functions as a component of ON bipolar cell transduction channels. In addition, this and other groups have reported that
human TRPM1 mutations are associated with the complete form of congenital stationary night blindness. The purpose of
the current study is to investigate whether there are autoantibodies against TRPM1 in the sera of PR patients exhibiting ON
bipolar cell dysfunction.

Methodology/Principal Findings: We performed Western blot analysis to identify an autoantibody against TRPM1 in the
serum of a patient with lung CAR. The electroretinograms of this patient showed a severely reduced ON response with
normal OFF response, indicating that the defect is in the signal transmission between photoreceptors and ON bipolar cells.
We also investigated the sera of 26 patients with MAR for autoantibodies against TRPM1 because MAR patients are known
to exhibit retinal ON bipolar cell dysfunction. Two of the patients were found to have autoantibodies against TRPM1 in their
sera.

Conclusion/Significance: Our study reveals TRPM1 to be one of the autoantigens targeted by autoantibodies in at least
some patients with CAR or MAR associated with retinal ON bipolar cell dysfunction.
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Introduction

Paraneoplastic retinopathy (PR) is a progressive retinal disorder
caused by an autoimmune mechanism and is associated with the
presence of anti-retinal antibodics in the serum generated against
neoplasms not associated with the eye [1-4]. The retinopathy can
develop cither before or after the diagnosis of a ncoplasm. Patients

@ PLoS ONE | www.plosone.org

with PR can have night blindncss, photopsia, ring scotoma,
attenuated retinal arteriole, and abnormal clectrorctinograms
(ERGs). The diagnosis of PR is usually made by the identification
of neoplasms and anti-retinal autoantibodics in the sera.

PR includes two subgroups: cancer-associated retinopathy (CAR)
[5,6] and melanoma-associated retinopathy (MAR) [7-10]. Although
CAR and MAR share similar clinical symptoms, the ERG findings
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arc very different. Both a- and b-waves are severely attenuated in
CAR, indicating cxtensive photoreceptor dysfunction, whereas only
the b-wave is severely reduced while the a-wave is normal in MAR,
suggesting bipolar cell dysfunction [8,9]. However, it was recently
reported that cancers other than melanoma can cause bipolar cell
dysfunction [11,12]. Several autoantibodies against retinal antigens
have been identificd, but a specific antigen associated with bipolar
cells has not been identified in patients with CAR and MAR [1-10].

In the current study, we identificd autoantibodics against the
transient receptor potential cation channel, subfamily M, member 1
(TRPMI) [13-15] in the serum of one patient with lung cancer. The
ERG findings in this patient indicated a selective ON-bipolar cell
dysfunction. We also investigated the sera of 26 MAR patients and
found that two contained autoantibodies against TRPMI. Our
results suggest that TRPMI is one of the retinal autoantigens in at
least some patients with CAR or MAR and may causc retinal ON
bipolar cell dysfunction.

Results

Case report of CAR associated with ON bipolar cell

dysfunction

A 69-ycar-old man visited the Nagoya University Hospital with
complaints of blurred vision, photopsia and night blindness in both
eyes of three months duration. At this point he was not diagnosed
as suffering from any cye disease or systemic discase, including a
malignant tumor, and his family history revealed no other
members suffering from any eye discases. On initial examination,
his best-corrected visual acuity was 0.9 in the right eyc and 0.6 in
the left eye. Humphrey static perimetry revealed a severe decrease
in sensitivity within the central 30 degrees of the visual field in both
cyes (Fig. 1A). Dark-adaptometry of this patient showed a loss of
the rod branch. The cone threshold was within normal range.
Ophthalmoscopy showed a nearly normal fundus appearance
except for slight hypopigmentation at the macula of the left eye,
which may be duc to age-related changes in the retinal pigment
epithelium (Fig. 1B), but fluorescein angiography demonstrated
periphlebitis of the retinal vessels (arrows, Fig. 1C). Spectral-
domain optical coherence tomography (SD-OC'T) showed that the
morphology of the retina was normal in both eyes (Fig. 1D).

Electrophysiological examinations

Recordings of the full-ficld ERGs from this patient showed that the
rod responses were undetectable (Fig. 2). The rod- and cone-mixed
maximal responsc was a negative-type with an a-wave of normal
amplitude and a b-wave that was smaller than the a-wave. The a-
wave of the cone response had a wide trough, and the b-wave was
reduced by 40%. The amplitude of the 30-Hz flicker ERG was
reduced by 50%. The photopic long-flash ERG showed severcly
reduced ON response and normal OFF response. These ERG
findings indicated that there was a defect in the signal transmission
from photoreceptors to ON bipolar cells both in both rod and cone
pathways.

Based on these ophthalmological and clectrophysiological tests,
we suspected that this patient might have PR and referred him to an
internist. The general physical cxamination including positron
emission tomography and computed tomography revealed two
abnormal masscs in the right lung. Biopsy of these masses confirmed
that the masses were small cell carcinomas of the lung.

Detection of autoantibodies against TRPM1 in the serum
of the CAR patient

Based on our ERG cxamination results, we hypothesized that
the serum of this CAR patient may contain autoantibodics against
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Figure 1. Ophthalmological findings from a patient with
paraneoplastic retinopathy (PR) associated with lung cancer.
(A) Threshold of static visual field (Humphrey, 30-2 program) plotted on
a gray scale showing severely decreased sensitivities within the central
30 degrees of the visual field. (B) Fundus photographs of the patient
showing a nearly normal fundus. (C) Fluorescein angiograms showing
periphlebitis of the retinal vessels (arrows). (D) Spectral-domain optical
coherence tomographic (SD-OCT) image of a 9 mm horizontal scan of
the retina of our patient. The retinal structure in each retinal layer is
normal.

doi:10.1371/journal.pone.0019911.g001

TRPMI. To test this hypothesis, we cxamined whether or not this
CAR patient’s serum could recognize human TRPM1 protein by
Western blot analysis. We transfected an expression plasmid
containing human TRPM1 ¢DNA with the C-terminal 3xFlag-tag
('RPM1-3xFlag) into HEK293T cells, and carried out a Western
blot analysis using whole ccll extracts harvested after 48 hrs cell
growth. We first confirmed that TRPM1-3xFlag was expressed by
cell using Western blot analysis and an anti-Flag antibody. We
detected the ~200 kDa TRPMI1-3xFlag band in the cell lysates
(Fig. 3A).

Next, we performed Western blot analysis on the same lysates
using the serum from our CAR patient and a healthy control
person. We detected immunostaining of the same size protein,
which was confirmed with the anti-Flag antibody, and with CAR
secrum. The control serum did not present a significant band
(Fig. 3B, C). This result showed the presence of autoantibodies
against TRPMI in this CAR patient’s serum.
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Figure 2. Full-field ERG recordings. The rod response was recorded with a blue light at an intensity of 5.2x10™

3 cd-s/m? after 30 minutes of dark-

adaptation. The cone-rod mixed maximum response was elicited by a white flash at an intensity of 44.2 cd-s/m? The oscillatory potentials were
recorded with a white flash at an intensity of 44.2 cd-s/m? usmg a band-pass filter of 50-1000 Hz. The cone response and a 30 Hz flicker response
were elicited by a white stimulus of 4 cd-s/m? and 0.9 cd- s/m?, respectively, on a biue background of 30 cd/m Photopic long-flash ERG responses
were also elicited by long-duration flashes of 100 ms using a densely-packed array of white LEDs of 200 cd/m? on a white background of 30 cd/m?.

doi:10.1371/journal.pone.0019911.g002

T'o examine whether the serum from the CAR patient recognized
retinal bipolar cells, we carried out an immunohistochemical
analysis on monkey and mouse retinas. We first performed
immunohistochemistry on the retina of a 3-year-old rhesus monkey
(Macaca mulatd) and on the retina of a onc-month-old C57/B6
mouse using the serum of the CAR patient, however, we did not
obtain a significant staining signal above background (data not
shown). We then concentrated the serum by IgG purification
followed by filter spin column centrifugation and performed
immunohistochemistry on the monkey retina using the concentrat-
ed serum (Fig. 3D-G). We observed a significant immunolabeling
on the INL in the monkey retina (Fig. 3D, F) whereas the normal
serum did not give a significant labeling (Fig. 3E, G). The antibodies
immuolabeled both the bipolar side and amacrine side of the INL.
Since most of the cells residing on the outer side of the INL are ON
bipolar cells, at least some of the stained cells are ON bipolar cells. It
should be noted some of the staining signals show a spotted pattern
in the outer plexiform layer (Fig. 3F) as is observed in TRPMI or
mGIuR6 immunostaining on the mousc retina [13], suggesting that
the CAR patient serum recognizes the hipolar dendritic tips where
some of the TRPM1 protein localizes.

‘;'@}". PLoS ONE | www.plosone.org

Western blot analysis of the sera from MAR patients

Since the functional defect in the retina of MAR patients is
known to be duc to abnormal signal transmission hetween
photorcceptors and ON bipolar cells [8,9], we then investigated
whether or not autoantibodies to TRPMI were also present in the
scra of MAR patients. We obtained the scra of 26 MAR patients
from two hospitals in Japan (Chiba University Hospital and Iwate
Medical University Hospital) and Ocular Immunology Laboratory
in the USA (Casey Eye Institute). We found that the sera from
patients #8 and #23 exhibited a significant immunoreactive band
against TRPM I-transfected cell lysates by Western blot analysis
(Fig. 4A and B). The control scrum showed no significant immune
response against the TRPMI-transfected cell lysates (Fig. 3C).
These results suggest that the sera from some MAR patients
contain autoantibodics against TRPMI. Due to the limited
volume of sera from the MAR patients, we could not try
immunostaining on the monkey or the mouse retina using the
serum from the patients #8 and #23.

MAR paticnt #8, was a 76-ycar-old man with a history of skin
mclanoma. He had ring scotomas and abnormal ERGs indicating
that he had MAR. The other patient, MAR #23, was a 57-ycar-
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Figure 3. Immunostaining and Western blot analysis of human TRPM1 using serum from the CAR patient. (A-C) Immunoblots of the
transfected cell lysates using an antibody against Flag tag (A}, serum from CAR patient (B), and control serum (C). Arrowheads indicate the TRPM1-
3xFlag protein bands. HEK293T cells were transfected with the pCAGGS or pCAGGS-human TRPM1-3xFlag plasmid, and cells were harvested after
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presented signals on INL cells and the inner part of the OPL (D, F). Scale bar =50 um in (E) and 20 um in (G).

doi:10.1371/journal.pone.0019911.g003

old man with poor night vision, abnormal scotopic ERGs and
abnormal color vision. He had a history of skin mclanoma and
thyroid cancer. There was no other clinical information available
on these two patients because these sera were obtained from other
institutes several years before without detailed clinical information.

Discussion

PR, including MAR and CAR, presents visual disorders associated
with systemic cancer. Antibodies against retinal cells and proteins
have been detected in the sera of patients with PR suggesting an
autoimmune basis for the etiology of the PR. The autoantibodies

PLoS ONE | www.plosone.org

identified so far include rhodopsin, retinal transducin alpha and beta,
recoverin, S-arrestin, o-cnolase, carbonic anhydrase II, and heat
shock protein-60 which reside abundantly in photorcceptors [1-
10,16]. MAR and CAR can cause bipolar cell dysfunction [7-12].
The results of the ERG [8,9] and immunohistochemistry |7} studies
suggested that the main target of MAR are retinal ON bipolar cells in
both the rod and cone pathways. However, autoantibodics
specifically reacting with a bipolar cell antigen had not been identified
in the sera of patients with PR, including those with CAR and MAR.
In the current study, we identified autoantibodics against TRPMI, a
component of the ON bipolar cell transduction channel negatively
regulated by Goat in the mGluR6 signaling pathway [13-15], in the
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from the MAR patients. (A, B) Immunoblots of the transfected cell
lysates using sera from MAR patient #8 (A) and MAR patient #23 (B).
HEK293T cells were transfected with pCAGGS or pCAGGS-human
TRPM1-3xFlag plasmid, and cells were harvested after 48 hrs. Arrow-
heads indicate the TRPM1-3xFlag protein bands. B-actin {(B-act) was
used for a loading control.

doi:10.1371/journal.pone.0019911.g004

scra of one CAR patient and two MAR patients. The CAR patient
exhibited a dysfunction of ON bipolar cells, and to our knowledge,
this is the first report on an autoantibody against a bipolar cell antigen
in the serum of PR patients affecting the ON bipolar ccll function.
Previously, we isolated a mouse TRPMI-L cDNA corresponding
to the human long form of TRPMI, and found that the TRPM1-L
protein is developmentally localized at the tips of the ON bipolar
dendrites co-localizing with mGluR6, but not on OFF bipolar cclls
[13,14]. The TRPMI null mutant mousc completely loses the ON
bipolar cell photoresponses to light, indicating that TRPM1 plays
a critical role in the synaptic transmission from photoreceptors to
ON-bipolar cells [13,15]. In addition, we demonstrated using a
CHO cell reconstitution system that TRPMI-L is a nonsclective
cation channcl which is negatively regulated by Goa downstrecam
of the mGluR6 signaling cascade in ON bipolar cells [13].
Recently, four groups including ours independently reported that
mutations of human TRPMI arc associated with the complete-type
of congenital stationary night blindness (cCSNB), an inherited
human retinal discase [17-20]. cCSNB is a non-progressive retinal
discase characterized by congenital night blindness with a
moderate decrease in visual acuity and myopia [21-24]. Previous
ERG studies have suggested that the defect in cGSNB patients lies
in the signal transmission from photoreceptors to ON bipolar cells
in both the rod and conc pathways [25-28]. We have identified
five different mutations in our threc cCGSNB patients, and have
shown that these mutations lead to cither abnormal TRPMI
protein production or mislocalization of the TRPMI protein in
bipolar cell dendrites [17]. These results suggest that TRPMI
plays a critical role in mediating the photoresponses of ON bipolar
cells in humans as well. Based on these findings, we hypothesize
that the ectopic expression of TRPMI in tumor cells of some CAR
and MAR patients may result in aberrant production of
autoantibodics to TRPMI through B-lymphocytic responscs

@ PLoS ONE | www.plosone.org

Autoantibodies against TRPM1 in CAR and MAR

[29-32]. These antibodies may react to the TRPMI protein in
retinal ON bipolar cells resulting in dysfunction of the TRPM1
transduction cation channel downstream of the mGluR6 signaling
cascade. However, we could not confirm whether TRPM1 is
expressed in the tumor cells of the three PR patients examined in
this study [29] because tumor samples were not available.

Another question regarding the disease mechanism underlying
PR is whether the binding of TRPM1 autoantibody to bipolar cells
results in the cell death or dysfunction of bipolar cells. As far as we
examined the retinal structure of the CAR patient using a spectral
domain optical coherence tomography (SD-OCT) retinal imaging
device, the structure of the retinal bipolar cell layer appeared to be
well preserved even three months after the onset of symptoms
(Fig.1D). This suggests that the autoantibodics reacting to TRPM1
cause dysfunction of the ON bipolar transduction pathway rather
than bipolar ccll death. However, further studics are nceded to
clarify the exact disecase mechanism.

In the sera of MAR paticnts, scveral types of autoantibodies
against retinal proteins have been reported, including the 22 kDa
neuronal antigen GNB1, rhodopsin, S-arrestin, and aldolasc-A and
-C [10,16,33,34]. We initially considered that TRPMI might be a
major MAR target antigen, because TRPMI1 is exclusively
expressed in retinal ON bipolar cells. However, autoantibodies
against TRPMI1 were detected in only two out of 26 MAR.
paticnts’ scra (7.7 %, Fig. 4A, B). We tested whether the sera of one
CAR patient and 26 MAR patients recognized human mGluR6,
which is specifically expressed in ON bipolar cells, however, none
of the sera exhibited a significant band in Western blot analysis
(data not shown). Thus, antigens other than TRPMI or mGluR6
may be involved in the pathogenesis of a large proportion of MAR.

Immunohistochemical analyses using the serum of the CAR
patient showed labeling in the inner nuclear layer and outer
plexiform layer of the adult rhesus monkey retina (Fig. 3D-G),
where the bipolar ccll bodics and dendrites reside, respectively. This
immunostaining pattern is somewhat similar to our previous
immunostaining results on the mousc retina with specific antibody
against mousc TRPMI-L, which corresponds to the human TRPM1
long form [13]. Other labeling was also observed in the amacrine cells
and ganglion cells. The reason for the immunorcactivity with these
cells is uncertain, however, it may be due to the presence of other
autoantibodics against amacrine cell and ganglion cell antigens. Lu
et al. reported the presence of various different autoantibodies in the
serum of a single PR patient [10]. If this is the case, it may explain
why our CAR patient displayed severely reduced visual sensitivitics in
the visual field tests (Fig. 1A) unlike ¢cCGSNB patients with TRPM1
mutations|17].

It should be noted that we did not confirm whether there are any
antoantibodies against TRPM1 in the sera of normal subjects by
using a large number of samples. However, this possibility is thought
to be low, because Shimazaki ef al. reported that the molecular
weights of the IgGs with observed anti-retinal reactivity in 92 normal
sera were smaller than 148 kDa, which is smaller than the TRPM 1
molecular weight of ~200 kDa, although rclatively high molecular
weight reactivity was not intensively investigated [35].

One limitation of the current study is that we could not obtain
detailed information on the two MAR patients, MAR #8 and #23,
associated with the TRPMI autoantibody. We confirmed that these
two patients had skin melanomas accompanying the visual
disturbances, but could not obtain a more detailed clinical history
or data on visual acuity, visual ficld, or ERGs because these sera were
sent from different hospitals several years ago. Thus, we do not know
whether these two MAR patients really had retinal ON bipolar cell
dysfunction. Further prospective studics of the TRPMI autoanti-
bodies in large numbers of MAR patients arc needed.
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In conclusion, our study suggests that TRPM1 may be one of
the causative antigens responsible for PR associated with ON
bipolar cell dysfunction.

Note added in proof

During the course of revision process of this manuscript,
Dhingra et al. (J. Neurosci. 31, 3962-3967, 2011) independently
reported the presence of autoantibodics against TRPMI in two
MAR patients. Our study reports on autoantibodies against
TRPMI in CAR serum in addition to MAR scra.

Materials and Methods

Subjects

The Nagoya University Hospital Ethics Review Board ap-
proved this study (approval ID 1131). Of the PR patients that were
examined in the Nagoya University Hospital, one PR patiecnt with
lung cancer and ON bipolar cell dysfunction was studied in detail.
The examinations included routine ophthalmological and electro-
physiological tests. In addition, immunohistochemical and West-
ern blot analyses were performed using the serum of this patient.
"The procedures used conformed to the tenets of the Declaration of
Helsinki of the World Medical Association. A written informed
consent was obtained from the patient after he was provided with
sufficient information on the procedures to be used.

We also obtained scra of 26 patients with MAR from two
hospitals in Japan (Chiba University Hospital and Iwate Medical
University Hospital) and Ocular Immunology Laboratory in the
USA (Casey Eye Institute) for Western blot analyss.

Ophthalmologic examinations

The ophthalmologic examination included best-corrected visual
acuity, biomicroscopy, ophthalmoscopy, fundus photography, fluo-
rescein angiography, static perimetry, and spectral-domain optical
coherence tomography (SD-OCTT). Static visual fields were obtained
with the Humphrey 30-2 program (Carl Zciss, Dublin, USA), and the
results are shown in gray scale. SD-OCT was performed with a 9-mm
horizontal scan through the midline with 50 avcrages (Spectralis
HRA+OCT; Heidelberg Engineering, Vista, CA).

Electroretinograms (ERG)

Full-field ERGs were clicited with a Ganzfeld dome and
recorded with a Burian-Allen bipolar contact lens electrode. The
ground electrode was attached to the ipsilateral car.

After 30 minutes of dark-adaptation, a rod response was clicited
with a blue light at an intensity of 5.2x10™? c¢d-s/m* A conc-rod
mixed maximum response was clicited by a white flash at an
intensity of 44.2 cd-s/m?. A conc response and a 30 Hz flicker
response were elicited by a white stimulus of 4 cd-s/m? and
0.9 cd-s/m?, respectively, on a blue background of 30 cd/m?.
Full-field cone ERGs were also clicited by long-duration flashes of
100 ms using a densely packed array of white LEDs. The array
was positioned at the top of the Ganzfeld dome and covered by a
diffuser. The stimulus intensity and background illumination
measured in the dome was 200 cd/m? and 30 cd/m?, respectively.
Responses were amplified by 10K and the band pass was set to 0.3
to 1000 Hz. The data were digitized at 4.3 kHz, and 5 to 20
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responses were averaged (Neuropack, Nihonkohden, Tokyo,
Japan).

Immunohistochemistry

For immunohistochemistry, patient and normal scra (300 pl)
were purified using the Meclon Gel IgG purification kit according
to the manufacturer’s protocol (Pierce Biotechnology, Rockford,
IL) to remove IgM, and purified sera were concentrated by
Amicon Ultra 100 (Millipore, MA). The rhesus monkey eye cup
was fixed with 4% paraformaldchyde in PBS for 30 min at 4°C.
The samples were cryoprotected with 30% sucrose in PBS and
embedded in OCT compound (Sakura Finetechnical, Tokyo,
Japan). These tissucs were sliced with a Microm HM 560 cryostat
microtome (Microm Laborgerite GmbH, Walldorf, Germany)
into 14 pm. Sections were washed twice in PBS for 5 min,
permeabilized with 0.1% Triton-X100/PBS, then washed with
PBS 3 times for 5 min, and incubated with PBS containing 4%
donkey serum for 1 hr to block samples. For the immunorecaction,
the samples were incubated with a purified normal or CAR serum
(1:300) diluted in blocking buffer at 4°C overnight. After PBS-
washing, these samples were incubated with a DyLight-488
conjugated donkey anti-human IgG (H+L) (1:400) as a secondary
antibody (Jackson Immunorescarch Laboratories) at room tem-
perature for 1 hr and washed with PBS.

Transfection and Western blot analyses

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. The calcium phosphate
mcthod was used to transfect the cells. Transfected cells were
incubated at 37°C for 48 hrs, and then harvested for further
analysis. The proteins extracted from the cells were separated by
SDS-PAGE on a 7.5% precast gel (ATTO, Tokyo, Japan), and
then transferred to a polyvinylidene difluoride membrane using
the Invitrogen iBlot system (Invitrogen, Carlsbad, CA, USA). The
membrane was incubated with primary antibodics, mousce anti-
Flag (1:1,000; Sigma, St Louis, MO), sera from patients (1:100),
normal human serum (1:100), or mousc anti-B-actin (1:5,000;
Sigma). The membrane was then incubated with a horseradish
peroxidase-conjugated goat anti-mouse IgG (1:10,000; Zymed
Laboratories, San Francisco, CA) or donkey anti-human IgG
(1:10,000; Jackson Immuno Rescarch Laboratories, West Grove,
PA) as secondary antibodies. The bands were developed using
Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan).
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miR-124a is required for hippocampal axogenesis and
retinal cone survival through Lhx2 suppression

Rikako Sanukil2, Akishi Onishil*2, Chieko Koike!, Ricko Muramatsu?, Satoshi Watanabe®-2, Yuki Muranishil,
Shoichi Irie'-2, Shinji Uneo*, Toshiyuki Koyasu?, Ryosuke Matsui®, Yoan ChérasseS, Yoshihiro Urade®,
Dai Watanabe’, Mineo Kondo?, Toshihide Yamashita3 & Takahisa Furukawa!>2

MicroRNA-124a (miR-124a) is the most abundant microRNA expressed in the vertebrate CNS. Despite past investigations into
the role of miR-124a, inconsistent results have left the in vivo function of miR-124a unclear. We examined the in vivo function
of miR-124a by targeted disruption of Rncr3 (retinal non-coding RNA 3), the dominant source of miR-124a. Rncr3-'- mice
exhibited abnormalities in the CNS, including small brain size, axonal mis-sprouting of dentate gyrus granule cells and retinal
cone cell death. We found that Lhx2 is an in vivo target mRNA of miR-124a. We also observed that LHX2 downregulation by
miR-124a is required for the prevention of apoptosis in the developing retina and proper axonal development of hippocampal
neurons. These results suggest that miR-124a is essential for the maturation and survival of dentate gyrus neurons and retinal

cones, as it represses Lhx2 translation.

MicroRNAs (miRNAs) are small RNAs that regulate gene expression
by base-pairing to mRNAs. Notably, miR-124a is completely conserved
at the nucleotide level from worms to humans and is estimated to be
the most abundant miRNA in the brain, accounting for 25-48% of all
brain miRNAs!. In addition, the human miR-124a-1 locus is located
in the chromosome 8p23 region, which is rich in genes that have been
implicated in neuropsychiatric disorders, microcephaly and epilepsy?.
Overexpression of miR-124a in HeLa cells leads to the suppression of a
large number of non-neuronal transcripts®. Moreover, a neurogenesis
suppressor gene, Ctdsp 1, and a neuron-specific splicing repressor gene,
Ptbp1, have been identified as miR-124a target genes in vitro®5, and
an increase of Ptbpl mRNA was observed in the telencephalon of a
Dicer conditional knockout mouse®. In vivo knockdown of miR-124a
in mouse SVZ cells identified Sox9, a neurogenesis suppressor gene,
as a miR-124a target, suggesting that miR-124a controls neurogenesis
through suppression of Sox9 translation®. One study found that
miR-124a is required for neuronal determination in the developing chick
neural tube?. On the other hand, another study reported that miR-124a
is not involved in the initial neuronal differentiation in the developing
chick spinal cord”. A Dicer conditional knockout mice exhibited ini-
tial neurogenesis in the absence of miRNA production®®. Considering
these inconsistent observations, the target genes of miR-124a and its
functional role in neural differentiation remain ambiguous.

RESULTS

Rncr3 is the dominant source of miR-124a

Previously, we used a screen to identify functionally important mole-
cules in the retina!® and isolated mouse Rncr3 cDNA!L, which is highly

expressed in the retina. We examined the expression profiles of Rucr3
by northern blot analysis and detected a ~4.1-kb full-length Rncr3
band specifically in the CNS tissues (Fig. 1a). We identified a stem
loop of precursor miR-124a-1 (pre-miR-124a-1), which is encoded
in exon of Rncr3. Rner3 fulfilled certain criteria for being a miR-124a
precursor, including high expression in the brain, nuclear localization
and the presence of a consensus sequence!? (data not shown). We
examined the expression patterns of pre-miR-124a and miR-124a and
confirmed that they were specifically expressed in the CNS, including
the retina (Fig. 1b). We then investigated the localization of Rncr3
and miR-124a in the developing retina and brain using in situ hybridi-
zation (Fig. 1c-i). Both Rncr3 and miR-124a signals were strongly
detected in ganglion cells and differentiating neurons at embryonic
day 13.5 (E13.5; Fig. 1¢,f), and those signals gradually increased until
the mice were 1 month old (Fig. 1d,e,g,h). The abundant miR-124a
signals in photoreceptor cells accumulated in the inner segment from
postnatal day 1 (P1) to adulthood (1 month of age; Fig. 1g,h). In the
adult mice, the miR-124a signal was detected in differentiated neu-
rons, except for putative Miiller glial cells in the inner nuclear layer
(Fig. 1e,h), consistent with previous findings!®. In the P6 brain, Rucr3
RNA was broadly expressed, especially in the hippocampus and the
upper third of the cortex (Fig. 1i). These results suggest that Rncr3
is specifically expressed in the CNS and functions as a primary miR-
124a-1 (pri-miR-124a-1).

To determine the function of miR-124a in vivo, we generated
Rncr3~'~ mice by replacing all of the exons of Rrzcr3 with the PGK-neo
cassette (Fig. 2a—c). Rncr3~'~ mice were initially viable and appeared
to be normal; however, about two-thirds of the Rncr3~/~ mice gradually
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Figure 1 Expression of Rncr3 and miR-124a. (a) Northern blot analysis of Rncr3 transcripts in adult mouse tissues. The arrow indicates the approximately
4.1-kb Rner3 full-length mRNA. The lower panel shows ethidium bromide (EtBr) staining of RNA. (b) Northern blot analysis of miR-124a in adult mouse
tissues. The upper panel shows miR-124a signals obtained from LNA-modified anti-miR-124a probe. The lower panel shows EtBr staining of small RNA.

(c-h) Expression of Rncr3 (c-e) and miR-124a (f-h) was detected by in situ hybridization in the developing retina at E13.5 (c,f), P1 (d,g) and in adult mice

(1 month old, e,h). miR-124a signal was detected in the developing photoreceptor layer at P1 and the inner segments of photoreceptors in adults (g and h,
arrowheads). The small boxes in e and h show unstained blank spots by in situ hybridization, which may correspond to Miiller glia cells in the inner nuclear layer
(INL). Scale bar represents 100 um. (i) Expression of Rncr3 in the developing brain at P6. Scale bar represents 1 mm. CTX, cortex; DG, dentate gyrus; GCL,

ganglion cell layer; NBL, neuroblastic layer; ONL, outer nuclear layer.

became debilitated and died around P20 for unknown reasons. We com-
pared miR-124a expression among wild-type, Rncr3*/~ and Rncr3~/~
mice and found that miR-124a band intensities were substantially
reduced by 60-80% in all of the Rncr3~/~ CNS regions that we exam-
ined at P14 (Fig. 2d). We then performed northern blots for miR-124a
and an absolute quantitative RT-PCR (qQPCR) assay for pri-miR-124a-1,
pri-miR-124a-2 and pri-miR-124a-3 using the retina, hippocampus
and cortex of P6 wild-type and Rncr3™/~ mice (Supplementary
Fig. 1). miR-124a expression was reduced by 60-80% in Rncr3™/~ mice
(Supplementary Fig. 1a) and pri-miR-124a-3 was undetectable in both
wild-type and Rucr3™'~ mice (Supplementary Fig. 1b), indicating that
Rncr3 (pri-miR-124a-1) is the dominant source of miR-124a.

We then examined the tissue distribution of miR-124a in developing
Rncr3~'~ mice using in situ hybridization to identify tissues in which
miR-124a knockout was not compensated for by expression of pre-
miR-124a-2 or pre-miR-124a-3. miR-124a expression was substan-
tially reduced and barely detectable in the presumptive photoreceptor
layer (PPL), where cone photoreceptor neurogenesis occurs {from E11
to E18 (refs. 14,15), of Rncr3™/~ retina at E15.5 (Fig. 2e-h), whereas
NEUROD]I, a neuronal differentiation and early photoreceptor
marker, was detected at normal levels (wild type, 908.5 * 58.2 cells

per section; Rncr3™'~, 919 + 33.8; P = 0.79; Fig. 2i-1). In the E17.5
wild-type retina, pri-miR-124a-1 (Rncr3) was strongly observed in
the PPL; however, the pri-miR-124a-2 host gene was barely expressed
and pri-miR-124a-3 was undetectable (Supplementary Fig. 2a-f),
suggesting that pri-miR124a-1 is the predominant source of
miR-124a in the PPL.

We next observed sections of the P6 developing Rncr3™/~ brain
(Fig. 2m-p). The Rncr3™/~ brain was smaller than that of the wild
type, but its morphology was not substantially affected (Fig. 2m,n).
miR-124a expression was significantly reduced in the Rncr3~/~ brain
compared with that in the wild-type brain, as determined by in situ
hybridization (Fig. 20,p). We found an especially substantial loss
of miR-124a expression in the Rncr3™/~ hippocampal dentate gyrus
(Fig. 2p). Our results suggest that miR-124a expression is almost
abolished in the developing cone photoreceptor layer and dentate
gyrus in the hippocampus. Thus, we focused our analysis on retinal
cone photoreceptors and the dentate gyrus.

Rncr3~'~ mice exhibit neuronal dysfunction and dysmaturation
We first analyzed cone cells in the Ricr3™'~ retina. We performed
flat-mount immunostaining using 2-month-old Rncr3~/~ retinas and
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Figure 2 Loss of miR-124a in the retinal presumptive
photoreceptor layer and hippocampal dentate gyrus.
(a) Strategy for the targeted deletion of the Rncr3
gene. All exons were replaced with the PGK-neo
cassette. The outside probes used for Southern blot
analysis are shown (5’ probe and 3’ probe). Asterisk
indicates the location of pre-miR-124a-1.

(b,c) Southern blot analysis of genomic DNA

from wild-type (+/+), Rncr3+~ (+/-) and Rncr3-
(/=) mice. The 5’ probe detected 17-kb wild-type
and 14-kb mutant bands (b). The 3’ probe detected
9-kb wild-type and 7-kb mutant bands (c).

(d) Northern blot analysis of total RNA extracted
from the P14 CNS. (e-h) Expression of miR-124a

in wild-type and Rncr3~'- retinas detected by in situ
hybridization. miR-124a signal was observed in the
GCL and developing photoreceptor layer in the wild-
type retina (e,g), but not in the photoreceptor layer of
the Rncr3- retina at E15.5 (f,h). The white boxes
indicate the developing photoreceptor layer. Scale bars
represent 200 um (e,f) and 100 pum (g,h).

(i-1) Immunostaining of NEUROD1 in E15.5
wild-type and Rncr3-- retinas. Scale bars represent
200 um (i,j} and 50 pm (k,1). (m—p) Absence of
miR-124a in the dentate gyrus. Nissl staining of the
wild-type and Rncr3-"~ mouse brain at P6 (m,n).
miR-124a detected by in situ hybridization in the
developing dentate gyrus of wild-type and Rncr3-- mice
at P6 (o,p). Arrowheads indicate the dentate gyrus.
Scale bar represents 1 mm in m-p. PPL, presumptive
photoreceptor layer; RPE, retinal pigment epithelium.

observed a significant reduction of the cone cell number and of mMRNA
expression of cone-specific genes (P < 0.001; Fig. 3a~d). To evaluate
the physiological function of the Rncr3~/~ retina in vivo, we recorded
scotopic and photopic electroretinograms (ERGs) from 2-month-old
wild-type and Rncr3™~ mice. Both the waveforms and amplitudes
of a- and b-waves of scotopic ERGs were very similar between wild-
type and Rncr3~'~ mice (Fig. 3e~g). In contrast, the amplitudes of the
photopic ERGs of Rncr3™/~ mice were significantly smaller than those
of wild-type mice at all stimulus intensities (P < 0.05; Fig. 3h—j). The
amplitudes of the a-waves, which originate from cone photoreceptors,
were less than one-third of those of wild-type mice. Moreover, we
found that some opsin-positive cone cells were ectopically localized
in the Rncr3~/~ retina (Supplementary Fig. 3a-g). We also examined
the development of other retinal cell types in 2-month-old Rucr3~/~
mouse retinas by immunostaining (Supplementary Fig. 4a-g). Rod
photoreceptor cells, bipolar cells, amacrine cells, horizontal cells,
ganglion cells and Miiller glial cells were unaffected. These results
indicate that cone photoreceptors are impaired in Rncr3™/~ mice.

In the developing mouse retina, the expression of TRP2, an early
cone marker, peaks at E17.5 (ref. 16). We examined the number of
TRP2-positive cells in the Rncr3™/~ retina (Supplementary Fig. 5a—c).

The number of cones was unaltered in the Rucr3~/~ retina at E17.5
(Supplementary Fig. 5c). Notably, we found some mis-localized
TRB2-positive cells in the E17.5 mutant retina (Supplementary Fig. 5b).
We then examined the expression of Crx and Otx2, photoreceptor cell
differentiation genes!”~'%, and Neurogenin 2 (Ngn2, also known as
Neurog?2), a proneural gene, in both the wild-type and Rncr3~/~ retinas
at E13.5 by in situ hybridization and qPCR analysis (Supplementary
Fig. 5d-n). In contrast with our cone number results, we found no
apparent effect on early neurogenesis by quantitatively measuring
Neurodl, Trf2, Crx, Otx2 and Ngn2 in wild-type and Rncr3~/-
retinas, although miR-124a expression was reduced (Figs. 2i-m
and 3a-d and Supplementary Fig. 5a-n). We examined apoptosis
by TUNEL assay in wild-type and Rncr3~/~ retinas, and found that
the number of TUNEL-positive cells was significantly increased
in the P3 Rncr3™/~ retina (P < 0.05; Supplementary Fig. 6a—c).
We further observed an increase in the number of TRP2 and active
caspase-3 double-positive cells and a decrease in the number of TRB2-
positive, caspase-3-negative cells in the Rncr3™/~ retina (Fig. 3k-p),
suggesting that the number of cone cells was reduced by apoptosis
after neurogenesis. Furthermore, a recent study found that miR-124a
was substantially reduced in anaplastic astrocytomas®’, Thus, we
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Figure 3 Reduction of cone photoreceptor

Q

cells in the Rncr3- retina. (a—c) Flat-mount 1 g
immunostaining of central regions of wild-type (a) 12 /-
and Rncr3-'~ (b) retinas using antibody to M-opsin s
(magenta) and antibody to S-opsin (green). Scale 2 104
bar represents 50 um. The number of cone cells S
expressing M-opsin and/or S-opsin in wild-type, 2 084
Rncr3*~ and Rncr3~"- retinas are shown in ¢ ) ) ) S
(*P < 0.001). Error bars represent s.d. from ¢ a0 M-opsin S-opsin E **
the means of triplicates. (d) Quantitative o 12,0004 £ 044 ] o | | e
RT-PCR of retinal photoreceptor genes at P14 E 10,0004 K i
(**P < 0.01). Error bars represent s.d. from & 8,000 0.2 4
the means of three littermate pairs. Actb was % 60004 ol
used for normalization. (e-j) ERGs recorded e Cone
from 2-month-old wild-type and Rncr3-"~ mice. § 40007 o o O
Scotopic ERGs elicited by four different stimulus 2,000 &£ & Q&?’ o
intensities are shown in e. The amplitudes of the oA / v ©
scotopic ERG a-wave (f} and the b-wave (g) are N X VX
shown as a function of the stimulus intensity. e Scotopic ERG f Scotopic ERG g Scotopic ERG
Photopic ERGs elicited by four different stimulus - arwave ampliude b-wave ampitude
intensities are shown in h. The amplitude £ 4007 oW /5 1000 ewt P
of the photopic ERG a-wave (i) and the b-wave (j) E Z a00 -4 Ancrd { S 800 = Rnerd™y
are shown as a function of the stimulus intensity. & 3 > 600 i
Error bars represent s.e.m. (*P < 0.05). = 2 200 / 2 40 ,
(k=p) Immunostaining of active caspase-3 g E 400 /f € Lo /
(act-Cas3) and TRP2 in the Rncr3-'~ retina E // <
at P3. Arrowheads indicate active caspase-3 2 1.oruj | R PP P S e E0T00
and TRP2 double-positive cells. The white boxes £ —awave | 200nv] Stimulus intensity Stimulus intensity
indicate the area enlarged in the right panels. @ ‘ 50ms (logcd s m™®) (log cd s m™)
Scale bar represents 10 um (k-n). The number of h Photopic ERG i Photopic ERG i Photopic ERG
active caspase-3 and TRB2 double-positive cells ‘P; wT Rncra™ 2 a-wave amplitude 200, > wave amplitude
(0) and of TRB2-positive cells (p) are shown. Error o 05~ S ~ :gr;rcrs"” #/f 250 :‘F'?V,Lrg-/- #1
g;lrj regr(;:;ezt*i.’g. fg)rgot;e means of triplicates. gn 0ot N 2 15 41 % 200 #§ {
e e % Y AN g 10 # 3 10 #y
g — b-wave 5 5] #/ , /,/% § 100 // o

examined cell proliferation in the Rucr3™/~ ; 10 fm\\\\.\ o e 501 # A
retina by immunostaining with phospho- ?g’ \ gowave 2004] e O =570
histone H3 (PH3) and Ki67 and count- @ 50 ms Stimulus intensity Stimulus intensity
. R - (logcd s m™) (logcds m™)
ing the number of PH3-positive cells at P3
(Supplementary Fig. 7a—c). The proportion 0o P
of PH3-positive cells was not significantly o
different between wild-type and Rncr3™~ & & 2 g4y M 80 -
retinas (P > 0.9). These results suggest that ;N 12 g Zg
miR-124a is necessary for proper survival g E10 %‘“E 50
and localization of cone cells rather than for = TRbdc Casd ge s 240
early neurogenesis. ‘m §r°8 8 %30

We found that 2-month-old Rncr37/~ mice - §g1 g T 20
had smaller brain weights than did wild types | = % i = 10
(Fig. 4a,b). The small brain phenotype was 2 - e = T

not apparent at P1, but became significant
by P6 during maturation (P < 0.005, data not
shown). Furthermore, Rncr3™~ mice exhi-
bited a front and hind limb clasping response in the tail-suspension
assay at 4-5 months (Fig. 4c,d). This abnormal phenotype is com-
monly observed in mouse models of neurodegenerative disorders?!,
suggesting that the neural function of the Rncr3~/~ mouse is substan-
tially impaired. We then performed Timm staining on P10 wild-type
and Rncr3™' brain sections, the time at which mossy fibers develop?, to
examine dentate granule cell maturation (Fig. 4e-h). Notably, aberrant
outgrowth of mossy fibers (dentate granule cell axons) into the CA3
region was observed in the Rncr3~/~ mouse (Fig. 4g,h). The number
of apoptotic cells in the dentate gyrus and cortex at P6 was signifi-
cantly increased (dentate gyrus: wild type, 1.2 & 1.6 cells per section;
Rner3™=, 10.2 £ 3.6; P < 0.001; cortex: wild type, 5.8 & 2.5 cells per
5x10° pm?; Rner3~'-,59.4+17.1; P < 0.001; Fig. 4i-1). Cell proliferation

in the dentate gyrus of Rncr3™/~ mice was not substantially affected
(Supplementary Fig. 7d,e), suggesting that apoptosis of neurons contrib-
utes to the smaller brain size in Rncr3™~ mice. These results indicate that
miR-124a is necessary for proper brain development and axogenesis of
dentate granule neurons to the CA3.

Lhx2 is a direct target mRNA of miR-124a in vivo

To identify miR-124a target mRNAs, we searched for 3’ untrans-
lated regions (UTRs) of genes that are highly expressed in retinal
progenitors and substantially downregulated on progenitor differ-
entiation?3, such as Lhx2, Sox2, Rax, Six6, Six3, Pax2, Pax6, Vsx2
and Ofx2, using TargetScan 5.1 (http://www.targetscan.org/).
Searching the database revealed that Lhx2 contains an evolutionarily
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Figure 4 Rncr3~"~ mice exhibit neuronal
dysfunction and aberrant growth of dentate
granule cell axon. (a,b) Appearance of the brain
and brain weight in wild-type and Rncr3-- mice.
Representative brains from wild-type (left) and
Rncr3-'~ mice (right, litter mates, 2 months old)
are shown in a. Brain weights of wild-type (n=5)
and Rncr3-- mice (n= 9) are shown in b

(*P < 0.001). Error bars represent s.d.

(c,d) Abnormal limb-clasping of Rncr3--
mouse. A clasping response was observed in the
Rncr3-'- mouse (c, right), but not in the wild-
type mouse (c, left). Total clasping time was
measured for 3 min (d). Error bars represent s.d.
from the mean of n = 4 (wild type) and

n =8 (Rncr37). (e-h) Aberrant sprouting of
mossy fibers in the Rncr3~- mouse. The mossy
fiber terminals were visualized by Timm staining
with Nissl counterstaining at P10. Scale bars
represent 500 um {e,g) and 100 pm (f,h).

(i,j) TUNEL assay of the P6 wild-type and
Rncr3~- dentate gyrus. Scale bars represent
200 pm. (k,I) TUNEL assay of the P6 wild-type
and Rncr3-" visual cortex. Scale bars represent
200 pm. GC, granule cell layer.

fclotN

highly conserved miR-124a target sequence
(Fig. 5a). We examined whether Lhx2 is a
target mRNA of miR-124a by constructing
luciferase reporter plasmids that contained
native or mutated seed sequences of the
Lhx2 3" UTR (Fig. 5a) and co-transfecting
these reporter plasmids with miR-124a expression plasmids
(pBAsi-mU6-miR-124a-1, pBAsi-mU6-miR-124a-2 or pBAsi-mUG6-
miR-124a-3) into HEK 293T cells that lacked endogenous miR-
124a (Supplementary Fig. 8a,b). HEK 293T cells transfected with
miR-124a expression plasmids produced significant amounts of
miR-124a (P<0.001; Supplementary Fig. 8a,b). The luciferase activity of
the native Lhx2 3’-UTR plasmid was significantly reduced by all of the pre-
miR-124a expression plasmids (P < 0.01; Fig. 5b). However, luciferase
activity of the mutated Lhx2 3’-UTR plasmid was not attenuated by
miR-124a (Fig. 5b), and the luciferase mRNA levels of both native
and mutated Lhx2 3’-UTR plasmids were not significantly reduced
(P < 0.004; Supplementary Fig. 8c,d). We observed a statistically
significant increase of luciferase activity in Rncr3~/~ hippocampal
neurons transfected with native Lhx2 3’-UTR plasmid (P < 0.009),
but found no significant effect in neurons transfected with the
mutated Lhx2 3’-UTR plasmid (P > 0.45; Supplementary Fig. 8e).
Next, to determine whether Lhx2 is an in vivo target of miR-124a,
we performed immunostaining of the E17.5 Rncr3™/~ retina using
antibodies to LHX2 and TRB2 antibodies (Fig. 5c~e). The number
of LHX2 and TRP2 double-positive cells was significantly increased
in the Rncr3™/~ retina compared with the wild-type retina (P < 0.01;
Fig. 5¢). We then introduced Lhx2 expression plasmids that contained
native or mutated 3" UTR (Lhx2-Nat and Lhx2-Mut) together with an
egfp expression plasmid into the PO mouse retina by in vivo electro-
poration to determine whether retinal cell apoptosis occurs by Lhx2
overexpression. The number of TUNEL-positive cells was increased
in retina transfected with the Lhx2-Mut plasmid, but transfection with
the Lhx2-Nat plasmid did not lead to an increase in the number of
TUNEL-positive cells (Fig. 5f-h), suggesting that the native 3 UTR
was targeted by native miR-124a. This result is consistent with the
observation that the number of TUNEL-positive cells was significantly
increased in the Rncr37/ retina (P < 0.05; Supplementary Fig. 6a—c).
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These results suggest that Lhx2 mRNA is a miR-124a target in the
retina and that downregulation of Lhx2 mRNA by miR-124a is neces-
sary for retinal cell survival.

Lhx2 is known to be required for hippocampal formation®4. We
therefore conducted immunostaining on the dentate gyrus with anti-
bodies to LHX2 and the dentate gyrus marker PROX1. The number
of LHX2 and PROX1 double-positive cells was significantly increased
in the Rncr37/~ dentate gyrus (P < 0.001; Fig. 5i-k). Furthermore, we
compared the expression of Rncr3 and Lhx2 mRNA and LHX2 pro-
tein in the E12.5 forebrain and P3 retina (Supplementary Fig. 8f-o).
At E12.5, Lhx2 mRNA was highly expressed in both the hippocam-
pus and thalamus, whereas Rncr3 was highly expressed only in the
thalamus. In both the developing brain and retina, LHX2 protein
was not expressed in regions in which both Lhx2 and Rncr3 mRNA
were expressed, suggesting that miR-124a targets Lhx2 mRNA both
in the retina and the brain and that miR-124a inhibits translation
of Lhx2 mRNA. Cell density was significantly higher in the dentate
gyrus in Rncr3™~ mice than in wild-type mice, as determined by
counting PROX1-positive cells (P < 0.004; Fig. 5i,j,1). To assess the
role of Lhx2 in aberrant mossy fiber sprouting, we electroporated
Lhx2-Nat and Lhx2-Mut plasmids into primary cultured hippocampal
cells. Substantial neurite extension was observed in cells expressing
Lhx2-Mut (Fig. 5m-o). To evaluate axonal elongation in dentate
granule cells, we immunostained hippocampal PROX1 neurons and
then measured the axonal length of PROX1-positive cells (Fig. 5p,q).
The percentage of neurons that contained longer axons, greater than
150 um in length, was increased by expression of Lhx2-Mut (Fig. 5p).
Furthermore, the average length of the neurons in the top 251
percentile of the population was also significantly increased in Lhx2-
Mut-expression neurons (P < 0.05; Fig. 5q). We ectopically expressed
Lhx2 using lentivirus in P6 rat dentate gyrus in slice culture and

found that Lhx2-transduced dentate granule cells extended longer
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axons to the CA3 region by 5 d in vitro (DIV) than the wild-type Rescue of Rncr3~- mice by pre-miR-124a-2 or Lhx2 knockdown
cells (Fig. 5r-u). These results suggest that a proper LHX2 protein  To determine whether miR-124a is responsible for the Rncr3~/ retinal
level, which is affected by miR-124a, is required for the appropriate  phenotype, we carried out a rescue experiment by mating Rncr3™/~

development of axons in the dentate gyrus. mice with transgenic mice that specifically expressed miR-124a in
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Figure 5 Target analysis of miR-124a. (a,b) Luciferase reporter assays of f e
the predicted miR-124a target gene Lhx2. Schematics of luciferase assay 2 o 1504
promoter construct are shown in a, the miR-124 sequence, miR-124a target ga
sequence of native type (upper, Nat) and its mutated sequence (lower, Mut). :.j,fg‘ 100 -
The 5’ seed sequence of miR-124a is marked by pink box. Lhx2 3" UTR o2
contains an evolutionarily well-conserved octamer match (light blue box). <£ 50+
Repression of LHX2 translation by pBAsi-mU6-miR-124a-1,
pBAsi-mU6-miR-124a-2 or pBAsi-mU6-miR-124a-3 expression plasmid

(**P < 0.01) is shown in b. Error bars represent s.d. from the means of
triplicates. (c-e) Ectopic expression of LHX2 in Rncr3~"~ retinal cone cells.
Immunostaining of LHX2 and TRB2 in the E17.5 retina (c,d). LHX2 and
TRB2 double-positive cells are marked by arrowheads, and the cells were
counted (e). Scale bar represents 25 um. Error bars represent the s.e.m. of more than

n=10 from at least four retinas. (f-h) Increased apoptosis by overexpression of Lhx2. Lhx2 expression
plasmids (1, 2 and 4 pg pl~1) containing either native or mutated 3" UTR and an EGFP expression
plasmid were electroporated /n vivo into the neonatal retina, the mice were killed 4 d later and the
retinas were TUNEL assayed (f,g). Scale bar represents 50 um. An increase of apoptotic cells was
observed with the Lhx2-Mut expression plasmid in a concentration-dependent manner (*P < 0.05, h).
Error bars represent the s.d. from the mean of n= 6 (h). (i-k) Ectopic expression of LHX2 in the
Rncr3-- dentate gyrus. We stained for LHX2 and PROX1 in the wild-type and Rncr3-- dentate gyrus

at P6 (i,j) and counted the LHX2 and PROX1 double-positive cells (*** P < 0.001, k). Scale bar, 50 um.
Error bars represent s.d. from the means of triplicates. (1) PROX1-positive cell density in the wild-type
and Rncr3-"- dentate gyrus. The PROX1-positive cells in a unit area were counted in the central part

of the upper blade of the dentate gyrus (*P < 0.004). Error bars indicate s.d. from the means of
triplicates. (m-q) Axonal extension in Lhx2-Mut-expressing neurons. Primary hippocampal neurons from PO mouse were transfected with mock (control), Lhx2-Nat
(native), Lhx2-Mut (mutated) together with EGFP by electroporation. Confocal microimages of neurons 72 h after transfection are shown in m-o. Scale bar
represents 200 um. The percentages of axons with lengths <50, 50-100, 100-150 and >150 um from n= 85 (control), 81 (nat), and 89 (mut) neurons are shown
in p. The average axon lengths in the top 25% percentile are shown in . Error bars represent s.d. (r-u) Lentivirus-infected hippocampal slice culture. Shown are
confocal images of the P6, 5 DIV sliced rat hippocampus infected with mock (control, r,s) or Lhx2 (t,u) expression virus. The small white boxes in s and u are the
CA3 regions, magnified in the bottom right corner. Arrowheads indicate elongated mossy fibers in the CA3. Scale bar represents 200 um. IML, inner molecular layer.
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Figure 6 /n vivo rescue experiments of
Rncr3~~ mice by miR-124a expression in the
retina. (a) Expression of miR-124a in the wild-
type, Rncr3-- and Rncr3--; Crx-miR-124a-2
retinas (** P < 0.01). Error bars represent the
s.d. from the mean of triplicate (wild type and
Rncr3--) and n= 4 (Rncr3~'~; Crx-miR-124a-2).
(b,c) Comparison of LHX2 protein levels

in the wild-type, Rncr3-"~ and Rncr3--;
Crx—miR-124a-2 retina. Western blots of LHX2 0 e
in the retina are shown in b. ACTB {B-actin)
was used as a loading control. The signal
intensity of LHX2 protein is shown in ¢

(*P < 0.05). Error bars represent the s.d.

from the means of triplicates (wild type) and
n=4 (Rncr3" and Rncr3-'=; Crx-miR-
124a-2). (d-g) Rescue of decreased cone

cells by miR-124a expression. Flat-mount
immunostaining using antibody to M-opsin
(green). The pre-miR-124a-2 transgene also
expressed Ds-Red (magenta) as a marker. Scale
bar represents 50 pm. (h—-j) Real-time gRT-
PCR analysis of control (+/+; Crx-miR-124a-2
and Rncr3*~; Crx-miR-124a-2), Rncr3--

and Rncr3-'=; Crx-miR-124a-2 transgenic
retinas. Intron-spanning primers amplifying
mouse M-opsin (also known as Opnlmw, h),
S-opsin (also known as Opnlsw, i), Rho (j),
and Actb were used for normalization. Error
bars represent the s.d. from the means of three

)
R

*k *k

o
'S
L

Fold change in
miR-124a expression
o
»

independent littermate pairs. **P < 0.01; n.s., c g ol T
not significant, P> 0.05. %go.g
ég 06
photoreceptor cells using a Ds-Red-intron- £ go4
miR-124a-2 expression cassette driven =02
by 2.3 kb of the Crx promoter®?® (Crx-miR- °
Control  —/-

124a-2; Supplementary Fig. 9a). In the P1
retina, we observed that both miR-124a expres-
sion and the LHX2 protein level reverted back to those of control mice
(Fig. 6a—c). We then performed flat-mount immunostaining (Fig. 6d-g)
and conducted qPCR analysis on retinal photoreceptor marker genes
using the adult retina (Fig. 6h-j). Both the decreased cone cell numbers
and gene expression in the Rncr3~/~ retina were restored to normal levels
when transgenic pre-miR-124a-2 was expressed (Fig. 6d~i). The number
of mislocalized cone cells also recovered (Supplementary Fig. 9b-i).
These results suggest that the cone cell reduction and mislocalization
in the Rncr3~' retina are the results of miR-124a-1 disruption and that
the primary function of Runcr3 is to encode miR-124a.

To determine whether the loss of miR-124a is also responsible for
the brain phenotypes, we generated a transgenic mouse that expresses
Ds-Red-intron-miR-124a-2 in postmitotic neurons, driven by 4.3 kb
of the synapsin I promoter (Synl-miR-124a-2)*6 (Supplementary
Fig. 10a—c). We performed an in situ hybridization of miR-124a and
immunostained for LHX2 in the P10 brain. In the dentate gyrus of the
Rncr37/=; Synl-miR-124a-2 mice, both the reduced level of mature
miR-124a and the elevated level of LHX2 protein that we observed
in Rncr37/~ mice were restored to similar levels as seen in control
mice (Fig. 7a—f). In addition, the number of apoptotic cells was sig-
nificantly reduced in the brains of Rncr3~/~; Syn1-miR-124a-2 mice
compared with Rncr3~/~ mice (P < 0.01; Supplementary Fig. 10d). In
Rincr3™'=; Synl-miR-124a-2 mice, Timm-stained mossy fiber axonal
terminals incompletely, but substantially, recovered from aberrant
sprouting into the CA3 region (Fig. 7g-1). The other phenotypes,
including brain weight, clasping and apoptosis in the cortex, were not
substantially rescued in Rncr3™'~; Synl-miR-124a-2 mice (data not
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shown). This partial rescue may be a result of insufficient expression
and/or inappropriate expression timing of the miR-124a transgene.

To determine whether downregulation of Lhx2 can rescue the
Rncr3~~ phenotype, we constructed a short hairpin RNA (shRNA) to
knockdown Lhx2 (shLhx2; Supplementary Fig. 11a,b). We transfected
shLhx2 into organ-cultured PO retina using a recombinant adeno-
associated virus serotype 5 (AAV5; Supplementary Fig. 11c). After
5 DIV, we performed immunostaining using an antibody to S-opsin.
In the 5 DIV Rncr3~/~ retina, the number of cone cells was reduced
in retina transfected with control shRNA (shControl), whereas the
number of cone cells was significantly increased in retina transfected
with shLhx2 compared with the control (P < 0.01; Fig. 8a-e). The
number of cone cells in shLhx2-infected wild-type retina was unal-
tered (Fig. 8a,c), suggesting that the Lhx2 knockdown rescue pheno-
type is not a result of an off-target effect. In addition, we forced the
expression of shLhx2 in primary cultured hippocampal neurons to
determine whether downregulation of Lhx2 can rescue Rncr3~/~ den-
tate gyrus neuron axonal elongation (Fig. 8f-j). The average dentate
granular axon length in the neurons in the top 25t percentile of the
population (determined by axon length) was significantly increased
in shControl-transfected Rncr3~/~ dentate gyrus neurons (P < 0.01;
Fig. 8g). The elongated Rncr3~/~ dentate gyrus axon phenotype was
restored to the wild-type level by transfection of shLhx2 (Fig. 8i,j).
These results suggest that Lhx2 is a primary target gene of miR-124a
and is responsible for the Rncr3~/~ phenotypes, including both the
reduction of retinal cone cell numbers and mossy fiber elongation
of the dentate gyrus.
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