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HIGHLIGHTS

® The expression of Nogo-A is polarized in the radial Miiller glia of the mouse retina.

® Virus-mediated Nogo-A upregulation enhances Kir4.1 immunoreactivity in Miiller glia.

® Nogo-A and Kir4.1 interact in mouse retinae.

® Nogo-A gene deletion does not change potassium conductance in dissociated Miiller glia.

ARTICLE INFO ABSTRACT

Article history: In the adult retina, we have previously shown that Nogo-A was highly expressed in Miiller glia. However,
Received 20 May 2016 the role of Nogo-A in the glial cell physiology is not clear. In this study, we investigated the possible
Received in revised form 2 June 2016 influence that Nogo-A may exert on other polarized molecules in Miiller cells, in particular inwardly rec-
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tifying potassium channel 4.1 (Kir4.1) and aquaporin 4 (AQP4) that respectively control potassium and
water exchange in glial cells. Our results showed that adenovirus-mediated Nogo-A overexpression with
AdNogo-A increased the immunofluorescent signal of Kir4.1 in rat Miiller cell line 1 (rMC-1) cells but did

Available online 6 June 2016

ﬁ?j/ lvlve orrgzls not change its expression level by Western blotting. In vivo, AdNogo-A induced ectopic Kir4.1 immunore-
Glia activity throughout the radial processes of Miiller cells compared with AdLacZ control virus. Surprisingly,
Retina AdNogo-A did not modify the distribution of Dp71 and AQP4 that are common binding partners for Kir4.1
Nogo-A in the dystrophin-associated protein (DAP) complex anchored at the plasma membrane of Miiller glia.
Kir4.1 Immunoprecipitation experiments revealed molecular interactions between Nogo-A and Kir4.1. In Nogo-
A KO mouse retinae, the distribution of Kir4.1 was not different from that observed in Wild-Type (WT)
animals. In addition, potassium conductance did not change in freshly dissociated Nogo-A KO Miiller
glia compared with WT cells. In summary, the increase of Nogo-A expression can selectively influence
the distribution of Kir4.1 in glia but is not essential for Kir4.1-mediated potassium conductance at the
plasma membrane in physiological conditions. Nogo-A-Kir4.1 interactions may, however, contribute to

pathological processes taking place in the retina, for instance, after ischemia.
© 2016 Elsevier Ireland Ltd. All rights reserved.
1. Introduction The inhibitory properties of Nogo-A on neuronal growth and plas-
ticity have well been characterized in intact and injured regions of
In the adult central nervous system (CNS), Nogo-A is a trans- the CNS such as the spinal cord and the brain [3,4]. However, the
membrane protein essentially expressed by oligodendrocytes [1,2]. role of Nogo-A in the physiology of adult glial cells is not clear. Dur-

ing development, we have previously observed that Nogo-A gene

ablation delayed the maturation of oligodendrocytes [5]. In con-

- trast, in adult mice deprived of Nogo-A (KO), the myelin sheath
* Correspondi‘ng author at: CUO-Recherche, Univers?té Laval Centre de recherche structure formed by mature oligodendrocytes appears normal [5,6].
dQll]JéCbl:ICJ gaen‘(al;aebec—l’awllon CHUL, 2705, Boul Laurier-Local P-09825, G1V 4G2 The lack of phenotypic changes in KO animals may result from
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reported [7]. For example, repulsive guidance molecules are upreg-
ulated in Nogo-A KO mice [8]. Whether the physiology of glial cells
is impaired in the adult CNS deprived of Nogo-A has not been stud-
ied yet.

Nogo-A expression is not limited to myelin-forming oligoden-
drocytes in the brain and in the spinal cord. In the retina, Nogo-A
is enriched in the inner portion of Miiller cell radial extension
and in their so-called end-foot facing the vitreous body [9,10]
(Fig. 1A). Miiller cells are specialized glia controlling osmotic and
ionic homeostasis in the retina, in a similar fashion as astrocytes
in the brain [11-13]. Important functions attributed to Miiller cells
include potassium buffering in the retina. In this process, the potas-
sium siphoning in blood vessels and in the vitreous humor through
inwardly rectifying potassium channels 4.1 (Kir4.1) [14] is a major
mechanism maintaining K* ions at a relatively low concentration
in the extracellular space. In addition, the water flow through
aquaporin 4 (AQP4) channels at the perivascular and end-foot
membrane of Miiller glia prevents retinal edema [15]. Dystrophin
71 (Dp71)is a scaffolding cytoskeleton molecule required for Kir4.1
and AQP4 channel clustering at the glial cell membrane in the
dystrophin-associated protein (DAP) complex [16,17]. The traffick-
ing of Kir4.1 and AQP4 and their targeting to specialized membrane
microdomains are incompletely understood. The expression and
clustering of Kir4.1 at the plasma membrane is independent on
AQP4 [15]. In addition, Kir4.1 and AQP4 location are differently
affected by the deletion of Dp71 [18] and by retinal injury [19,20],
suggesting the existence of distinct regulatory processes control-
ling Kir4.1 and AQP4 distribution in the cell. Distinct mechanisms
may thus control Kir4.1 and AQP4 expression and location in glial
cells.

The enrichment of Nogo-A in Miiller cells [5,9] may facilitate the
study of its function in glial cell physiology. In the present study, we
postulated that the polarized distribution of Nogo-A in Miiller cell
end-feet may be indicative of its association with proteins of the
DAP complex such as Kir4.1. To evaluate the influence of Nogo-A
on the distribution and the expression level of Kir4.1, AQP4, Dp71
and B-dystroglycan, we increased the level of Nogo-A in Miiller
cells with an adenovirus containing Nogo-A cDNA. Adenoviruses
specifically transduced Miiller cells in the mouse retina in vivo
[21]. Adenovirus-induced Nogo-A upregulation enhanced Kir4.1
immunoreactivity in the radial processes of Miiller glia. In freshly
isolated Miiller cells from Nogo-A KO mice, potassium conductance
was not significantly different from that recorded in Wild-Type
(WT) cells. Our data show that Nogo-A overexpression can selec-
tively influence the distribution of Kir4.1 in Miiller glia without
affecting that of APQ4 or Dp71. Our results further suggest that
Nogo-A may participate in the relocation of Kir4.1 that has been
reported after injury such as ischemia-reperfusion.

2. Material and methods
2.1. Animals

All animal manipulations were performed in 2-4 month old
male C57BL/6 mice. The protocol was approved by the Com-
mittee at the Kantonales Veterindramt Ziirich of the University
of Ziirich (Switzerland, permit number #158-2013). All surgeries
were performed under isoflurane anesthesia followed by an injec-
tion of buprenorphine. Sacrifice was done under isoflurane and an
overdose of pentobarbital (Esconarkon). All efforts were made to
minimize suffering. Nogo-A KO mice were obtained by homolo-
gous recombination of exons 2 and 3 in Nogo-A gene in a C57BL/6
genetic background [6].

2.2. Adenovirus production and intraocular injection

The AdEasy system (Agilent) was used to produce the AdNogo-A
and AdLacZ adenoviruses. Briefly, the full-length Nogo-A gene was
cloned into the AdEasy shuttle vector. The LacZ Shuttle vector was
provided by the company. These shuttle plasmids were digested
with Pmel and purified. BJ5183 bacterial cells were electroporated
with either of the linearized shuttle plasmids and the pAdEasy vec-
tor to create a recombined larger plasmid. These large plasmids
were amplified in XL10 Gold bacteria and purified. Linearization
of the plasmids was done with the restriction enzyme Pacl. Trans-
fection of the linearized plasmids into mammalian AD-293 cells
was performed using Lipofectamine Plus (Invitrogen). Preparation
of primary virus stocks was done according to the AdEasy manual
(Agilent). A high titer stock of both the AdNogo-A and AdLacZ ade-
noviruses was done using twenty 100-mm plates of AD-293 plates
infected at a MOI of 5. After two days cells began rounding and
were harvested, centrifuged and resuspended in PBS. Four cycles of
freeze/thaw/vortex were performed. The solution was centrifuged
at 7000g for 5 min at 4 °C to remove cellular debris. Virus was puri-
fied from the solution using a cesium chloride density gradient.

2.3. Intraocular injection of adenoviruses

In order to infect Miiller cell with adenoviral vectors, 2 ul of
viruses (~10'%ip/mL) were intraocularly injected using a 10-p.l
Hamilton syringe adapted with a pulled-glass tip as previously
described [9,22-24]. To allow virus diffusion in the vitreous liquid,
the needle was kept in place for ~2 min and then slowly removed
to limit the occurrence backflow. Care was taken not to damage the
lens during the injections to avoid inflammatory reaction [25-27].
Optimal transgene expression in vivo was reached 3 days after ade-
novirus injections. At this time, mice were intracardially perfused
with paraformaldehyde 4% for tissue fixation and retinae were pro-
cessed for histological analysis.

2.4. Retinal immunostaining

Mice were euthanized with an overdose of anaesthetics and
perfused intracardially with PBS and 4% PFA. Eyes were dis-
sected by removing the cornea and the lens from the eyecup.
For retinal cross sections, eye cups were post-fixed in 4% PFA
overnight at 4°C. The tissues were then cryoprotected in 30%
sucrose and frozen in OCT compound (Tissue-TEK, Sakura, Tor-
rance, CA, USA) with a 2-methylbutane bath cooled with liquid
nitrogen. Retinal sections were cut (14 wm) with a cryostat micro-
tome. Immunofluorescent stainings were performed in a blocking
solution (5% of normal goat serum or 5% BSA, 0.3% Triton-X-
100 in PBS). Primary antibodies were applied overnight at 4°C
and after PBS washes, sections were incubated with the appro-
priate secondary antibody for 1h at room temperature. The
slides were mounted in Mowiol anti-fading solution (10% Mowiol
4-88 (Calbiochem, Cambridge, UK) in 100 mM Tris, pH 8.5, 25%
glycerol and 0.1% DABCO). Primary antibodies were: mouse anti-
glutamine synthase (1:200-1:400; Millipore, Zug, Switzerland),
rabbit anti-Nogo-A (1:200; Laura/Rb173A [28]), rabbit anti-Kir4.1
(1:200; Alomone, Jerusalem, Israel), rabbit anti-AQP4 (1:200; Mil-
lipore), and mouse anti-dystrophin (1:500; Sigma-Aldrich, Buchs,
Switzerland). Immunofluorescent labellings were analyzed with a
Leica SP2/5 confocal microscope at 40X.

2.5. Western blot analysis
After cervical dislocation, retinae and optic nerves were quickly

isolated in Eppendorf tubes and snap frozen in liquid nitrogen. Tis-
sues were kept at —80 °C until protein extraction in CHAPS (0.5%)
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Fig. 1. Nogo-A is enriched in Miiller cell end-feet. (A) Working model of dystrophin-associated protein (DAP) assembly in Miiller cell end-foot membrane. Kir4.1 and AQP7
clustering at the membrane depends on molecular interactions with Dp71 at the perivascular membrane and end-foot membrane and binding with actin cytoskeleton.
Polarization of Nogo-A in the end-foot of Miiller glia suggests potential interaction with members of DAP. (B-D) The expression of Nogo-A and DAP proteins was examined
by immunofluorescence in isolated mouse Miiller cells. (B) Nogo-A was more abundant in the end-foot of Miiller glia compared with the glutamine synthase enzyme that
was evenly distributed in the cytosol. The inwardly rectifying potassium channel Kir4.1 (C) and aquaporin 4 (AQP4) (D) were also more concentrated in glial cell end-feet.

Scale bar=50 pwm.

lysis buffer containing protease inhibitors (Complete mini, Roche
Diagnostics; Indianapolis, IN, USA). The samples were fully homog-
enized and let on ice for 60 min. After centrifugation for 15 min
at 15,000g, 4°C, supernatants were collected and used to assess
protein concentration (RC DC Protein Assay; Bio-Rad Laboratories,
Richmond, CA, USA). Retinal proteins (20 .g/lane) were separated
by electrophoresis on 4-12% polyacrylamide gels and transferred
to nitrocellulose membranes. Blots were incubated in a blocking
solution of 5% bovine serum albumin in 0.2% TBST (0.2% Tween-
20 in Tris-base 0.1 M, pH7.4) for 1h at room temperature, then
incubated with primary antibodies overnight at 4 °C. After 3 wash-
ings in TBST, the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit secondary anti-
bodies (1:10,000-1:25,000; Pierce Biotechnology; Rockford, IL,
USA). Primary antibodies were mouse anti-GAPDH (1:20,000,
Abcam; Cambridge, UK), mouse anti-Nogo-A (1:500, 11C7 [28]),
rabbit anti-Nogo-A/B (1:200, Bianca/Rb1 [28]), rabbit anti-Nogo-
A (1:200, Laura/Rb173A [28]), mouse anti-glutamine synthase
(1:400; Millipore), rabbit anti-Kir4.1 (1:200; Alomone) and rabbit
anti-AQP4 (1:200; Millipore), and mouse anti-dystrophin (1:500;
Sigma-Aldrich). Protein bands were detected by adding SuperSig-

nal West Pico Chemiluminescent Substrate (Pierce Biotechnology)
and after exposure of the blot in a Stella detector. The quantifica-
tion of the band intensity was done with the Image] software (NIH,
Bethesda, MD, USA).

2.6. Miiller cell cultures

Miiller cells were prepared from 2-month old C57BL/6 mice as
previously described [9]. Retinae were rapidly dissected in CO2-
independent medium after cervical dislocation and rinsed twice
in Ringer solution. To dissociate retinal cells, retinae were then
incubated in a solution containing 1.5 mg/ml of papain activated
by 12.5mM of L-cystein in a buffer of Ringer. To detach and put
cell in suspension, retinae were triturated with a fire-polished Pas-
teur pipette in a solution of Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 0.1 mg/m; DNase I. Miiller cells were
then separated from other retinal cells on a 0-30% gradient of
percoll [29]. Cell were then transferred to a plastic plate. For
immunostaining, cells were fixed for 30 min by adding 4% PFA
1hr after plating, rinsed 3 times in PBS and incubating for 1h
in a blocking solution (0.1 M PBS, 0.1% triton-X100, 5% normal
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Fig. 2. Adenovirus-mediated Nogo-A upregulation in Miiller cells in vitro and in vivo. (A) In culture, Rat Miiller cell line 1 (rMC1) cells expressed Nogo-A and Nogo-B that
could be detected with different antibodies recognizing Nogo-A specific domains (11C7 and Laura) or an amino acid sequence shared by Nogo-A and Nogo-B (Bianca). (B) The
addition of adenoviruses containing the cDNA of Nogo-A (AdNogo-A) enhanced the protein expression of Nogo-A without affecting the level of Nogo-B. Adenovirus containing
the cDNA of LacZ (AdLacZ) was used as a control virus. AdNogo-A (C) increased the immunofluorescent signal of Nogo-A in rMC-1 cells which infection was reflected by GFP
reporter detection (D). Nogo-A and GFP superimposition showed that highly infected cells exhibited the highest level of Nogo-A. Higher magnification pictures showed that
Nogo-A was located in the endoplasmic reticulum (close-up). In vivo, 3 days after intravitreal injection of AdNogo-A, infected GFP-positive Miiller cell shows a widespread
distribution of Nogo-A in radial processes in contrast to neighbour glia where the protein was restricted to the end-foot of the cells. Scale bars: E=100 pm, close-up =25 um;

F=50 wm.

goat serum). For primary antibody incubation, rabbit anti-Nogo-
A (1:200, Laura/Rb173A [28]), mouse anti-glutamine synthase
(1:400; Millipore), rabbit anti-Kir4.1 (1:200; Alomone) and rab-
bit anti-AQP4 (1:200; Millipore), and mouse anti-dystrophin

(1:500; Sigma-Aldrich) were added 1 h at room temperature. After
washings and secondary antibody incubation, immunofluorescent
stainings were imaged by confocal microscopy.
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Fig. 3. Adenovirus-mediated Nogo-A upregulation changes the distribution of Kir4.1 in Miiller radial glia. The expression and distribution pattern of Kir4.1 was monitored
by immunofluorescence and Western blotting in rMC-1 cultures and in retinal crossections 3 days after adenovirus infection. (A) Ectopic increase in Nogo-A expression
with AdNogo-A did not influence the level of Kir4.1 detected by Western blotting. (B) However, by immunofluorescence, AdNogo-A enhanced Kir4.1 signal in GFP-positive
rMC1 cells. In contrast, Miiller cell infection with control AdLacZ vector failed to increase Kir4.1. (C) In a similar fashion, AdNogo-A induced a striking elevation of Kir4.1
immunofluorescent signal in isolated Miiller cells in vivo relative to AdLacZ (arrow heads). Pictures in C represent optical sections imaged using a confocal microscope. Scale

bars =100 pm.

The rat Miiller glia cell line (rMC-1) was also used in this
study and was generously provided by the laboratory of Dr Sarthy
(Northwestern University, Chicago, USA, IL). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies)
supplemented with 10% fetal bovine serum (FBS; Life Technolo-
gies).

2.7. Immunoprecipitation

Mouse retinae were placed on ice and washed with cold PBS.
One ml of CHAPS lysate buffer was added (50 mM NaH,PO4 pH 8.0,
150 mM Nacl, 0.5% CHAPS, 1 mM PMSF and one mini-EDTA protease
inhibitor tablet (Roche) per 7 ml of solution), and the homogenates
were incubated on ice for 30 min, tilting every 10 min. Then, the
lysates were placed in a cold microfuge tube. The tube was spun
at 10,000g for 10 min at 4°C. The supernatant was transferred to
a new cold microfuge tube. One microliter of a Sheep anti-Nogo
antibody was added to the tube and it was incubated in the cold
rotating end-over-end for two hours. Fifty microliters of Protein

G (Pierce) was added and the tube was incubated overnight in the
cold rotating end-over-end. The tubes were then briefly centrifuged
and washed with 1 ml of the following cold buffers: 1x with CHAPS
lysis buffer, 3x with Buffer A (10 mM Tris pH 7.5, 150 mM Nadl,
2mM EDTA and 0.2% NP40), 2 x with Buffer B (10 mM Tris pH 7.5,
500 mM NaCl, 2mM EDTA and 0.2% NP40) and 1x with Buffer C
(10 mM Tris pH 7.5). The supernatant was aspirated from the beads
with a 27-gauge needle. Beads were resuspended in 50ul of a 1x
SDS loading buffer and boiled for 5 min. After a brief centrifugation,
20 microliters of the buffer solution was loaded on a SDS-PAGE gel.

2.8. Miiller cell whole-cell patch-clamp recordings

To perform whole-cell patch-clamp recordings, Miiller cells
were transferred to a microscope recording chamber and super-
fused with an extracellular recording solution that contained
125-mM Nacl, 25-mM NaHCO3, 2.5-mM KCl, 1.25-mM NaH2PO04,
1-mM MgCl2, 2-mM CaCl2, 25-mM glucose, and was bubbled
with 95% 02/5% CO2 (pH 7.4). Whole cell patch clamp record-
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Fig. 4. Adenovirus-mediated Nogo-A upregulation does not change the distribution of dystrophin-associated proteins Dp71 and AQP4 in Miiller radial glia. Nogo-A overex-
pression did not increase Dp71 (A) or AQP4 (B) in Miiller cell extensions after AdNogo-A injections in mouse vitreous. Scale bar: 100 wm.

ings were made in voltage clamp mode at near-physiological
temperature of 32-36 °C. Before patching Miiller cells were visu-
alized at low magnification (5x) under bright-field illumination,
and selected for patching using an Olympus upright microscope,
fitted with a 40 x /0.8 numerical aperture water-immersion objec-
tive (Olympus). Recording pipettes (4-6 MS2) were pulled from
borosilicate glass and filled with (inmM): 135 K-gluconate, 10
Phosphocreatine-Na, 4 KCl, 0.3 Na-GTP, pH 7.2 (adjusted with KOH).
Currents were recorded in Miiller cells using an Axon Instrument
amplifier (Axoclamp-2B), low-pass filtered at 3 kHz and sampled at
10-50 kHz. The recording and stimulation protocols were designed
to measure the voltage/current ratio in Miiller cells (VI curve). Our
stimulation protocol consisted of 10 increasing voltage steps that
were applied after a 1s offset for a brief period of 500 ms. The
recording length for each stimulation was 2 s.

3. Results
3.1. Nogo-A is enriched in Miiller cell end-feet

We hypothesized that Nogo-A may interact with DAP proteins
such asKir4.1 and AQP4 in Miiller cell end-feet (Fig. 1A). To compare
their distribution pattern, Nogo-A, Kir4.1 and AQP4 were examined
by immunofluorescence in freshly isolated Miiller glia (Fig. 1B-D).
Glutamine synthase (GS) was used as a specific marker to visual-
ize Miiller cells processes. Typically, GS is a glutamate detoxifying
enzyme that is evenly present in the cytoplasm of Miiller cells
[13]. Double immunostaining experiments revealed that Nogo-A
was abundant in the end-feet of GS-positive cells (Fig. 1B). Similar
distributions were observed for Kir4.1 (Fig. 1C) and AQP4 (Fig. 1D).

3.2. Adenovirus-mediated Nogo-A upregulation in Miiller cells
in vitro and in vivo

We then wondered if Nogo-A influenced the expression of Kir4.1
and AQP4 in Miiller cells. In order to address this question, Miiller
cells were infected in vitro and in vivo with an adenovirus contain-
ing the cDNA of Nogo-A. For Western blot analysis, we infected Rat
Miiller cell line 1 (rMC-1) [30] cells with adenoviruses. This cell
line can be infected at a high rate with adenoviruses [31]. Specific
antibodies recognizing Nogo-A (Laura and 11C7) or Nogo-A and
Nogo-B (Bianca) allowed to confirm that Nogo-A and Nogo-B are
endogenously expressed in rMC-1 cells (Fig. 2A) [28]. The infec-
tion of rMC-1 cells with increasing concentrations of AdNogo-A
enhanced the level of Nogo-A in a dose-dependent manner with-
out affecting the level of Nogo-B (Fig. 2B). A maximum of Nogo-A
expression was reached at multiples of infection (MOI) of 100-200

(see material and methods). Similarly to what we have previously
observed for Miiller cells in retinal lysates [9], the level of Nogo-B
was higher than that of Nogo-A in rMC-1 cells. In these cells, the
immunofluorescent staining of Nogo-A showed a stronger protein
expression after AdNogo-A infection (Fig. 2C). In this case, infected
cells were detected by following the expression of GFP reporter pro-
tein (Fig. 2D). The superimposition of the GFP and Nogo-A labelling
(Fig. 2E) strongly suggests that the bulk of Nogo-A was intracel-
lular. In vivo, 3 days after AdNogo-A infection, Nogo-A appeared
throughout the radial process of Miiller cells while endogenous
Nogo-A was restricted to the end-feet in non-infected glia (Fig. 2F)
[9]. Together, these results suggest that AdNogo-A can selectively
upregulate Nogo-A in Miiller cell bodies.

3.3. Nogo-A overexpression changes the distribution of kir4.1 in
Miiller radial glia

The level and distribution pattern of Kir4.1 were examined
in Miiller cells after adenovirus-mediated Nogo-A overexpression
in vitro and in vivo. By Western blot analysis, Nogo-A overexpres-
sion did not significantly change Kir4.1 protein expression in rMC-1
cells compared with AdLacZ (Fig. 3A). However, by immunoflu-
orescence, Kir4.1 signal appeared brighter in cells infected with
AdNogo-A and expressing GFP reporter protein (Fig. 3B). In vivo,
AdNogo-A-infected Miiller cells displayed a diffused immunoreac-
tivity for Kir4.1 in their radial extensions, in stark contrast with
control cells infected with AdLacZ where Kir4.1 expression is con-
centrated at the end-foot (Fig. 3C). To determine if the effect
of Nogo-A overexpression affected other proteins belonging to
the dystrophin-associated protein complex, Dp71 and AQP4 were
labelled in infected retinae (Fig. 4). Neither Dp71 (Fig. 4A) nor AQP4
(Fig. 4B) exhibited a diffused distribution in GFP-positive Miiller
cells after their infection with AdNogo-A or AdLacZ. These obser-
vations tend to show that Nogo-A overexpression specifically leads
to ectopic distribution of Kir4.1 along radial glial processes without
affecting its level of expression.

3.4. Nogo-A and kir4.1 interacts in Miiller glia

To determine if Nogo-A and Kir4.1 molecules were bound in vivo,
co-immunoprecipitation experiments were carried out with mouse
retinal lysates. The retinae from three different mice were used to
immunoprecipitate Nogo-A with a sheep antibody [28] whereas
negative controls were obtained by adding control sheep IgG to
retinal lysates from 3 other animals. The tetrameric form of Kir4.1
(~180KkDa) was detected after Nogo-A immunoprecipitation while
no signal could be observed using control sheep IgG (Fig. 5A). We
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Fig. 5. Nogo-A interacts with Kir4.1 in Miiller glia. (A) In retinal lysates Kir4.1 co-immunoprecipitated along with Nogo-A after sheep anti-Nogo-A addition while control
sheep antibody did not allow to detect Kir4.1. Each lane represents 2 retinae from the same animal. (B) In Nogo-A KO retinae, the level of Kir4.1 did not differ from that in
WT mice as quantitatively determined by densitometry analysis of Kir4.1 (mean 4 S.E.M., n=3 mice/group) (C). D) Immunofluorescent staining of Kir4.1 and GS in WT and
Nogo-A KO retinal sections. In WT retinae, Kir4.1 staining was brighter in Miiller perivascular membrane and end-feet that in Nogo-A KO mice. Glutamine synthase antibody
evenly stained radial Miiller glia processes stretched between the inner limiting membrane (ILM) and outer limiting membrane (OLM). Scale bar=100 pm.

then wondered if endogenously expressed Nogo-A influenced the
expression of Kir4.1 in Miiller cell end-feet. To address this ques-
tion, we followed Kir4.1 by Western blotting (Fig. 5B, C) and by
immunofluorescence on Nogo-A KO and WT mouse retinal sections
(Fig. 5D, E). Nogo-A KO mice have been characterized before [5,6,9].
By Western blotting, the level of Kir4.1 did not appear different
between Nogo-A KO and WT retinae. Moreover, the immunofluo-
rescent signal of Kir4.1 was visualized in the perivascular processes
of Miiller cells and at their end-feet adjacent to the vitreous body,
in Nogo-A KO and WT Miiller glia extensions (Fig. 5D, E). Other pro-
teins of the same macromolecular complex, such as Dp71 or AQP4
were not affected by Nogo-A gene deletion (Fig. 6); in WT and Nogo-
A KO mice, AQP4 and Dp71 (Fig. 6A) were localized in the end-feet
and perivascular Miiller cell processes in a consistent manner with
what has been described before [32,33]. The protein expression of
Dp71 and B-Dystroglycan (Fig. 6B-C) was not significantly differ-
ent between WT and KO mice (n=3 mice/group, Student’s t-test:
p>0.05).

3.5. Potassium conductance is not altered in Miiller glia-deprived
of Nogo-A

The conductance of potassium through Kir4.1 has a strong influ-
ence on the resting membrane potential of Miiller cells. In the
absence of Kir4.1, the membrane potential is depolarized [33]. We
sought to assess whether Nogo-A gene deletion affected Kir4.1-
dependent inward and outward flows of potassium in whole cell
preparations. As described before, Miiller cells were isolated from
WT and Nogo-A KO adult mouse retinae. Shortly after Miiller cell
plating, i.e. 1-3 h after retinal cell dissociation, current intensi-
ties were registered at voltages ranging from —130mV to +60 mV
(Fig. 7A). In order to confirm the role of potassium in currents mea-
surements, the potassium channel blocker BaCl, was added to the
same cell (Fig. 7B). The addition of BaCl, resulted in an almost com-
plete abolition of K* conductance, confirming that current changes
recorded in Miiller cells are generated by the flow of K* through
the membrane. Plotting I-V curves showed very similar current
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Fig. 6. Expression of dystrophin-associated proteins in Nogo-A KO retinal crossections. (A) The distribution pattern of Dp71 and AQP4 was analyzed by immunofluorescence
in Nogo-A KO and WT mouse retinal crossections. The localization of the 2 proteins was not different in the end-feet and perivascular Miiller cell processes. (B) By Western
blotting, the protein expression of Dp71 and (3-Dystro was similar between the 2 experimental groups. (C) Densitometric quantification of Western blots did not reveal
significant variation in WT compared with KO mice (n=3 mice/group, Student’s t-test: p>0.05).
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Fig.7. Potassium conductance is not modified in Miiller cells deprived of Nogo-A. (A) Potassium currents were recorded by patch-clamping in isolated Miiller cells for voltages
ranging from —130mV to +60 mV. (B) The addition of potassium channel blocker BaCl, to the same cell drastically reduced voltage-induced current changes, confirming
that the current recorded in Miiller cells stemmed from K* conductance. (C) [-V curves showed very similar variations in WT as in Nogo-A KO cells. The reversal potential
measured in WT cells (~67 mV, n=18) was comparable to that recorded in Nogo-A KO cells (~68 mV, n=30).

intensity changes in response to voltage changes in WT as in Nogo-
A KO cells. On average, the reversal potential calculated in WT
cells (n=18) was ~67 mV compared with ~68 mV in Nogo-A KO
cells (n=30) (Fig. 7C). These values are in agreement with previous
measurements [15]. These data suggest that K* conductance is not
altered in Miiller cells after Nogo-A gene deletion.

4. Discussion

In this study, we observed that the reticulon protein Nogo-
A/RTN4A and Kir4.1 coexisted in the inner processes of Miiller
cells. Adenovirus-mediated Nogo-A overexpression selectively
enhanced the immunofluorescent signal of Kir4.1 in Miiller cell
extensions in vivo. In vitro, the expression level of Kir4.1 pro-
tein was not modified after rMC-1 cell infection with AdNogo-A
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compared with AdLacZ. Increased Kir4.1 immunoreactivity may
thus be attributable to subcellular redistribution of this potas-
sium channel rather than to protein synthesis upregulation.
Co-immunoprecipitation results revealed molecular interactions
between Nogo-A and Kir4.1. In addition, deleting Nogo-A gene in
KO mice did not modify the expression pattern of Kir4.1 and potas-
sium conductance in Miiller glia.

4.1. Nogo-A is associated with kir4.1 in Miiller glia end-feet

The enrichment of Nogo-A in Miiller cell end-feet along with
proteins of the DAP complex such as Kir4.1 was very striking. Our
co-IP data confirmed that Nogo-A and Kir4.1 interacted together.
The binding between Kir4.1 and Nogo-A may explain the increase
in Kir4.1 immunoreactivity that was detected in Miiller cell radial
extensions after infection with AdNogo-A. Surprisingly, the dis-
tribution of AQP4 and Dp71 remained unchanged while these
2 proteins are known to be part of a macromolecular complex
together with Kir4.1. However, Kir4.1 and AQP4-Dp71 can exist in
distinct dystrophin microdomains [18]; it has been proposed that
utrophin could associate with Kir4.1 (Kir4.1a) at the plasma mem-
brane in a similar fashion as Dp71, when Dp71 gene is ablated.
Therefore, according to this model, Kir4.1 may exist in 2 molecu-
lar complexes that may or may not contain Dp71-AQP4. It will be
important to determine if Nogo-A and Kir4.1 associate in a molec-
ular complex comprising [3-dystroglycan and utrophin to better
define the molecular interactions of Nogo-A in Miiller glia [18].

4.2. Kir4.1 localization is altered in Nogo-A-overexpressing
Miiller cells

By immunofluorescence, Kir4.1 appeared brighter after Miiller
cell transduction with AdNogo-A whereas the level of Kir4.1 protein
expression was not modified by Western blotting. The elevation
of Kir4.1 immunoreactivity may result from the accumulation of
Kir4.1 in restricted regions of the cell, in the endoplasmic retic-
ulum or at the plasma membrane. It has previously been shown
that Kir4.1 immunoreactivity was decreased at the end-feet and
perivascular membrane of Miiller cells lacking Dp71 while its
expression level turned out to be unchanged by Western blotting
[16,17]. In this situation, the loss of intense Kir4.1 immunoreac-
tivity around blood vessels and in end-feet is caused by its even
distribution at the plasma membrane along Miiller cell extension.
Interestingly, the loss of concentrated Kir4.1 at the end-foot and
perivascular membrane does not induce a change in potassium con-
ductance measured in the whole cell [16,17]. Similarly, Nogo-A may
change the subcellular localization of Kir4.1 channels in glial cells
but may not influence their ability to conduct potassium current.
This hypothesis could not be tested after Nogo-A overexpression
since only a small number of Miiller cells can be transduced by
adenoviruses in vivo [21]. In addition, infecting Miiller cells in cul-
ture was not an alternative to follow potassium currents; in in vitro
conditions, Miiller cells quickly lose their potassium conductance
as a result of Kir4.1 internalization [34]. However, using new viral
vectors such as engineered adeno-associated viruses called ShH10
[22,35],itwill be possible to determine the effect of Nogo-A overex-
pression on potassium flow across the Miiller cell membrane after
the isolation of cells infected in vivo.

4.3. The role of reticulons in Miiller glia

By electrophysiology, we observed that potassium conductance
in Miiller glia did not depend on Nogo-A expression. The mem-
brane potential of Nogo-A KO Miiller cells was not different from
that measured in WT cells. This suggests that Nogo-A expression
is not required for potassium conductance. However, other reticu-

lons could compensate for the lack of Nogo-A in Miiller cells. RTN3
and RTN4B/Nogo-B are highly expressed in Miiller cells where their
level could exceed that of Nogo-A [9,10,36]. The high level of retic-
ulon expression in Miiller cells is intriguing. It has been shown that
reticulons like Nogo-A generated tubular endoplasmicreticulum by
influencing membrane curvature [37,38]. Strikingly, the localiza-
tion of Nogo-A that we observed in the inner Miiller cell extension
and end-foot corresponds to a portion of the cell densely packed
with smooth endoplasmic reticulum [39,40]. At this place, Nogo-A
could therefore contribute to shape and stabilize the endoplasmic
reticulum structure.

Molecular interactions mediated by the reticulon homology
domain (RHD) may lead to Kir4.1 sequestration in the endoplas-
mic reticulum. The RHD is a highly conserved sequence of ~180
amino acids in the C-terminal region of Nogo-A, Nogo-B and RTN3
[1]. The RHD contains 2 putative transmembrane regions involved
in reticulon binding to the membrane. Importantly, the RHD also
mediates the association of reticulons with beta-site APP-cleaving
enzyme 1 (BACE1); reticulon1-4 overexpression induces BACE1
retention in the endoplasmic reticulum in a RHD-dependent man-
ner and hence reduces the level of BACE1 at the plasma membrane
[41,42]. In a similar fashion, the RHD of Nogo-A might participate
in the binding to Kir4.1 and causes its sequestration in the endo-
plasmic reticulum. The mechanisms regulating Nogo-A trafficking
in the cell are not understood yet. Like other RTNs, Nogo-A lacks an
N-term signal peptide [2]. However, it has been shown that the N-
terminal domain of Kir4.1 was involved in its export from the Golgi
compartment to the plasma membrane [43]. Nogo-A colocalizes
with Golgi markers as well [44]. Therefore, Nogo-A might change
Kir4.1 localization in subcellular compartments, for instance by
interfering with the amino domain of Kir4.1. This mechanism may
contribute to the loss of Kir4.1 at the plasma membrane that has
been associated with a marked potassium conductance reduction
in pathological conditions [45].

5. Summary

In this study we observed that Nogo-A was enriched in Miiller
cell endfeet where it interacts with Kir4.1. Virus-mediated Nogo-A
overexpression induced ectopic distribution of Kir4.1 throughout
Miiller cell extensions, while other proteins of the dystrophin-
associated protein complex like AQP4 were not affected. These
results show for the first time that proteins of the reticulon family
can influence the distribution of Kir4.1 in retinal glial cells. Fur-
ther work should clarify the role of Nogo-A in Kir4.1 trafficking and
function in the healthy retina. The effect that Nogo-A may exert
on Kir4.1 function after retinal injury (e.g. ischemia) remains to be
investigated.
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