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Abstract Primary cilia are specialized organelles that

extend from the cell surface and concentrate signal trans-

duction components. In the nervous system, primary cilia-

associated signals, such as sonic hedgehog (Shh), regulate

cell proliferation and neuronal fate. Primary cilia assembly

and maintenance require a multi-subunit intraflagellar

transport (IFT) protein complex. Defects in primary cilia

and IFT proteins are associated to severe pathological

phenotypes. In the retina, the study of primary cilia has

been mainly restricted to the specialized photoreceptor

outer segment. The presence and physiological role of

primary cilia in other retinal cells have not been clearly

elucidated. Müller cells are the main glia of the retina

where they exert distinct functions to maintain homeosta-

sis. In pathological conditions, Müller cells mount a unique

regenerative response through the processes of dediffer-

entiation, proliferation, and differentiation into neuronal

lineages. The involvement of IFT proteins or a primary

cilium in these processes has not been explored. In this

study, we used mature Müller glia primary cultures to

reveal the presence of the primary cilia by immunoreac-

tivity to acetylated a-tubulin and c-tubulin, which localize

to the axoneme and ciliar basal body, respectively. We

demonstrate that si-RNA-mediated downregulation of

IFT20 gene expression, a main component of the IFT

machinery, blocks Shh-induced Müller cell proliferation.

We present evidence that IFT20 ablation impairs the

dedifferentiation capacity of Müller cells induced by Shh

and by glutamate. Our demonstration that Müller glia

expresses IFT20 and harbors primary cilia, and opens new

venues of research on the role of primary cilia in the retina.

Keywords Primary cilium � Müller glia � Retina �
Hedgehog signaling pathway

Introduction

The primary cilium is a non-motile microtubule-based

organelle, ranging in length from approximately 1–30 lm,

which is coupled to the cytoskeleton and extends from the

plasma membrane of most mammalian cells (Singla and

Reiter 2006). Structurally, primary cilia consist of a ciliary

axoneme formed by nine microtubule doublets (9 ? 0) that

emanate from a modified centriole, the basal body. It is

assembled and maintained by intraflagellar transport (IFT),

a process mediated by molecular motors and IFT particles

that are composed by 15 distinct polypeptides comprising

two large complexes (Cole et al. 1998; Rosenbaum and

Witman 2002). Although for a long time, primary cilia

were considered to be non-functional evolutionary ves-

tiges, in recent years, they have generated enormous

interest due to the observation that disruption of ciliary

structure or function causes multiple disorders in humans

that affect nearly every major body organ including kidney,
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brain, limb, liver, bone, and retina (Badano et al. 2006;

Adams et al. 2009; Novarino et al. 2011; Mahjoub 2013).

Specifically, retinal ciliopathies have been associated with

most prevalent retinal diseases that include retinitis pig-

mentosa, macular degeneration, cone-dystrophy, cone-rod

dystrophy, Leber congenital amaurosis, and retinal degen-

erations associated with Usher sı́ndrome (Adams et al.

2009).

Based on the fact that the ciliary compartment concen-

trates a number of receptors, ion channels, transporters, and

downstream signaling proteins, primary cilia are now

regarded as sensory cellular antennae that play key roles in

development and adult physiology (Singla and Reiter 2006;

Berbari et al. 2009). Hence, primary cilia are critical for the

efficient activation of the Hedgehog (Hh) signaling path-

way (Huangfu et al. 2003; Goetz and Anderson 2010; Ruat

et al. 2012) and have important roles in other develop-

mental signaling pathways including Wnt, transforming

growth factor beta (TGFb), and Notch (Gerdes et al. 2007;

Corbit et al. 2008; Wallingford and Mitchell 2011; Ezratty

et al. 2011). Studies in animal experimental models and in

humans have demonstrated that mutations of IFT proteins

disturb ciliary assembly, and are associated to neurological

disorders such as the Bardet–Biedl and Joubert syndromes

(Aldahmesh et al. 2014; Louie and Gleeson 2005); fur-

thermore, that the assembly of a primary cilium plays

important roles in brain neurogenesis (Amador-Arjona

et al. 2011; Han et al. 2008; Breunig et al. 2008; Ruat et al.

2012, Tong et al. 2014). Thus, it has been demonstrated

that Shh signaling, acting through the primary cilia, is

required for the formation and establishment of postnatal

hippocampal progenitors from radial glia (Breunig et al.

2008; Han et al. 2008) and the expansion of cerebellar

progenitors through development (Spassky et al. 2008).

The presence of a single cilium was also described as an

ultrastructural characteristic of precursor cells in the sub-

ventricular zone of the adult mouse (Doetsch et al. 1999;

Tong et al. 2014).

In the adult mammalian retina, a specialized population

of radial glia, the Müller cells, retains the capacity to

deddiferentiate from a differentiated to a progenitor-like

state, re-enters the cell cycle, and acquires neurogenic

potential upon retinal injury, therefore acting as dormant

stem cells of the retina (Das et al. 2006; Ooto et al. 2004;

Reh and Fischer 2001). Extrinsic and intrinsic factors

cooperate to regulate the dedifferentiation capacity and

neurogenic potential acquisition of postnatal Müller cells

(Fischer et al. 2002; Osakada et al. 2007; Das et al. 2006;

Wan et al. 2007, 2012; Reyes-Aguirre et al. 2013; Wang

et al. 2013). It has been demonstrated, for example, that the

secreted growth factors, such as heparin-binding epidermal

growth factor and ciliary neurotrophic factor, insulin-like

growth factor, cytokines, modulators of the Wnt

transduction pathway, or microRNAs such as let-7 modu-

late the activation or suppression of signaling pathways

involved in the stimulation of Müller glia reprogramming

or Müller cell differentiation (for a recent review see

Goldman 2014).

Among them, Shh has proven to promote stem-cell

potential of rat in immature Müller glia both in vivo and

in vitro, enhancing the regenerative response of these cells

(Wan et al. 2007).

Recent immunofluorescence analysis aimed at the

localization of intraflagellar transport proteins (Sedmak

and Wolfrum 2010) and the primary cilia in the whole

thickness of the mouse retina, other than the extensively

described photoreceptor outer segment (Wheway et al.

2014). These reports demonstrated the presence of five IFT

proteins (IFT-20, 88, 140, 57, and 52) in the photoreceptor

cilia and in subcompartments of bipolar, horizontal, and

ganglion cells; and a longitudinal staining pattern of the

ciliary marker acetylated a-tubulin suggestive of the pre-

sence of primary cilia in Müller cells (Kim et al. 2013).

However, neither the expression of IFT proteins nor the

formation of the primary cilia or its participation in Shh

promotion of stem-cell potential of Müller cells has been

conclusively elucidated.

Here, we demonstrate that the mature Müller glia-enri-

ched primary cultures express IFT20 and expose well-

delineated structures that are revealed by immunoreactivity

to the axonemal acetylated a-tubulin (ac-tub) and to

c-tubulin, which localizes to the basal bodies from where

the primary cilium emerges. We also demonstrate that

si-RNA-mediated downregulation of IFT20 gene expres-

sion blocks Shh-induced Müller cell proliferation and the

induction of expression of the progenitor gene marker,

nestin in these cells. Furthermore, we present evidence that

IFT20 ablation also affects Müller cell dedifferentiation

when the process is initiated not by Shh but by a different

triggering factor, i.e., glutamate.

Materials and Methods

Animals

Experiments were carried out with 12-day-old Long-Evans

rats that were maintained on a 12–12 light–dark cycle, had

access to standard rat chow and water ad libitum, and were

lethally anesthetized with an IP injection of sodium pen-

tobarbital and decapitated. All experiments were conducted

in accordance with the Association for Research in vision

and Ophthalmology (ARVO) Statement for the Use of

Animals for Ophthalmic and Vision Research, and the

guidelines of the internal animal care committee (CIC-

UAL-CINVESTAV, Protocol number 356-06).
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Cell Culture

Enucleated eyes from 12-day-old Long-Evans rats were

placed in Dulbecco’s Minimal Essential Medium (DMEM;

Gibco BRL, Gaithersburg, MD) containing 10 % fetal

bovine serum (FBS) and 1:1,000 penicillin–streptomycin

and stored overnight in the dark at room temperature. The

eyes were incubated the next day for 30 min at 37 �C in

DMEM containing 0.1 % trypsin and 70 IU/ml collagenase

(Sigma Chemical Co., St. Louis, MO), transferred to 10 %

FBS-DMEM, and cultured for 7–10 days until confluent.

The retina was dissected away from the rest of the tissue

and dissociated with a Pasteur pipette. Cells from two

retinas were seeded onto a 75 cm2 flasks until confluent

and cultured in OptiMEM (Gibco BRL, Gaithersburg, MD)

containing 4 % FBS. The medium was changed 24 h after

seeding to eliminate suspended cells. This technique is

routinely used as a source of purified Müller cell cultures

that are devoid of neuronal contamination (Ramirez and

Lamas 2009). Cells were maintained as controls or exposed

to the following compounds: Sonic Hedgehog (Sigma

Chemical) 5 nM for proliferation studies and 20 nM for

induction of nestin expression; Cyclopamine (Sigma

Chemical) 10 lM or glutamate 50 lM.

MTT Cell Proliferation Assay

Cells were seeded in a 96-well culture plates at a density of

4 9 103 cells/well. Triplicate wells were used for each exper-

imental condition. Ten ll of 5 mg/ml MTT (3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Invitrogen)

were added to each culture well. The reaction mixture was

incubated for 4 h at 37 �C. After addition of 50 lL of dimethyl

sulfoxide (Sigma), the absorbance at 540 nm was measured

with a NanoDrop 2000 Spectrophotometer.

RNA Interference

The siRNA transfection procedure for IFT20 knockdown has

already been described (Yoshimura et al. 2011). The IFT20

siRNA duplex oligoribonucleotides (Invitrogen) had the fol-

lowing sequence: 5-GAAACUUGCUGAAAUCCAUAGCG

AA-3. Cells transfected with a non-coding siRNA sequence

obtained from Invitrogen were used as mock controls. Fifty

nM of oligoribonucleotides were transfected into Müller glia

using Lipofectamine 2000 (Invitrogen) following the manu-

facturer’s instructions, and the experiments with transfected

cells were conducted 48 h after transfection.

Apoptosis Assay

Quantitative analysis of live, early/late apoptotic, and dead

cells was performed using a MuseTM Annexin V & Dead Cell

Kit (MCH100105, Millipore, Hayward, CA, USA) and a

Muse Cell Analyzer (Millipore), as described in the manu-

facturer’s instructions. Briefly, Müller cells were detached

from culture plates with trypsin 0.25 % (Gibco). A combi-

nation of 100 lL of cell suspension and 100 lL of MuseTM

Annexin V & Dead Cell Reagent was incubated for 20 min at

room temperature and analyzed in a Muse Cell Analyzer.

RT-PCR and Real-Time Quantitative RT-PCR

Total RNA was isolated from cell cultures or total retina

using Trizol (Invitrogen). Complementary DNA (cDNA)

was synthesized using Oligo dT and Superscript-II reverse

transcriptase (Invitrogen). To evaluate the expression of

IFT20 in Müller glia, cDNA samples from Müller cell

cultures were applied to Real-Time PCR using TaqMan

Gene Expression Assays (Applied Biosystems). PCR was

performed at 50 �C for 2 min and 95 �C for 10 min, fol-

lowed by 40 cycles of 95 �C for 15 s and 60 �C for 1 min.

Primer pairs were b-actin (Rn00667869_m1), IFT20

(Rn01467420_m1), Smo (50-GCCAGGAGCTCTCCTT

CAG-30 and 50 CCGGCAACAGGTCCATCAT-30), and

Gli (50-TGAGCATTATGGACAAGTGCAAGTA-30 and

50-CAACCCGGTGGAGTCAGA-30). When required,

samples were resolved in agarose gel electrophoresis. Data

analyses were performed according to the comparative Ct

method; values of cDNA expression of the target genes

were normalized relative to the expression of b-actin ana-

lyzed from the same sample on the same plate and reported

as Relative mRNA Expression ± SEM.

Immunocytochemistry

The cells were cultured on Poly-L-Lysine (Sigma Chemical

Co.) coated slides fixed with 4 % paraformaldehyde for

10 min, washed three times in PBS (137 mM NaCl,

2.7 mM KCl, 4.3 mM Na2PO4; 1.47 mM KH2PO4), and

blocked in 10 % BSA and 10 % goat normal serum in PBS

containing 0.3 % Tween-20. The cells were stained with

primary antibodies for glutamine synthase (1:200; Abcam,

ab16802), acetylated tubulin (1:1,000; Sigma T6793),

gamma tubulin (1:500; Abcam ab11321), and Nestin

(1:200; Millipore MAB353), which were diluted in the

blocking solution before they were added. The slides were

allowed to sit overnight at 4 �C. After extensive washing,

the double staining was developed using a 1: 500 dilution

of Alexa 568 anti-mouse antibody and Alexa 488 anti-

rabbit antibody (Molecular Probes, Invitrogen, Carlsbad,

CA). Finally, the cell nuclei were counterstained with

0.1 mg/ml 40, 6-diamidino-2-phenylindole (DAPI) for

10 min. The slides were mounted with Vectashield (Vector

Laboratories, Burlingame, CA), and they were viewed on

an epifluorescence microscope Zeiss Axiovert 40 CFL,
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with a digital camera Carl Zeiss Axiocam MRm and using

AxioVision Rel.4.8. software.

Scanning Electron Microscopy

Müller cells were cultured on poly-L-lysine-coated slides in

24-well tissue culture plates, washed 3 times with PBS,

fixed in 4 % glutaraldehyde for 2 h, rinsed in deionized

water, and dehydrated in ascending grades of alcohol

(10–100 %, 30 min per step). After dehydration, the cells

were subjected to critical point drying, were sputter coated

with gold, and then examined by scanning electron

microscopy (Hitachi su1510).

Statistical Analysis

The data are expressed as the mean ± SEM. The signifi-

cance of the differences between means was assessed using

a one-way and two-way ANOVA, followed by a Tukey’s

test for post hoc comparisons where necessary.

Results

Expression of Primary Cilia Markers

and the Intraflagellar Transport Protein IFT20

in Postnatal Rat Müller Cells Primary Cultures

The presence of primary cilia was evaluated in differentiated

postnatal Müller primary cell cultures characterized mor-

phologically by a flattened large somata with extended cyto-

plasmic protrusions and the expression of the Müller specific

cell marker glutamine synthetase (GS) in over 96 % of the

cells (Fig. 1a, b). Morphological analysis by scanning elec-

tron microscopy at higher magnification revealed the presence

of distinct projections, approximately 5 lm in length, which

were distinguishable from other smaller projections (Fig. 1c).

Primary cilia were detected in approximately 10 % of

the cells by immunoreactivity to acetylated a-tubulin (ac-

tub) that allowed identifying well-delineated structures

(Fig. 2a, d), and c-tubulin (c-tub), which localizes to the

basal bodies from where the primary cilium emerges

(Fig. 2c). Double immunolabeling of ac-tub with GS fur-

ther corroborated that the ac-tub immunopositive structures

extended from Müller cells (Fig. 2d).

Next, we used PN12 Müller primary cultures to deter-

mine by RT-PCR the expression of IFT20; a component of

the IFT machinery that plays an essential role in the

maintenance of the cilia structure (Follit et al. 2006; Jon-

assen et al. 2008; Yoshimura et al. 2011). Total retina

mRNA extracts were used as positive controls. Our results

demonstrate that PN12 Müller cell primary cultures

express IFT20 (Fig. 2e).

Downregulation of IFT20 Gene Expression Blocks

Shh-Induced Mature Müller Cell Proliferation

in Culture

Late-stage retinal progenitors gradually transition to

mature Müller glia from PN0 to PN12 in the rodent retina

A 

B 

GS 

C 

Fig. 1 Morphological and immunofluorescence analysis of rat post-

natal mature Müller glia. a Scanning electron microscopy analysis of a

PN12 rat Müller glia primary culture. Scale bar 100 lm. b Represen-

tative photomicrograph of PN12 rat Müller glia primary culture labeled

with GS (red) and counterstained with DAPI (blue). Scale bar 50 lm.

c Representative high magnification scanning electron microscopy

analysis of a Müller cell showing a distinct projection, approximately

5 lm in length (arrow). Scale bar 5 lm (Color figure online)
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(Nelson et al. 2011), and it has been previously demon-

strated that Shh promotes proliferation from cultures of

Müller cells obtained from immature PN7 rat retinas (Wan

et al. 2007). To evaluate whether mature PN12 cell cultures

retain the capacity to proliferate in response to Shh, we

measured cell proliferation on confluent cultures grown in

the absence (control) or presence of 5 nM Shh and the Shh

pathway inhibitor, cyclopamine (10 lM). Our results

showed that 5 nM Shh is enough to induce a significant

increase cell proliferation compared to control cultures,

which is prevented by exposure to 10 lM cyclopamine

(Fig. 3a).

Efficient activation of Shh signaling pathway depends

on IFT proteins that ensure the proper function of primary

cilia (Huangfu et al. 2003; Goetz and Anderson 2010; Ruat

et al. 2012). To evaluate whether disassembly of the

DAPI ac-tub -tub ac-tub/ -tub

ac-tub/ DAPI 

ac-tub/ DAPI 

ac-tub 

A B 

C 

GS/ ac-tub 

D E 

Fig. 2 PN12 rat Müller cells express primary cilia markers and the

intraflagellar transport protein IFT20. a–c Representative photomi-

crographs of PN12 rat Müller glia primary cultures labeled with ac-

tub (white or red), c-tub (green) and counterstained with DAPI (blue).

Scale bar 20 lm. Ac-tub immunopositive structures were observed in

approximately 10 % of the cells (32 cells from a total of 300 cells

counted) d Representative photomicrograph of PN12 rat Müller cell

labeled with GS (red) and ac-tub (green), counterstained with DAPI

(blue). e RT-PCR analysis of IFT20 expression in the PN12 rat retina

(R) and PN12 Müller primary cultures (M). Actin mRNA expression

was used as control. RT-PCR reactions were resolved by agarose gel

electrophoresis (Color figure online)
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primary cilium could affect Shh-mediated induction of

Müller cell proliferation, we decided to inhibit ciliogenesis

using a previously described siRNA approach (Yoshimura

et al. 2011). Postnatal rat Müller cell primary cultures were

independently transfected with an IFT20 siRNA or a con-

trol scrambled siRNA (Scr) sequence. Real-time PCR

analysis, 24 h after transfection, showed a knockdown of

IFT20 expression of approximately 90 % in IFT20-siRNA-

transfected cells, while expression was not affected after

scrambled siRNA transfection (Fig. 3b). We also examined

whether previously reported components of the Shh sig-

naling system (Smo and Gli1) (Murone et al. 1999) were

expressed in PN12 Müller primary cultures and whether

expression of these proteins was affected by IFT20

downregulation in siRNA-transfected cells. Quantitative

RT-PCR demonstrated that, in IFT20 siRNA-transfected

cells, expression of Smo and Gli1 is reduced 32 and 48 %,

respectively, compared to the level of expression of these

proteins in control cells (Fig. 3b).

Cell proliferation analysis showed that siRNA-mediated

downregulation of IFT20 gene expression blocked Shh-

induced Müller cell proliferation in culture, while trans-

fection of scrambled siRNA had no significant effect on

cell proliferation (Fig. 3c). To evaluate whether the IFT20

siRNA-mediated decrease on cell proliferation was asso-

ciated to increased cell death, we evaluated the apoptosis

profile of control and transfected cultures through the

analysis of Annexin V expression (Fig. 3d). Quantification

of the percentage of viable cells indicated that none of the

transfections caused a significant increase on the number of

the apoptotic annexin V-immunopositive cells (Fig. 3d).

Downregulation of IFT20 Gene Expression Reduces

Shh-Induced Expression of the Progenitor Marker

Nestin in Müller Cell Cultures

In addition to inducing Müller cell proliferation, Shh

promotes PN7 Müller cell dedifferentiation and the

expression of progenitor cell markers in culture (Wan

et al. 2007). To determine whether mature PN12 Müller

cells were also responsive to Shh-mediated induction of

dedifferentiation, we evaluated the expression of the

cFig. 3 Downregulation of IFT20 gene expression impairs Shh-

induced Müller cell proliferation in culture. a MTT cell proliferation

assay of Müller primary cultures grown in the absence (control) or

presence of 5 nM Shh, 10 lM Ciclopamine (Cpm), or a combination

of Shh and Cpm. The graph represents the mean ± SEM absorbance

readings of at least three independent experiments. **p \ 0.01,

*p \ 0.05 compared to control; one-way ANOVA followed by

Tuke’s test for post hoc. b Real-time RT-PCR quantification of

IFT20, Smo and Gli1 expression in control, and scramble siRNA and

IFT20 siRNA-transfected cells 24 h after transfection. Actin mRNA

expression was used as an internal control to calculate the relative

mRNA expression of IFT20, Smo, and Gli to GAPDH. Data represent

the media ± SEM of at least three different experiments.

***p \ 0.001, *p \ 0.05 compared to control; one-way ANOVA

and Tukey’s test for post hoc. c MTT cell proliferation assay of

control, scramble siRNA, and IFT20 siRNA-transfected cells.

**p \ 0.01, *p \ 0.05 compared to control; one-way ANOVA and

Tukey’s test for post hoc. d Muse Annexin V/Dead Cell Assay in

control, scramble siRNA, and IFT20 siRNA-transfected cells. The left

panel shows a representative cytofluorimetric dot plot for annexin V

detection that allows the identification of four cell populations: live

(bottom right), early apoptotic (bottom left), dead (upper left), and late

apoptotic (upper right). The graph shows the quantification of

surviving cells at days 1, 2, and 3 after transfection of at least three

independent experiments. No statistical differences between the

groups were found
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progenitor cell marker nestin, by immunofluorescence

with an specific antibody, in PN12 cultured cells for three

days in the absence and presence of 20 lM Shh (Fig. 4a).

We found that approximately 20 % of Shh-treated cells

were immunopositive for nestin expression. When nestin

expression was evaluated in IFT20 siRNA-transfected

cells, we found that downregulation of IFT20 gene

expression reduces Shh-induced nestin expression and

only 4 % of the cells resulted immunoreactive (Fig. 4a).

Mock or scramble siRNA transfection had no effect on

nestin expression (not shown).

IFT20 Downregulation Also Affects the Glutamate-

Induced Müller Dedifferentiation Pathway

We have previously demonstrated that glutamate, the main

excitatory neurotransmitter of the retina, can trigger a rapid

dedifferentiation signal in primary cultures of rat Müller

glial cells, characterized by changes in cell morphology and

the induction of nestin expression, (Reyes-Aguirre et al.

2013), but the participation of IFT20 or the necessity for the

correct assembly of a primary cilium in this process had not

been evaluated. To this end, IFT-20 siRNA, scramble siR-

NA and mock-transfected cells were cultured in the absence

or presence of 50 lM glutamate. To evaluate the partici-

pation of the Shh signal transduction pathways, a group of

cells was also exposed to the Shh pathway inhibitor, cy-

clopamine. Nestin expression in these cultures was assessed

by immunofluorescence and the percentage of immunore-

active cells was quantified (Fig. 4b). Our results show that,

as expected, glutamate exposure for 4 h induces significant

increases in the percentage of nestin expressing cells in

mock and scramble siRNA-transfected cultures (from 6.3 to

28 %, and from 4.5 to 28 %, respectively). IFT20 down-

regulation and cyclopamine exposure partially impair glu-

tamate-induced nestin expression. The percentage of nestin

immunopositive cells is reduced by approximately 50 % in

glutamate-exposed IFT20 siRNA-transfected cells compared

to glutamate-exposed mock or Scr-transfected cells (from

28.3 to 14.1 %, respectively). Ciclopamine exposure induces

a similar reduction on the number of nestin expressing cells.

Noteworthy, our results also demonstrate that even after

IFT20 ablation or in the presence of cyclopamine, glutamate

exposure induces a significant increase in the number of

nestin expressing cells.

Discussion

In this study, we demonstrate that postnatal mature Müller

glia may harbor a primary cilium and that the presence of

this organelle may be relevant for the proliferation and

dedifferentiation of these cells. In the retina, primary cilia

have attracted considerable attention due to the presence of

a modified and highly specialized primary cilium in pho-

toreceptor cells that play a crucial role in the selective

transport of proteins and other molecules to and from the

outer segments (Sedmak and Wolfrum 2010). Immunore-

activity to ciliary markers and distribution of IFT proteins

have also been described on the outer plexiform layer

(OPL) and ganglion cell layer (GCL) of the rodent retina,

suggesting that retinal neuronal processes might share the

features of cilia (Kim et al. 2013). Based on a characteristic

longitudinal staining pattern of the ciliary marker, acety-

lated a-tubulin previous reports suggested the presence of

primary cilia in Müller glia in the mouse retina in vivo

(Kim et al. 2013). Here, we used Müller glia-enriched

primary cultures to conclusively identify the presence of

primary cilia, by immunofluorescence with antibodies that

specifically recognize ac-tub and c-tub, two critical

microtubule proteins that are enriched in the axonemes and

basal bodies of primary cilia, respectively (Alieva et al.

1999; Aldaz et al. 2005). Ac-tub immunopositive ‘‘hair-

like’’ structures were intensively immunolabeled, distin-

guishable from other cytoplasmic microtubules recognized

by the antibody, and associated to c-tub co-labeling.

Consistent with the notion that assembly of cilia is closely

associated to cell cycle progression (Seeley and Nachury

2010) and given that Müller cell cultures were exponen-

tially growing in the presence of serum and not synchro-

nized; we only observed ac-tub immunopositive structures

in approximately 10 % of the cells, but ciliated cells were

present in all the cultures evaluated.

In addition to their dedifferentiation and neuronal dif-

ferentiation capacity, it has been proposed that Müller

cells, obtained from the immature retina, might instruct a

pool of resident retinal progenitor cells to acquire the

characteristics of neural stem cells (Simón et al. 2012). The

fact that the cultures used in our study were obtained after

full maturation of the rodent retina (Nelson et al. 2011)

excludes the possible contribution of late-stage retinal

progenitors.

An antecedent of this work is the demonstration that the

Shh signaling pathway promotes proliferation and stem cell

potential of postnatal day 7 (PN7) Müller glia in culture

and in vivo (Wan et al. 2007). The components of the Shh

signaling pathway are concentrated within the ciliary

compartment and proper cilia assembly is crucial for effi-

cient pathway activation (Corbit et al. 2005; Ocbina and

Anderson 2008; Haycraft et al., 2005). Here, we deter-

mined that siRNA-mediated downregulation of IFT20

resulted in decreased expression of the Shh signaling

pathway components Smo and Gli1, and caused the inhi-

bition of Shh-mediated increase of cell proliferation and

progenitor cell marker nestin expression in mature (PN12)

IFT20-siRNA-transfected Müller cells. The effect of IFT20
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downregulation on nestin expression is partial and a per-

centage (4 %) of the cells is still able to induce nestin

expression. The explanation could be related to a meth-

odological issue, as siRNA-mediated ablation of IFT-20

expression is limited.

Although the regenerative potential of rodent Müller

cells is limited, dedifferentiation and acquisition of stem

cell characteristics by Müller glia-derived retinal progeni-

tors can be induced by a variety of signal transduction

pathways that include those triggered by basic fibroblast

growth factor (bFGF), prostaglandin E2 (PGE2) (Wang

et al. 2013); Wnt (Liu et al. 2013), oxidative stress

(Abrahan et al. 2009), and glutamate (Takeda et al. 2008;

Reyes-Aguirre et al. 2013), in addition to Shh. The

molecular mechanisms underlying the induction of Müller

cell dedifferentiation upon these triggering signals remain

elusive and, therefore, the question remains whether dif-

ferent signal transduction pathways may converge or fol-

low distinct non-overlapping routes to finally drive Müller

cell reprogramming. We here demonstrate that IFT20

ablation not only decreases Shh-mediated Müller cell

dedifferentiation, but also the expression of the progenitor

marker nestin induced by glutamate. These results would

indicate that a correct assembly of the primary cilia or

IFT20 expression is required for proper induction of Müller

cell dedifferentiation by glutamate, suggesting that both

Fig. 4 Downregulation of IFT20 gene expression blocks Shh-

induced and glutamate-induced expression of the progenitor marker

nestin. a Shh induces nestin expression in rat Müller glia primary

cultures and IFT20 ablation impairs Shh-induced nestin expression.

Left panel, representative photomicrograph of PN12 rat Müller glia

primary culture labeled with nestin (red) and counterstained with

DAPI (blue). Scale bar 20 lm. Right panel, quantification of the

number of nestin immunolabeled cells in rat Müller glia primary

cultures and IFT20 siRNA-transfected cells cultured for three days in

absence (Control) or the presence of 20 nM Shh. Data represent

percentage of immunopositive cells of 300 cells counted on non-

overlapping fields in three different experiments on 940

photomicrographs. **p \ 0.01, *p \ 0.05 compared to control; one-

way ANOVA and Tukey’s test for post hoc. b IFT20 ablation

partially impairs glutamate-induced nestin expression in PN12 rat

Müller cells. Quantification of the number of nestin immunolabeled

cells in rat Müller glia primary cultures and in mock, scramble (Scr)

and IFT20 siRNA-transfected, and cyclopamine-exposed (Cpm) cells,

cultured for four hour in the absence (Control) or the presence of

50 lM glutamate. Data represent percentage of immunopositive cells

of 300 cells counted on non-overlapping fields in three different

experiments on 940 photomicrographs. ***p \ 0.001; #p \ 0.01

compared to control, &p \ 0.05 compared to control; two-way

ANOVA and Tukey’s test for post hoc (Color figure online)
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signal transduction pathways converge. However, despite

IFT20 downregulation, glutamate exposure is still capable

of inducing a significant increase in nestin expression in

glutamate-treated compared to non-treated-transfected

cells. On the whole, these results suggest that the expres-

sion of nestin may be induced through independent signal

transduction pathways initiated by diverse dedifferentiation

signals. The molecular mechanisms underlying a possible

crosstalk between Shh and glutamate, as dedifferentiation

triggering signals, remain un-deciphered.

To our knowledge, this is the first evaluation of the con-

sequences of IFT20 ablation and, presumable the disruption

of the primary cilia, in these cells. However, the expression

of IFT20 in Müller cells might have additional physiological

implications other than those related to the presence of a

primary cilium, as there is increasing evidence that IFT

proteins might be involved in functions other than cilio-

genesis (Baldari and Rosenbaum 2010). Thus, in addition to

the basal centriole and the cilia, IFT20 has been localized to

the Golgi complex (Follit et al. 2006, 2008) and associated to

the exocytosis process even in non-ciliated cells (Jekely and

Arendt 2006; Finetti et al. 2009). Interestingly, the remark-

able contribution of Müller glia to retinal homeostasis,

structure, and function (Reichenbach and Bringmann 2013)

includes the exocytotic release of neuronal activity modu-

lators, such as glutamate (Slezak et al. 2012).

Our findings highlight novel characteristics of Müller

glia: the expression of IFT-20 and the presence of primary

cilia. Because Müller cells and Müller-derived retinal

progenitors hold promise for the treatment of retinal dis-

eases, and given the strong connection between primary

cilia-associated defects and various clinical phenotypes

(Adams et al. 2009; Fry et al. 2014; Valente et al. 2014),

and this knowledge may open new venues of research in

the regenerative medicine field.
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