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Abstract The Müller cell is the only glial cell type
generated from the retinal neuroepithelium. This cell type
controls normal retina homeostasis and has been suggested
to play a neuroprotective role. Recent evidence suggests
that mammalian Müller cells can de-differentiate and return
to a progenitor or stem cell stage following injury or
disease. In vivo exploration of the molecular mechanisms
of Müller cell differentiation and proliferation will add
essential information to manipulate Müller cell functions.
Signal transduction pathways that regulate Müller cell
responses and activity are a critical part of their cellular
machinery. In this study, we focus on mitogen-activated
protein kinase (MAPK) signaling pathway during Müller
glial cell differentiation and proliferation. We found that
both MAPK and STAT3 signaling pathways are present
during Müller glial cell development. Ciliary neurotrophic
factor (CNTF)-stimulated Müller glial cell proliferation is
associated with early developmental stages. Specific inhi-
bition of MAPK phosphorylation significantly reduced the
number of Müller glial cells with or without CNTF
stimulation. These results suggested that the MAPK signal

transduction pathway is important in the formation of
Müller glial cells during retina development.
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Introduction

How cell differentiation is specified during development of
nervous systems remains a central question of develop-
mental neurobiology [1, 2]. It is believed that extracellular
factors, which bind to cell surface receptors and generate
signals for regulation of intrinsic factors, have a decisive
role in cell specification [3]. For example, in Drosophila
eye development, growth factors and their receptors
activate the RAS-MAP kinase pathway, which plays an
essential role in specification of photoreceptors [4]. However,
it remains to be shown whether any signaling pathway
initiated by growth factors plays a critical role during
vertebrate retina development.

The vertebrate retina has frequently been used as a
model for studies of cell fate determination during neural
development. Pioneering lineage analysis studies have
shown that a common pool of dividing retinal progenitor
cells becomes progressively restricted in their potential for
differentiation during development [1, 5–7]. For example,
one late pool of precursor cells present in perinatal mouse
retina can give rise to rod photoreceptors, bipolar cells and
Müller glial cells [1, 6]. There is also evidence that
extracellular factors, in collaboration with intrinsic factors,
determine retinal cell specification [8–13]. Although no
factor has yet been isolated that can direct a progenitor cell
into a specific retinal cell fate, it has been shown that ciliary
neurotrophic factor (CNTF) and leukemia inhibitory factor
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(LIF) can specifically block the production of rod photo-
receptors in both mice and chicks [14–16]. However, it is
not understood how these cytokines control cell specifica-
tion, particularly what pathway is used use to transduce
their signal into the cell.

The signal transducer and activator of transcription
(STAT) proteins were initially discovered from interferon-
stimulated transcriptional complexes [17]. They contain
an SH2 domain and are phosphorylated directly by protein
tyrosine kinases [18, 19]. After phosphorylation, the
activated STAT proteins dimerize in the cytoplasm and
then translocate to the nucleus where they can modulate
transcription [20]. It has been shown that many cytokines
and growth factors can activate the STAT signaling
pathway, and STAT proteins have essential functions in
cell growth, differentiation, and survival [21–24]. Cyto-
kines of the IL-6 family, including CNTF and LIF, activate
both STAT3 and MAPK in their signal transduction
through gp130 family common receptors [25–29]. STAT3
has been characterized as a regulator for glial differentiation
[25, 27].

We have shown that STAT3 is expressed and
activated during mouse retina development [30], and
STAT3 but not MAPK have the respective roles on rod
photoreceptor fate determination [31]. Although STAT3 is
sufficient to control the transition into a rod differentiation
pathway, CNTF and LIF also activate MAPK. The
function of the MAPK pathway in retinal development
has not been well documented.

Here, we report that MAPK plays a significant role
in Müller glial cell defferentiation within the retina. The
actions of MAPK in Müller glial cell differentiation and
proliferation are stage-dependent. The results strongly
support a model whereby activation of the MAPK
signaling pathway can promote the entry of progenitors
into a Müller glial cell differentiation pathway during
embryonic stages but not later postnatal stages of retina
development.

Materials and methods

Reagents

Recombinant rat CNTF was purchased from R&D Systems
(Minneapolis, MN) and MAPK inhibitor, PD98059 [32],
from Cell Signaling. Anti-STAT3 (C20) polyclonal anti-
bodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-p44/p42 MAPK (P-Tyr185/P-Thr183)
polyclonal antibodies were purchased from Cell Signal-
ing (Billerica, MA). Anti-2A1 monoclonal antibody
recognizes against filamentous components specifically
in Müller cells [33].

Animals and retina explant cultures

Timed-pregnant CD-1 mice were purchased from Charles
River Laboratories (Boston, MA). All procedures of animal
used were approved by Penn State Hershey IACUC. Most
of the litters were born on E20, which was considered
equivalent to postnatal day 0 (PN0). Embryos were
dissected in cooled phosphate-buffered saline (PBS) for
retina isolation. Whole retinas were isolated from
embryos or postnatal mice, respectively [13, 30, 31,
34]. Retinas were cultured individually in 1 ml basal
medium (UltraCulture™, Cambrex Bio Science Rockland,
ME) without serum supplement as described previously
[13]. Every 2 days, half of the total medium was replaced
by fresh medium. CNTF and PD98059 were added at
E17.5 or PN1 as indicated in the text. CNTF was
dissolved in basal medium and PD98059 was dissolved
in 0.01% dimethyl sulfoxide (DMSO).

Histology and immunohistochemistry

Explanted retinas were fixed with 4% paraformaldehyde in
PBS for at least 12 h at 4°C. After three washes with PBS,
fixed explants were dehydrated through a series of graded
ethanols and embedded in paraffin. All samples for one
experiment were placed in the same block and sectioned for
immunohistochemistry or in situ hybridization. A standard
immunohistochemistry protocol [30, 31] was employed for
single or double staining using peroxidase-conjugated
(Vector Laboratory, Burlingame, CA) or fluorescein-
conjugated (Jackson Immuno-Research Laboratory, West
Grove, PA) secondary antibodies. Stained sections were
imaged by using Olympus microscopes equipped with
digital cameras or an Olympus FluoView FV1000 confocal
microscope.

Statistical analysis

Student’s t test was used for the statistical analysis between
control and experimental groups, p<0.05 will be considered
as significant differences.

Results

STAT3 and MAPK are expressed in retina Müller glial cells

2A1 is a monoclonal antibody that reacts with intermediate
filament components in Müller cells and shows no overlap
in staining with GFAP positive astrocytes [33]. Double
staining of 2A1 with STAT3 or MAPK (pp44/42) on
sections from explant cultures from E17.5 retinas for 7 days
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showed co-localization of these two molecules in the same
cells, respectively (Fig. 1). The overlap signaling from both
molecules can be identified in the soma and dendrite of
Müller glial cells. This result indicated that both STAT3 and

MAPK signaling pathways are present during Müller glial
cell development.

CNTF stimulated Müller glial proliferation is dependent
on developmental stage

The numbers of Müller glial cells increased after CNTF
treatment in E17.5 cultured retina explants. However, it
presented a different pattern when we treated the retina
explants from postnatal stages. As shown in Fig. 2, we have
compared two stages, using retina explants from embryonic
day 17.5 (E17.5) and PN1 to examine the numbers of
MAPK positive cells treated with or without CNTF,
respectively.We found that a significantly elevated the numbers
of MAPK positive cells in the explant culture from E17.5
retinas (Fig. 2a, b, p<0.05, n=6), but there are no differences
in the numbers of MAPK positive cells in the explants
cultured from PN1 retinas (Fig. 2a, b). This result indicated

Fig. 1 Confocal imaging of Müller glial cells from cultured retina
explants. 2A1-positive cells (red) are co-localized with STAT3 (green,
left panel) and MAPK (green, right panel) signaling pathways. Co-
localization presented as yellow, ×40 in magnification

Fig. 2 Stage-dependent CNTF-
induced Müller glial cell prolifera-
tion during retina development. a
Fluorescent images with pp44/42
staining (green) from E17.5 (left
panels) and PN1 (right panels)
retinas cultured to postnatal day 7
with (lower panels) or without
(upper panels) CNTF application.
BM basal medium; ×20 in
magnification; b Bar graphs show
average numbers of Müller glial
cells with or without CNTF
stimulation. A significantly
increase of Müller glial cell
numbers are examined in the
E17.5 groups after CNTF
treatment (p<0.05, n=6), while
no differences are found in PN1
groups (p>0.05, n=6)
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that activation of MAPK by CNTF increases Müller glial cell
productions, but it is dependent on the developmental stages.

MAPK inhibitor blocks both normal Müller glial
development and CNTF-induced Müller glial proliferation

PD98059 is a specific MAPKK inhibitor and pretreatment
of the prenatal retina explants with PD98059 specifically
diminished MAPK function to monitor the changes of 2A1-
positive Müller glial cells with or without CNTF treatment.
As shown in Fig. 3, we found that reduction of 2A1-
positive cell numbers was consistently with the decreasing
of MAPK (pp44/42) expression levels (data not shown) in
both CNTF treated or untreated groups compared with their
mock DMSO controls. This result indicated that MAPK
(pp44) is a critical signaling molecule for 2A1-positive
Müller glial cell differentiation.

Discussion

In this study, we have shown that MAPK (pp44/42) is
an important mediator for Müller glial development in
mammalian retina. In previous studies, we showed that
CNTF directly stimulates STAT3 and MAPK (pp44/42)
cascades in the retina explant cultures [31, 35]. STAT3
but not MAPK (pp44/42) activation is responsible for the
inhibitory role of CNTF on rod differentiation [31]. In
additional studies, we and other groups have obtained
results strongly suggesting that STAT3 signaling is an
underlying component of neural responsiveness to stress
stimuli, especially in retina ganglion cells [36, 37].

Müller glial cells are among the last neural cells to be
born during retina development. CNTF has been shown to
cause a small increase of Müller glial cell numbers in a rat
model [14]. Later in a mouse model, Goureau et al. showed
that CNTF promoted Müller glial differentiation from the
postnatal retinal progenitor pool [38]. In our study, we
showed that the numbers of Müller glial cells were only
slightly increased by CNTF in explant cultures from PN1
retina, in agreement with the results from rat model [14].
However, we found that a significant increase in the
number of Müller glial cells induced by CNTF in explant
cultures from embryonic day 17.5 (E17.5) retina. Although
the differences could be caused by the use of different
Müller glial cell markers or different animal models, we
suggest that CNTF trigger more significant changes in
Müller cell production in early developmental stages.

Previous studies have shown that perturbation of STATand
MAPK (pp44/42) signaling using protein kinase inhibitors
and a dominant-negative STAT3 mutant demonstrates that
both CNTF-induced STAT and MAPK (pp44/42) (ERK)
activation are involved in promoting Müller cell production
[38]. In this study, we co-localized MAPK (pp44/42) with a
specific marker 2A1 [33] but not a marker of activated
Müller cells, GFAP [14]. We found that MAPK (pp44/42)
was exactly co-localized with the 2A1 marker by confocal
imaging and the changes of MAPK (pp44/42) expression
induced by stimulating with CNTF also corresponded to the
changes of 2A1. Furthermore, a MAPK (pp44/42) inhibitor
PD98059 inhibited both MAPK (pp44/42) activation and
2A1 expression, suggesting that MAPK (pp44/42) is a
crucial factor for Müller cell production and itself can be a
useful marker for developing Müller glial cells.

Recent evidence suggests that some retina Müller cells can
de-differentiate and return to a progenitor or stem cell stage
[39]. MAPK signaling has been shown to be important for
Müller cell differentiation and proliferation in other systems
and following retinal injury. MAPK signaling can stimulate
Müller glial to proliferate in acutely damaged chicken retina
in response to fibroblast growth factor [40]. Recent studies
by the same group showed that chick Notch is downstream

Fig. 3 Treatment with MAPK inhibitor PD98059 reduced Müller glial
cell numbers in retinal explant cultures with or without CNTF application.
Microscopic images show differential interference contrast (DIC, left
panels) and fluorescence 2A1 staining (red, right panels). BM basal
medium; PD PD98059; DMSO dimethyl sulfoxide, ×20 in magnification
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of FGF/MAPK signaling to drive the proliferation of Müller
glial cells in response to stress [41]. Further defining the
activators and targets of MAPK signaling in mammals
following injury is crucial to develop a full understanding of
Müller glial de-differentiation and subsequent fate choices.
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