Cell Tissue Res
DOI 10.1007/s00441-011-1211-9

REGULAR ARTICLE

Development of astroglia heterogeneously expressing Pax2,
vimentin and GFAP during the ontogeny of the optic pathway
of the lizard (Gallotia galloti): an immunohistochemical

and ultrastructural study

M. Nieves Casaiias - Elena Santos - Carmen Yanes -
Maria M. Romero-Aleman - Raquel Viiioly -
M. Carmen Alfayate - Maximina Monz6n-Mayor

Received: 15 February 2011 /Accepted: 13 July 2011
© Springer-Verlag 2011

Abstract The successful regrowth of retinal ganglion cell
(RGC) axons after optic nerve (ON) axotomy in Gallotia
galloti indicates a permissive role of the glial environment.
We have characterised the astroglial lineage of the lizard
optic pathway throughout its ontogeny (embryonic stage 30
[E30] to adults) by using electron microscopy and immuno-
histochemistry to detect the proliferation marker PCNA
(proliferating cell nuclear antigen), the transcription factor
Pax2 and the gliofilament proteins vimentin (Vim) and GFAP
(glial fibrillary acidic protein). PCNA" cells were abundant
until E39, with GFAP"/PCNA" astrocytes being observed
between E37 and hatching. Proliferation diminished mark-
edly afterwards, being undetectable in the adult optic
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pathway. Miiller glia of the central retina expressed Pax2
from E37 and their endfeet accumulated Vim from E33 and
GFAP from E37 onwards. Astrocytes were absent in the
avascular lizard retina, whereas abundant Pax2" astrocytes
were observed in the ON from E30. A major subpopulation
of these astrocytes coexpressed Vim from E35 and also
GFAP from E37 onwards; thus the majority of mature
astrocytes coexpressed Pax2/Vim/GFAP. The astrocytes were
ultrastructurally identified by their gliofilaments, micro-
tubules, dense bodies, desmosomes and glycogen granules,
which preferentially accumulated in cell processes.
Astrocytes in the adult ON coexpressed both gliofila-
ments and presented desmosomes indicating a reinforce-
ment of the ON structure; this is physiologically
necessary for local adaptation to mechanical forces
linked to eye movement. We suggest that astrocytes
forming this structural scaffold facilitate the regrowth of
RGCs after ON transection.

Keywords Astrocytes - Visual system - Development -
Ultrastructure - Reptiles - Gallotia galloti (Lacertilia)

Abbreviations

CN Caudal optic nerve

CPONJ  Conus papillaris-optic nerve junction
CR Central retina

GFAP  Glial fibrillary acidic protein

INL Inner nuclear layer

MN Mid optic nerve
OCh Optic chiasm
ON Optic nerve
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ONH Optic nerve head
OTr Optic tract
PCNA  Proliferating cell nuclear antigen

PR Peripheral retina

RGC Retinal ganglion cell
RONJ  Retina-optic nerve junction
Vim Vimentin

Introduction

Only two reptilian species, including Gallotia galloti, have
shown the spontaneous regrowth of retinal ganglion cell
(RGC) axons as far as the tectum after optic nerve (ON)
axotomy (Dunlop et al. 2004; Lang et al. 1998). Unlike in
mammals, the persistent astroglial scar, which, in lizard,
expresses glial fibrillary acidic protein (GFAP; Lang et al.
2002, 2008) and neurotrophin-3 (NT-3; Santos et al. 2008),
is permissive to axon regrowth. The astroglial lineage of the
optic tectum of G. galloti has been studied in detail during
ontogeny (Monzon-Mayor et al. 1990a, b, c, 1998;
Romero-Aleman et al. 2003), whereas in the rest of the
optic pathway, these cells are still poorly characterised
(Alfayate et al. 2011; Romero-Aleman et al. 2003, 2010).
We consider that the further characterisation of the
astroglial lineage during development would be helpful
for understanding RGC axon growth and regrowth, since
both might require similar astroglial environments. In the
vertebrate retina, Miiller glia represent the main astroglial
type providing structural support to the delicate retinal
tissue. In avascular retinae lacking astrocytes (i.e. chick),
Miiller glia are considered to replace most of their functions
(Won et al. 2000).

In general, astrocytes share common ultrastructural
features in all vertebrates: intermediate filaments, glycogen
granules and euchromatic nuclei (Maggs and Scholes 1990)
and dense bodies related to developmental degeneration
events (Wolburg and Béuerle 1993). Unique to fish and
amphibians, but uncertain in reptiles, ON astrocytes express
cytokeratin filaments and are connected by intercellular
desmosomes as reinforcement (Maggs and Scholes 1990;
Rungger-Bréindle et al. 1989), whereas GFAP is restricted to
the glia limitans of the optic nerve head (ONH) and to optic
tract (OTr) astrocytes (Levine 1989). In birds and mam-
mals, ON astrocytes contain neither cytokeratin nor
desmosomes, but rather vimentin (Vim) and high levels of
GFAP (see Discussion). Gliofilaments are involved in the
maintenance of cellular shape, resistance to mechanical
stress, cell mobility (Lepekhin et al. 2001) and cytoplasmic
trafficking of exocytic vesicles (Kreft et al. 2009; Potokar et
al. 2007). Moreover, astrocytes are specialised in the
maintenance of ionic and metabolic homeostasis, axon
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guidance (Bixby and Harris 1991; Brodkey et al. 1993),
blood-brain barrier formation (Rubin and Staddon 1999) and
the modulation of neuronal activity (Kimelberg 2010; Pereira
and Furlan 2010).

Our previous studies in the developing and adult lizard
midbrain have revealed that Vim and GFAP are restricted to
astrocytes, whereas S100 and glutamine synthetase identify
a subpopulation of oligodendrocytes (Monzén-Mayor et al.
1998; Romero-Aleman et al. 2003). Therefore, we have
focused, in this study, on the expression of Pax2 and the
gliofilaments Vim and GFAP, since they are highly
conserved in vertebrates and allow a comparison with other
regeneration-competent (i.e. fish, amphibians) and
regeneration-deficient (i.e. chicken, mammals) species.
Pax2 is a transcription factor involved in differentiation
towards the astroglial lineage in the retina and ON by
inhibiting neurogenesis (Boije et al. 2010; Chu et al. 2001;
Stanke et al. 2010) and its expression along the optic stalk
and ventral diencephalon is pivotal to axonal guidance,
fasciculation and chiasm development (Alvarez-Bolado et
al. 1997; Macdonald et al. 1997; Parrilla et al. 2009; Torres
et al. 1996). In amniotes, one of the first events in the
differentiation of the astroglial lineage is the expression of
Vim. A shift from Vim to GFAP is followed by the eventual
predominance of GFAP in mature astrocytes (Bodega et al.
1995; Dahl et al. 1981; Monzon-Mayor et al. 1990a).

We have studied cell proliferation by means of prolifer-
ating cell nuclear antigen (PCNA) in the developing lizard
retina-OTr to complement the immunohistochemical char-
acterisation of differentiating astrocytes and to check
whether proliferation persists in the retina of adult G.
galloti. In fish and amphibians, proliferating stem cells in
the adult marginal retina are the basis for their continuous
eye growth and functional regeneration ability (for a review,
see Mitashov 2001).

In the vertebrate ON, several authors have reported intra-
and interspecific heterogeneous populations of astroglial
cells with regard to the expression of markers (see
Discussion), spatial arrangement and ultrastructural features
linked to functional specialisation and various degrees of
maturation (Raff 1989; Scholes 1991; Stensaas 1977; Ye
and Hernandez 1995). Thus, the glia limitans of the
vertebrate ONH typically consists of fibrous astrocytes at
the vitreal region and peculiar astrocytes-Miiller cells at the
retina-optic nerve junction (RONJ; Davila et al. 1987;
Hirata et al. 1991; Lillo et al. 2002; Prada et al. 1989;
Quesada et al. 2004; Trivifio et al. 1996). In the proper
ONH, astrocytes are arranged in columns that become more
evident and numerous at the level of the sclera (Davila et al.
1987; Gerhardt et al. 1999; Lillo et al. 2002; Morcos and
Chan-Ling 2000; Oyama et al. 2006; Trivifio et al. 1996; Ye
and Hernandez 1995). In the mammalian extraocular ON,
astrocytes are classified into type-1 (fibrous), which give
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rise to the limiting membranes and are in intimate contact
with blood vessels, whereas type-2 are associated with
Ranvier nodes (Miller et al. 1989a, b; Raff 1989). However,
this classification excludes scarce astrocytes with interme-
diate characteristics (Sudrez and Raff 1989). In the
vertebrate OTr, astrocytes are less numerous, as radial glia
spanning from the third ventricle are predominant (Levine
1989; Onteniente et al. 1983). By correlating these data
with those of the present study, we hope to gain
insights into the histophysiology and plasticity that
support axon growth/regrowth under developing and
regenerating conditions.

Materials and methods
Animals, tissue fixation and embedding

We used a total of 24 embryos from embryonic stage 30
[E30] to hatching, 10 postnatals (2—4 months) and 12 adults
of G. galloti, a lizard indigenous to the Canary Islands.
Fertilised eggs and adult animals were collected in the wild
under licence and were maintained and treated in the
laboratory according to Spanish and European animal
welfare legislation. The stages of embryonic development
were defined according to the tables of G. galloti (Ramos-
Steffens 1980) and Lacerta vivipara (Dufaure and Hubert
1961). Postnatal and adult lizards were kept in large
holding tanks fitted with heaters and overhead lighting
(daily cycles of 12 h light/dark) and were allowed free
access to water and to a mixed diet of fresh fruit and
commercially available cat food. The temperature in the
holding tanks was maintained around 20°C according to the
average temperature in their natural environment. Adult
lizards were anaesthetised by intraperitoneal injection with
Diazepam (0.2 mg/kg)+ketamine (60 mg/kg) before trans-
cardial perfusion (Bouin's fixative or paraformaldehyde),
whereas embryos and postnatals were anaesthetised with
15 mg/kg sodium pentothal and their brains were dissected
and immersed in the same fixatives for 6 h. Paraformaldehyde-
fixed brains were then cryoprotected in 30% sucrose in
phosphate-buffered saline (PBS) overnight, embedded in
Tissue-tek, frozen at —80°C and finally cut at 14 pm in the
horizontal plane in a Reichert-Jung cryostat. Bouin-fixed
brains were embedded in paraffin and cut at 10 pm in the
horizontal plane on a Reichert-Jung microtome.

Antibody characterisation

The rabbit polyclonal anti-GFAP antibody (Biotrend,
Germany; catalogue no. K39) and the mouse monoclonal
anti-GFAP antibody (Sigma, USA; catalogue no. G3893)
were raised against GFAP preparations from human and pig

spinal cord, respectively, and recognise a single protein band
of 51-55 kDa in Western blots of a wide variety of vertebrates.
These antibodies gave identical staining pattern in the lizard
brain to those reported previously (Monzon-Mayor et al.
1990a; Romero-Aleman et al. 2003, 2004, 2010).

The mouse monoclonal anti-Vim antibody (DSHB,
USA,; catalogue no. HS) raised against chicken optic tectum
gave a staining pattern equivalent to that described in G.
galloti by Yanes et al. (1990), i.e. stained astrocytes.

The rabbit polyclonal anti-Pax2 antibody (Covance,
USA) was raised against human Pax2 protein (amino
acids 188-385) and recognises Pax2a and Pax2b iso-
forms in a 44-kDa protein band on Western blots
(manufacturer’s datasheet). The Pax2 antibody produced
a staining pattern in the lizard ON that was consistent
with previous studies in fish (Parrilla et al. 2009), in
chick and mammals (Stanke et al. 2010) and in lizard
(Romero-Aleman et al. 2010).

Finally, the mouse monoclonal anti-PCNA (Novocastra,
Sigma) recognises a 36-kDa protein and reacts in all
vertebrate species and insects (manufacturer’s datasheet).
Additionally, it has been previously used by Romero-
Aleman et al. (2004) to monitor proliferation in lizard
brain.

Western blot analyses

Brains of adult lizards were homogenised in ice-cold lysis
buffer (20 mM TRIS-HCI pH 8, 137 mM NaCl, 10%
glycerol, 1% Triton X-100) containing a protease inhibitor
cocktail (Complete, Roche, Nutley, N.J., USA). Homoge-
nates were centrifuged at 13,000g for 15 min at 4°C. The
supernatants containing tissue extracts were collected and
the protein concentration was measured according to the
method of Bradford. Tissue extracts and molecular weight
markers (Colorburst, Sigma) were subjected to electropho-
resis on 10% sodium dodecyl sulfate polyacrylamide gels.
Separated proteins were electroblotted onto nitrocellulose
membranes (Hybond ECL, Amersham, Arlington Heights,
Il. USA). Membranes were blocked for 2 h in TBS
(20 mM TRIS-HCI, 150 mM NaCl, pH 7) containing 5%
skimmed milk and then incubated overnight with the mouse
monoclonal primary antibodies (anti-GFAP, anti-Vim or
anti-PCNA) described above. Following incubation with
the appropriate anti-mouse horseradish-peroxidase-
conjugated secondary antibody (1/20,000; SantaCruz
Biotechnology, USA.), immunoreactive bands were visual-
ised by enhanced chemiluminescence detection (Pierce,
Rockford, I1l., USA) according to the manufacturer’s instruc-
tions. Negative controls consisted of omission of the primary
antibodies or use of the purified mouse IgG from pooled
mouse normal serum (Sigma) instead of the corresponding
primary antibodies.
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Immunohistochemistry

We performed single immunoperoxidase labelling for the
detection of PCNA, Vim or GFAP with mouse monoclonal
antibodies. Sections were first preincubated in TBS (0.05 M
Trizma base containing 150 mM NaCl, pH 7.4) containing 1%
bovine serum albumin (BSA) for 24 h at 4°C to block non-
specific staining and then permeabilised in a solution of 0.5%
Triton X-100 in TBS for 10 min. The endogenous peroxidase
was blocked in a solution of 3% H,0O, in TBS. For PCNA, we
performed antigen retrieval before incubation in the primary
antibody. Sections were incubated in the primary antibodies
diluted in TBS with 0.2% Triton X-100 and 1% BSA, at
room temperature (dilutions: anti-Vim 1:20, anti-GFAP
1:200, anti-PCNA 1:60). After being washed 3 times for
10 min in TBS, sections were incubated in the appropriate
biotinylated secondary antibodies (Vector, 1:200) for 1 h
followed by Avidin-peroxidase (Sigma,1:400) for 1 h and
any immunostaining was revealed with diaminobenzidine.
Double-immunoperoxidase labelling for the detection of
PCNA and GFAP was performed by using sequential
detection of the antigens. Sections were first incubated
in the monoclonal anti-PCNA, revealing this antibody in
brown as described above. Subsequently, sections were
incubated in the monoclonal anti-GFAP and revealed in blue
with 4-chloro-naphthol.

Single- and double-immunofluorescence stainings were
performed for the single or simultaneous detection of Pax2
(polyclonal anti-rabbit, 1:200) and GFAP or Vim (mono-
clonals). Secondary antibodies were anti-rabbit Cy3 (Jack-
son; 1:1000) and anti-mouse Alexa Fluo 488 (Molecular
Probes; 1:1000), incubated for 1 h at room temperature.

Negative controls consisted of either omitting the
primary antibodies or using the purified mouse or rabbit
IgG from pooled mouse or rabbit normal serum (Sigma),
instead of the corresponding primary antibodies. All
these negative controls resulted in the absence of
immunostaining.

Electron microscopy

Three adults, 3 postnatals and 12 embryos at various
developmental stages (E34, E35, E37, E39, E40, and
hatching) were anaesthetised as previously reported. Adults
were perfused transcardially by using 2.5% glutaraldehyde
in 0.1 M Milloning buffer, pH whereas postnatals and
embryos were decapitated. The retinas, ONs and optic
chiasm-optic tracts were dissected and postfixed in the
same fixative for 4 h at 4°C. After being washed in
Milloning buffer, the tissue samples were immersed in 1%
osmium tetroxide for 4 h at room temperature and then
dehydrated in graded acetone. The tissue samples were
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stained with 2% uranyl acetate in 70% ethanol overnight
during the dehydration procedure and finally embedded in
Araldite. Semithin sections (I pm thick) and ultrathin
sections (80 nm thick) were stained with toluidine blue and
lead citrate, respectively.

Image acquisition and processing

Photomicrographs were taken via a Leica DM4000 B and a
Zeiss Axiovert 200 M light microscope equipped with
epifluorescence and a Leica DFC300 FX camera and an
Axiocam HRm camera, respectively. Ultrathin sections
were observed and captured via a Jeol 1010 (ULL) or a
Zeiss 910 (ULPGC) electron microscope. Images were
digitally processed by using Adobe Photoshop CS software.
Only general contrast and brightness adjustments were
made and figures were not otherwise manipulated.

Results

The lizard visual system is depicted in Fig. la, b. In
Western blots, each antibody used in the current study
recognised a single protein band in the brain samples of G.
galloti (Fig. lc) in accordance with the predicted molec-
ular weight of the relevant antigens in other species. This
indicated an interspecies conservation of the corresponding
epitopes. All the negative controls were unlabelled, thus
supporting the veracity of the following immunohistochem-
ical results.

Immunohistochemical and ultrastructural characterisation
of Miiller glia during ontogeny of lizard retina

By E33, the lizard retina consisted of a pseudostratified
neuroepithelium with a primitive nerve fibre layer and inner
plexiform layer in the more differentiated central retina
(CR). Vitreal endfeet expressed Vim from E33 onwards
(Fig. 2a). Accordingly, electron-microscopy observations at
E34-E35 revealed developing endfeet rich in gliofilaments
and developed endoplasmic reticulum (not shown). More-
over, the basal lamina forming the inner limiting membrane
was evident. During ontogeny, Vim staining was more
intense in the peripheral retina (PR; Fig. 2b) than in the CR
(Fig. 2c; see also Electronic Supplementary Material,
Fig. Sla). In adult lizards, Vim was additionally detected
in secondary Miiller glia processes at the inner plexiform
layer, mainly at the PR, and in the non-pigmentary
epithelium of the ciliary body (Fig. 2h). PCNA" nuclei
were abundantly observed in the retinal nuclear layers by
E35 (Fig. 2d). By E37, they decreased in the CR (Fig. 2¢)
but not in the marginal retina and non-pigmented epitheli-



Cell Tissue Res

Fig. 1 a Dapi’ (4,6-diamidino-2-phenylindole) panoramic view of a
horizontal section of the lizard visual pathway at embryonic stage 39
(E39). The central retina (CR) is located around the optic nerve head
(ONH). The peripheral retina (PR) is much thinner at its far edge,
which extends into the non-pigmented epithelium of the ciliary body
(arrowheads). Note the location of the mid optic nerve (MN), caudal
optic nerve (CN), optic chiasm (OCh) and optic tract (O7r) next to the
hypothalamic ventricle (arrow). b Details of the ONH (asterisk central
ophthalmic vessels), conus papillaris (CP) and CR. Note that the ONH
is attached to the retina by the retina-optic nerve junction (RONJ) and

um of the ciliary body in which intense proliferation
persisted (Fig. 2f). Proliferating cells were undetectable in
postnatal and adult animals (Fig. 2g, h). From E37 to the
adult stage, endfeet of the entire retina also expressed GFAP
(Fig. 2i; see Electronic Supplementary Material, Fig. S1b).
However, Pax2" nuclei were detected only in the inner
nuclear layer (INL) of the CR (Fig. 2j). Their elongated
appearance and their location within the middle of the INL

220 —

100 —

30 —

C

to the CP by the conus papillaris-optic nerve junction (CPONJ). Bars
100 um. ¢ Western blot analysis of brain extracts of G. galloti. Note
that each antibody (mouse monoclonal) recognises a single protein
band of an apparent molecular weight similar to that described in other
species: glial fibrillary acidic protein (GFAP; 51 kDa), vimentin (Vim;
57 kDa) and proliferating cell nuclear antigen (PCNA; 35 kDa). No
signals are detectable in negative controls (NC). The apparent
molecular weights (in kDa) of the marker proteins are shown /eft.
This analysis is representative of three different animals

strongly suggested that they corresponded to Miiller glia.
Moreover, Pax2" elongated glial nuclei were aligned and
clustered in the RONJ (Fig. 2j). Miiller glia was apparently
the only astroglia residing in the lizard avascular retina as
suggested by the absence of other glial types expressing
Pax2, Vim or GFAP during the ontogeny.

Miiller glia showed dense bodies and medium electron
density in embryos (Fig. 2k, 1) but exhibited markedly
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PCNA __ PCNA
‘i.v ' GFAP®

electron-dense cell bodies (Fig. 2m) and processes (Fig. 2n, 0)  abundant gliofilaments were observed in their vitreal pro-
in adults; these processes covered the ganglion cells and often ~ cesses along the ganglion cell layer (Fig. 2n) and nerve fibre
contacted loosely myelinated axons. Sparse microtubules and  layer (Fig. 20).
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Fig. 2 Immunostaining for vimentin (Vim), Pax2, glial fibrillary acidic
protein (GFAP) and proliferating cell nuclear antigen (PCNA) in the
retina and ultrastructure of Miiller glia during ontogeny of lizard
retina. a—¢ Immunoperoxidase staining for Vim in Miiller glia endfeet.
Peripheral retina (PR) at E33 (a). Peripheral (b) and central retina (c)
at E37 within the same tissue section. Note the strongest labelling in
the PR. d—f PCNA staining shows abundant proliferating cells in the
inner (/NL) and outer nuclear layers (arrowheads) of the central retina
(CR) at E35 (d), whereas scarce proliferating cells are detected at E37
(e). The retinal margin and the non-pigmented epithelium of the ciliary
body (arrow) contain a cluster of proliferating cells at E37 (f). g—
h Double-staining for Vim/PCNA in the adult (4d) retina shows the
absence of proliferating cells in the CR (g), retinal margin (h) and
non-pigmented epithelium of the ciliary body (arrow in h). Miiller glia
accumulate Vim in their vitreal endfeet, with stronger staining in the
PR compared with the CR. Additionally, short Miiller glia processes
within the inner plexiform layer of the PR were Vim" (h). i
Immunoreactivity for GFAP in adults remains intense and restricted
to Miiller glia endfeet. j Pax2 immunofluorescence in the CR at E38.
Note that the staining is restricted to nuclei residing in the middle of
the INL (delimited by vertical bar) and in the RONJ (arrowheads). k
Electron micrograph of Miiller glia endfeet at E37 showing gliofila-
ments (gf) and dense bodies (arrowheads). Note the incipient basal
lamina (arrow) and the immature axons of small calibre (ax). 1 Electron
micrograph of Miiller glia endfeet at E39 showing abundant cisternae
of smooth (asterisk) and rough (arrowheads) endoplasmic reticulum.
Note unmyelinated axons (ax). m—o Electron micrographs of Miiller
cells (Mii) in the adult retina. Note the higher electron-dense
cytoplasm within the cell body compared with embryonic stages. m
Miiller cell bodies residing in the inner nuclear layer are surrounded
by neuronal processes (np). n Miiller glia processes in the ganglion
cell layer surround and isolate retinal ganglion cells (RGC). o Note
Miiller glia endfeet at the peripheral retina in close contact with loose
myelin in the nerve fibre layer (arrows). Bars 5 um (a—c), 25 um
(d=j), I um (ko)

Characterisation of astroglial cells during ontogeny
of optic nerve

By E30, abundant Pax2" nuclei were observed along the
primitive ON (Fig. 3a) and a subpopulation of these nuclei
clearly demarcated the RONJ until the adult stage (arrow-
heads in Fig. 3b, d). Ultrastructurally, this region consisted of
two to three layers of elongated astroglial cells with
euchromatic nuclei and scarce gliofilaments, which consti-
tuted a putative barrier between the retina and the ONH
(Fig. 3c, g). In the entire ON, rows of Pax2" astroglial cells
coexpressed Vim from E35 onwards (Fig. 3d) and GFAP
from E37 onwards (Fig. 3e). This indicated the predominant
expression of Pax2 in Vim" and GFAP" astroglial cells.
Astrocytes in the RONJ and conus papillaris-optic nerve
junction (CPONIJ) were intensely Vim" and GFAP" (Fig. 3d—
). Accordingly, the ultrastructure of immature astrocytes in
these regions showed a gradual increase of gliofilaments
during development (Fig. 3g); in the adult, this was maximal
in the fibrous astrocytes of the CPONIJ (Fig. 3h). Astrocytes
of the adult RONJ showed nuclei with clumps of hetero-
chromatin and abundant overlapping processes, termed
lamellar stacks (Fig. 3i). In the entire ON, GFAP staining
became apparently stronger in late embryos and the presence

of Vim", GFAP" and Pax2" astrocytes persisted until the
adult stage (see below).

As described in the retina, PCNA" cells in the ON
were more abundant in the early and medium embryonic
stages (Fig. 3j), whereas they were undetectable in
postnatal and adult stages (not shown). By E39, PCNA"
cells were identified as subpopulations of GFAP" astro-
cytes (Fig. 3k, 1), white blood cells (Fig. 3k) and putative
Pax2" astroglia (Fig. 3m).

Ultrastructurally, differentiating astrocytes and their
processes in the inner ONH and mid optic nerve (MN)
showed abundant gliofilaments, microtubules, dense bodies
and intercellular desmosomes (Fig. 4a, b). Putative growth
cones were frequently apposed to these astrocytes (Fig. 4a).

Heterogeneous astroglial cells along ON

Remarkably, in the developing and adult ONH/MN, Vim" and
GFAP" astroglia displayed processes oriented perpendicularly
to nerve fibres (Figs. 3d—f, k, 1, 4c, d). In contrast, astroglial
cells in the caudal optic nerve (CN) were star-shaped
(Fig. 4d). Astrocytes coexpressing Pax2, Vim and GFAP
persisted and predominated along the ON in adult animals
(Fig. 4c, e, f). However, a small fraction of astrocytes seemed
to contain either Vim or GFAP (Fig. 4¢) and few Vim" cells
showed Pax2 nuclei. GFAP staining showed an apparent
homogeneous distribution along the entire ON, with abundant
expression in the MN (Fig. 4c, see also Electronic Supple-
mentary Material, Fig. S1d), whereas that of Vim became
weak in the ONH and strong in the CN (Fig. 4d; see also
Electronic Supplementary Material, Fig. Slc). Astrocytes in
adult ON were ultrastructurally similar to those in embryos
except for a mild increase in heterochromatin clumps in their
nuclei (Fig. 4g). Glycogen granules accumulated in putative
astrocyte cell processes (not shown).

Glial cells invasion and astrocytes differentiation
in developing optic chiasm and optic tract

In early embryos, the crossing fascicles in the optic chiasm
(OCh) and OTr lacked cell bodies (Fig. 5a). Accordingly, by
E34, Pax2" nuclei were abundant in the CN but undetectable
in the developing OCh (Fig. 5b) and OTr. By E35, PCNA™"
nuclei were abundant in the periventricular cells of the
hypothalamus and CN but scarce in the OCh (Fig. 5¢) and,
by E37-E39, a massive invasion of proliferating glia had
occurred in the OCh (Fig. 5d, e, k). Strikingly, from E38 to
adults, only a few scattered Pax2" nuclei were observed in
the OCh, whereas they remained undetectable in the OTr
(not shown). Remarkably, from E37 to adults, the astrocytes
delimiting the crossing bundles in the OCh were strongly
Vim" (Fig. 5f, h) and GFAP" (Fig. 5g) and they usually
coexpressed both gliofilaments until the adult stage (Fig. 5i).
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Ultrastructurally, astrocytes contained the same organelles as  in the perivascular and subpial endfeet, periventricular wall
those of the ON. and radial glia processes (Fig. 51). In adults, radial glia

Along similar lines, glial cells became abundant in the  persisted in the hypothalamus being weakly Vim™ (Fig. 5m)
OTr from late embryonic stages (Fig. 5j, k). Vim staining in ~ and strongly GFAP" (Fig. 5n). Remarkably, astrocytes in
the developing and postnatal hypothalamus predominated  the OTr expressed GFAP but not Vim (Fig. 5m, o).
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Fig. 3 Pax2, Vim, PCNA and GFAP immunoreactivity and ultra-
structure in the ON throughout ontogeny. a Pax2 immunofluorescence
at E30 shows abundant staining in the primitive optic nerve head
(ONH) and mid optic nerve (MN) but not in the central retina (CR). b
Pax2 immunofluorescence at E34 shows intensely stained glial nuclei
in the CB, ONH and MN. Note Pax2" nuclei delimiting the retina-optic
nerve junction (arrowheads). ¢ Electron micrograph of the retina-optic
nerve junction (RONJ) at E34 corresponding to the toluidine-blue-
stained semithin section shown in the inset (bottom). Elongated
immature glial cells (/G) arranged in layers show euchromatic nuclei,
short cisternae of rough endoplasmic reticulum (RER; arrowheads)
and scarce gliofilaments (insef) in the medium electron-dense
cytoplasm. d Double-staining for Vim/Pax2 at E38 reveals large
colocalisation within astrocytes in the ONH, including the RONJ
(arrowheads) and conus papillaris-optic nerve junction (CPONJ;
arrows), which shows intense Vim staining. e Double-staining for
GFAP/Pax2 at E39 shows extensive colocalisation of both markers in
the ONH. Note intense staining in the CPONJ (bottom). f GFAP
immunoreactivity in the ONH at E37 shows strong labelling in the
RONJ (arrowhead) and CPONJ (asterisk; shown in detail in inset). g
Electron micrograph in the RONJ at E37 showing elongated immature
glial cells (/G) with euchromatic nuclei and abundant gliofilaments
(inset), RER (arrowheads) and free ribosomes (r) in the medium
electron-dense cytoplasm. Note numerous overlapping processes
(asterisks). h Electron micrograph of a fibrous astrocyte at the CPONJ
in adults. Note the clumps of heterochromatin and abundant gliofila-
ments (gf) filling the cytoplasm. i Electron micrograph of the adult
RONJ. Astroglia exhibit prominent nucleoli and more heterochroma-
tin clumps than in embryos (see above). Note that abundant lamellar
stacks (asterisk) predominate in the cytoplasm. Large myelinated
axons (my) appear intermingled with unmyelinated axons (ax) at the
ONH side. j Abundant PCNA™ nuclei in the ONH and central retina
(CR) at E37. k, 1 Double-staining for PCNA (brown)/GFAP (dark
blue) at E39 showing moderate colocalisation within differentiating
astrocytes (arrows) in the MN (k) and ONH (I). Note GFAP staining
around the central blood vessels (bv) with abundant proliferating
leukocytes. m Pax2 labelling in the CPONJ at E39 shows extensive
immunoreactivity around the central blood vessels (bv). Bars 25 um
(a, b, f, j, m), 5 um (insets in ¢, £, 1), 10 um (d, e, k), 1 um (¢, g—i)

A summary of the sequential expression of astroglial
markers (Pax2, Vim, GFAP) and proliferating cells in the
optic pathway is shown in Table 1.

Discussion

Miiller cells are the only astroglia in lizard retina and show
regional differences on Vim and Pax2 staining
but homogeneous GFAP labelling

Miiller glia are the only astrocytic cells residing in the
avascular retina of lizard, as in chick (Won et al. 2000) and
guinea pig (Stanke et al. 2010). This result agrees well with
the hypothesis that the presence of retinal astrocytes and
blood vessels are interdependent.

The development of the vertebrate retina is a conserved
process of cell genesis in which RGCs are born first and
Miiller glia arrive last (for a review, see Jadhav et al. 2009).
As retinal progenitor cells and Miiller glia share radial

morphology, the Vim" endfeet observed in the PR of early
embryos (E33), before neuronal differentiation (unpub-
lished results), might belong to progenitor cells, whereas
those from later prenatal stages most likely correspond to
Miiller glia as reported in chicken (Doh et al. 2010). The
coexpression of Vim and GFAP in adult Miiller glia also
occurs in a wide variety of vertebrates from fish to
mammals (De Guevara et al. 1994; Fischer et al. 2010;
Gerhardt et al. 1999; Sasso¢ Pognetto et al. 1992, see
Table 2). Gliofilaments accumulate extensively in endfeet,
as described in cat and human, whereas in chick, mouse,
squirrel and rabbit, Vim staining is also dense within the
cell bodies (for a review, see Jadhav et al. 2009). Moreover,
in the lizard retina, Miiller glia endfeet show homogeneous
GFAP labelling and a centro'¥-peripheral™" intensity
gradient of Vim staining in inverse relation to the
decreasing retinal thickness towards the periphery where it
is most exposed to mechanical forces (e.g. intraocular
pressure, tension of extraocular muscles insertions). There-
fore, different needs for mechanical support might occur
among the vertebrate retina, with more gliofilaments provid-
ing higher neuroprotection, as is also suggested by the
upregulation of Vim and GFAP after retinal insults in
mammals (Lewis et al. 1995). However, the normal appear-
ance of GFAP /Vim null mice retina indicates that other
components of the cytoskeleton (i.e. microtubules, nestin)
might be sufficient to preserve the cell morphology under
normal physiological conditions, although not after retinal
insults (Lundkvist et al. 2004). The proximity of loose
myelin and Miiller processes in the PR and the apparent
absence of glial cells in this region indicate they cooperate in
myelination as suggested previously (Santos et al. 2006)

Interestingly, in G. galloti, Miiller glia express Pax2 only
in the CR, as reported in zebrafish and chick (Boije et al.
2010; Stanke et al. 2010). However, retinal astrocytes are
the only astroglia expressing Pax2 in mammals. In the
lizard optic pathway, Pax2 might promote the glial
phenotype, as in other vertebrates (Stanke et al. 2010),
and its delayed expression in the retina (E37) in comparison
with that in the primitive ON (E30) matches the predom-
inance of the neurogenesis potential in the retina of the
earliest embryos.

Apparent absence of a pool of stem cells in lizard retina

Proliferating stem cells are preserved in the marginal retina
and local differentiated pigmented epithelium of fish,
amphibians and chickens (for a review, see Mitashov
2001), being the basis for the continuous growth of
amphibian and fish eyes during their lifespan. Moreover,
in adult mammals, clonable and self-renewable cells have
been found among the pigmented differentiated cells in the
ciliary folds. Although the present study has revealed
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abundant proliferating cells in the developing lizard retina, = However, whether proliferation in the pigmentary epitheli-
they become undetectable in adults, even after ON  um has been masked by the immunoperoxidase staining or
transection (Lang et al. 2002). Thus, the adult lizard retina ~ whether it persists at such a low rate to be undetectable with
does not show an evident pool of proliferating stem cells. our methods remains to be ascertained.
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Fig. 4 Vim, GFAP and Pax2 immunoreactivity and ultrastructure in the
ON throughout ontogeny. a Star-shaped differentiating astrocytes at E37
in the MN showing desmosomes (black arrows), bundles of gliofila-
ments (white arrows), dilated RER (arrowheads), euchromatic nuclei
and processes that fasciculate bundles of unmyelinated axons (ax). Note
putative growth cones lying next to astrocytes (asterisks, inset)
characterised by their thick profile containing clear vesicles. b
Thick astroglial process (ap) at E39 containing dispersed micro-
tubules (black arrows), short strands of dilated RER containing
flocculent material (arrowhead) and abundant gliofilaments (white
arrows) between axon bundles. ¢ Adult lizard. Double-staining for
Vim (green)/GFAP (red) and Dapi counterstaining in the ONH and
MN showing the homogeneous distribution of GFAP, low Vim
staining in the ONH and large colocalisation of both markers in the
MN. Note strong GFAP labelling in the CPONJ (asterisk). d
Vimentin staining in adult lizard. Astrocytes are more immunoreac-
tive in the CN (right inset) than in the MN (left inset). Astrocyte
processes are mainly perpendicularly oriented to the nerve fibres in
the MN, whereas star-shaped astrocytes predominate in the CN. e
Higher magnification of the MN (from ¢) showing abundant
astrocytes coexpressing both types of gliofilaments (arrows). Cells
expressing only Vim (arrowhead) or GFAP (asterisks) are sparse.
Dapi"/GFAP /Vim™ cells do not belong to the astrocytic lineage. f
Double-staining for Vim (green)/Pax2 (red) and Dapi counterstaining
(blue) in the MN of adult animals. Note abundant Pax2"/Vim"
astrocytes (arrows) and some Pax2™/Vim" (arrowheads) and Pax2"/
Vim™ (asterisks) astrocytes. g Electron micrograph of a row of
protoplasmic astrocytes in the MN of adult lizard. Gliofilaments
(white arrows) and desmosomes (black arrows) are observed in the
cytoplasm. Note a nucleus with clumps of heterochromatin and
nucleoli (asterisk). Bars 1 yum (a, b, g), 100 pum (¢, d), 5 pm (e, f,
insets in d)

A major subset of lizard ON astrocytes sequentially express
Pax2, Vim and GFAP

The sequential developmental pattern for the astroglial
lineage described in the present study is reminiscent of that
reported in the ON of other vertebrates. By E30, Pax2"
cells of the primitive ON intermingle with pioneering RGC
axons expressing beta-III tubulin (unpublished data) sug-
gesting that they guide RGC axons, as reported in mouse
(Alvarez-Bolado et al. 1997) and chick (Thanos et al.
2004). By E35-E37, the abundance of PCNA" and Pax2"
cells in the entire lizard ON suggests that the proliferation
of Pax2" cells is responsible for the marked increase of the
astroglial population within the ON and the glial colonisa-
tion of the OCh from E35 (see below). This astrocytic
proliferation might be dependent on the growth of RGCs
axons, in which factors such as sonic hedgehog (Shh) are
transported anterogradely mediating this proliferation in the
mammalian ON (Dakubo et al. 2008).

In the central nervous system (CNS) of amniotes, Vim
expression in differentiating astrocytes precedes that of
GFAP. A shift to GFAP-containing intermediate filaments
results in the transient coexpression of both of them and the
eventual predominance of GFAP in mature astrocytes
(Bodega et al. 1995; Dahl et al. 1981; Monzdén-Mayor et
al. 1990a). Nevertheless, most of astrocytes in the lizard

ON co-expressed Vim/GFAP until adulthood, as reported in
the mammalian and avian ON (Calvo et al. 1990; Fischer et
al. 2010, see Table 2) and, remarkably, a few relatively
mature GFAP" astrocytes do indeed express PCNA in late
embryos. We propose that the persistent coexpression of
Vim/GFAP in the ON of various vertebrates mainly
reinforces the astrocyte cytoskeleton and reflects local
adaptations to mechanical forces. This view is supported
by the ultrastructural identification of desmosomes joining
astrocytes (see below). Similarly, such coexpression occurs
in brain barriers, e.g. the subpial and perivascular endfeet in
the adult lizard (Monzén-Mayor et al. 1990a; Yanes et al.
1990), and in specialised astrocytes of mammals (Galou et
al. 1996). Thus, mature astrocytes may coexpress Vim/
GFAP in areas exposed to higher mechanical stress,
although Vim has been reported as being necessary for the
organisation and/or stabilisation of the GFAP intermediate
filament system (Galou et al. 1996). Gliofilaments might
also be involved in the cytoplasmic trafficking of exocytic
vesicles (Kreft et al. 2009; Potokar et al. 2007); however, in
G. galloti, numerous astrocytes contain secretogranin II
(unpublished data) and NT-3, both in normal and axotomised
ON (Santos et al. 2008), and astrocytes with vesicles
containing neuropeptides and growth factors have also been
detected in various vertebrate classes (Kreft et al. 2009).
Thus, the astrocytic population in adult lizard ON is
predominantly represented by Pax2’/Vim'/GFAP" cells,
markers that are also present in the adult avian and
mammalian ON, but at different levels (Stanke et al. 2010).
This subpopulation differs from the Pax2 /Vim /GFAP®
astrocytes that predominate in the OTr and midbrain.

Ultrastructure reveals that lizard ON astrocytes present
a delayed differentiation process and a reinforced
cytoskeleton in comparison with those in midbrain

The ultrastructural features of differentiating astrocytes in the
lizard ON are reminiscent of those described previously in the
midbrain (Monzén-Mayor et al. 1990b) and are correlated to
the immunohistochemical expression of the gliofilaments
mentioned above. Thus, the numerous dark glioblasts
observed around E35 in the rostral ON accumulate interme-
diate filaments giving rise to the abundant immature
astrocytes observed by E37 and differentiate afterwards into
relatively mature astrocytes with distinct clumps of hetero-
chromatin and various contents of gliofilaments depending
upon their location. Glycogen granules are mainly located in
astrocyte processes in the lizard ON, allowing rapid axonal
uptake of glycogen-derived lactate (Tekkok et al. 2005)
supporting ON activity.

Common ultrastructural features of differentiating astrocytes
in mammals and birds are microtubules and strands of dilated
RER filled with flocculent material, all of which are generally
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rare or undetectable in adult specimens (Fujita et al. 2001;
Skoff et al. 1976; Sturrock 1975; Vaughn 1969). Interestingly,
astrocytes of the lizard ON clearly show these features until
the postnatal stage, whereas in the midbrain, these features are
observed only until E35 (Monzén-Mayor et al. 1990b). This
indicates the delayed differentiation of the astroglial lineage in
the lizard ON and agrees well with the caudo-rostral gradient

@ Springer

of maturation of the lizard CNS (Monzén-Mayor et al. 1990a;
Yanes et al. 1990).

Remarkably, astrocytes show abundant intercellular des-
mosomes along the entire lizard ON, an observation that
might be linked to Vim expression, since cytokeratin is
undetectable (unpublished data). Cytokeratin® astrocytes
joined by desmosomes have been described in fish and
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Fig. 5 Immunofluorescence and immunoperoxidase labelling for Vim,
GFAPR Pax2 and PCNA during ontogeny of OCh (a—i) and OTr (j—o0). a
Kliiver-Barrera staining (KB) in transversally cut OCh at E33. Note the
lack of cell bodies in the crossing nerve fascicles (asterisk). b Pax2
labelling in transversally cut OCh at E34 reveals abundant Pax2" nuclei
next to the crossing nerve fascicles, which are devoid of staining
(asterisk). ¢ PCNA staining in transversally cut OCh (asterisk), CN and
hypothalamus (Hy) at E35. Note abundant proliferating cells in the CN
and the hypothalamic ventricular wall (arrowhead), whereas only a few
scattered cells are observed in the crossing nerve fascicles. d, e PCNA
staining in transversally cut OCh at E37 (d) and E39 (e). Note that
proliferating nuclei are more abundant at E39 than at E37. f At E37, Vim
staining in the transversally cut OCh is intense along the borders of the
decussating nerve fascicles (arrows). g Transversally cut OCh and
hypothalamus (Hy) at E39; GFAP" astrocytes are within and at the
borders of the deccusating fascicles (arrows). Note also GFAP*
periventricular cells in the hypothalamus (arrowhead). h, i Horizon-
tal sections of the adult (4d) OCh. Vim" astrocytes persist in the
crossing fascicles (arrows in h) and extensive coexpression of Vim/
GFAP is detectable (arrows in i). Dapi counterstaining is shown in
blue. j, k Kliiver-Barrera staining (KB) in the OTr shows that the
glial population is scarce at E35 (j) and abundant at E39 (k). 1 Vim"
radial glial cells can be detected (arrowheads) in the postnatal (Pf)
hypothalamus (Hy). m Horizontal section of the hypothalamus, OTr, OCh
and CN of adults. Few Vim" periventricular cells (arrowhead) and subpial
endfeet (arrow) are observed in the diencephalon. Note that Vim"
astrocytes are stained in the CN-OCh but rarely detected in the OTr. n, o
Abundant GFAP staining in the adult hypothalamus and OTr (v ventricle).
Note immunoreactive periventricular cells and radial glial processes
(arrowheads in n). Perivascular endfeet (arrows in o), subpial endfeet
(arrowhead in o), astrocyte processes and cell bodies (inset in o) are
extensively stained. Bars 25 um (a, b, f, j, k) 10 um (i, inset in o)
100 pm (c—e, g, h, I-0)

amphibia and are reported to represent a glial cell type that is
"archaic" in evolution and "embryonic" in ontogeny, reflect-
ing its neuroepithelial origin (Quitschke and Schechter
1986). However, true desmosomes have not been identified
in glial and neuronal cells of higher vertebrates, notably
mammals (Maggs and Scholes 1990; Rungger-Bréndle et al.
1989). Desmosomes most likely serve to stabilise the
pressure in the intraocular and extraocular ON (Jonas et al.
1991) and allow the absorption of mechanical forces linked
to eye movements in cooperation with the abundant
intermediate filaments. Therefore, ON astrocytes in G.
galloti exhibit features of both low (desmosomes joining
astrocytes) and high (absence of cytokeratin and presence of
Vim) vertebrates, thereby supporting the intermediate phylo-
genetic position of such lizards.

The exclusive identification of intercellular desmosomes in
the ON of regenerating vertebrates (Maggs and Scholes 1990;
present study) suggests that they stabilise the astroglial
scaffold, facilitating the successful regrowth of severed RGC
axons. Indeed, reactive astrogliosis in the injured ON of
lizard and fish is permissive for axonal regrowth (Lang et al.
2002; Levine 1993). Conversely, axonal regeneration in
mammals is favoured in doubly null mutants for GFAP and
Vim (Menet et al. 2003), suggesting factors other than the
patterns of GFAP and Vim expression are functionally
relevant for axonal regeneration in vertebrates.

Peculiar astroglia of RONJ

Glial cells at the RONJ, homologous to Kuhnt intermediate
tissue in mammals, might prevent the growth of blood vessels
into the developing retina, as in chick (Prada et al. 1989;
Quesada et al. 2004). They express Pax2, Vim and abundant
GFAP from embryonic stages, showing the same expression
pattern as that reported for mammals (Chu et al. 2001);
therefore, they have been classified as astrocytes. Some
authors subclassify them as modified Miiller cells (Hirata et
al. 1991) or astroblasts (Lillo et al. 2002); however, they
certainly belong to the astrocytic lineage, although they
represent a peculiar glial subtype (i.e. peripapillary glia in
chick). Indeed, they display different ultrastructural features
and a different distribution from those of astrocytes of the
CPONJ and the ONH, as reported in fish, turtle and human
(Déavila et al. 1987; Lillo et al. 2002; Trivifio et al. 1996).
Specifically, they are elongated and packed giving rise to a
special glia limitans that lacks an apparent basal lamina.
Moreover, they display numerous overlapping processes that,
interestingly, have also been described in lamellar stack
astrocytes of the rat brain by Holen (2011) and in the fish
RONIJ by Lillo et al. (2002) who suggest that they allow the
stretching or shrinkage of these cells as a response to local
forces originating from the movement of the ocular sphere.

Morpho-functional adaptation of astrocytes
along ON

Importantly, the adaptability of the astrocytes suggests that
their morphological differences merely reflect variations of a
single class of cell that adopts various shapes when in contact
with axon bundles and/or blood vessels (Chan-Ling and Stone
1991). Astrocytes of the ONH downregulate the expression
of Vim in adults, becoming restricted to its border regions,
namely the RONJ and CPONIJ, which also contain high
levels of GFAP. Accordingly, astrocytes of the CPONJ are
densely packed and clearly belong to the fibrous subtype as
reported in fish, turtle and human by Davila et al. (1987),
Lillo et al. (2002) and Trivifio et al. (1996); in the opinion of
to these authors, the astrocytes most likely protect the RGC
axons, which bend 90° in this region.

We have also observed astrocyte processes extending
towards blood vessels along the ON-OTr; these might
participate in the blood brain barrier like those reported in
the conus papillaris (Alfayate et al. 2011). Vim'/GFAP"
astrocytes arranged in rows in the lizard MN contain more
organelles in their cytoplasm, at the expense of gliofila-
ments, than those of the CPONJ. They display processes
rich in GFAP perpendicular to RGC axons, as occurs in fish
and amphibia (Maggs and Scholes 1990; Rungger-Bréndle
et al. 1989) suggesting that they replace the mechanical
function of the absent lamina cribrosa, as in rat (Wolburg
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Table 1 Qualitative changes in immunostaining for vimentin (¥im), glial
fibrillary acidic protein (GF4P), transcription factor Pax2 and proliferat-
ing cell nuclear antigen (PCNA) during the ontogeny of the lizard visual
system. Immunoreactivity (— undetected staining, + scarce staining, +
abundant staining) is indicated at the corresponding developmental stages
(E embryonic stage). Vim, Pax2 and PCNA were expressed at least from

E33. GFAP was detected from E37 and thereafter increased in intensity,
being maximal in adults, whereas proliferating cells vanished in the adult
lizard (CN caudal optic nerve, CR central retina, MN mid optic nerve,
OCh optic chiasm, ON optic nerve, ONH optic nerve head, OTi optic
tract, PR peripheral retina, RP radial processes)

Structure Antigen E33 E35 E37 E39 Adult
Retina Vim PR +, CR - PR +, CR + PR +, CR =+ PR +, CR + PR +, CR +
GFAP - - PR +, CR + PR +, CR + PR +, CR +
Pax2 - - PR —, CR + PR —, CR + PR -, CR +
PCNA + + PR+, CR = + -
ON Vim - + + + ONH +, MN +, CN +
GFAP - - + + ONH #, MN +, CN +
Pax2 + + + + +
PCNA + + + +
OCh Vim - - + + +
GFAP - - + + +
Pax2 - + + + +
PCNA - + + +
(Lack of cell bodies)
OTr Vim RP + RP + RP + RP + RP +
GFAP - - + + +
Pax2 - - - - -
PCNA - - + + -

(Lack of cell bodies)

and Bauerle 1993), chick (Fujita et al. 2001) and turtle
(Davila et al. 1987).

Table 2 Comparative expression (— undetected staining, + weak-scarce
staining, + moderate-intense staining) of Pax2 and intermediate
filaments in the optic pathway of the visual system of vertebrate species

In the CN, Vim'/GFAP" astrocytes exhibit various cell
arrangements and morphology, the cell rows becoming less

(adults) representative of various classes (CR central retina, ON optic
nerve, OTi optic tract, RONJ retina-optic nerve junction)

Class/species Retina RONJ ON OTr
Miiller glia ~ Astrocytes
Fish (Levine 1989; Maggs and Absent Pax2 + Pax2 -
Scholes 1986, 1990; Parrilla Pax2 + Pax2 + Cytokeratin + Cytokeratin -
et al. 2009; Cohen et al. 1994) Vim + Vim (no data) Vim + Vim + (goldfish)
GFAP + GFAP + GFAP =+ (goldfish ONH)  Vim - (Cichlasoma meeki)
GFAP - (zebrafish) GFAP +
Reptiles (lizard, present study) Pax2+(CR)  Absent Pax2 + Pax2 + Pax2 -
Vim + Vim + Vim + Vim +
GFAP + GFAP + GFAP + GFAP +
Chick (Boije et al. 2010; Doh Absent (Peripapillary glia)
et al. 2010; Fischer et al. 2010;  payy+(CR) Pax2 + Pax2 + Pax2 (no data)
Kalman et al. 1998) Vim + Vim + Vim + Vim -
GFAP + GFAP + GFAP + GFAP +
Rat/mouse (Calvo et al. 1990; Pax2 - Pax2 + Pax2 + Pax2 + Pax2 (no data)
Stanke et al. 2010) Vim + Vim + Vim + Vim + Vim (no data)
GFAP + GFAP + GFAP + GFAP + GFAP +

@ Springer



Cell Tissue Res

evident and the astrocytes showing stellate somata with thick
radially oriented processes indicative of a different reorgan-
isation of axon bundles towards the OTr as reported in fish
(Lara et al. 1998). Vim'/GFAP" astrocytes observed along
the borders of the crossing fascicles from E37 might separate
fascicles and participate in axon guidance as reported in
mammals (Jeffery et al. 2008) and chick (Kéalmén et al.
1998). Similarly, Reese et al. (1994) have observed distinct
glial domains in the OCh of ferrets, with astrocytes
displaying different pools of intermediate filaments.

Delayed presence of glia in developing OCh and OTr

In the OCh of vertebrates, most of the RGC axons cross
the midline and innervate the contralateral hemisphere,
whereas a minor proportion of uncrossed axons from the
temporal retina projects ipsilaterally (for a review, see
Jeffery 2001). The percentage of the latter is higher in
vertebrates with eyes located frontally. However, virtually
all RGC axons decussate to the contralateral hemisphere
in G. galloti (Lang et al. 2002) as occurs in other
vertebrate species with eyes located laterally (for a review,
see Jeffery 2001).

From E30 onwards, RGC axons grow along the ON
among Pax2" cells, which might regulate surface molecules
involved in axonal guidance as suggested in other verte-
brates (for a review, see Alvarez-Bolado et al. 1997).
Strikingly, cell bodies are absent in the lizard OCh-OTr
between E30 and E34 indicating that most of the growing
RGC axons decussate and reach the tectum with a limited
glial environment as reported in other vertebrates (Jeffery
2001). Moreover, Pax2 staining is undetected in the G.
galloti OTr as in zebrafish (Macdonald et al. 1997).
However, Pax2 and its suppressing activity of Shh plays a
critical role in OCh development. Pax2 null mice, like
Pax2/noi null zebrafish, are achiasmatic having totally
uncrossed retinal projections and this is associated with the
persistent expression of Shh in the optic recess (Macdonald
et al. 1997; Torres et al. 1996). Together, these data suggest
that relevant surface molecules guiding RGC axons are not
only expressed by Pax2" cells. We propose that radial glial
processes in the developing forebrain and midbrain are key
for the guidance of the first decussating axons towards the
contralateral hemisphere, like those described in the mice
prechiasmatic region (Williams et al. 2003). Thus, the
pioneer RGC axons might also express surface molecules to
guide the later axons. Therefore, the earliest development of
the G. galloti OCh and OTr might occur without the
relevant presence of cell bodies.

From E35 onwards, the glial population in the lizard
OCh increases gradually, probably because the prolifer-
ating Pax2" cells in the CN reach the OCh and stop
abruptly at the limits of the OTr, as detected for Pax2/noi”

astrocytes in zebrafish (Macdonald et al. 1997). Taking
into account this restrictive expression of Pax2 in the
vertebrate ON and its special requirement of resistance to
mechanical stress, we need to ascertain whether Pax2
regulates the expression and maintenance of specific
cytoskeleton proteins of desmosomes, like the cytokeratin
in fish and amphibia (Rungger-Brindle et al. 1989) and
probably Vim in lizards.

Concluding remarks

We conclude that Pax2, Vim and GFAP are heterogeneously
expressed in Miiller glia (retina) and astrocytes (ON-OCh)
during lizard ontogeny. Minor subpopulations of astrocytes
expressing only one of the two intermediate filaments have
also been detected and, together with the Pax2™ astrocytes
in the OTr, reflect the high heterogeneity of this lineage.
Astrocytes form a structural network reinforced with
intercellular desmosomes that increase the mechanical
resilience of the ON-OCh and might also facilitate the
regrowth of severed RGC axons upon injury. Further
characterisation of the glial environment will be relevant
for wider insights into this process.
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