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Abstract

Muiller cells are the main glial cells in the retina, and are related to plexiform layer activity. Recent
studies have demonstrated that Miiller cells are involved in the synaptic conservation, plasticity,
development and metabolism of glutamate. During turtle retinal development, layers, cells and
synapses appear at different times. The aim of this research is to study the emergence of Mdiller
cells during embryonic development and their relationship with the synaptogenesis. The authors
used retinas from Trachemys scripta elegans embryos at stages S14, 18, 20, 23, and 26. Some
retinas were processed with immunocytochemistry in order to detect the presence of glutamine
synthetase in Muller cells, which was used as a marker of these cells. Other retinas from the same
stages were processed for ultrastructural studies. Samples were observed in confocal and
transmission electron microscopes, respectively. The present results show that glutamine
synthetase expression in Miller cells occurs at S18, before the emergence of the retinal layers and
the early synapses.
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1. Introduction

In recent years, synaptogenesis research has focused on the role of glial cells in the
formation and elimination of synapses [1, 2]. In vertebrate retinas, Mller cells represent the
main glial cell type and play an important role in the maintenance of retina homeostasis.
Their trophic factors and mediators are active players in the synthesis, release and signaling
of the synaptic function [3].

GS (Glutamine synthetase) is an enzyme present in all organisms, from bacteria to humans,
which catalyzes the amidation of glutamate to glutamine. In the vertebrate retina, GS is
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found exclusively within Muller cells [4-6], and it plays an important role in controlling the
level of extracellular neurotransmitters such as glutamate and GABA [4, 7].

It is thought that GS expression occurs in parallel to the morphological differentiation of
Mdiller cells during retinal development [8, 9] and to astrocyte differentiation in brain
development [10-12]. Studies by Prada et al [13] showed that GS expression during
development is not related to the degree of differentiation. In fact, early Mller cell
differentiation is not detectable by the marker proteins available to date [14]. However,
Peterson et al [15] showed that GS is expressed early in development, and they described the
process of Muller cell differentiation using a biphasic model in which different markers
appear according to the development stage.

During the embryonic retinal development, before light responses begin, a transient circuit
gives rise to propagating synchronized waves between neighbor ganglion cells [16]. This
spontaneous activity could be the starter of the synaptogenesis and regulate the emergence
of distinct connectivity patterns [17]. Propagating retinal waves have been also studied in
the turtle retina during development [18]. Mller cells could be also participating in this
process [3].

The aim of this research was to study Muller cell differentiation in relation to the emergence
of synapses in the inner plexiform layer of embryonic turtle retina. To this end, we examined
the expression of glutamine synthetase as a marker of the Muller cells. The synapses in the
inner plexiform layer were detected using ultrastruc tural techniques.

The main result of this study has demonstrated that Maller cells were differentiated before
synapses occurred in turtle retina during embryonic development. This finding suggests that
Mdiller cells may play a decisive role in synaptic plasticity and the emergence of electrical
activity during turtle retinal development.

2. Materials and Methods

Data was obtained from embryonic turtle (Trachemys scripta elegans) retinas supplied by
Kliebert (Hammond, LA). Turtle developmental stages were selected using criteria
established by Yntema [19]. The following stages were used: S14, S18, S20, S23 and S26
(hatching). All procedures were performed in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals. Turtle eggs were kept in a humid
incubator at 29 °C. Animals were decapitated and pithed, and the eyes were removed
quickly and bisected [20]. Once the retinas had been isolated, they were examined using two
types of procedures: ultrastructural and immunostaining studies.

2.1 Immunohistochemistry

After isolation, retinas were immediately submerged overnight in 4% paraformaldehyde, 0.1
% glutaraldehyde in 0.1 M phosphate buffer and included in an acrylic resin, LR-White
(London Resin Company Ltd). Some semi thin sections were dyed with toluidine blue, while
others were used to perform the immunostaining studies. Subsequently, sections were
treated with a saturated solution of sodium-periodated for 20 minutes at room temperature
and rinsed in 0.1N HCI and distilled water. Nonspecific binding was blocked by incubation
in 5% normal goat serum. Sections were incubated overnight at room temperature in a dark
humid chamber in rabbit anti-glutamine synthetase (Sigma-Aldrich; dilution 1:500). The
following day, slides were washed in PBS and incubated for two hours in CyTM3-
conjugated Affinity Pure Donkey anti-rabbit IgG (Jackson Immuno Research Laboratories;
dilution 1:100). Sections were washed for 30 min in PBS and cover-slipped with
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Vectashield mounting medium. Sections from each turtle eyecup were used for controlling
experiments. Immunolabeled sections were examined by confocal microscopy.

2.2 Ultrastructural Studies

3. Results

For transmission electronic microscopy, the retinas were fixed by immersion in 1%
paraformaldehyde, 1.6% glutaraldehyde, and 0.15 Mm calcium in 0.1 M phosphate buffer
(pH 7.4) overnight. Then, retinas were washed in 0.1 M phosphate buffer, postfixed in 2 %
osmium tetraoxide, and included in an epoxy resin, Epon 812. Thin sections of 70 nm were
contrasted with uranyl acetate and lead citrate and observed in a Zeiss EM10C/CR electron
microscope.

3.1 Retinal Development

Embryogeny lasts about 60 days in the turtle Trachemys scripta elegans, divided into 26
stages [19]. Prior to stage 18 (= embryonic day 25), there is no clear differentiation in
retinal layers. The synaptogenesis of turtle retina begins at S18 when IPL (the inner
plexiform layer) first appears throughout the retina. In this stage, the IPL is visible under
light microscopy (Fig. Aal), although our electronic microscopy results show that the IPL is
not completely mature at this stage. It appears as a thin zone with many empty spaces, which
are rapidly filled by growing neurites (Fig. Aa3). Therefore, this stage is still immature. OPL
(the outer plexiform layer) is also immature at S18, being essentially invisible with light
microscopy, in contrast to the IPL (Fig. Aal). It takes about S20 (~ embryonic day 30) for
the OPL to become visible under light microscopy (Fig. Bb1). However, this layer does not
present synaptic contacts. Moreover, at this stage, electron microscopy shows that the empty
extracellular spaces are practically absent in the IPL (Fig. Bb3). Synaptic contacts, such as
conventional synapses and occasional synaptic ribbons appear for the first time in this layer,
but they are scarce. At S23 (= embryonic day 40), the OPL and IPL layers are evident (Fig.
Ccl). The electronic microphotograph reveals abundant synapses in plexiform layers (Fig.
Cc3). Furthermore, in the IPL there are more synaptic contacts, conventional synapses and
synaptic ribbons than at S20. At hatching (S26), all layers and synapses in the retina are well
defined (Fig. Dd1-d3).

3.2 Development of GS Immunoreactivity

In stages prior to S18, the retina showed negative immunoreactivity to GS. The first positive
GS immunoreactivity appears at S18 (Fig. Aa2). At this stage, Miiller cells show a low
labeling intensity in INL (the inner nuclear layer) and GCL (ganglion cell layer). Five days
later, at S20, a large increase in GS expression is seen in the INL and the GCL (Fig. Bb2).
This period shows an intensive staining of inner Mdller cell processes and the granular
pattern of Miller cell bodies and Miiller cell endfeet can be observed. At S23, Miller cells
show more GS immunoreactivity than at previous stages. This increase is more noticeable in
the INL than in the endfeet region of Muller cells (Fig. Cc2). Finally, at S26, the granular
pattern of GS changes to a diffuse pattern with a Mdiller cell shape throughout the retina
(Fig. Dd2).

4. Discussion

In order to understand the possible influence of Muller cells in retinal synaptogenesis, we
studied their appearance during retinal development using GS immunoreactivity in the
retina, and this was used as a specific marker for these cells [4, 6]. In fact, GS is the earliest
described marker of Miiller cells in zebrafish [15] and other species [21]. In our study, GS
immunoreactivity was first observed at S18, when the IPL had developed, separating the
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retina into a definitive GCL and INL [20]. These findings corroborate the results of previous
reports in which labeling of Miller cells occurs before the completion of lamination; the IPL
has taken shape while the OPL has not completed development.

The early appearance of Miiller cells suggests an important role in neurogenesis [15]. As has
been reported in other papers, during development, glial cells function as a scaffold and are
involved in axonal migration in nervous tissues [22-28]. Moreover, the observation that at
S18, GS immunoreactivity is very low could be because it is basal or constitutive [29]. In
effect, if GS is basal at S18, it cannot be involved in the degradative metabolism of
extracellular glutamate released by neuronal activity, since there are no differentiated
synapses in either of the plexiform layers at this stage [30-32]. In fact, in our results at this
stage, the electron microscopy shows an IPL as a thin acellular zone consisting of immature
neurites and growth cones scattered within large extracellular spaces and without synaptic
contacts. On the other hand, later in development, glial cells promote synapse formation and
plasticity [2, 33]. As already mentioned in the results section, retinal synaptogenesis in turtle
starts at S20, when plexiform layers have been formed and both conventional synapses and
occasional synaptic ribbons appear. From S20 to hatching, the number and maturation of
synaptic contacts increase. This increase in synaptic contacts during development occurs in
parallel with the increase in GS immunoreactivity from S20 to hatching. These results are
consistent with those reported by Prada et al. [13] in rats.

5. Conclusions

GS labeled Miiller cells were observed in Trachemys scripta elegans retinas from S18, prior
to complete emergence of retinal layers and initiation of synapse formation at S20. At S23
(~ embryonic day 40), the OPL and IPL are evident and electronic microphotographs show
abundant conventional and ribbon synapses. GS labeling indicates a progressive increase
between S18 and S26, suggesting that Muller cells may play an important role in synaptic
plasticity during turtle retinal development.

Acknowledgments

The authors thank Vanessa Pinilla, Gemma Prieto and Shaila Lecegui for their technical assistance. Confocal and
ultrastructural images were obtained by the University Alicante Technical Research Services (SSTTI). This project
was supported by the Conselleria d'Educacié (Generalitat Valenciana) Grants BEST-2008-069 and BEST-2010-229
to JDJ and the Pro-vice-chancellorship of Research Grants VIGROB-137 (2010-2011).

References

1. Eroglu, C.; Barres, BA.; Stevens, B. Glia as active participants in the development and function of
synapses. In: Ehlers, JW.; Hell, MD., editors. Structural and Functional Organization of Synapse.
Springer; New York: 2008. p. 683-714.

2. Stevens B. Neuron-astrocyte signaling in the development and plasticity of neural circuits.
Neurosignals. 2008; 16:278-288. [PubMed: 18635944]

3. de Melo Reis RA, Ventura AL, Schitine CS, de Mello MC, de Mello FG. Muller glia as an active
compartment modulating nervous activity in the vertebrate retina: Neurotransmitters and trophic
factors. Neurochemical Research. 2008; 33:1466-1474. [PubMed: 18273703]

4. Shen F, Chen B, Danias J, Lee KC, Lee H, Su Y, et al. Glutamate-induced glutamine synthetase
expression in retinal Muller cells after short-term ocular hypertension in the rat. Investigative
Ophthalmology & Visual Science. 2004; 45:3107-3112. [PubMed: 15326127]

5. Linser P, Moscona AA. Induction of glutamine synthetase in embryonic neural retina: Localization
in Muller fibers and dependence on cell interactions. Proceedings of the National Academy of
Sciences of the United States of America. 1979; 76:6476-6480. [PubMed: 42916]

J Life Sci (Libertyville). Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Segovia et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J

Page 5

. Riepe RE, Norenburg MD. Miiller cell localization of glutamine synthetase a rat retina. Nature.

1977; 265:654-655. [PubMed: 19708]

. Bringmann A, Pannicke T, Biedermann B, Francke M, landiev I, Grosche J, et al. Role of retinal

glial cells in neurotransmitter uptake and metabolism. Neurochemistry International. 2009; 54:143—
160. [PubMed: 19114072]

. Chader GJ. Hormonal effects on the neural retina: 1. Glutamine synthetase development in the retina

and liver of the normal and triiodothyronine-treated rat. Archives of Biochemistry and Biophysics.
1971; 144:657-662. [PubMed: 5569904]

. Olney JW. An electron microscopic study of synapse formation, receptor outer segment

development, and other aspects of developing mouse retina. Investigative Ophthalmology and

Visual Science. 1968; 7:250-268.

. Mearow KM, Mill JF, Vitkovic L. The ontogeny and localization of glutamine synthetase gene
expression in rat brain. Molecular Brain Research. 1989; 6:223-232. [PubMed: 2574402]

Patel AJ, Hunt A, Thaourdin CSM. Regional development of glutamine synthetase activity in the
rat brain ant its association with differentiation of astrocytes. Developmental Brain Research.
1983; 8:31-37.

Wernicke JF, Volpe JJ. Glial differentiation in dissociated cell cultures of neonatal rat brain:
Noncoordinate and density-dependent regulation of oligodendroglial enzymes. Journal of
Neuroscience Research. 1986; 15:39-47. [PubMed: 2870195]

Prada FA, Quesada A, Dorado ME, Chmielewski C, Prada C. Glutamine synthetase (GS) activity
and spatial and temporal patterns of GS expression in the developing chick retina: Relationship
with synaptogenesis in the outer plexiform layer. Glia. 1998; 20:221-236. [PubMed: 9482209]

Williams PR, Suzuki SC, Yoshimatsu T, Lawrence OT, Waldron SJ, Parsons M, et al. In vivo
development of outer retinal synapses in the absence of glial contact. The Journal of Neuroscience.
2010; 30:11951-11961. [PubMed: 20826659]

Peterson RE, Fadool JM, McClintock J, Linser PJ. Muller cell differentiation in the zebrafish
neural retina: Evidence of distinct early and late stages in cell maturation. The Journal
Comparative Neurology. 2001; 429:530-540.

Ford KJ, Félix AL, Feller MB. Cellular mechanisms underlying spatiotemporal features of
cholinergic retinal waves. The Journal of Neuroscience. 2012; 32:850-863. [PubMed: 22262883]

Soto F, Ma X, Cecil JL, Vo BQ, Culican SM, Kerschensteiner D. Spontaneous activity promotes
synapse formation in a cell-type-dependent manner in the developing retina. The Journal of
Neuroscience. 2012; 32:5426-5439. [PubMed: 22514306]

Grzywacz NM, Sernagor E. Spontaneous activity in developing turtle retinal ganglion cells:
Statistical analysis. Visual Neuroscience. 2000; 17:229-241. [PubMed: 10824677]

Yntema CL. A series of stages in the embryonic development of Chelydra serpentine. Journal of
Morphology. 1968; 125:219-251. [PubMed: 5681661]

Nguyen LT, De Juan J, Mejia M, Grzywacz NM. Localization of choline acetyltransferase in the
developing and adult turtle retinas. The Journal Comparative Neurology. 2000; 420:512-526.

Linser PJ, Peterson R, McClintock J, Possley J, Orozco R. The regulation of Mdiller cell
differentiation: Focus on the definitive Mller cell markers glutamine synthetase and carbonic
anhydrase-I1. Brain Research. 1996; 37:213-214.

Rakic P. Neuron-glia relationship during granule cell migration in developing cerebellar cortex: A
Golgi and electronmicroscopic study in Macacus rhesus. The Journal Comparative Neurology.
1971; 141:283-312.

Singer M, Nordlander RH, Egar M. Axonal guidance during embryogenesis and regeneration in the
spinal cord of the newt: The blueprint hypothesis of neuronal pathway patterning. The Journal
Comparative Neurology. 1979; 185:1-21.

Silver J, Rutishauser U. Guidance of optic axons in vivo by a preformed adhesive pathway on
neuroepithelial endfeet. Developmental Biology. 1984; 106:485-499. [PubMed: 6500184]

Jacobs JR, Goodman CS. Embryonic development of axon pathways in the Drosophila CNS: I. A
glial scaffold appears before the first growth cones. The Journal of Neuroscience. 1989; 9:2402—
2411. [PubMed: 2746335]

Life Sci (Libertyville). Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Segovia et al.

26.

217.

28.

29.

30.

31.

32.

33.

Page 6

Jacobs JR, Hiromi Y, Patel NH, Goodman CS. Lineage, migration, and morphogenesis of
longitudinal glia in the Drosophila CNS as revealed by a molecular lineage marker. Neuron. 1989;
2:1625-1631. [PubMed: 2576376]

Fishell G, Hatten ME. Astrotactin provides a receptor system for CNS neuronal migration.
Development. 1991; 113:755-765. [PubMed: 1821847]

Stitt TN, Gasser UE, Hatten ME. Molecular mechanisms of glial guided neuronal migration.
Annuals of the New York Academy of Sciences. 1991; 633:113-121.

Moscona AA. Hormonal regulation of glutamine synthetase in the retina: Role of cell interactions.
Progress in Clinical and Biological Research. 1986; 226:297-306. [PubMed: 2880349]

Hering H, Krdger S. Formation of synaptic specializations in the inner plexiform layer of the
developing chick retina. The Journal Comparative Neurology. 1996; 375:393-405.

Hughes WF, LaVelle A. On the synaptogenic sequence in the chick retina. The Anatomical
Record. 1974; 179:297-301. [PubMed: 4837763]

Meller K, Glees P. The differentiation of neuroglia-Muller-cells in the retina of chick. Cell and
Tissue Research. 1965; 66:321-332. [PubMed: 14312245]

Bolton M, Eroglu C. Look who is weaving the neural web: Glial control of synapse formation.
Current Opinion in Neurobiology. 2009; 19:491-497. [PubMed: 19879129]

J Life Sci (Libertyville). Author manuscript; available in PMC 2014 March 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

NN
WUREYONL
Se s OPL

Fig. 1. Photomicrographs from embryonic turtleretinas

Stage 18 (A), S20 (B), S23 (C) and S26 (D). (a1, b1, c1 and d1) Photomicrographs taken
from 1 pm-thick vertical semi-thin section stained with toluidine blue. (a2, b2, c2 and d2)
Confocal photomicrographs taken from 1 pm-thick vertical semi-thin section processed for
GS immunoreactivity. (a3, b3, ¢3 and d3) Electron micrographs taken from 70 nm-thick
vertical thin-sections of IPL. (A) OPL is not clearly visible in contrast to the IPL (al). NbL
and endfeet region of Mdller cells (arrows), show a scanty GS labeling (a2). In electron
micrographs, IPL appears as an area with empty spaces, filled by growing neurites, without
synapses (a3). (B) OPL becomes visible (b1), and a large increase in GS expression is
observed in the INL and the GCL (b2). Extracellular spaces and the synaptic contacts are
scarce in the IPL (b3). (C) All layers are well identifiable (c1). INL, GCL and endfeet region
(arrows) show GS immunoreactivity (c2). IPL show clear synaptic contacts (c3), with
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synaptic vesicles (*). (D) All layers are mature and well defined (d1). The pattern of GS
labeling is here more diffuse and locate in the middle INL (d2). IPL show clear synaptic
contacts (d3), with synaptic vesicles and synaptic ribbons (sr). ONL, outer nuclear layer;
NbL, neuroblastic layer, OPL, outer plexiform layer, INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. GS, glutamine synthetase. Scale bars 25 pm (al-
a2; b1-b2; c1-c2; d1-d2); 0.5 pm (a3; b3; c3; d3).
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