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Summary. Mi.ill er ce ll s are as trocyte-like radia l gli a 
ce lls which are fo rmed exclusively in the retina. Here we 
present evidence that Miiller ce lls are crucially involved 
in th e developm ent of th e retin a's a rchit ec ture and 
circuitry. There is increas ing ev idence that Mi.iller ce lls 
are prese nt from th e very ea rl y beginning of retin o
genesis. We postul ate the "gradual maturation hypothesis 
of Miill er ce ll s". According to this hypothes is, Mi.ill er 
cells are continuously generated by a gradual transition 
of neuroepitheli al ste m cell s into mature Mi.iller ce lls. 
This process may be partly reversible. Mi.i ller ce lls, or 
their immature precursors, are abl e to subserve di f'fe rent 
functions. They are primary candida tes fo r stabili zing 
the compl ex retin al architecture and fo r providing an 
orientation scaffold. Thereby, they introduce a reference 
sys tem for th e mi g ra ti o n a nd co rr ec t a ll oca ti o n 
of neur o ns . Mo reover, th ey ma y prov id e s pa ti a l 
info rm ati o n and mi c roe nv iro nm e nt a l cues fo r 
diffe renti ating neurons, and may also be import ant fo r 
th e segrega tion of ce ll and fibre layers. Additionally, 
they seem to be involved in the guidance of axonal fibres 
both in radi a l and in late ra l direc ti ons, as th ey are 
involved in the support and stabilization of synapses. 

Key words: Mi.ill e r ce ll s , Radi a l g li a, Re tin a, 
Deve lopment , Pi gmented epithelium, Chick, Rotati on 
culture, Chick-quail chimeras, FJl 

Introduction 

One of the basic requirements for the evolution of 
acti ve ly motile orga nisms was the deve lopment of an 
effi c ient nervous system to perceive inform ation from 
the environm ent , to process this inform ati on, and to 
adapt and control movement and behav iour. Beginning 
with a re lativ ely simpl e net-like nervous syste m in 
coe lent e ra tes , th e nervo us sys te m prog ress ive ly 
developed into a highly complex organ and ga ined more 
and more influence in the evolutionary success of its 
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ow ners. Not surpri singly, th e most compl ex nervo us 
sys tems a re fo und in yo un g evo luti o na ry g ro up s 
lik e birds and mamm als . Mos t of o ur own hum an 
comprehension depends upon the speci fic capac ity of 
our brain ; learning, memory, thinking or consciousness. 
These specific abilities emerge from the unique capacity 
of the brain to adapt itself to changing environmental 
si tuations. This can onl y be achieved by mechanisms of 
plas ticity, se lf organization, and learning. However, in 
th is case, the fine architecture of the brain can not be 
entirely fi xed. Therefore, the effic iency of the central 
nervous system highly depends upon few - at first sight 
chiastic - requirements: a) the compartmentalization of 
the brain into di fferent morphologica l and functi onal 
parts; b) the correct and stable arrangement and wiring 
o f th e di ffe rent ne uro nal ce ll types in s ide ea ch 
compartment , as we ll as the connections between related 
areas; and c) envi ronm ent al- and activit y-dependent 
pl as ti c it y to adapt th e nervous system to chang in g 
conditions and requirements both in the int ernal and 
external environment. 

The brain 's remarkable pl asticit y is also refl ec ted 
by the fact that in adult humans it consists of about lOt 2 
cells and each cell has about 1000 synaptic connections 
(Kandel et aI. , 1991). It is obv ious that this complexity 
cannot be specified in detail by gene-based info rmation. 
Most probabl y, the mai n function of nervous system
related genes is to prov ide a general blueprint consisting 
of a mosaic- like patt e rn of spec ific local molecul ar 
f rames. Valu ahl e mo rph oge neti c inform ati o n th e n 
emerges from, e.g. cell-cell recognition and sorting-out 
processes or from speci fic patterns of neuronal activity 
e nabl ing th e syste m to ac hi eve di ffe rent leve ls o f 
inherent se lf-orga nizati on and sta bili za ti o n. One of 
th e mos t impo rt ant medi a to rs of ne rvo us system 
organization and plasticity are glia ce lls. Although these 
cell s have hee n kn ow n fo r more th an a ce ntury, their 
compl ex signi ficance for embryonic development and 
for adult physiology has been recognized only recentl y. 
In this review, we want to focus on a specific type of glia 
ce ll which occurs exclusive ly in the retina: the Mi.iller 
ce ll . Here, we will consider their possible roles during 
the development of the retina's architecture. 
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The retina: a powerful model system in order to 
study neural development 

The embryonic development and the gross 
organization of most brain parts arise from the complex 
interactions of few basic mechanisms: a) the lateral 
growth and proliferation of neuroepithelial tissue; b) the 
migration, dispersion and allocation of neurons to their 
final destinations; c) the formation of synaptic contacts; 
d) the separation of cells and fibres into specific layers. 

One of the most suitable brain parts in order to study 
these mechanisms is the neural retina (Dowling, 
1987). Phylogenetically, it represents an evolutionary 
conservative structure, only differing marginally in 
distinct vertebrate groups. Ontogenetically, it arises as an 
outgrowth from the diencephalon to which it remains 
connected via the optic stalk and the optic nerve, 
respectively (Mann, 1964; Rodieck, 1973). Compared 
with the whole embryo or other parts of the brain, the 
anlage of the retina develops very early. During early 
embryonic stages, about half of the head's volume is 
occupied by the constituents of the visual system, i.e . the 
eyes, the connecting fibre pathways, and the central 
projection areas. The retina can be easily accessed for 
experimental approaches; however, the most important 
advantage is its relatively simple organization when 
compared to other brain parts like the cortex. The adult 
retina is composed of only two plexiform layers (outer 
plexiform layer [OPL] and inner plexiform layer [IPL]), 
where exclusively fibres and synapses are found, and 
three nuclear layers containing a limited number of 
neuronal cell types: photoreceptors in the outer nuclear 
layer (ONL); horizontal, bipolar, amacrine, and 
interplexiform cells in the inner nuclear layer (INL); and 
ganglion cells in the ganglion cell layer (GCL) (Wassle 
and Boycott, 1991). However, the retina is far from 
being a "simple" or "fully understood" tissue. Up to 
now, we can only estimate the number of cell subtypes 
or used transmitters, for example (Strettoi and Masland, 
1996). Rather than discussing the functional significance 
of the neuronal part of the retina, here we wish to deal 
with a basic constituent of its glial compartment: the 
radial Muller cells. 

Glia cells, more than glue 

Glia cells were discovered by Rudolf Virchow in 
1846 and named after their putative role which Virchow 
assigned to them: glia (glue). Originally, they were 
considered as constituents of a connective-like tissue, in 
which the neurons are embedded and which subserves 
no further functions. However, half of the brains's 
volume is occupied by glia cells, and often they 
dramatically outnumber the neurons. In mammalian 
brains there are about 10 times more glia cells than 
neurons (Bignami, 1991; Steinhauser, 1996). After a 
long period of neuron-centred neuroscience, glia cells 
have received more and more attention during the last 
decades (the reader is referred to a comprehensive 

textbook dealing with many aspects of glial biology: 
Kettenmann and Ransom, 1995). In the meantime, it is 
accepted that glia cells are multifunctional cells and 
important mediators of a variety of different capacities. 
Besides many glia-specific functions , they also have 
many capacities formerly addressed exclusively 
to neurons. It could be shown that e.g. glia cells are 
responsible for the structural stabilization of nervous 
tissue and that they serve as guiding structures for 
migrating neurons. Glia cells regulate the balance 
of relevant ions and they insulate neurons. They 
provide trophic substances to neurons, they remove 
metabolic waste, and they are responsible for the failure 
of the central nervous system to regenerate. Via 
cell recognition molecules, gap junctions or specific 
receptors, they can communicate with each other, with 
neighbouring neurons and their axons, but also with non
neuronal cells or the extracellular matrix. Since glia cells 
also express receptors for neurotransmitters and other 
neuro-active ligands, contributions of glia cells to the 
modulation of neuronal information processes or even 
independent glial information processing and extra
neuronal signalling pathways are discussed (Muller, 
1992; Newman and Zahs, 1997). 

Muller cells are specialized astrocytes 

In contrast to the enormous number of different 
neuronal cell types throughout the brain, glia cells can be 
subdivided into three morphologically distinct groups: a) 
astrocytes, possessing a large nucleus and prominent 
processes (including Muller cells); b) oligodendrocytes, 
possessing a small nucleus and short processes (the 
myelin-producing cells of the central nervous system); c) 
microglia, in many aspects atypical glia cells and 
more related to the immune system (macrophage-like 
cells ). 

Astrocytes and oligodendrocytes are summarized as 
macroglia . From an ontogenetic point of view and based 
on studies in rat optic nerve, both groups derive from the 
neuroectoderm . One can distinguish two types of 
astrocytes: Al- and A2-type astrocytes. Whereas A1-
astrocytes have a separate progenitor cell , A2-astrocytes 
and oligodendrocytes share a common, so-called 02A
progenitor cell (Raff et al. , 1983; Miller et al. , 1989; 
Pfeiffer et al., 1993; Miller, 1996). Evolutionary older 
fish seem to lack an independent astrocytic lineage; thus, 
all oligodendrocytes and astrocytes appear to share one 
common progenitor (Sivron et aI., 1992; Sivron and 
Schwartz, 1995). With respect to their morphology and 
their biochemical equipment, Muller cells are astrocyte
related cells. Molecularly, they express vimentin 
(Drager, 1983; Pixley and de Veil is, 1984; Schnitzer, 
1985; Robinson and Dreher, 1990) and under certain 
conditions the astrocytic marker, glial fibrillary acidic 
protein (GFAP; Vaughan et aI., 1990). Microglia most 
probably derive via the blood cell-lineage from 
mesodermal cells. Several authors consider these cells 
not as glia cells but rather as specialized cells of the 
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immune system (Oehmichen et aI., 1979; Graeber and 
Streit, 1990). Another classification for macroglia cells 
was proposed by Roitbak (1983) and Reichenbach 
(1989). They introduced the term "glion", analoguous to 
the term "neuron", for a hypothetic, general glia cell. 
Based on criteria of process specializations, they 
subdivided the macroglia cells into three groups. 
Accordingly, so-called "process I glions" contact the 
ventricle, "process If glions" contact mesenchymal 
spaces, and "process III glions" contact different 
compartments of the neuropil. Since this classification 
was based on the contacts glia cells are able to make, 
Muller cells would belong to all three categories, since 
their processes contact ventricular, mesenchymal and 
neuropil compartments. Sometimes they are even 
involved in the myelination of ganglion cell axons, 
normally considered a classical function of oligo
dendrocytes (Hughes and LaVelle, 1974; Prada et aI., 
1989). 

All types of glia cells can be found in the retina, 
however, only Muller cells are retina-born 

All types of glia cells can be found in the retina , 
however, important species differences are encountered. 
Ontogenetically, Muller cells are the only glia cells 
which are retina-born. Astrocytes, oligodendrocytes and 
microglia immigrate into the retina via the optic stalk or 
the blood vessels from sources located outside the retina. 
Whereas Muller cells are present in all species studied so 
far, the equipment with other glia cells mainly depends 
on whether the retina is vascularized or not. In non
vascularized retinae like in birds or some mammals like 
guinea pig or rabbit, Muller cells are typically the only 
glia cell population. However, oligodendrocytes and a 
myelinated optic fibre layer in the chicken retina have 
also been described (Nakazawa et aI., 1993). In 
vascularized re tinae like in humans, typical astrocytes 
occur, which in this case are associated with the blood 
vessels. Both Muller cells and astrocytes are thought to 
be involved in the formation of the blood-retina barrier 
(Huxlin et aI., 1992; Tout et aI., 1993), and it was 
supposed that Muller cells are functionally inter
changeable with astrocytes to a certain degree 
(Hollander et aI., 1991). Oligodendrocytes can 
also affect retinal circuitry, since in some species 
like rabbits , they participate in forming the myelin 
sheath of the ganglion axons in the optic fibre layer 
and optic nerve. Microglia cells also enter the 
retina via the blood vessels. During development or 
in certain pathological states, their number steadily 
increases (vrabec, 1970; Murabe and Sa no, 1981, 
1982; Schnitzer, 1989; Navascues et aI., 1995). 
Due to their embryonic origin and since the major 
functions of these cells are phagocytosis of cellular 
debris and presentation of antigens (Thanos, 1991), 
these cells are more related to the immune system 
and subserve other functions than the macroglia 
cells. 

Muller cells are regularly organized 

Muller cells were first described in 1851 by Heinrich 
Muller, then working in Wurzburg. Beginning with the 
innovative work of Ramon y Cajal (1893), the 
morphology of Muller cells was investigated with a 
set of appropriate classical stainings like Golgi 
impregnations (Ramon y Cajal, 1893; Reichenbach et 
aI., 1989), with enzymatically dissociated cells 
(Reichenbach et aI., 1987, 1988), or with electron 
microscopic studies (Meller and Tetzlaff, 1976; Uga and 
Smelser, 1973; Bhattacharjee and Sanyal, 1975). 

Lectin binding studies using peanut agglutinin 
(Arregui et aI., 1992) and antibody techniques are other 
powerful approaches to study Muller cells. In the 
meantime, valuable sets of specific antibodies were 
generated to visualize their fine morphology. Muller 
cells have been successfully labeled with antibodies to 
glia-specific antigens or widespread intermediate 
filament proteins like glial fibrillary acidic protein 
(GFAP; Erickson et aI., 1987; Eng and Shiurba, 1988; 
Distler et aI., 1993), or vimentin (Schnitzer et aI., 1981 ; 
Bignami et aI., 1982). Antibodies to other Muller cell- or 
radial glia cell-specific proteins like glutamine 
synthetase (Linser and Moscona, 1979, 1981), carbonic 
anhydrase II (Linser et aI., 1984; Palatroni et aI., 1990), 
cellular retinoic acid ligand binding protein (CRALBP; 
Sheedlo et aI., 1995), alpha-crystallin (Moscona et aI., 
1985); the antigens 3A 7 (Lemmon, 1985), 3Fl1, 4F3, 
3F8 (Dreher et aI., 1992, 1994), 2M6 (Schlosshauer et 
aI., 1991), 3CB2 (Prada et aI., 1995), or RCI (Edwards 
et aI., 1990) represent only an arbitrary selection among 
others. 

Considering their morphology, their molecular 
equipment and their spatio-temporal occurrence during 
decisive phases of neural development, Muller cells 
share many similarities with other radial glia cells. 
Typically, radial glia are present transiently during early 
and middle s tages of development, occuring often in 
evolutionary "young" parts of the brain. During these 
early stages, radial glia cells are often the only glia cell 
population. This indicates that they have to subserve 
many of the glia-related functions mentioned above. 
However, as in cerebellum or cortex, their most 
important function is the guidance of migrating and 
differentiating neurons from the ventriclar zone to their 
final destinations (Rakic , 1972). During tissue 
maturation, radial glia cells normally disappear, while 
other glia cells become more and more abundant to take 
over the non-migratory functions of the radial glia cells. 
Besides the Bergmann glia cells in the cerebellum 
(Reichenbach et aI., 1995), only in proliferative "hot
spots" of the adult songbird brain (Alvarez-Buylla et aI., 
1987,1988,1990; Alvarez-Buylla, 1992), in the 
olfactory bulb (Graziadei and Monti Graziadei, 1985), 
and in the retina, radial glia cells persist throughout life. 
Interestingly, most of these brain parts show remarkable 
capacities for cell proliferation and tissue regeneration in 
late embryonic stages or even in adults. 
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Muller cells span the entire width of the retina and 
occupy a remarkable spatial volume. They are arranged 
very regularly like spokes or columns since they 
ensheath their accompanying neurons like a stocking. 
The retinae of birds and mammals contain many more 
cells than retinae of lower vertebrates. Thereby, the 
neuron-to-Muller cell ratios reach only values from 
about 5-8 in lower vertebrates, while they increase to 
values from about 18-33 in mammals or birds (Dreher et 
aI., 1994; see Reichenbach and Robinson, 1995a). 
Concomitantly, the areal densities of Muller cells 
increase from about] 000 per square mm in amphibians 
or reptiles to 9,000-17,000 cells per square mm in 
central areas in mammals and birds due to the higher 
packing densities of cells in higher vertebrates (Dreher et 
aI., 1994). Spatially, there exists a decreasing central -to
peripheral gradient of Muller cell density, i.e. in central 
retina Muller cell density is about twice of that in the 
periphery. 

Fine morphology of Muller cells is adapted to the 
microenvironment 

The general shape of Muller cells is mainly 
determined by their radial organization. Although there 
are considerable morphological variations even within 
one retina , among related species, and among different 
vertebrate groups, some features are commonly present 
(Fig. 1). The cell body with the nucleus is located within 
the INL. To the scleral and vitreal surface of the retina, 

the cell extends two long processes contacting 
the outer limiting membrane (OLM) and the inner 
limiting membrane (ILM). Constituents of these 
processes partially contribute to the structure of both 
"membranes". Muller cells are ideally positioned to 
supply neurons with nutrition and to regulate the flow of 
metabolic substances between the retina and the vascular 
system. Not surprisingly, Muller cells in avascular 
retinae store more glycogen and they have more sclerally 
located mitochondria and microtubules, necessary for 
efficient uptake from the subretinal space (Magalhaes 
and Coimbra, 1970, 1972). Significant intraretinal 
variations can often be observed, e.g. in the rabbit, short 
thick Muller cells with big endfeet prevail in the retinal 
periphery, whereas long Muller cells with small end feet 
occur in the thicker central retina (Reichenbach et aI., 
] 989). In fish, amphibians and mammals , the vitreal 
process is very thick (Robinson and Dreher, 1990; 
Dreher et aI., 1992). In reptiles and birds, it splits into 
numerous thin parallel filamentous processes when 
entering the IPL to terminate as small vitreal expansions 
(Prada et aI., 1989; see Fig. 1). It was proposed that this 
sauropsid feature represents an adapt ion for effective 
K+ -buffering (Newman et aI., 1984; Eberhardt and 
Reichenbach, 1987) and removal of carbon dioxide, as 
well as for the absorption and distribution of pecten
derived nutrient substances in the metabolically highly 
active, yet avascular avian retinae (Dreher et aI., 1994; 
Newman 1994). At the inner limiting membrane, 
characteristic endfeet structures (Dreher et aI., 1988) are 

mammals reptiles birds 

OLM 

ILM 

a guinea pig b rabbit c crocodile d pigeon e chick 

Fig. 1. Morphology of Muller cells in different vertebrate groups. Muller cells span the entire thickness of the retina from the outer to the ILM. At the 
vitreal border, they form typ ical endfeet structures, which are involved in the formation of the ILM. At the scleral border, their surface is enlarged by 
many microvilli. In the ONL and INL they ensheath the cell bodies of the photoreceptors and interneurons like a basket. In the OPL they form horizontal 
rootlets and in the IPL corresponding branch lets, both probably involved in the fine organization of these strata. In mammals, the scleral part of the cell 
in the IPL remains single and thick, whereas in birds, it splits off into many fine fibres . In the closely related reptiles, a comparable splitting can be 
observed. (a, after Dreher et aI., 1992; b, after Robinson and Dreher 1990: c and d, after Dreher et aI., 1994; e, after Ramon y Cajal, 1893). 
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formed which contact the basal lamina and anchor the 
cells. In all vertebrates except anurans, endfeet 
membranes carry typical so-called orthogonal arrays of 
particles (OAP). These are P-face-associated arrays of 
rectangularly arranged subunits, which are suggested to 
be correlated with K+ -channels (Dermietzel, 1973, 1974; 
Berg-von der Emde and Wolburg , 1989; Bolz and 
Wolburg, 1992; Wolburg, 1995). Additionally, the ILM 
(Halfter et aI., 1983) and Muller cell endfeet (Stier and 
Schlosshauer, 1995) are a preferred substrate for the 
directed outgrowth of ganglion cell fibres towards the 
optic nerve head. The shape of the scleral process 
depends on the thickness and cell numbers of the INL 
and ONL. In fish , amphibians and mammals, the ONL is 
quite thick consisting of several rows of photoreceptors. 
Here, the scleral process splits into several thin 
processes ensheathing the photoreceptors (Collin et aI., 
1996a,b). In birds, the ONL consists of a single row of 
photoreceptors. Therefore, the scleral process remains 
single and thick. The scleral surface of all Muller cells 
carries numerous microvilli which extend into the 
subretinal space. Sometimes, a cilium with up to now 
unknown functions can be found (Ennis and Kunz, 
1986). At the level of the OLM, adjacent Muller cells 
and photoreceptors are interconnected mostly by zonulae 
adhaerentes. Rarely, other types of connections can also 
occur like tight junctions in fish or intermediate 

rods and cones 

synapses 

horizontal cells 
bipolar cells 
interpIexiform cells 
amacrine cells 
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Fig. 2. In each retinal layer, Muller cells show specific specialisations. In 
the OPL and IPL typical side protrusions occur, whereas in the ONL and 
INL the Muller cells ensheath their related neurons. Microvill i at the 
scleral side and endfeet structures at the vitreal side contact the OLM 
and ILM (partly after Meller and Glees , 1965). 

junctions in some amphibians. In the INL, the Muller 
cells form filigrane basket-like processes ensheathing the 
neuronal somata. Comparable specialisations can also be 
found in the OPL and most prominently in the IPL. Fine 
perpendicularly oriented so-called rootlets in the OPL 
(Dreher et aI., 1994) and so-called branchlets in the IPL 
(most prominently developed as " sunbursts" in cat; 
Stone et aI. , 1991) form a delicate net-like system. Since 
the lateral processes of neighbouring Muller cells are 
long enough to overlap and create contacts, this system 
might be a candidate to direct inner-retinal fibre 
outgrowth and to support the establishment and 
organization of the different synaptic sublayers during 
development (Marc, 1986; Reichenbach et aI. , 1989; 
Robinson and Dreher, 1990; see Fig. 2). In the functional 
retina, this system is involved in the ensheathment of 
neuronal processes and synapses in both plexiform 
layers. 

In some species there is also evidence for intraretinal 
junctional contacts between Muller cells which would 
allow them some degree of lateral communication 
(Reale et aI. , 1978; for a discussion of this topic see 
Cook and Becker, 1995). Such a system might be 
comparable to the compound system of astrocytes in 
vascularized retinae which are coupled by gap junctions. 
Thus, they are forming a functional syncytium capable 
for long-range signalling (Yamamoto et aI., 1990). 
However, gap junctions between Muller cells were only 
found in frogs and toads (Uga and Smelser, 1973) and 
rabbit Muller cells in vitro (Wolburg et aI. , 1990). 
Interestingly, the Muller cell system and the astrocyte 
system are coupled by gap junctions in rabbits 
(Reichenbach and Robinson, 1995b). In rat retina, a 
functional linkage between these two systems could be 
demonstrated by synchronously travelling calcium 
waves (Newman and Zahs, 1997) and in rat brain, 
transcellular radial glia labeling with retrograde tracers 
revealed a comparable close relation between neurons 
and glia (Kageyama and Robertson, 1993). 

Muller cells and neurons share common progenitors 

The regular arrangement and the intimate contacts 
between neurons and Muller cells do not only indicate 
their close relationship, but also reflect that they descend 
from a common progenitor. After invagination of the eye 
anlage, the outer sheet of the eye cup will form the 
pigmented epithelium while the inner sheet is destined to 
become the functional retina. All data so far indicate that 
the cells forming this early neuroepithelium represent an 
uniform population of developmentally equivalent 
progenitors (Nakafuku and Nakamura, 1995). Each 
retinal progenitor cell has the capacity to generate all 
types of neurons - as well as Muller cells - as could be 
nicely shown by studies using retrovirus-mediated gene 
transfer (Turner and Cepko, 1987), fluorescent dye 
labeling of individual cells (Wetts and Fraser, 1988; 
Welts et aI., 1989), or clonal-density cell culture (Jensen 
and Raff, 1997). 
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When are Muller cells born? 

The question when as to Muller cells are born is 
crucial when dealing with possible developmental 
functions of Muller cells (Robinson, 1991). Although the 
retinal precursor cells are capable of generating both 
glial and neuronal cells in all species studied up to now, 
there exists a similar spatio-temporal pattern of cyto
genesis and cellular differentiation. The first postmitotic 
cells are ganglion cells located in the central part of the 
retina (Holt et aI., 1988; Altshuler et aI., 1991; Jacobson, 
1991). The generation of ganglion cells then proceeds in 
an orderly central-peripheral gradient, i.e. the last 
ganglion cells are born at the retinal periphery. This 
central-peripheral gradient is modified by a temporal
nasal gradient showing a developmental advantage of 
the temporal side of the retina (Fujita and Horii, 1963; 
Kahn, 1974; Layer and Kotz, ]983; Liu et aI., 1983; 
Spence and Robson, 1989; Prada et aI., 1991). 
Concomitantly, the rates of thymidine uptake and of self 
renewal of stem cells first diminish near the centre of the 
retina, while it is still pronounced towards the periphery 
(Dutting et al., 1983; Hernandez-Sanchez et aI., 1994). 

In most species two distinct phases of cell proliferation 
can be distinguished in which specific cell types are 
generated. It is presumed that the potential fate of the 
early totipotential progenitor cells is increasingly 
reduced during subsequent cell divisions. Additionally, 
the daughter cells may undergo successive states of 
competence, thus generating mosaic-like patterns 
of different progenitor subpopulatiolls capable of 
generating specific limited subsets of cell types (Cepko 
et aI., 1996; Alexiades and Cepko 1997). The temporal 
course of cell proliferation roughly follows a vitreal
scleral gradient, i.e. the last mitotic cells are found in the 
scleral part of the INL, whereby the dorsal retina is 
slightly developmentally advanced when compared with 
the ventral retina (Prada et al., 1991). During the first 
phase, ganglion cells, cones, horizontal cells and a 
subpopulation of amacrine cells (so-called phase I-cells, 
according to the terminology of Reichenbach, 1993) are 
produced. During the second phase, Muller cells, rods, 
bipolar cells and some amacrine cells are born (so-called 
phase 2-cells; for review and further references see 
Reichenbach, 1993; Reichenbach and Robinson, 1995a; 
see also Fig. 3). These studies were mostly performed 

OPL 

Fig. 3. The "gradual maturation hypothesis of Muller cells". According to this model , Muller cells can be produced at any stage of retinogenesis. 
dependent on environmental cues. An early phase of self-renewal of multipotential stem cells leads to an areal increase of the neuroepithelium. During 
a first phase of prOliferation, mainly cones. horizontal, amacrine and ganglion cells are generated. They are stabilized and kept together radially into cell 
columns by Muller cells. During a second phase of proliferation, the remaining stem cells (possibly immature Muller cells) produce rods and bipolar and 
amacrine cells before the rest of them transform into mature Muller cells. Concomitantly, the separation of cell and fibre layers becomes apparent and 
the fine architecture of the retina is established (insert partly after Meller and Glees. 1965). 
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using [3H]-thymidine-autoradiography; comparable 
results came out by retroviral studies. According to these 
data, Muller cells should appear only late during retino
genesis, and hence, early developmental functions of 
these cells would seem to be rather unlikely (Turner et 
aI., 1990). 

However, things are more complicated. Using other 
techniques like scanning electron microscopy (Uga and 
Smelser, 1973; Meller and Tetzlaff 1976), immuno
cytochemistry (lemmon, 1985; Chan-ling, 1994), 
fluorescent dye labeling (Reinicke et aI., 1996), chick/ 
quail chimeras (layer et aI., 1990; Willbold et aI., 1995), 
or Golgi impregnations (Prada et aI., 1989), Muller cells 
were shown to be present from the very beginning of 
retinal development, i.e. they are among the earliest 
retinal cells born (see also Robinson and Dreher, 1990 
and some further literature therein). Can these 
contradictory views be explained? Although Muller cells 
and neurons emerge from the same progenitor cells, the 
crucial point seems to be that Muller cells retain a 
remarkable plasticity. In contrast to neurons which 
become comitted once, and then will never change their 
fate furtheron, Muller cells seem to have different 
functions during different phases of retinogenesis . These 
different functions may explain the different responses 
of Muller cells to specific antibodies or histochemical 
reactions , as well as their capacity for prolonged cell 
proliferation. Since Muller cells have characteristic 
endfeet structures forming an ILM on their vitreal sides 
and extending microvilli-like structures into the apical 
space, they share many features with ependymoglia. 
These cells represent an archaic type of glia cells 
(Reichenbach and Robinson, 1995b). Additionally, there 
are - compared with the overall retinal cell population -
proportionally more Muller cells in cone-dominated than 
in rod-dominated retinae and furthermore, the density of 
Muller cells seems to be independent from rod but 
closely related to cone density (Reichenbach and 
Robinson , \995a). Cones are older in evolution than rods 
(Okano et aI., 1992). This indicates that cones were 
among the first cells occurring in tissues specialized for 
visual perception. The intimate relationship between 
cones and Muller cells therefore also points to a very 
early phylogenetic and ontogenetic appearance of Muller 
cells. Hence, there is no doubt that Muller cells - or 
immature precursors of them - must be among the first 
cells arising in the retina. However, their regular 
differentiation to adult Muller cells takes place only 
later. Additionally, they, or at least a subpopulation of 
them, retain the capacity to /rroliferate; therefore, they 
cannot be detected with [- H]-thymidine- or BrdU
studies. Since Muller cells and the progenitors of the 
phase 2-cells share many similarities, it has already been 
supposed that these late progenitors are in fact immature 
Muller cells (Reichenbach and Robinson, 1995a). This 
wide range of Muller cell plasticity is also underlined by 
the observation that after injury of the adult retina, 
Muller cells re-enter the proliferation cycle to establish a 
glial scar (Burke and Smith, 1981). 

The "gradual maturation hypothesis of Muller cells" 

Based on these considerations, we here present the 
gradual maturation hypothesis of Muller cells (Fig. 3). 
We suggest that Muller cells are present from the very 
early beginning of retinal development and that more of 
them are generated throughout the period of retinal 
cytogenesis. However, due to their remarkable plasticity 
during retinal maturation, their morphological shape, 
their biochemical equipment and their functions 
all change continuously. The transition of early radial 
neuroepithelial precursor cells to adult Muller cells 
seems to be a graded process. This process does not run 
strictly in one direction , but - under certain conditions -
may be reversible to some extent. 

Possible developmental functions of Muller cells: 
facts and hints 

Degenerative and embryological mechanisms are 
often closely linked . The etiology and possible repair 
strategies for many pathological states may be related to 
embryonic developmental mechanisms. Therefore, the 
study of developmental mechanisms may be useful for 
the comprehension of many pathological problems. It is 
known that e.g. Muller cells playa central role in some 
diseases like proliferative vitreoretinopathy (Machemer, 
1988) or different types of retinal degeneration 
(Diloreto et aI. , 1995; de Raad et aI., 1996; Molthagen 
et aI., 1996) . This not only strengthens again the 
plasticity and dynamic role of Muller cells, but also 
underlines their important functions during development. 
However, what kind of roles may the Muller cells play? 

It is widely accepted that in the retina only one type 
of progenitor cell exists which gives rise to Muller cells 
and all neuronal types. This issue however raises the 
question as to how each individual cell is destined to its 
final fate and location to fit into the retinal architecture 
and circuitry. It becomes more and more obvious that the 
mechanisms of retinal cell fate determination and 
histogenesis depend on complex interactions with 
environmental factors. Although genetic and cell
intrinsic factors seem to be also important (Watanabe 
and Raff, 1990; Williams and Goldowitz, 1992; 
Williams et aI., 1996), it has been inferred that micro
environmental cues largely dictate the final fate of 
postmitotic retinal neurons, at least partly by cell-cell 
signalling (Turner and Cepko, 1987; Holt et aI., 1988; 
Wetts and Fraser, 1988; Turner et aI. , 1990). However, 
only a few candidates for such cues could be identified 
up to now. It could be shown that, e.g. Sonic hedgehog 
protein is a putative mitogen for precursor cells (Jensen 
and Wallace, 1997), that thyroid hormone is able to 
induce cone photoreceptors (Kelley et aI., 1995), and 
that ganglion cells are committed from progenitor cells 
by the Notch-pathway (Austin et aI., 1995; Kopan and 
Turner, 1996; Bao and Cepko, 1997). It could be also 
shown that the level of expression of epidermal growth 
factor (EGF) receptor (Gospodarowicz et aI., 1986) 
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contributes to the regulation of cell fate (Lillien, 1995). 
Basic fibroblast growth factor (bFGF) is generally 
involved in the control of cellular proliferation (Lewis et 
aI., ] 992) and also in retinal differentiation and 
regeneration (Park and Hollenberg, 1989; Pittack et aI., 
1991, 1997; Opas and Dziak, 1994). It is discussed that 
early committed cell populations such as ganglion cells 
or photo receptors represent master cells which initiate 
the consequent determination of other cell types within a 
developmental hierarchy. Not surprisingly, ganglion cells 
and photoreceptors are the most vitreally and sclerally 
located cell populations. Such a scheme would be open 
to the question whether retinal differentiation is an 
autochthonic process or whether it is initiated and 
triggered from the outside. 

Muller cells as candidates for providing positional 
information 

The multitude of potential factors affecting retino
genesis indicates that factors from the outside and retina
born factors are involved in the regulation of progenitor 
cell proliferation and determination of the final cell 
fates. A prerequisite for their complex interactions and 
signalling cascades is a suitable transport system for the 
efficient distribution of cues. Due to their architecture 
and molecular equipment, Muller cells are now well
suited candidates for providing such a system, because: 
1) the microvilli-system and the filter-system of the 
zonulae adherentes at the level of the OLM point to 
specific uptake mechanisms at the scleral surface of 
Muller cells; and 2) due to their columnar radial 
organization and intraretinal specialisations, Miiller cells 
represent a three-dimensional reference system for their 
related adjacent neurons. These capabilities are 
independent from the origin of the signals; however, 
glia-derived signals initiate rather than determine the 
final levels of differentiation. 

Another crucial requirement for possible 
developmental functions of Muller cells is the fine-tuned 
spatio-temporal expression of molecules enabling them 
to efficiently communicate with other cells or with the 
environment. All cytotopographical spezialisations of 
Miiller cells are accompanied by specific biochemical 
properties of the membrane (for a comprehensive review 
see Reichenbach, 1989), altogether enabling Miiller cells 
to form complex and fine-tune spatial interactions with 
their environment. It has already been shown that Miiller 
cells are equipped with receptors to respond to a wide 
range of autocrine and paracrine signals deriving from 
the retina (Hicks et aI., 1992), the pigmented epithelium 
(Tanihara et aI., 1993a,b; Jaynes and Turner, 1995; see 
below), the vascular system, and inflammatory cells (see 
Puro, 1995). M iiller cells have receptors to nerve growth 
factor (NGF; Chakrabarti et aI., 1990), and epidermal 
growth factor (EGF) and transforming growth factor 
(TGF) alpha are able to induce c-fos gene expression 
(Sagar et aI., 1991). Early Miiller cells express insulin
like growth factor (IGF) binding proteins as well as 

transferrin in their endfeet (Zeevalk and Hyndman, 
1987). The latter process is highly coordinated with the 
expression of IGF-receptors on ganglion cells (Lee et aI., 
1992). Such observations are in line with the fact that the 
survival of early ganglion cells (a presumed master cell 
population) transiently depends on Miiller cells. Later 
they become dependent on their target cells in the 
superior colliculus. (Raju and Bennett, 1986; Armson et 
aI., 1987). Muller cells also play an important role 
during the final maturation of photoreceptors (another 
presumed master cell population) as could be shown by 
using the specific glia toxin, DL-a-aminoadipic 
acid (Rich et aI., 1995). Most of these capacities are 
associated with adult or maturing Miiller cells; however, 
there might also exist comparable capacities during early 
development. 

Do Muller cells mediate pigment epithelium-derived 
retinogenetic signals? 

One of the most important non-retinal sources for 
factors determining retinal development is the pigmented 
epithelium. After retinectomy or under specific 
experimental conditions, cells of the pigmented 
epithelium have the remarkable capacity to trans
differentiate themselves into neural retina (Orts-L1orca 
and Genis-Galvez, 1960; Coulombre and Coulombre, 
1965; Okada, 1980; Stroeva and Mitashov, 1983; Reh et 
aI., 1987). The progression of retinal degeneration in the 
RCS rat (which has a pigmented epithelium defect) can 
be halted by the transplantation of normal pigmented 
epithelium (Li and Turner, 1988; Lopez et aI., 1989), and 
retinal grafts are better differentiated in the presence of 
co-grafted pigmented epithelium (Aramant et aI., 1990). 
When pigmented epithelium is explanted on a nitro
cellulose filter, it strongly promotes cell proliferation 
and tissue lamination of retinal ex plants (Liu et aI. , 
1988). Pigmented epithelium-deficient transgenic mice 
show a distorted retinal differentiation (Raymond and 
Jackson, 1995) and dispersed retinal cells re-arrange 
histotypically into cellular spheres (so-called stratoids) 
only in the presence of a monolayer of pigmented 
epithelium (Rothermel et aI., 1997). Molecularly, 
proteins of the hedgehog gene family (Levine et aI., 
1997) and several pigmented epithelium-derived 
retinogenetic factors (Campochiaro et aI., 1989; 
Tombran-Tink et aI., 1991; Campochiaro, 1993) have 
been shown to promote neurite outgrowth and retinal 
progenitor cell production (Sheedlo and Turner, 1996a). 

These observations are in line with studies using 
pigmented epithelium-derived factors secreted into a 
defined medium. These conditioned media promoted 
photoreceptor and Muller cell proliferation and 
differentiation (Jaynes and Turner, 1995) as well as the 
up-regulation of mRNA for the immediate early genes 
NGFI-A and c-fos in both Muller cells and pigmented 
epithelium (Jaynes et aI., 1995). These factors also seem 
to promote the formation and stabilisation of Miiller cell 
endfeet at the ILM (Wolburg et aI., 1991). It seems 
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highly possible that Muller cells are involved in the 
mediation of pigmented epithelium-derived factors, and 
it remains a fascinating possibility that these factors act -
at least partly - via the production and differentiation of 
Miiller cells. 

Muller cells express different types of cell 
recognition molecules 

How can Muller cells contribute to cell-cell 
communication? During the last two decades, the 
different families of cell recognition molecules have 
been recognized as important mediators for cell-cell 
and cell-environment communication. Recognition 
molecules are involved in different processes like, e.g. 
sorting out processes or the regulation and guidance of 
migrating cells and fibres. Muller cells have been shown 
to express some of these molecules, like Ll /NgCAM 
(Drazba and Lemmon, 1990) or 5AIl (Fadool and 
Linser, 1993). Besides these types of molecules, barrier
associated proteins like EAP-300 (embryonic avian 
polypeptide of 300 KDa) or c1austrin (McCabe and Cole, 
1992) have also been found. Both cell recognition 
molecules and barrier-associated molecules often act in a 
complementary manner as positive (i.e. supporting 
guidance and migration of cells and fibres), and negative 
(i.e . forming repulsive barriers) regulators of 
development. To further elucidate these questions, 
we searched for additional Muller cell-expressed 
recognition molecules. We were able to localize Fll 
(Rathjen et aI., 1987), a member of the immunoglobulin 
superfamily, on the surface of Muller cells (Willbold et 
aI. , 1997a). 

One of the most obvious features of the retina is its 
columnar organization, comparable to other brain areas 
like the cortex (Rakic, 1972; Luskin et aI. , 1988), the 
spinal cord (Leber et aI., 1990) or the optic tectum 
(Puelles and Bendala, 1978; Senut and Alvarado
Mallar!, 1987; Gray and Sanes, 1991). In these brain 
areas, a scaffold of radial glia cells acts as a guiding 
structure for migrating neurons (Hatten 1990, 1993; 
Rakic et aI., 1994; Rakic, 1995). First of all, one could 
speculate that Miiller cells may have a similar function. 
Nevertheless, this should occur in a somehow modified 
fashion, since in the retina neuronal migration by 
perikaryal translocation seems to prevail (Morest, 1970; 
Snow and Robson, 1995). Radial migration may also 
occur, however, mainly at later stages of retinogenesis. 
This would primarily concern the migration of the 
offspring of phase 2-cells, after the developing retina has 
already achieved a considerable thickness. 

Therefore, we focused our interest onto possible 
repulsive barrier functions to better understand the 
organizing function of Miiller cells . Muller cells are 
likely candidates for forcing the clonal offsprings of the 
retinal progenitor cells into radial cell columns. To 
investigate this issue , we used rotation-incubated so
called spheroids of dissociated retinal cells. Using 
gliotoxins and chimeras of chick and quail cells , we 

were able to follow the developmental fate of Muller 
cells and to look at their functions in organizing the 
complex retinal architecture. 

Retinospheroids as model systems to study 
retinogenesis in vitro 

How can possible developmental functions of Muller 
cells be followed and untangled? It is obvious that in 
vivo studies are indispensable, since only they can yield 
the final proof of any real biological significance . 
However, these experiments are often difficult to carry 
out, disturbing influences of neighbouring tissues cannot 
be excluded, and the developing structures can hardly be 
observed. To overcome most of these problems, a 
number of powerful in vitro culture techniques have 
been developed. Especially for developmental studies, 
the retinospheroid technology is most useful. This 
system is based upon the capacity of dissociated 
embryonic chicken retinal cells to aggregate, to 
proliferate, to differentiate and to re-organize themselves 
into histotypic structures (Adler, 1973; Honegger and 
Richelson, 1976; Akagawa et aI., 1987). These processes 
are very similar to those observed during normal 
development. In fact, in vitro regenerates are morpho
logically and physiologically almost indistinguishable 
from a normal retina. Technically, tissues from defined 
retinal origins are dissociated into single cells and small 
cell clusters, respectively. After reaggregation under 
rotation culture conditions, these cells will then form so
called retinospheroids (Fig. 4). We use two different 
systems, one system (called rosetted spheroids) has been 
introduced by Moscona and his colleagues (Moscona, 
1952, 1974; Garber and Moscona, 1972a, b; Hausman et 
aI. , 1976; Vardimon et aI., 1991), a second system 
(called stratospheroids) was introduced by us (Vollmer et 
aI. , 1984; Layer and Willbold, 1989). 

Rosetted spheroids are inversely laminated retinal 
aggregates 

This system starts with dissociated cells from the 
central part of the functional embryonic retina. The 
reaggregates thus obtained are called rosetted spheroids. 
They show the formation of patterns similar but far from 
identical to a normal retina. Noticeably, a rosette 
structure arises which represents the centre for the 
organization of histotypic tissue. Rosettes can be 
observed in the retina both in vitro and under some 
pathological or experimental conditions in vivo (i.e. real 
Flexner-Wintersteiner rosettes; Shimada et aI., 1973; 
Mayerson and Moscona, 1979; Hibbard and Ehrlich, 
1982), but have not been shown in other brain regions 
(however, in some neuronal tumours so-called Homer 
Wright rosettes occur frequently; yet this type of 
rosette shows a completely different morphology and 
organization. It is not homologous to the Flexner
Wintersteiner rosette type Paulus, 1995). Rosettes are the 
very first and initial recognizable structures when 
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ciliary margin 

neuroepithelial and 
pigmented epithelial cells 

make single cells 
and cell clusters 

rotation culture 

stratospheroids 

functional retina 
only retinal cells 

make single cells 

rotation culture 

rosetted spheroids 

organized subunit (ONL, OPL, INL) 

Fig. 4. Retinospheroids as 
developmental model systems 
to study retinogenesis. 
Stratospheroids (left) and 
rosetted spheroids (right) are 
two independent in vitro 
systems to study mechanisms 
of retinogenesis. 
Stratospheroids emerge from 
neuroepithelial and pigmented 
epithelial cells located in the 
ciliary margin. These cells are 
dissociated into single cells 
and cell clusters and rotation 
incubated for up to 2-3 weeks. 
Especially by proliferation, a 
three-dimensional spherical 
structure is built up with a 
correct orientation of the retinal 
layers. Rosetted spheroids 
emerge exclusively from cells 
originally located in the central 
part of the retina. They are 
completely dissociated into 
single cells and are also 
rotation- incubated fo r up to 2-3 
weeks. Rosetted spheroids are 
composed of several so-called 
subunits. each with a rosette in 
its centre. In their mature state, 
these rosettes hold 
photoreceptors. They are 
surrounded by an OPL, a 
radially organized INL and an 
IPL. IPL-like areas and so
called non-organized areas 
interconnect the retinal 
subunits. 
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dissociated single cells are put into rotation culture 
(Sheffield and Moscona, 1970; BenShaul and Moscona, 
1975). Three-dimensionally, an initial rose tte is a hollow 
spherical structure, whose wall is formed by a single row 
of mitotic cells (Layer et aI., 1990). Thus, about 80% of 
all cells are produced in culture during the first 3-5 days 
(Vollmer and Layer, 1987; Willbold and Layer, 1992). 
Later, the wall of the mature rosette is formed by 
photoreceptors. They are separated by fibres of Muller 
cells which form an OLM sealing off the rosette's inner 
lumen. 

By forming an OLM, and since rosettes are spherical 
structures, the Mi.iller cells are radially arranged like the 
spokes of a wheel. In contrast to the in vivo situation, an 
ILM is not formed and the Muller cells end freely with 
their vitreal processes in the IPL (Wolburg et aI., 1991). 
This entity structure consisting of a rosette , a radial 
Muller cell scaffold and accompanying neurons 
represents a subunit (Fujisawa, 1973). During early 
spheroid formation, several of these subunits fuse. Then, 
in each subunit, OPL- and INL-homologous areas 
develop and all main retinal cell types such as photo
receptors, bipolar, horizontal, amacrine or ganglion cells 
can be identified. The different subunits are inter
connected either by matrix areas corresponding to an 
IPL or by areas composed of cells and fibres with no 
obvious organization ("non-organized areas", Layer et 
aI., 1997b). Noticeably, the orientation of the cellular 
layers in the subunits is inverted as compared to the in 
vivo situation. In vivo, the photoreceptors are facing 
outwards towards the pigmented epithelium; in rosetted 
spheroids they are facing towards the inside of the 
rosette. 

Stratospheroids are correctly laminated retinal 
regenerates 

In contrast to rosetted spheroids which emerge from 
central retinal cells, stratospheroids develop from cells 
and small cell clusters of the pigm e nted epithelium 
together with non-pigmented neuroepithelial cells 
derived from the ciliary margin (Layer and Willbold, 
1989). Cells of the pigmented epithelium support and 
strongly influence processes of retinal regeneration both 
in vivo (Coulombre and Coulombre, 1965; Stroeva and 
Mitashov, 1983; Park and Hollenberg, 1989) and in vitro 
(Pittack et aI., 1991; Zhou and Opas, 1994; Zhao et aI. , 
1995; Sheedlo and Turner, 1996b; Rothermel et aI. , 
1997). Stratospheroids are not composed of rosettes and 
their corresponding retinal subunits, but instead, each 
spheroid represe nts a coherent spherical structure, 
expressing all three retinal cell layers in a correct 
polarity. Thus, the ganglion cells are located inside the 
spheroid, while the photoreceptors are facing the culture 
medium. Stratospheroids are generated in a totally 
different way to rose tted spheroids. Aggregation of 
individual cells plays only a minor role since the culture 
predomin a ntly starts from cell clusters containing 
pigmented and nonpigmented cells. The pigmented cells 

induce neuroblasts to proliferate and differentiate by up 
to now unknown factors; concomitantly they also induce 
a correct laminar orientation of the newly produced 
cells. In the mature stratospheroid, a core of pigmented 
cells typically remains near the centre or at the 
periphery. Thereby, the pigmented epithelium core 
remains intimately connected with the retinal part of the 
spheroid (Vollmer and Layer, 1986). Both rosetted 
spheroids and stratospheroids allow us to study normal 
retinogenesis under constant and controlled conditions. 
Recently, we introduced a third system; so-called 
stratoids. These stratoids are correctly laminated like 
stratospheroids but develop from fully dispersed cells of 
the central retina under the influence of a pigmented 
epithelium monolayer (Rothermel et aI., 19(7). 

Most importantly, the retinospheroid technology 
offers a number of advantages when compared to other 
in vivo or in vitro techniques: 
- When compared to monolayer or slice cultures, growth 
of the tissues is not restricted to two dimensions, but is 
allowed to proceed into the third spatial dimension as 
well, due to the free floating of cells and spheroids in the 
culture medium. 
- Starting from dissociated cells, the complex retinal 
architecture of retinospheroids is gradually built up and 
the final histological structure and physiological 
capacities are comparable to a normal embryonic retina. 
- In retinospheroids, artificial cell-substrate interactions 
are absent and di s turbing environmental factors are 
negligible. 

Possible developmental functions of Muller cells 
tested in vitro 

The cell recognition molecule F11 is expressed on Muller 
cells 

A powerful communication system between Muller 
cells and their environment is a prerequisite for 
developmental interactions. What molecular equipment 
e nables MUller cells to communicate with their 
neighbouring cells? Since Muller cells have already been 
s hown to express 5A 11, a cell recognition molecule 
involved in neuron-glia interactions (Fadool and Linser, 
1993), we focused our interest onto the spatio-temporal 
expression of the cell recognition molecule Fll, a 
member of the immunoglobulin superfamily. Fll is 
primarily expressed in brain but also weakly in lung and 
pancreas. Fll is involved in cell contact-dependent 
modulation of neuronal differentiation, for instance in 
neurite outgrowth and fasciculation (Brummendorf and 
Rathjen, 1995). The role of Fll in specific cell-cell 
interactions during development is context-dependent: it 
can play the role of a ligand (Morales et aI., 1993), or the 
role of a receptor component (Peles et aI., 1995); or it 
can interact with extracellular matrix molecules (Rathjen 
et aI., 1991; Zisch et aI., 1992; Brummendorf et aI., 
1993) or with axonal receptors (Brummendorf et aI., 
19(3). In brain, Fll is mainly associated with extending 
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neuronal processes. [n the retina in vivo, Fll is 
expressed in the inner and outer plexiform layer (Layer 
and Willbold, 1989, 1994; Rathjen et aI., 1991), as well 
as in a system of radially organized structures. 
Noticeably, this feature is much more pronounced in 
vitro. Using immunocytochemistry and Western blot 
analysis in stratosphcroids, we could unequivocally 
show that these radially organized structures are 
identical to Muller cells (Willbold et aI., 1997a; see Fig. 
5). Since the Fll-moJecule has been studied primarily in 
the context of its neuronal expression, this glial 
expression may help to explain a migration-supportive 
function of Muller cells. Additionally, it makes new 
interactions between glial and neuronal structures 
possible. Interestingly, Fll-expression seems to be a 
unique feature of Muller cells, since we were not able to 
localize FI1 on other radial and non-radial glia types in 
the central nervous system. This may be explained by 
the complex functions of Muller cells if compared with 

the more restricted functions of other radial glia cell 
types. Which potential functions of FIl on Muller cells 
are in line with this finding? It could be shown that 
Ll / NgCAM, a FII-ligand, is involved in the radial 
migration of neuronal precursors in the forebrain and in 
the cerebellum (Chuong et aI., 1987; Barami et aI. , 
1994). [n the retina, Ll /NgCAM was shown to be 
involved in retinal ganglion cell neurite outgrowth on 
Muller cells (Drazba and Lemmon, 1990). Therefore, it 
seems conceivable that the expression of Fll on Muller 
cells is related to the radial migration of phase-2 cells 
and to the directed guidance of outgrowing fibres. 

Muller cells retain the capacity to promote retinal 
lamination in vitro: only retinal spheroids develop a high 
degree of laminar and cellular organization 

It is obvious that Muller cells differ in many aspects 
from other radial glia cells occuring in the brain; e.g. in 

Fig. 5. Muller cells express the cell recognition molecule FII . FII co·localizes with vimentin , a specific marker for Mulier celis. Fluorescence optical 
view (a, b) and transmission electronmicroscopic view of semithin cryosections (0.3 pm) of a stratospheroid after 12 days in culture, double-labeled with 
F11 (a, detected with FITC; c, detected with 10 nm colloidal gold) and vimentin (b, detected with Cy3; c detected with 18 nm colloidal gold) , 
respectively. In both preparations, partial views of a Mulier celi are seen. Note the strict parallel and radial orientation of the cells (a, b) as well as the 
co-localization of both antigens on the Mulier cells (c). Bar: a and b, 20 pm; c, 1 pm. 
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cortex, tectum, or cerebellum. This is also reflected by 
their specific beh av iour in spheroids. Comparable to 
retinospheroids, dissociated cells from other brain 
regions are capable of forming spheroids as well. Tectal, 
telenceph a lic and cerebellar spheroids also show 
significant amounts of cell and fibre differentiation. 
However, only in retinal spheroids can a histotypic 
organization be detected with clearly separated cell and 
fibre layers as well as radially running cell columns. We 
suggest that this pattern is promoted by Muller cells 
which are able to reorganize an early radial scaffold. We 
observe a strict congruency between these radial 
scaffolds, the presence of rosettes, and the distribution of 
radially organized areas in rosetted spheroids. Tectal, 
telencephalic and cerebellar spheroids do not show 
organized radial glia scaffo lds. Ins tead , the radial glia 
cells are randomly arranged and the spheroids do not 
s how a histotypical organization (see Fig. 6). This 
organizing capacity of Muller cells in vitro also strongly 
suggests the existence of a comparable function in vivo. 
Moreover, since non-retinal radial glia cells are not able 
to reorganize a histotypic organization in vitro, Muller 
cells seem to be qualitatively different from other radial 
glia cells (Willbold et al., 1997b). 

Muller cells stabilize retinal cell columns 

From their radial architecture, from their regular 
arrangement and from their close ontogenetic relation
ship to their neuronal counterparts, Muller cells are 
primary candidates for establishing, organizing, 
stabilizing and sustaining the retinal architecture. To test 
these stabilizing functions of Muller cells , chimeric 
stratospheroids were prepared by mixing chick and quail 

cells at th e beginning of the culture. Chick-quail 
chimeras have the advantage that the fate of quail cells 
can be selectively followed. They have an additional 
nucleolus which can be visualized by classical nuclear 
stainings (Le Douarin, 1973). Alternatively, whole cells 
and tissues can be detected by quail-specific antibodies 
(Lance-Jones and Lagenaur, 1987; Aoyama et al., 1992). 
In chimeric stratospheroids, chick and quail cells are not 
distributed randomly. They are arranged in a variable but 
nevertheless highly specific pattern (Layer et al., 1990). 
Each spheroid is composed of species-specific radial 
sectors whose lateral borders run through the entire 
width from the ONL to the GCL. The border between 
adjacent sectors is formed by a Muller cell (Willbold et 
al., 1995), and sometimes, a sector can be composed of a 
single Miiller cell and its associated cell column. The 
most important point is that cells from one species 
cannot cross the interspecies border and invade a 
neighbouring sector. Therefore, Muller cells form a strict 
barrier inhibiting lateral migration of cells and forcing 
the individual neurons to be aligned in their column (see 
Fig. 7). Concerning fibre growth, another important 
observation was that processes of neurons or glia cells 
within the IPL can traverse the interspecies borders, as 
revealed by the extension of plexiform quail material 
into chick sectors. This might be due to the failure of 
Muller cells to express chondroitin sulphate proteo
glycan (MacLaren, 1996). This is a repulsive molecule 
expressed by reactive astrocytes. It has also been shown 
to control the sequence of ganglion cell differentiation 
and the initial direction ofaxons both in the embryo and 
during injuries (Silver, 1994). Although we do not know 
the exact nature of this border-crossing material , we 
suppose that the major contribution comes from fibrous 

Fig. 6. Muller cells reorganize radial scaffolds in rosetted spheroids. Cryosections of a rosetted (a) and a tectal (b) spheroid after 14 days in culture 
were stained with antibodies against vimentin to detect radial glia cells. In the retinal spheroid two radial organized subunits can be seen (rosettes are 
marked by a white star). In the tectal spheroid, the radial glia cells show only a random meshwork. Bar: 50 11m. 
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branch lets of Muller cells, which have been nicely 
visualized by others to project into the IPL (Robinson 
and Dreher, J 990, Stone et aI., 1991). This indicates that 
Muller cells are generally involved in subdividing the 
neuroepithelium in distinct cellular compartments and in 
establishing, further subdividing, and promoting the fine 
architecture of the IPL. It seems possible , that the 
fibrous branch lets are important structures for the 
guidance of axonal fibres projecting into specific 
synaptic sublaminae (Layer et aI., 1997a). Whereas 
MUlier cells al low outgrowing fibres to migrate 
tangentially, they represent strict barriers for laterally 
migrating cells - at least at later stages of development -
allowing only the allocation of neurons in radial 
direction . To test such a border-function of Muller cells, 
we selectively damaged Muller cells with the glia 
specific toxin DL-a-aminoadipic acid (O ln ey et aI., 

1971; Lund Karlsen 1978; Kato et aI., 1990; Sugawara et 
aI., 1990). It could be shown that high concentrations of 
this toxin induced total damage of MUlier cells, leading 
to a complete breakdown of histogenesis (Reinicke and 
Layer, 1992; Kuhnel et aI., 1994; Germer et aI., 1997). 
After applying a lower dosage causing a sensitive 
damage, the ensheathment of cell columns becomes 
permeable, neurons leave their cell column, cross the 
interspecies border and migrate laterally into the next 
sector (Willbold et aI., 1995). Disturbed migration 
patterns of displaced amacrine cells were also observed 
in a comparable study in vivo (Prada et aI., 1989). These 
experiments show that Muller cells are intimately 
involved both in mechanisms of radial migration and in 
the stabilization of the retinal columns. From these 
observations several important principles of retino
genesis and Muller cell functions can be deduced: a) The 

Fig. 7. Muller cells stabilize and segregate the retinal cell 
columns in chimeric spheroids, composed of chick and 
quail cells. a. Muller cells separate adjacent chick and 
quail cell columns, but allow lateral growth of fibres 
within the IPL (borders of IPL are marked by arrow
heads). A quail antibody-labeled paraffin section of a 
chimeric stratospheroid after 8 days in culture shows 
chick and quail sectors (quail stained). Quail -derived 
fibres in IPL grow laterally into chick sectors. Note also 
staining of the membrana limitans externa in chick 
sectors. b. A single quail column (arrow) is embedded in 
a chick sector. Bar: a. 50 11m : b. 25 11m . 
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presence of multipotential stem cells giving rise to all 
retinal cell types including Muller cells. b) The radial 
alignment of the offspring and their ensheathment by a 
Muller cell. c) The failure of individual cells to leave 
their related cell column and to cross the interspecies 
borders. 

In contrast to other studies using retroviral vectors 
(Fekete et aI., 1994), chimeric mouse retina (Williams 
and Goldowitz, 1992), or X chromosome-inactivated 
transgenic mice (Reese et aI. , 1995), tangentially 
migrating single cells could not be detected in chimeric 
stratospheroids. These cells were assumed to be early
born. We cannot exclude that dispersed cells also occur 
in spheroids and have escaped our attention; however, 
they could also be eliminated very early by apoptosis or 
targeted cell death. Since in stratospheroids all cell types 
are present in sufficient numbers (Layer and Willbold, 
1994), the reasons for this difference remain elusive. 

Interestingly, the cells which are generated late in 
development, i.e. rods, bipolar cells and some amacrine 
cells, seem to share more similarities inside their group 
than with cells born earlier in development. These cells 
differentiate into cones, horizontal, amacrine or ganglion 
cells (for review see Reichenbach et aI., 1993). More
over, both groups seem to differ also in their migratory 
capacities. Perhaps, the failure of late-barn-cells to 
disperse tangentially might be caused by Muller cells. It 
seems possible that during early stages of development, 
Muller cells (or their precursors) allow migration both in 
lateral and in radial direction. Further, one has to keep in 
mind that during early stages, these cells reach their final 
position not by real migration, but by perikaryal 
translocation (Morest, 1970; Snow and Robson, 1995). 
At later stages, when the retina has already achieved a 
relevant thickness, Muller cell-guided migration gains 
more importance, while lateral migrations are no longer 
observable. Therefore, the developmentally decisive 
switch from predominantly lateral growth to strict radial 
growth may be explained by the increased inhibition of 
lateral and the support of radial migration paths by 
Muller cells. Therefore, we recently proposed a scheme 
according to which retinogenesis can be subdivided into 
three distinct, yet overlapping phases. In a first phase 
which we call "Iateralization", an areal increase of the 
early neuroepithelium is achieved by the continuous 
adding of a sufficient number of progenitor cells. In a 
second phase which we call "radialization", the 
thickness of the retina increases by radial growth and 
formation of columnar units. In a third phase which we 
call "lamination" the cell and fibre layers are formed 
(Layer and Willbold, 1993; Willbold et aI., 1996). 

A central role for radial glia cells during brain 
evolution? 

The developmental switch from lateral to radial 
migration paths is an interesting hint towards an 
important role of radial glia cells during evolution of 
higher brain areas. Comparable to the structure of the 

retina, the cerebral cortex is also organized into 
horizontal and vertical arrays of neurons that form 
morphologically and functionally distinct laminar and 
columnar compartments (Creutzfeld, 1993). This pattern 
is consistent in a wide number of species. However, 
there are dramatic differences concerning the surface of 
the cortex. The so-called "radial-unit hypothesis" is able 
to fashionably explain this increase in cortical surface 
without changing its thickness and organization. It 
predicts that mutations in the regulatory genes that 
control the number and mode of cell divisions in the 
proliferation zone are responsible for the increase of 
columnar compartments without changing the number 
and arrangement of cells within each compartment. It 
further implies that this increase is coupled to regulatory 
mechanisms determining the lateral and radial 
distribution of the migrating neurons (Rakic, 1988, 
1995). It seems feasible to assign the latter issue to radial 
glia cells. Although the "radial-unit hypothesis" was 
developed to explain neocortical expansion, comparable 
mechanisms seem to be also present in the retina. This 
would indicate that these mechanisms are evolutionary 
very conservative, and have already been used in "older" 
radially organized parts of the brain. Here also, an areal 
increase of the early neuroepithelium is achieved by the 
continuous adding of progenitors for new columnar 
units. This process has been arrested in birds and 
mammals, but may be active lifelong in lower 
vertebrates to fit the eye's volume to the growing animal. 
Additionally, during early phases of retinogenesis, some 
lateral dispersion of cells can occur, whereas later only 
radial migration is observable. This is in agreement with 
findings in other radially organized brain parts. Using 
the retrovirus technique and chick/quail chimeras, some 
laterally migrating cells could be observed, similar to the 
telencephalon (Luskin, 1993), or the avian tectum (Gray 
and Sanes, 1991; Martinez et aI., 1992). However, these 
data do not really challenge the "radial-unit hypothesis", 
since laterally migrating cells rather represent another 
(evolutionary older?) mode of migration, and one may 
speculate that they are the founders of specific cell 
populations subserving specific functions within a 
coherent columnar structure (Doetsch and Alvarez
Buylla, 1996). 

Taken together, data from many different studies 
indicate that Muller cells are multifunctional cells which 
gradually acquire their adult morphology and 
physiology. Beginning from the very early neuro
epithelium and until the adult stage, Muller cells retain a 
remarkable degree of plasticity and capacities, assigning 
them an important and indispensable role during retinal 
development. 
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