
ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 170

Neuronal Development
in the Embryonic Retina

Focus on the Characterization, Generation
and Development of Horizontal Cell Subtypes

PER-HENRIK EDQVIST

ISSN 1651-6206
ISBN 91-554-6645-1
urn:nbn:se:uu:diva-7128





To suppose that the eye with all its inimitable contrivances for adjust-
ing the focus to different distances, for admitting different amounts of 
light, and for the correction of spherical and chromatic aberration, 
could have been formed by natural selection, seems, I confess, absurd 
in the highest degree. 

Charles Darwin, 
Origin of Species (1859) 
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A BRIEF INTRODUCTION TO 
THE RETINA 

The function of the retina1

The retina is where vision begins. It is a neuronal tissue responsible for 
transforming incoming light into signals that are conveyed from the eye to 
the brain via the optic nerve. The retina consists of five classes of neurons 
and different types of glial cells that are organized in distinct layers and sub-
layers. As light enters the eye it will first pass through the light-focusing 
lens, then through the gelatinous vitreous body and finally it must cross the 
depth of the retina. In the retina, photosensitive cells absorb the light and 
convert it into neuronal signals whereas excess light will be absorbed by the 
pigment epithelium, which is a pigmented structure adjacent to the retina 
(Fig. 1A). The signals are then passed on within the retina through several 
steps before they reach a specialized class of retinal neurons, the ganglion 
cells, whose long axons extend into the brain via the optic nerve. 

Overall, the role of the retina in the visual system is to detect light, sort 
and integrate information and to transfer the relevant input to the correct 
position in the brain. The major intra-retinal and retina-to-brain pathways 
through which vision and other functions are carried out have been exten-
sively studied for decades. Depending on where the axons of the optic nerve 
terminate within the brain, the signals can be used for either vision (termina-
tions in thalamus with further connections to the visual cortex), controlling 
circadian rhythm (terminations in the hypothalamus) or pupillary reflexes 
and coordination of head and eye movement (terminations in the brain stem) 
(Fig. 1B). Before the signals reach the brain, however, a substantial amount 
of information processing occurs at the retina level. This processing is 
achieved through interactions between all classes of retinal neurons within 
specific intra-retinal pathways. Some visual stimuli will be enhanced while 
other stimuli will be silenced depending on the input strength and how vari-
ous neurons respond to and integrate their stimuli. 

1 The information contained in this introduction is gathered from references [1-5]. Specific 
information not contained in these references is cited separately. 
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Figure 1. The retina as a part of the visual system. A: The gross anatomy of the 
eye. Insert shows a histological sample of a human retina. PE: pigment epithelium. 
B: Schematic diagram of optic nerve terminations in the brain with corresponding 
function. 

The structure of the retina 
The retina contains five major types of neurons. These are photoreceptor 
cells (PR), horizontal cells (HC), bipolar cells (BP), amacrine cells (AC) and 
ganglion cells (GC). The principal glial cell in the retina is termed Müller 
glia (MG). All retinal cell types have distinct properties and tasks to fulfill, 
and in addition, all classes of retinal neurons can be further subdivided into 
various subtypes based on both phenotypic and genotypic criteria. Such cri-
teria can be morphology, neurotransmitter repertoire, laminar location, syn-
aptic partners and differential gene expression. The various cell types are 
organized in distinct laminas that grossly are divided into nuclear or plexi-
form layers. The nuclear layers contain the cell somas whereas the plexiform 
layers are where axons and dendrites make synapses. From the outer to the 
inner part of the retina, these layers are termed the outer nuclear layer 
(ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL), the 
inner plexiform layer (IPL), the ganglion cell layer (GCL), and the optic 
fiber layer (Fig. 2). 

The ONL contains only PR cells, whereas the INL contains MG, HCs, 
BPs and ACs that are often separated by strict borders at different levels. 
The GCL contains GCs and displaced ACs. The OPL contain three synaptic 
levels (strata) [6] and is thereby less elaborate than the IPL which is larger 
and contain five defined strata, where different subtypes of ACs, BPs and 
GCs make synapses. The strata of the IPL are denoted S1-5, where S1 is 
closest to the INL and S5 closest to the GCL (Fig. 2). Furthermore, S1-S5 
can roughly be divided into two functionally different parts depending on if 
ON or OFF center cells connects within it (ON-center cells are driven by 
stimuli brighter than the background luminance whereas OFF center cells are 
driven by stimuli darker than the background luminance). OFF center cells 
synapses in S1-2, whereas ON- center cells synapses in S3-5. 
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The layering of the retina reflects the way in which the flow of informa-
tion is processed and two major paths can be discerned. One is the direct 
pathway where information is passed on longitudinally from the outer part of 
the retina to the inner part via PRs, BPs and GCs. The other, indirect path-
way is where information from several components in the direct pathway is 
integrated in a horizontal fashion. The cells of the indirect pathway consist 
of HCs and ACs. Generally, cells of the direct pathway use excitatory neuro-
transmitters, such as glutamate and aspartate, whereas the indirect pathway 
mainly utilize inhibitory neurotransmitters such as GABA or glycine [7]. 
This general scheme, however, is not completely true since a number of cell 
types can be found at ectopic locations in the retina [8-14]. These cells are 
called displaced cells, e.g. displaced GCs. The most studied displaced cell 
type is the displaced AC, which constitute roughly 40-50% of all cells within 
the GCL [15]. The context in which displaced cells function within the retina 
is not fully understood. 

The cells of the retina 

Photoreceptors 
Photoreceptors are responsible for converting light into neuronal signals and 
can crudely be divided into rods and cones. Rods are mainly involved in 
vision under dim light conditions whereas cone PRs are normally involved in 
vision during bright light and are also responsible for color vision. In the 
chick, cone PRs are subdivided into two types of straight cones and three 
types of double cones [6, 16]. In most vertebrate retinas, rods are the most 
numerous of the PRs, however, this is not the case in the chick retina. Mor-
phologically, PRs are elongated cells with three parts; within the OPL sits 
the synaptic “feet” of PRs, where they make synapses with HCs and BPs, the 
somas of PRs are located within the ONL and the opsin-containing segments 
of the PRs are situated in the outermost part of the retina (Fig. 2).  

Horizontal cells 
Horizontal cells are a class of interneurons that form a single layer of cells in 
the outermost part of the INL. The dendrites and axons of HCs extend in 
parallel with the OPL (horizontally, thus their name) and often terminate far 
away from the soma and make synapses with a large number of PRs and 
BPs. Horizontal cells are likely to be involved in enhancing contrast between 
light and dark regions since their primary role is to integrate and modulate 
the output from PRs to BPs by means of inhibitory synapses.  



EDQVIST, P.H. (2006) NEURONAL DEVELOPMENT IN THE EMBRYONIC RETINA

12

Figure 2. The laminar organization of the retina. ONL: Outer nuclear layer, OPL: 
outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, S1-S5: 
Strata of the IPL, GCL: Ganglion cell layer, OFL: Optic fiber layer. 

Bipolar cells 
Bipolar cells are elongated cells that have their soma situated in the middle 
of the INL with processes extending into both plexiform layers. In the OPL, 
BPs makes synapses with PRs and HCs, and in the IPL, they make synapses 
with ACs and GCs. Thus, BPs acts as relay stations for visual signals. Bipo-
lar cells can crudely be divided into either rod BPs or cone BPs depending 
on the type of PRs they connect with. Cone BPs can be further divided into 8 
or more distinct subtypes. Another type of subdivision of BPs is by their 
synaptic terminals within the strata of the IPL. Depending on where in the 
IPL they connect with their synaptic partners, BPs can also be categorized as 
either ON or OFF. 
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Amacrine cells 
Amacrine cells fulfill a similar task as HCs but within the IPL. The main role 
of ACs is to integrate and modulate the signals conveyed from BPs to GCs 
by both excitatory and inhibitory synapses with these cell types. The AC 
somas are situated within the inner part of the INL, and like HCs, their proc-
esses often extend laterally for long distances and make contacts with many 
different synaptic partners at once. Amacrine cells are the most diverse reti-
nal cell type with usually more than 20 subtypes identified based on morpho-
logical, neurochemical and synaptic criteria. Like BPs, ACs can also be di-
vided into ON and OFF categories. 

Ganglion cells 
Ganglion cells are the last retinal neurons to receive visual information. 
They are situated in the innermost nuclear layer of the retina called the GCL. 
Their dendrites extend into the IPL, making synapses with ACs and BPs. 
The axons of GCs extend out from the retina through the optic nerve and 
terminate within different areas of the brain (Fig. 1B). The task of GCs is 
thus to convey relevant (primarily visual) information to the brain. There are 
18 subtypes of GCs identified in the human retina. However, a crude distinc-
tion between GCs terminating the parvocellular or magnocellular layers of 
the lateral geniculate nucleus can be made. Ganglion cells, like BPs and 
ACs, are furthermore divided into ON or OFF categories depending on the 
strata within the IPL they make synapses. 

Müller glia 
Müller glia cells are the primary glial cells of the retina, but both microglia 
and astrocytes are also to be considered as retinal glia cells (the chick retina, 
however, lack astrocytes). The somas of MG are situated in the INL, and 
their cell bodies span radially across the width of the retina with end feet 
connecting to both the inner and outer limiting membranes of the retina. The 
functional role of MG within the retina is to support the retinal architecture, 
to buffer potassium and to transport GABA and excess glutamate from syn-
aptic areas.  

Subtypes generate specificity 
All cell types within the retina can be divided into subtypes. In the 19th cen-
tury, the Spanish neuroscientist Santiago Ramón y Cajal was one of the first 
to study the morphological richness of the retina, and during his classical 
studies on retinas from different species, he characterized several retinal 
neuronal subtypes based on morphological criteria [17]. Many of Cajal’s 
morphological classifications, as well as others made throughout the past 
century, are still valid today. However, refined definitions of subtypes con-
tinue to remake and challenge these traditional classifications since “sub-
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types” can be defined in many ways depending on the chosen criteria. Com-
mon modern methods to define and distinguish neurons are based on mo-
lecular or functional criteria, such as transcription factor or neurotransmitter 
expression, synaptic connections or electrophysiology. However, the old 
morphological definition and the modern molecular or functional definition 
often correspond to each other, in fact validating the oldest definition. 

Discrete subtypes are by virtue of their differential properties responsible 
for conferring specificity to the context in which they operate. For instance, 
PRs, which are grossly divided into rods and cones, differ not only with re-
spect to their morphology (by which they were initially distinguished), but 
also with respect to the photosensitive proteins (opsins), which they use to 
detect and discriminate among different wavelengths of light [6, 16, 18]. 
Overall, somewhere between 50-70 different neuronal subtypes can be dis-
tinguished in the mammalian retina from the five basic neurons based on 
various morphological, functional or molecular criteria [19]. Amacrine cells 
are the most diverse, with usually more than 20 different subtypes, followed 
by GCs and BPs, which are usually divided into 8-12 subtypes, depending 
on the species and set criteria [20]. 
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CHARACTERIZATION OF HORIZONTAL 
CELL SUBTYPES 

Introduction to horizontal cell subtypes 

Horizontal cells are either axon-bearing or axon-less 
Horizontal cells, which are the focus of this thesis, have been found in all 
vertebrate retinas from fish to man [6, 21, 22]. In nearly all species studied, 
two types of HCs are commonly identified: one axon-bearing and one axon-
less subtype [6, 22]. This organization appears to be the conserved basic 
pattern of HCs in the vertebrate retina with only a few known exceptions to 
the rule (see Appendix I). 

The most studied exception to the general scheme of HC subtypes appears 
within the order of rodents, where members of the suborder Sciurognathi
such as mice, rats, syrian hamsters and gerbils, only have the axon-bearing 
HC subtype [3, 23, 24]. However, members of the other rodent suborder, 
Hystricognathi, such as the augoti and guinea pig are “normal” and have 
both axon-bearing and axon-less HCs [24, 25]. In addition, three or more HC 
subtypes have been identified or suggested in many species including fish, 
turtles, birds and several mammals (Appendix I) [4-6, 21, 22, 26-37]. In 
these cases, all HCs are still crudely dividable into axon-bearing and axon-
less HCs, where any additional HCs belong to the axon-less class. Further-
more, in different marsupial species there are reports on either one, two or 
three HC subtypes [32, 38, 39]. 

However, regardless the actual number of HC subtypes described in a 
species, the common denominator for all vertebrate retinas examined so far 
is that the axon-bearing HC is always present (Appendix I) and any addi-
tional HCs or HC subdivisions are made within the axon-less population. 
Primates, however, are an exception since they have two axon-bearing HC 
subtypes [6, 28, 40]. These two axon-bearing HC subtypes in primates can 
nonetheless still be considered to adhere to either the axon-bearing or axon-
less HC subtypes described in other mammals, based on their synaptic con-
nections with PRs [22]. 
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There are three types of chick horizontal cells 

Definition and previously described properties of chick horizontal cells 
In the chick retina, three HC subtypes have been identified based on mor-
phological criteria [6, 27]. These have been re-named throughout the years, 
but in this work I will refer to them by the names originally defined in 1979 
by Geniz-Galvez, who gave the different HC subtypes names based on the 
shapes of their dendritic trees [27]. In his work, the three chick HCs subtypes 
were named: brush-shaped, stellate and candelabrum.  

The differential morphology of chick HC subtypes is striking (Fig. 3) [4, 
6, 21, 27]. The brush-shaped HC is the only HC with an axon. This fine and 
wavy axon originates from one of the principal dendrites and extends tan-
gentially from the soma and terminates approximately 100µm away in a 
large and elaborate axon terminus. The axon terminus is considered to con-
nect exclusively with rod PRs. The 5-8 dendrites of the brush-shaped HC 
branch out in close vicinity to the soma, terminating at all levels of the OPL 
as delicate thickenings connected to various types of cone PRs. The diameter 
of the dendritic tree is around 15-30µm. 

The other two HC subtypes, the stellate and the candelabrum HCs are 
axon-less (Fig. 3). The stellate HC appears flattened with respect to its den-
drites, which extend tangentially from the soma in parallel to the inner OPL. 
The dendritic tree diameter can span for over 100µm and synapses are made 
primarily with straight and oblique cones in the outer and intermediate OPL. 
The candelabrum HC has 5-7 short, stubby dendrites that transverse the OPL 
vertically or on a slightly curved path. The span of the dendritic tree is rang-
ing from 25-50µm in diameter and each dendrite ends in a characteristic 
synaptic knob connected to double- and possibly also, straight cones in the 
outer OPL. 

Apart from morphology, chick HCs have also been found to group into 
three categories with respect to the expression of the amino-acid neuro-
transmitters glutamate, aspartate, GABA and glycine [7]. All four neuro-
transmitters were found in a 52% fraction of HCs, whereas another 19% 
fraction expressed all transmitters but glycine, and the remaining 29% frac-
tion expressed only glutamate and aspartate. As will soon be evident when 
compared to our data, these fractions correspond to the brush-shaped, stellate 
and candelabrum HCs, respectively. 
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Figure 3. Morphology of chick horizontal cell subtypes. Chick horizontal cells 
are named based on their morphology [27]. The brush-shaped horizontal cell has an 
axon which ends in a large and elaborate axon terminus (at). The stellate and cande-
labrum horizontal cells are axon-less. This image has been modified from Gallego, 
1986 [6] and is used with permission from Elsevier. 

Molecular characterization of chick horizontal cells 
During the course of our investigations we found that different types of HCs 
labeled for different markers. This initiated our study on the molecular char-
acteristics of HC subtypes (Paper I). Several markers for HCs were used 
including the TFs: Prox1, Lim1, Isl1, Pax6, and Ap2 , the neurotransmitter 
GABA, the Ca2+-binding protein calretinin and the neurotrophin receptor 
TrkA. All markers except Isl1 and Ap2  are established HC markers [41-
49]. The characterization of HC subtypes was preformed using immunohis-
tochemistry (IHC) on retinas from newly hatched (P0) chicks, whereas the 
morphological analyses were done on seven day old chick retinas (P7). The 
newly hatched chick is equivalent to embryonic day (E) 21 or stage (st) 46 
according to Hamburger and Hamilton (Appendix II) [50]. 

In short, our subtype characterization demonstrated the presence of three 
HC subtypes in the P0 chick retina based on the differential labeling patterns 
of Lim1, Isl1, GABA and TrkA. Moreover, our results revealed that Lim1 
and Isl1 intrinsically define axon-bearing and axon-less HC subtypes, re-
spectively, and that the axon-less (Isl1+) HCs can be further subdivided 
based on GABA or TrkA expression (Paper I). 

Combinations of Lim1, Isl1, GABA and TrkA discern three horizontal 
cell subtypes  
We preformed a series of double-immunolabeling experiments using various 
HC markers to identify HC subtypes and quantify their respective ratios in 
the newly hatched chick retina. Analysis of flat mounted retinal tissue re-
vealed that Lim1 and Isl1 were expressed in separate HC subpopulations 
since the expression patterns of Lim1 and Isl1 were found in non-
overlapping mosaic patterns with respect to each other (Fig. 4A). The sizes 
of the Lim1 and Isl1 HC subpopulations were quantified and found to be 
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equally large (50-50) with respect to Prox1 (which labels all HCs, Fig. 4B, 
F). Similarly, we established that the HC population could be split into two 
non-overlapping 60-40 fractions with respect to GABA and TrkA (Fig. 4F-
G, Paper I). 

When we co-labeled Lim1 or Isl1 together with other HC markers such as 
calretinin, TrkA and GABA, clear-cut differences with respect to co-labeling 
patterns were revealed for both the Lim1+ and Isl1+ HC subpopulations 
(Paper I). For instance, Isl1+ HCs never co-expressed with calretinin (Fig. 
4E) whereas Lim1 and calretinin expressions overlapped perfectly. Further-
more, all Lim1+ HCs co-labeled with GABA, whereas only a fraction of 
Isl1+ HCs co-expressed GABA (Fig. 4C). All TrkA+ HCs co-labeled with 
Isl1 and constituted the remaining fraction of Isl1+ HCs that did not express 
GABA (Fig. 4D). 

When combining all quantification and co-labeling data we concluded 
that two complementary divisions of the HC population exist, namely Lim1 
and Isl1 that split the HC population 50-50, and GABA and TrkA that split 
the population 60-40 (Fig. 4G). These divisions combined classify three 
distinct HC subpopulations; 50% of all HCs express Lim1 and calretinin, 
10% express Isl1 and GABA, and the remaining 40% express Isl1 and TrkA 
(Fig 4G). 

GABA expression is reduced in Lim1 horizontal cells 
As the retina undergoes late maturation, synapse re-arrangement and 
changes in the expression levels of various proteins are known to occur [51-
53]. We analyzed and compared the GABA labeling of HCs in st44 (E18), 
P0, P4 and P7 chick retinas. At E18 and P0, we found that GABA-labeling 
was uniform in both Lim1+ and Isl1+ HCs. However, compared to P0, 
GABA expression levels in Lim1+ HCs were progressively reduced in P4 
and P7 retinas, and conversely, progressively increased in Isl1+ HCs. At P7, 
GABA was expressed in Lim1+ HCs, albeit at a lower relative intensity 
compared to Isl1+ HCs (Paper I). The marker distribution at P7 differed 
from that of P0, in that GABA-expressing HCs now were divided into a 
weak (Lim1+) and a strong-expressing (Isl1+) population, constituting 50% 
and 10% of all HCs, respectively (compare Fig. 4H with 4G). 

Supporting our observation of dynamic changes in the expression levels 
of GABA in chick HCs, a number of previous studies report similar changes 
in GABA expression levels in rats, rabbits, guinea pigs and humans during 
the phenotypic maturation of HCs. In agreement with a proposed role of 
GABA during the development of functional and mature synapses [54, 55], 
these findings indicate a conserved role for GABA during late functional 
maturation of HCs, which is a process known to involve the formation of 
stable and functional synapses with PRs and BPs in the OPL [56-59]. 
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Lim1 and Isl1 mark axon-bearing or axon-less horizontal cells 
respectively; GABA and TrkA subdivide the axon-less population 
We investigated whether our division of HCs into groups distinguished by 
the differential expressions of Lim1, calretinin, Isl1, GABA and TrkA corre-
sponded to the previously described morphological division of HC subtypes 
[27]. For this analysis, we labeled cross-sectioned P7 retinas for calretinin, 
GABA and TrkA and analyzed HC morphology using confocal microscopy. 
The morphology of calretinin and GABA-expressing HCs was difficult to 
assess accurately prior to P7, which is why P7 was chosen for this analysis. 

We found that calretinin-labeled cells had morphology similar to the 
brush-shaped, axon-bearing HC (Paper I). Intense GABA labeling was found 
in cells with morphology similar to the axon-less stellate HC, and TrkA la-
beling was found in cells similar to the axon-less candelabrum shaped HC 
(Paper I). Combined with our observations of calretinin expression in Lim1+ 
HCs, and of intense GABA labeling and TrkA in Isl1+ HCs, we concluded 
that Lim1 is expressed by HCs of the axon-bearing type, whereas HCs of the 
axon-less subtype(s) express Isl1. Within the latter, GABA and TrkA further 
subdivide the axon-less HCs into stellate and candelabrum shaped HCs, re-
spectively (Fig. 4I-K). 

Analysis of horizontal cell subtypes in other vertebrates 
We investigated whether the division of HCs into axon-bearing and axon-
less subtypes by Lim1 and Isl1 was an evolutionary conserved feature in 
vertebrates by analyzing HCs in retinal tissue from rabbit, pig, zebrafish, 
mouse and rat with respect to Lim1 and Isl1 expression. From previous stud-
ies, Lim1 is known to be present in mouse HCs [46] but until now there has 
been no reports on Lim1 expression in HCs of the rat, rabbit, pig or zebraf-
ish. Despite the frequent use of Isl1 antibodies in both mice and zebrafish 
retinas to identify many other cell types than HCs [48, 60, 61], there is cur-
rently only one study from outside our laboratory that report of Isl1 expres-
sion in HCs (in the turtle retina [62]).  

Conserved expression of Lim1 and Isl1 in vertebrate horizontal cells 
Consistent with our hypothesis that Lim1 and Isl1 distinguish axon-bearing 
and axon-less HC populations respectively, we found both Lim1 and Isl1 
expressing HCs in rabbit, pig and zebrafish retinas (Paper II). These are spe-
cies where both axon-bearing and axon-less HCs have been described [33, 
63-65]. In mouse and rat retinas, two species where only the axon-bearing 
HC subtype has been described [24], we were only able to identify Lim1+ 
HCs (Paper II). Combined, these data lend strong support to our hypothesis. 
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Figure 4. Three horizontal cell subtypes can be discerned based on Lim1, Isl1, 
GABA and TrkA expression. A-E: Horizontal cells of flat mounted P0 retinas 
labeled for Isl1 (green), combined with Lim1, Prox1, GABA, TrkA and calretinin 
(A-E, respectively, red). Percentages of double-labeled cells (yellow) are denoted for 
each combination. F: The calculated fractions (mean ± s.d.) of HCs expressing vari-
ous markers with respect to the entire HC population, represented by Prox1. Aster-
isks after calretinin, TrkA and GABA fractions indicate that these were calculated 
indirectly, using the known fractions of other markers. G-H: Schematic diagram of 
the distribution of HC markers at hatch (G) and at P7 (H). I-K: Morphology of P7 
chick HCs with names, attributes and defining markers denoted. Scale bar in A is 
20µm and valid for A-E. 

In our experiments, the identity of the Lim1+ and Isl1+ expressing cells  
as being HCs was confirmed based on: a) their laminar location (in the HCL) 
and b) by co-labeling with previously known HC markers such as calbindin, 
Prox1 and neurofilaments [42, 43, 66-70]. In rabbit and pig retinas, we found 
that calbindin co-labeled with both Lim1 and Isl1, suggesting that calbindin 
label all HCs in pig and rabbit, and that Lim1 and Isl1 are found in distinct 
HC subpopulations (Paper II). Moreover, in the rabbit retina, only Isl1+ HCs 
co-labeled with antibodies against neurofilaments, which is consistent with 
previous observations of neurofilament expression in axon-less rabbit HCs 
[69]. 
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Summary on the properties of vertebrate horizontal cells 

Our results on chick horizontal cells compared with the results of others 
We have molecularly described three HC subtypes in the chick retina based 
on the expression of Lim1, Isl1, GABA and TrkA and demonstrated that 
these three types correspond to the previously described morphological divi-
sion of chick HCs [6, 27] (Paper I and reference [71]). In figure 5 we have 
compiled some of the available information about chick HC subtypes with 
regard to their morphological attributes, synaptic partners and markers that 
can be used to identify them. 

A number of studies on chick HCs lend support to our observations. For 
example, one study report that chick HCs expressing GABA and TrkA con-
stitute two distinct and non-overlapping HC populations [72]. Based on the 
expression of various amino acid transmitters, another report demonstrate 
that chick HCs corresponding to the brush-shaped, stellate and candelabrum-
shaped HCs constitute 52%, 19% and 29% of the HC population, respec-
tively [7]. These percentages are not in perfect agreement with our reported 
50%, 10%, 40% fractions, but still lend strong support to our observations. 
The differences in percentages can be explained by different protocols for 
IHC and different cell counting procedures. Moreover, the mentioned study 
did not account for changes in GABA expression levels in different HC sub-
populations after hatch, and this may also be a source of discrepancy be-
tween the results of their study and ours. 

Another factor that may have caused differences in percentages is the fact 
that within different topographical locations in the retina, there are differ-
ences in the distribution of HC subtypes [7, 26, 52, 68, 73-75]. For example, 
the GABA-negative HC population (our TrkA population) has been deter-
mined to constitute 30% of all HCs in the central retina, but only 4% in the 
peripheral retina [7]. Furthermore, another study on chick HCs reported a 
decrease in the number of calretinin+ HCs from P0 to P4 [43]. However, this 
finding is not supported by our own observations (Paper I). Throughout P0-
P7 we found no evidence to suggest a change in the distribution of calretinin 
(or for that matter, changes in Prox1, Lim1, Isl1 or TrkA). However, from 
P0 and beyond, the already weak Pax6 and Ap2  labeling in HCs appeared 
to be further down regulated (not shown or discussed in Papers). 

With respect to the proportions of HC subtypes, another study extensively 
characterized and quantified turtle HC subtypes with respect to the expres-
sion of various molecular markers [76]. In this study, three turtle HC sub-
types were discerned and found to constitute an 8:1:1 ratio. These HC sub-
types are morphologically and molecularly very similar to those described in 
chick. Moreover, this study indicate that the turtle retina, like the chick, may 
have three and not four HC subtypes, as previously suggested based on a 
morphological data [37]. 



EDQVIST, P.H. (2006) NEURONAL DEVELOPMENT IN THE EMBRYONIC RETINA

22

Figure 5. Table summarizing the different properties of chick horizontal cell 
subtypes. The information in this figure was compiled from this work and from 
references [6, 7, 27, 43, 47]. 

Features that are evolutionary conserved in horizontal cells 
Horizontal cells are, as previously stated, found in all vertebrate retinas and 
may therefore be considered as a strictly evolutionary conserved population 
of neurons. This said, there are both similarities and differences in the prop-
erties of HCs and HC subtypes when comparing different species with each 
other. The difference in the number of HC subtypes, their properties, mor-
phology and synaptic connections in various animals are likely to be the end 
result of the way in which evolution has specialized visual processing to 
meet the demands of different species [77-79]. The presence, or lack of, 
certain HC subtypes and/or HC subtype properties are therefore to be con-
sidered as specialized variations of a common theme [22]. Below, some of 
the most common properties of HCs as well as areas of discrepancies will be 
discussed.

Perhaps the most fundamental HC theme is the presence of axon-bearing 
HCs (Appendix I). This is the only HC subtype that is consistently found in 
all vertebrate retinas, and as such, the axon-bearing HC can be considered 
the “basic” and most evolutionary conserved HC of the vertebrate visual 
system. With respect to synaptic connections, another conserved feature of 
both axon-bearing and axon-less HCs is that their dendritic trees connect 
exclusively with cone PRs, whereas the axon terminal of the axon-bearing 
HCs connects exclusively with rod PRs (Fig. 5) [6, 22]. 
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Although there is no clear-cut correlation between a low cone/rod ratio 
and the number of HC subtypes (reviewed in [22]), the difference in the 
number of HC subtypes among different species can be loosely correlated 
with the relative numbers of cone and rod PRs. In retinas with many cone 
PRs, (e.g. the chicken retina), two types of axon-less HCs are present along-
side the axon-bearing HC [6, 27]. In contrast, rod-dominated retinas (such as 
most mammalian retinas [79]), have only one kind of axon-less HC. Ex-
tremely rod dominated retinas, such as the mouse and rat retina with merely 
1-3% cones [77, 80] lack axon-less HCs altogether [24]. This lack of axon-
less HCs in highly rod dominated retinas is likely the result of a specific 
evolutionary loss due to an adaptation to a nocturnal lifestyle, since very few 
cones would make additional “cone HCs” (axon-less HCs) obsolete. How-
ever, gerbils, which just like mice only have the axon-bearing HCs, deviate 
from this pattern by having 10-20% cones and by being active during both 
day and night [22]. This discrepancy could be explained by a re-adaptation 
to a diurnal life in gerbils, following the loss of axon-less HC in an early 
nocturnal ancestor of the rodent suborder to which both the mouse and gerbil 
belong.

Several molecular features of HCs have been extensively studied over the 
years and some have been demonstrated as generally conserved HC proper-
ties. One is the expression of Ca2+ binding proteins (e.g. calbindin, 
calmodulin and calretinin), which have been found in HCs across a wide 
range of species [35, 43, 56, 66, 67, 76, 81-84]. Furthermore, another con-
served property is the expression and postnatal down regulation of GABA 
expression levels in axon-bearing HCs during their late maturation (Paper I) 
[56-59]. The observation that chick HCs retain GABA as a neurotransmitter 
is somewhat surprising since in rats, ground squirrels and rabbits, GABA 
expression in HCs is completely down regulated [56, 57, 84]. This could 
indicate that the GABA-retaining stellate HC in chicken lack an equivalent 
homologue in these species. 

With respect to human HCs, several reports on the expression of various 
molecules in fetal and adult human retinas have been published [49, 53, 58, 
82]. GABA has been shown to be present in HCs of the fetal human retina, 
but in post-natal human retinas conflicting reports state either an absence or 
a low number of GABA+ HCs [58]. This is potentially interesting  from a 
subtype-specification point of view, since the human retina has two kinds of 
axon-bearing HCs [28]. In addition to GABA, other studies have demon-
strated that calretinin, calbindin, TrkA and Syntaxin-1 are expressed only by 
subsets of HCs [49, 53, 82]. Although TrkA and calretinin are detected in 
HCs at fetal stages, neither TrkA nor calretinin are expressed by infant or 
adult HCs, suggesting that these factors, like GABA, are down regulated 
before birth [49, 82]. Furthermore, in fetal human retinas, calretinin+ HCs 
were found to be both smaller and less frequent that calbindin+ or parvalbu-
min+ HCs [82] and therefore, these calretinin+ HCs closely resembled the 
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fetal GABA-expressing HCs described in another study [58]. Combined, 
these findings indirectly support the notion that our subdivision of chick HCs 
has relevant human homologues. 

Despite several evolutionary constraints on the HC population, there can 
be considerable variations in HC features on a molecular level. One illustrat-
ing example is that while most species express calbindin in both axon-
bearing and axon-less HCs, chick HCs do not express calbindin at all, but 
instead express calretinin [43]. Moreover, calretinin expression in chick HCs 
is restricted to the axon-bearing HC subtype (Paper I) [43]. In addition, 
whereas many animals have neurofilaments in their axon-bearing HCs [26, 
39, 85], rabbits have neurofilaments in their axon-less HCs (Paper II) [69], 
and chick HCs lack neurofilament immunoreactivity altogether (our observa-
tion, assayed with NF150 and NF165 antibodies, not presented in Papers). 

Discrepancies like these reveal that significant phenotypic differences of 
HCs among different species exist (extensively reviewed in [22]). These 
discrepancies often make the comparison of results obtained from different 
animals difficult to interpret or compare directly. We however, believe to 
have identified a truly evolutionary conserved feature of both axon-bearing 
and axon-less HCs, namely the expression of Lim1 and Isl1 in the axon-
bearing and axon-less HC subpopulations, respectively. However, future 
studies of more vertebrate animals are needed to confirm whether Lim1 and 
Isl1 are truly HC subtype specific markers. Of special interest would be to 
investigate primate HCs, since primates have two kinds of axon-bearing HCs 
[6, 28, 40]. 

Summary of this chapter 
In the vertebrate retina, the expression of Lim1 in axon-bearing HCs and of 
Isl1 in axon-less HCs appear to be evolutionary conserved. In the chick ret-
ina, axon-bearing and axon-less HCs constitute two equally large popula-
tions. Axon-less HCs can be further subdivided with respect to GABA and 
TrkA expression into two molecularly and morphologically distinct sub-
types. In the chick, all three HC subtypes identified by these markers corre-
spond to the previously morphologically defined HCs. As in many other 
species, chick axon-bearing HCs down-regulate GABA after hatch. 
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DEVELOPMENTAL BIOLOGY OF 
HORIZONTAL CELLS 

Introduction to retinal development 

The origins of the retina 
The retina, like the rest of the central nervous system, originates from the 
neural tube. The neural tube is a fluid-filled epithelial structure comprised of 
early neuroblasts which spans the length of the early embryo. In the rostral 
pole (head-end) of the tube, vesicles form that eventually develops into the 
brain. It is from one of these vesicles, called the diencephalon, that the retina 
and many other components of the eye are derived (Fig. 6A) [86, 87]. 

The initial steps of eye formation occur when two paired evaginations 
called the optic vesicles are formed from the diencephalon (Fig. 6A-B). They 
expand until they reach the surface ectoderm where subsequently the distal 
part of the optic vesicle “collapses”, or invaginates, to form the optic cup. It 
is from the collapsing part that the neural retina will form, and from the “bot-
tom” of the optic cup that the pigment epithelium will form (Fig. 6C). The 
outer part of the retina (closest to the pigment epithelium) is referred to as 
the ventricular side, because it is closest to the fluid-filled ventricle of the 
neural tube. The opposing, inner part of the retina, is referred to as the vitreal 
side because it is closest to the future vitreous body [86-89]. 

Figure 6. The retina is derived from the neural tube. A: The rostral part of the 
neural tube with vesicles. B: Optic vesicles are derived from the diencephalon. C:
The optic cup forms as the optic vesicle invaginate. PE: Pigment epithelium. D: The 
components of the early eye. This image was complied from modified images ap-
pearing in references [88, 90].
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At the optic cup stage and for some period of time, the future retina does 
not display any distinct retinal characteristics. Because of its immature and 
homogeneous appearance, the early retina is simply referred to as a neu-
roepithelium (NE). At these early stages of development, the retinal NE is 
mitotic and produces a large number of new neuroblasts over the course of a 
few days. During this time the retinal surface area expands significantly 
(compare Fig. 6C and D) [89, 91, 92]. 

The genesis of retinal cells commence in the central, posterior pole of the 
retina and spreads from the central areas toward the periphery. This marks 
the initiation of a maturation gradient that persists throughout the entire pe-
riod of retinogenesis where the central parts of the retina are always more 
mature than the peripheral parts [93, 94]. Because the developmental pro-
gram in the peripheral retina lags behind the central retina, this must be ac-
counted for when studying temporal and spatial aspects of retinal develop-
ment.

The mitotic and post-mitotic retinal neuron 
Before any neurons withdraw permanently from the cell cycle to differenti-
ate into retinal neurons, the NE primarily contains specialized mitotic neuro-
blasts called retinal progenitor cells (RPCs). These cells are multi-potent 
with respect to their potential to produce all the neuronal cell types found in 
the mature retina [95, 96]. The way in which RPCs progress through the cell 
cycle are in many aspects similar to early neurogenesis in the other areas of 
the central nervous system [91, 97, 98]. 

The principal feature of cycling RPCs is the radial migration that occurs 
as the RPCs pass through the G1, S and G2 phases of the cell cycle. The 
hallmark of radial migration, or interkinetic nuclear migration, is that the 
soma of the RPC translocate across the NE while its end-feet remain at-
tached to the ventricular lining [89, 99]. The final phases of the cell cycle, 
mitosis and cytokinesis, occur when the RPC returns to the ventricular side 
of the NE (Fig. 7A) [92, 99, 100]. 

Depending on the competence state of the RPC and time point at which 
the RPC divides, symmetric or asymmetric divisions may occur [96, 98, 
101]. A symmetric division occurring early in development will produce two 
cycling RPCs, whereas a symmetric division at the end of retinogenesis will 
produce two post-mitotic neurons. Between the two phases of primarily 
symmetric divisions, asymmetric divisions can occur that give rise to one 
post-mitotic cell and one RPC that will continue to divide (Fig. 7A). 

Newborn cells that have withdrawn from the cell cycle detach their end-
feet from the ventricular lining and undergo a phase of free migration to-
wards the vitreal retina before subsequently differentiating according to the 
instructions provided by intrinsic determinants and extrinsic factors acting 
upon the cell [95, 96, 102, 103]. All classes of retinal neurons except the 
PRs, which remain attached to the ventricular lining after mitosis [6], must 
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translocate in a vitreal direction to reach their proper lamina. This free mi-
gration differs from the radial migration of RPCs mainly because of end foot 
detachment and also because freely migrating cells have entered the G0 
phase of the cell cycle. 

When a cell withdraws from the cell cycle and become post-mitotic, this 
is referred to as the “birth-date” of that cell. In all vertebrates studied so far, 
the neurons of the retina are born in a conserved sequential but overlapping 
order [62, 93, 94, 103-108]. However, two distinct phases can be discerned: 
one early and one late. In the early phase, the first cell type to exit the cell 
cycle is the GCs, followed by the HCs, cone PRs and certain ACs. In the 
later phase, the main cell types to be generated are the rod PRs, MG and 
BPs, alongside the continued generation of ACs (Fig. 7B). 

Figure 7. Retinal precursor cell proliferation and the temporal sequence of 
birth for retinal neurons. A: Cell cycle progression during retinogenesis. Retinal 
precursor cells (light gray) migrate radially across the neuroepithelium as they pro-
gress through the cell cycle. Divisions occur at the ventricular lining, from which the 
post-mitotic progeny (dark gray) will detach and migrate away. G0, G1, S, G2, and 
M denote stages of the cell cycle. B: Birth dates for the major classes of cells in the 
retina. This conserved temporal sequence of retinogenesis can crudely be divided 
into an early and a late phase. Numbers denote embryonic day with respect to chick 
development. 
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When cells have migrated to their final positions within the developing 
retina, each cell type undergoes phenotypic maturation according to the de-
velopmental program set for each cell type. The developmental program is in 
turn dependent on both the intrinsic determinants of that cell as well as on 
extrinsic modulation from e.g. neighboring cells, morphogen gradients, neu-
rotrophic agents and synaptic stimulation [102, 109]. One of the events dur-
ing phenotype maturation is the establishment of synapses with correct part-
ners. Given the variety of retinal cell subtypes and the specificity of intra-
retinal signaling pathways, this task requires a great deal of precision. For 
the GCs, synaptogenesis means that they, in addition to establish dendritic 
connections in the IPL, also must extend their axons outside the eye into the 
brain and find the correct target area [110]. In parallel with forming synaptic 
networks, the different cell types begin to differentiate with respect to their 
future specialized functions, such as neurotransmitter repertoire. 

Development of horizontal cell subtypes 
From our previous result on HC subtypes in the hatched chick retina we 
know that axon-bearing and axon-less HC subpopulations are found in 
equally large proportions and are distinguished by their expression of Lim1 
or Isl1, respectively (Papers I and II). However, to understand how this ma-
ture state is formed during development we needed to address some of the 
fundamental, yet unanswered questions regarding how, when and where HCs 
are generated. For instance, how are HCs specified into subtypes? How are 
the correct proportions set? How do HCs find their correct laminar position 
in the retina? To investigate these matters we performed a series of experi-
ments with the aim to describe the normal developmental properties of HCs 
such as their birth-date, their migration and possible apoptotic cell-death. In 
addition, to extract information and clues to some of the molecular factors 
that are necessary for normal development, we studied HC development 
under the influence of exogenously added factors. 

Early establishment of horizontal cell subtype proportions  
We investigated whether the mature 1:1 ratio of HC subtypes was estab-
lished already during early retinal development. We choose to perform this 
analysis at st35 (E9), since this stage is: a) after the main period of neuro-
genesis in the retina [93] and b) the earliest time point at which HCs of all 
subtypes are found in the HCL after their phase of migration (see below and 
Paper I). The fractions of Lim1+ or Isl1+ HCs were determined with respect 
to Prox1 in the central retina by counting double-labeled cells in the HCL of 
cross-sectioned eyes. Our results demonstrated that at st35, the ratio of 
Lim1-to-Isl1 HCs in the central retina was 1:1 (Fig. 8), which is identical to 
the ratio found in post-hatched chicks (see previous chapter and Paper I). 
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Figure 8. Distribution of horizontal cell subtypes at st35. The fractions of cells 
double-positive for Lim1 or Isl1 in combination with Prox1 was determined with 
respect to the total number of Prox1+ HCs in st35 retinas (n samples/antibody =6). 

Horizontal cells do not undergo apoptosis 
To understand the developmental biology of HCs, one important piece of 
information is whether HCs or their precursors undergo apoptosis at some 
point during development. Apoptosis is a widely employed developmental 
mechanism where faulty or excess cells that fail to develop properly or do 
not receive adequate synaptic or neurotrophic input are removed in a con-
trolled manner without harming the surrounding tissue. At least two phases 
of apoptosis are known to occur in the developing retina; one early and one 
late phase [15, 111]. In the chick, apoptosis is detected throughout the whole 
period of retinal development, beginning already at the optic vesicle stage 
and persisting until after hatch. The early phase of apoptosis peaks at E5 and 
the later phase peaks within the GCL and INL at E10 to E11 [112-114]. The 
importance of apoptosis is emphasized by findings such as the observation 
that during retinal development as many as 40% of all generated GCs are 
eliminated by this mechanism [115]. 

Previous studies in mouse and chick have indicated that HCs do not seem 
to be affected by apoptosis during development [113, 114, 116]. In the chick, 
however, HC apoptosis was only studied at later stages of development (be-
tween E7 and E18), and hence, there is no data on HCs apoptosis at earlier 
developmental time points. Our aim was to determine whether the relative 
sizes of HC subtypes were sculptured by apoptosis during early retinogene-
sis before st35/E9 (i.e. when the 1:1 ratio is firmly established). 

Since early HCs are difficult to discern based on morphological or posi-
tional criteria before st35, we developed protocols for combined antibody 
and TdT-mediated-dUTP-nick-end-labeling (TUNEL, visualizes apoptotic 
cells). We were able to establish working protocols for Prox1 and Isl1, but 
not for Lim1 or Ap2 . Retinal tissue from all stages between st20 and st37 
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(E3-E11), as well as from selected later time stages (before and after hatch) 
were analyzed (Paper I). 

In our experiments, we were unable to detect apoptotic HCs cells in any 
of the early stages investigated or in the central regions of the retina at later 
stages. At some late developmental stages, we did on rare occasions observe 
apoptotic Prox1+ cells in the extreme peripheral retina. However, these were 
so rare that they would not contribute to any change in the number or pro-
portions of HCs in the retina. From these experiments we concluded that 
apoptosis is not a mechanism by which HC subpopulation sizes are adjusted 
(Paper I). Combined with the observation that the 1:1 ratio of HC subtypes is 
established already at st35/E9, our findings favor a scenario where the pro-
portions of Lim1+ and Isl1+ HCs are established at very early stages of reti-
nal development and remain stable thereafter. 

Horizontal cell subtypes migrate bi-directionally at different time points 
As stated above, newborn retinal cells must migrate away from the ventricu-
lar side following cell cycle withdrawal in order to reach their mature lami-
nar position. Since the laminar position of HCs in the external INL is close 
to the ventricular side, HCs were naturally assumed to migrate only a short 
distance to reach this position [88, 89, 92, 117]. However, during our studies 
on early HCs we discovered that HCs do not fit with the “shortest migration 
route-model”. We found that post-mitotic HCs of both the Lim1 and Isl1 
subtypes translocate to the vitreal part the NE before migrating in the oppo-
site direction (retrograde) to reach their final laminar position in the HCL 
(Fig. 9A, Papers I and III, [118]). During their migration, HCs reside close to 
the prospective GCL for approximately one day before initiating retrograde 
migration.

Our studies were the first to show conclusive evidence of bi-directional 
HC migration [118]. In the first report (Paper III) we used antibodies against 
Lim1 and Prox1 to demonstrate HC migration by analyzing the spatio-
temporal labeling patterns of cells carrying these markers in st24-st35 reti-
nas. In addition, this unexpected and novel migration pattern was confirmed 
by additional supporting experiments. We confirmed that the observed label-
ing patterns were the result of actual migration by inhibiting actin-filament 
polymerization using cytochalasin D [119]. When administered while HCs 
resided close to the prospective GCL, cytochalasin D caused a migrational 
halt of HCs, indicating that HC migration is an actin-dependent process. 

In addition, retinal cells migrating in a retrograde direction were observed 
in time-lapse experiments following transfection of retinal tissue with a 
GFP-plasmid coated onto gold particles using a gene gun [120-122]. Fur-
thermore, to rule out the possibility that the observed migration was in fact 
radial migration of RPCs during cell cycle progression, we investigated the 
mitotic status of Lim1+ cells at selected stages, by performing 5’-bromo-2’-
deoxy-uridine (BrdU) incorporation experiments to mark cells passing 
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through the S-phase of the cell cycle. Combined with IHC for Lim1, the 
BrdU incorporation data revealed that all HCs were post-mitotic at the time 
they resided close to the prospective GCL, and thus, before their retrograde 
migration to the HCL. 

At the time of publication of Paper III, Isl1+ HCs had not yet been identi-
fied, and therefore we later complemented our studies on HC migration by 
investigating whether Isl1+ HCs also migrated bi-directionally. Our results 
revealed that Isl1+ HCs migrate in a similar fashion as Lim1+ HCs (Paper I). 
However, compared to Lim1+ HCs, a distinct temporal difference in the 
migration patterns was observed in that Lim1+ HCs migrated across the NE 
and reached the HCL approximately one day before Isl1+ HCs did (at st33 
and st35, respectively, Fig. 9A, Paper I). 

Differential birth dates of horizontal cell subtypes 
In order to investigate whether the differential migration pattern of Lim1 and 
Isl1 expressing HCs reflected a temporal difference in birth-dates between 
the subtypes, we performed a birth-dating experiment using tritiated deoxy-
thymidine (3H-dT, Paper I). In short, st19 to st33 embryos received a single 
dose of 3H-dT to be incorporated into the DNA of cells passing through the 
S-phase of the cell cycle [15, 93, 123]. Embryos were allowed to develop 
until st35 after which retinas were collected and dissociated, plated as a sin-
gle cell suspension and processed for combined 3,3’-diaminobensidine 
(DAB) immunocytochemistry and autoradiography using Lim1 and Prox1 
antibodies.

Since many retinal cell types label for Isl1 in addition to HCs (See Paper 
IV and Fig. 13), we determined the birth-date of Isl1+ HCs indirectly by 
using the difference between Prox1 and Lim1. The fractions of cells positive 
for either Prox1 or Lim1 and 3H-dT incorporation (silver grains) were de-
termined for each injected stage. In addition to HCs, Prox1 is found in non-
HCs within a weak band in the inner INL at st35 (see Paper IV and Fig. 13). 
Therefore, a distinction between Prox1+ HCs and non-HCs was made; elon-
gated faintly DAB-labeled cells were considered non-HCs whereas rounded 
intensely DAB-labeled cells were considered HCs (Paper I). Only Prox1+ 
HCs were counted. A cell was considered positive for 3H-dT incorporation if 
an abundance of silver grains was detected above its soma. 

Our data demonstrated that Lim1+ HCs were born during a wave that 
peaked at E3½, whereas Isl1+ HCs were born during a wave that peaked at 
E4½ (Fig. 9B). From our birth-dating data in combination with the observed 
difference in bi-directional migration patterns for the two HC subgroups we 
concluded that Lim1+ HCs are born and migrate approximately one day 
before Isl1+ HCs. 
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Figure 9. Spatio-temporal pattern of bi-directional HC migration and birth-
dates with respect to HC subtypes. A: Bi-directional migration following cell 
cycle withdrawal (G0) in Lim1 (light gray) and Isl1 (dark gray) subtypes with re-
spect to time. Cycling retinal precursor cells (pale gray) are denoted while passing 
through the cell cycle (S, G2, M, G1). VZ: ventricular side, P-GCL: prospective 
ganglion cell layer, HCL: horizontal cell layer. B: Simplified schematic diagram 
from Paper I, showing the differential birth-dates of HC subtypes with respect to 
developmental stages. The Isl1 curve was determined from the difference between 
the Prox1 and Lim1 curves. Numbers denote embryonic stage (st) or day (E). 

A role for activin signaling in horizontal cell generation 
From a wide array of studies on the roles of extrinsic factors during devel-
opment, we know that extrinsic factors play pivotal roles during normal reti-
nal development, and that they are necessary for the generation of correct 
numbers and proportions of retinal neurons [48, 96, 102, 117, 124-134]. One 
important group of extrinsic signaling molecules is the large TGF-  super 
family of growth factors, which contain the BMP and the activin subfami-
lies. Within the activin subfamily, which is the focus of our investigations, 
the most studied members are activin and its antagonist follistatin [126, 135]. 

Both activin and follistatin are expressed in the retina during early and 
late stages of retinogenesis and are implicated by in vitro experiments to 
have functional roles during retinal development [126, 135]. The only in 
vivo study on activin signaling during retinal development to date investi-
gated the role of follistatin over-expression by means of RCAS retrovirus 
infection of early RPCs [136]. How the results obtained from these studies 
relate to our own results regarding similarities or discrepancies will be dis-
cussed below and in the following chapter. 

To better understand the basic molecular properties underlying HC devel-
opment, we set out to investigate the in vivo effects of activin and follistatin 
on chick retinal development with special focus on the generation of HC 
subtypes. Eyes of st17-st21 (E3-E3½) embryos were injected with activin or 
follistatin and embryos were allowed to develop until st34-st36 (E8-E10) 
when the eyes were dissected for analysis and the effects on HC generation 
assayed by IHC and cell quantification. 
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Both activin and follistatin were found to exert effects on retinal devel-
opment at st35 (E9). Specifically, activin caused a decrease in the generation 
of HCs and conversely, follistatin caused an increase of primarily late born 
HCs. In addition, effects on cell proliferation and gross retinal histology 
were observed. However, we can not exclude the possibility that these ef-
fects resulted from interactions with other endogenously expressed TGF
super family members, since follistatin is known to inhibit the action of sev-
eral other TGF  family members [128, 137]. The effects of the injections 
were rarely global across the retina but commonly localized to distinct re-
gions. Regions that appeared normal were not considered for analysis, and 
all results described below adhere to the regions affected by activin or fol-
listatin. In addition to HCs, activin affected the generation of other retinal 
neurons, but these results will be discussed in the following chapter.

Exposure to activin or follistatin decreases or increases the number of 
horizontal cells, respectively  
We quantified the effects of activin or follistatin injection in st35-st36 cross-
sectioned retina samples using Prox1 antibodies alone or in combination 
with Lim1 or Isl1 (Paper I, Fig. 10A). In activin-treated retinas, we observed 
a significant reduction in the number of Prox1+ HCs in the retina. Moreover, 
activin caused a significant and equal ~30% reduction in both the number of 
Lim1+ and Prox1/Isl1+ HCs compared to controls (Fig. 10A). Conversely, 
the activin antagonist follistatin caused a slight and insignificant increase in 
Lim1+ HCs whereas a significant increase in Prox1/Isl1+ HCs was observed, 
which was coupled to a ~30% increase in Prox1+ cells overall (Fig. 10A). 
We concluded that activin reduced the total number of both the Lim1+ and 
Isl1+ HC subtypes to a similar degree, whereas follistatin caused a specific 
increase in Isl1+ HCs, which is the late born HC subpopulation (Paper I). 

Since activin caused a reduction in the number of HCs, we investigated 
whether this reduction was due to a decrease in cell proliferation following 
activin exposure. For this assay, embryos were exposed to BrdU five hours 
after activin injection and assayed for BrdU incorporation after a total of 22 
hours. Consistent with a previous in vitro study which report that activin 
cause rat RPCs to exit the cell cycle and differentiate [135], we found that 
activin caused a 66% decrease in BrdU incorporation in the central retina 
and a 50% decrease peripherally, compared to controls (Paper I). 
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Figure 10. Quantification of horizontal cell subtypes at E9-E10 following activin 
and follistatin exposure at E3. A: Quantification (expressed as mean ±s.d. values) 
of all HCs (Prox1) and HC subtypes (Lim1 and Isl1/Prox1) in 40x visual fields after 
activin (‘A’, light gray) or follistatin (‘F’, pale gray) exposure compared to controls 
(‘C’, dark gray). Asterisks denote significant differences. B: Schematic summary of 
HC generation following activin or follistatin exposure. 

Retinal histology is affected by activin or follistatin exposure 
Upon macroscopic inspection, activin or follistatin-treated eyes appeared 
normal when dissected at E9 compared to normal un-injected and contralat-
eral eyes. Deviations from normal development such as an insignificantly 
smaller eyeball were rare. However, both activin and follistatin-treated reti-
nas were considerably affected on the microscopic level. We found that his-
tologically, both activin and follistatin-treated retinas lacked nearly their 
entire IPL, and in addition, that activin-treated retinas lacked much of the 
GCL (Paper I, Fig. 11A-C). On a cellular level, we observed ectopic Prox1+ 
cells within the INL at st35 in both activin and follistatin-treated retinas. In 
support of these observations, a study where follistatin was over-expressed 
in the retina by means of retroviral infection [136], reported a similar thin-
ning of the IPL as well as ectopic Prox1+ in the INL. 

In our experiments, the ectopic Prox1+ cells were far more numerous in 
follistatin-treated than activin-treated retinas, and were often clustered in 
columns spanning the width of the retina. These ectopic Prox1+ cells pre-
dominantly co-expressed Isl1, but a smaller number of cells also co-
expressed Lim1 (Fig. 11C, Paper I). This suggested that the ectopic Prox1+ 
cells were bona fide HCs, and that both HC subtypes could be found in an 
ectopic location. At st36, these ectopic HCs observed in st35 follistatin-
treated retinas were no longer detected (Fig. 11D, Paper I). We concluded 
that they had migrated to the HCL since the total number of cells expressing 
Prox1 in combination with either Lim1 or Isl1 did not change from st35 to 
st36, and since these cells were found to be non-apoptotic (Paper I). This 
apparent migration would correspond to an extension of the period of HC 
migration by one day, and be consistent with a model where follistatin cause 
an extended period of HC genesis producing primarily late-born Isl1+ HCs. 
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Figure 11. Simplified schematic figures of retinal histology after activin or fol-
listatin treatments.  Retinal histology and position of HCs in the normal (A), ac-
tivin treated (B) and follistatin treated (C-D) retinas. 

Functional maturation of horizontal cells 

NGF disrupts the morphology of TrkA+ horizontal cells 
A key aspect in the formation of a mature and functional retina is the estab-
lishment of correct synaptic connections with other neurons [30, 51, 138, 
139]. During this process, various neurotrophins are known to play impor-
tant roles [140, 141]. We investigated whether there was a functional role for 
the TrkA-receptor ligand, nerve growth factor (NGF), in the formation of 
synapses formed between the candelabrum-shaped (TrkA+) HCs and PRs at 
later stages of chick retinal development. 

The eyes of E14 embryos were injected with 2µl (50ng/µl) of NGF and 
analyzed at E16 with respect candelabrum HC morphology using TrkA anti-
bodies. Our results revealed that the characteristic synaptic knobs of cande-
labrum HCs at the tip of the dendrites (Fig. 5) were missing in NGF treated 
retinas, and that their dendrites had attained a more flattened morphology, 
extending laterally away from the soma (not shown or presented in Papers). 
Supporting this observation, similar results were obtained in a study where 
injections of either NGF or NGF-antisense oligonucleotides were shown to 
disrupt the dendritic morphology of candelabrum HCs [114]. Combined, 
these results indicate that NGF in addition to cell-survival (see below) may 
influence the formation and establishment of HC synapses. 
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GDNF may control synaptogenesis in GABAergic horizontal cells 
To investigate if similar effects on cell morphology and synaptic connections 
could be provoked in the GABAergic HC population, we injected GDNF in 
a similar manner as NGF to chick embryos ranging from E14 to E18 (2µl, 
50µg/µl). The rationale behind using GDNF family members comes from 
reports on the expression of the GDNF receptors Ret and GFR- 1 in devel-
oping chick HCs [142]. These receptors are likely to be expressed by the 
GABAergic population of HCs, based on our interpretation of the develop-
mental migration patterns of cells expressing these receptors. In addition, 
GFR- 1 is reported to control differentiation, migration and morphological 
maturation of GABAergic interneurons during mouse cortical development 
[143]. 

Despite several attempts, we were unable to detect any significant differ-
ences in the morphology or synaptic connections of GABAergic HCs fol-
lowing GDNF injection (not shown or presented in Papers). The main reason 
for our lack of success was that the morphology of GABAergic HCs is very 
difficult to assess using GABA antibodies at stages prior to the GABAergic 
maturation of HCs, which occurs roughly one week after hatch (see previous 
chapter and Paper I). In addition, calretinin antibodies could not be used as 
morphology markers since calretinin expression is not initiated until right 
before hatch [43]. Moreover, we were unable to successfully label for HC 
morphology using antibodies against Ret, GFR- 1 or neurofilaments (not 
shown or presented in Papers). 

Our results did not produce conclusive evidence for a role of GDNF dur-
ing the maturation of HCs. However, given the available literature [142, 
143], we find it reasonable to presume that GDNF and its receptors influence 
the functional maturation of HCs. A possible future experiment to demon-
strate a role for GDNF during HC development would be to administer 
GDNF or GDNF inhibiting molecules to post-hatch chick retinas and exam-
ine the effects on the changing GABA expression levels in brush-shaped and 
stellate HC in P0 and P7 chicks. 

Discussion: Aspects of horizontal cell development 

Bi-directional migration is a conserved developmental theme 
Our studies on bi-directional HC migration were the first to show conclusive 
evidence of this novel migration pattern (Papers I and III). However, a simi-
lar model of bi-directional migration of chick HCs was proposed already in 
1986 based on morphological spatio-temporal tracing of “common neuro-
blasts of horizontal and amacrine cells” [6]. Unfortunately, this model never 
received much attention at the time it was published. Furthermore, in agree-
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ment with our work, a bi-directional migration of GABAergic interneurons 
was recently and unexpectedly identified in the developing cortex of mouse 
and rat embryos, suggesting that bi-directional migration is a developmental 
mechanism widely employed by the developing nervous system [97, 144]. 

However, in studies prior to ours, observations of “ectopic HCs” have 
been made in developing mouse, rat, chick, opossum and human retinas us-
ing the HC markers GABA [58, 145], Lim1 [46], Prox1 [42], TrkA and NGF 
[114], neurofilament [39], doublecortin [146] and calbindin [65]. Some, but 
not all, authors explicitly noted their observations of “displaced” HC mark-
ers. In the light of our findings, the best explanation for these ectopic HCs is 
that they were migrating. Based on these observations and our own, we hy-
pothesize that HC migration likely is a conserved feature of developing HCs 
in most, and maybe all, vertebrate retinas. 

To date, the exact molecular mechanisms and signals guiding and control-
ling HC migration remain unknown. However, a number of migration con-
trol systems and molecules that may potentially be involved in HC migration 
have been identified in the developing retina in several different species. For 
instance, a very likely candidate is doublecortin since this molecule has been 
explicitly identified in migrating rat HCs [146]. In addition, the 
reelin/disabled and DCC/netrin systems have also been identified in the de-
veloping chick, rat and mouse retinas [147-152]. The reelin/disabled system 
is of particular interest since Disabled–1 is expressed by chick HCs [150], 
and also by “ectopic” AII-amacrine cells residing in the HCL in adult and 
developing mouse retinas [14]. 

In a number of pilot experiments we analyzed the effects on HC migration 
in P0 mice pups carrying knockouts of either netrin, DCC or the GFR- 1
receptor [143, 153, 154]. P0 was chosen since this time point in mouse reti-
nal development roughly corresponds to chick st35 when HCs have just 
reached the HCL [46]. Contrary to our expectations, no effects on HC migra-
tion were observed in any of these knockouts (not shown or presented in 
Papers). Moreover, we investigated whether the GDNF family of molecules 
and receptors could be involved in HC migration in chick retinas by inject-
ing GDNF to the developing eye at different developmental stages. How-
ever, no effects of these injections on the migration of HCs were observed 
(not shown or presented in Papers). 

The functional role of HC migration currently also remains a mystery. 
However, the functional aspect of HC migration will be discussed in the next 
chapter of this thesis from a birth-date and subtype specification perspective. 

Why are horizontal cells protected from apoptosis? 
We have shown that HCs are not affected by apoptosis during early and late 
retinal development (Paper I). This is in agreement with previous reports 
indicating that HCs together with PRs are likely to be the only retinal cell 
types that do not undergo developmental apoptosis [114, 116, 155]. The 
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mechanism behind this specific “apoptosis protection” in HCs is not fully 
understood. However, input from neurotrophic-, growth-, and other survival 
factors as well as the absence of death signals are known promote neuronal 
survival in many developing systems [111, 112, 156-159]. 

Of particular interest, one study investigated the role of NGF on chick 
TrkA+ ACs and HCs with respect to cell death and survival [114]. This 
study reports that the majority of TrkA+ ACs die naturally since they lack 
neurotrophic input from NGF, whereas TrkA+ HCs have an endogenous 
production of NGF and therefore survive. However, in the presence of NGF-
inhibiting oligonucleotides, HCs were prone to undergo apoptosis, and con-
versely, exogenously added NGF allowed TrkA+ ACs to survive. These 
results demonstrate that HCs may undergo apoptosis unless NGF is present, 
and suggest that HC “immunity” to apoptosis is an active molecular process. 
This study also raise the possibility that similar mechanisms may prevent 
cell death in GABAergic HCs by the action of GDNF or other factors work-
ing in combination with GDNF and its receptors c-Ret and GFR- 1 (see 
above).

Roles of activin and follistatin in controlling horizontal cell generation 
Injections of activin or follistatin at early stages of retinal development, just 
prior to the main phase of HC generation (E3) caused significant differences 
in the number of HCs and HC subtypes generated when analyzed at E9-E10. 
Our main findings were that activin caused significant reductions by roughly 
one third in both the Lim1+ and Isl1+ HC subpopulations, whereas the natu-
ral antagonist of activin, follistatin, had an opposite effect. However, 
whereas activin caused an equal reduction in both HC subtypes, follistatin 
caused a significant increase only in the late-born Isl1+ HC population. 

The effects of activin on retinal cells cultured in vitro have previously 
been reported in two studies [126, 135]. However, these studies are in con-
flict with each other, and furthermore, do not directly support our own find-
ings on HCs generation. For example, in rat E18 retinal cultures, activin 
caused cells to differentiate into PRs, leaving ACs unaffected [135], and in 
E5-E8 chick retinal cultures, activin inhibited PR development while stimu-
lating the generation of non-photoreceptor neurons [126]. The discrepancy 
between these and our own results are most likely explained by the fact that 
these two experiments were carried out in vitro, whereas ours was carried 
out in vivo. Moreover, all studies including our own administered activin at 
different developmental time-points, suggesting that the timing of activin 
exposure is critical for the outcome. 

However, our finding that activin caused a decrease in the proliferation of 
RPCs as assayed by BrdU incorporation (Paper I) is supported by the above 
mentioned rat in vitro study [135]. We argue that the decrease in prolifera-
tion rate after activin-treatment best explains the decrease in the number of 
HCs, as well as the observed general thinning of the retina. Another possible 



DEVELOPMENTAL BIOLOGY OF HORIZONTAL CELLS

39

explanation for the decrease in HCs following activin exposure is that activin 
caused uncommitted cells choosing between alternate fates to develop into 
non-HCs. As will be discussed in the following chapter, these explanations 
do not exclude each other. However, we find the decreased proliferation 
model to fit best with our data. 

Contrary to activin, follistatin caused a significant increase in the number 
of HCs. In our experiments, this effect was observed in both Lim1 and Isl1 
expressing HCs, but was only significant for Isl1+ HCs. Furthermore, in st35  
(E9) follistatin-treated retinas, we observed ectopic Prox1+ cells scattered 
within the retina. These Prox1+cells were often arranged in distinct radial 
columns and co-expression analysis demonstrated that these cells were bona 
fide HCs since they co-expressed either Lim1 or Isl1. However, within these 
columns, the absolute majority of cells co-expressed with Isl1 (Fig. 11C, 
Paper I). 

One day later, at st36 (E10), these ectopic Prox1/Isl1+ cells were no 
longer observed in the INL (Fig. 11D) and had apparently migrated to the 
HCL (Paper I). We interpret these ectopic and migrating Isl1+ HCs at st35 to 
represent the extra Isl1+ HCs produced by the follistatin treatment (Fig. 
10A). This scenario fits well with a model wherein follistatin, as opposed to 
activin, cause HC-generating RPCs to undergo additional cell cycles, thus 
producing extra “late born” HCs that subsequently migrate to the HCL dur-
ing a prolonged migration period. In support of our findings, evidence sug-
gesting that changes in the cell cycle machinery may interfere directly with 
HC generation comes from one study where mouse retinas deficient of the 
cell cycle inhibitors Ink4d and Kip1 were found to overproduce HCs [160]. 

Summary of this chapter 
We have demonstrated that the 1:1 ratio of Lim1 and Isl1 populations is set 
already at early stages of retinogenesis and remain stable thereafter without 
being adjusted by apoptosis. The majority of Lim1+ HCs are born at E3½, 
which is approximately one day before the majority of Isl1+ HCs are born 
(E4½). This difference in birth-dates is reflected in differential migration 
patterns of the two subtypes. Activin and follistatin injections at E3 affect 
the generation of HCs by causing a decrease or increase in their numbers at 
E9, respectively. This effect is likely caused by altered proliferation in 
RPCs.
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RETINAL DEVELOPMENT: MODELS 
AND MECHANISMS 

Introduction to models on retinal development 
Throughout the years, various models and theories on retinal development 
have been proposed [95, 96, 117, 161-164]. A common feature of all the 
proposed models is that they are based on the conserved pattern of neuro-
genesis that is found throughout the animal kingdom (Fig. 7B). However, 
although this conserved order constitutes the foundation for understanding 
retinal development, cell birth data alone are limited in their usefulness when 
a deeper understanding of retinal development is desired. 

An important factor that needs to be considered when constructing a 
model is which organism or organisms the model is based on. Although 
many features of retinal development are conserved between organisms, 
there are several notable and important differences. A previously mentioned 
example is the varying numbers of HCs in different species. Another dis-
crepancy on a molecular level is the expression of the TF NeuroD, which in 
mice is instrumental in both PR and AC generation, but in chick only is im-
plicated in PR genesis [165-171]. 

As science has progressed, a variety of different approaches have been 
used to construct models of retinogenesis, and as molecular research tools 
have been refined, the models have changed accordingly. For example, be-
fore the massive use of transgenic animals and transcription factor biology 
that is popular today, many scientists relied on viruses to deduce clonal line-
age relationships, or alternatively, on experiments with tissue grafting and 
tissue explant cultures that were exposed to different environments [163, 
164, 172-175]. However, despite recent year’s rapid scientific progress 
which has identified and deduced several important molecular mechanisms 
controlling retinal development, we still lack a model based on modern and 
molecular data that describes retinal development satisfactory. 

Three different models of retinal development 
As previously stated, there is currently no universally accepted model de-
scribing retinal development. However, the most popular view on how reti-
nal cells are generated is called ‘the competence model’ [96]. This model is 
primarily derived from lineage tracing experiments carried out in mice [103, 
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164]. According to the competence model, one kind of RPC exists that is 
multipotent and thus may produce any retinal neuron. This means that since 
all RPCs are capable of producing all retinal cell types, the generation of 
cell-types is lineage independent. Moreover, the decision maker of a cell’s 
fate is the current ‘competence state’ which the RPC possess. The progres-
sion of competence states within RPCs is thought of as a program executed 
point-by-point, thus producing all retinal neurons in a consecutive order. 
Furthermore, the term ‘competence state’ refers both to the intrinsic deter-
minants of an RPC as well as its potential to respond to and act upon extrin-
sic cues in its microenvironment. 

Another model with apparent similarities to the established models for 
spinal cord development [176] can be called the ‘position information 
model’. This model proposes that after their final mitosis, newborn retinal 
neurons remain undetermined for a period of time. Accordingly, the ultimate 
decision to become a certain cell-type is not decided within RPCs or the 
precursor cells themselves at the time of their birth, but rather depends on 
morphogens and other factors acting on the precursor cells at different loca-
tions and time points in the NE [117, 123, 126, 162]. As opposed to the 
competence model, the position information model does not focus on proper-
ties adhering to RPCs, but rather on the properties of the post-mitotic prog-
eny and their environment. 

A third possible model is a lineage dependent model wherein distinctly 
different pools of RPCs give rise to separate populations of retinal neurons. 
Such a lineage-dependent model has not yet been formally postulated, how-
ever, several recent studies including our own have found evidence to sug-
gest the existence of lineage-restricted RPCs [161, 177-181]. A lineage de-
pendent model does not exclude that RPCs pass through different ‘compe-
tence states’ or that progenitor cells are modulated by extrinsic signals in 
their microenvironment. Rather, this model integrates and discusses the other 
two models from the perspective of RPC lineages that are intrinsically biased 
to give rise to separate neuronal populations. 

Figure 12. Three models of retinogenesis. See text for details. 
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Is there more than one retinal precursor cell lineage? 
An extremely fundamental, yet unresolved, question in developmental retina 
biology is whether there is more than one RPC-lineage. The competence 
model’s view on RPCs as a homogeneous population was initially proposed 
in the early 1990’s based on the observation of columns of clonally related 
retinal cells in mouse and frog retinas [164, 182]. The competence model 
have since then received criticism from both statistical analyses of original 
data [183] as well as from other “clonal-lineage” experiments [177, 178, 
180, 184]. According to the statistical arguments presented against a homo-
geneous RPC population [183], lineage restriction occur in the developing 
mouse retina, approximately around E11-E12, and is concomitant with the 
first appearance of post-mitotic cells (this is roughly equivalent to E2-E3 in 
chick). Moreover, adding to the confusion on this matter, columnar organiza-
tion and tangential dispersion of different retinal cell types has been taken as 
arguments both in favor for and against RPC homogeneity [185, 186]. 

In addition, clonal lineage-relationship experiments have certain meth-
odological limitations. For instance, depending on the time point chosen for 
a lineage experiment, different and conflicting results could arise since prior 
to any divergence point that separates RPC lineages, it is very likely that all 
RPCs share the same origin. Accordingly, a lineage analysis carried out on 
early RPCs (before a division of the RPC pool) would catch the early pro-
genitor cell prior to its divergence point, and it would appear as if all cell 
types were generated by only one kind of RPC. In addition, most lineage 
experiments have only considered the generation of cell populations as a 
whole and not taken into account the generation of cellular subpopulations. 
Thus, these lineage experiments may have missed to observe subtype spe-
cific relationships within their clones, and therefore lack the developmental 
resolution which a lineage-dependent model would be able to provide. 

Evidence that indirectly supports a lineage-dependent model come from 
several studies indicating that the RPC pool is molecularly heterogeneous. 
For example, a Pax6-enhancer element [179], the VC1.1-epitope [161], the 
cell cycle proteins p27Kip1 and p57Kip2 [187] and the TFs Math5, Mash1, 
NeuroD, Ngn2 and Foxn4 [170, 188-191] and several other factors [192] 
have all been found in “subpopulations” of RPCs. Direct evidence for the 
existence of RPC lineages comes from the developing Xenopus retina where 
the generation of several AC subpopulations are clearly lineage dependent 
[177, 180, 193]. Moreover, two primarily theoretical papers have suggested 
a division of RPCs into different groups (or lineages) based on either the 
generation of phylogenetically old and young neurons [194], or different 
evolutionary origins of different retinal neurons [195]. Taken together, it is 
likely that distinct types of RPCs exist and that the generation of retinal neu-
rons is lineage dependent. In other words, different RPCs are restricted in 
their potential to generate different kinds of retinal neurons. 
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Transcription factor expression in the pre-laminated 
chick retina 
Transcription factors are important during development since they are the 
driving forces that establish cell-specific properties as developing cells trans-
form from immature and perhaps undetermined states to become mature 
operational units with specialized functions [61, 176, 196-201]. In recent 
years, studies on various TFs during retinal development have revealed that 
some are instrumental in generating several specific neuronal populations 
and subpopulations, and it has been demonstrated that the fate-determining 
and fate-biasing actions of TFs is exerted in both RPCs and post-mitotic 
neurons [41, 166, 169-171, 181, 196, 198-209]. Knockout and over-
expression experiments have also revealed that the generation of all classes 
of retinal neurons depends on one or several specific TFs. For example, loss 
of Prox1 or Chx10 eliminates the entire HC or BP population, respectively 
[42, 210, 211], and the loss of NeuroD or the Brn3-genes affects the devel-
opment of PRs and GCs, respectively [168, 212-214]. 

To better understand the role of TFs during the generation of retinal neu-
rons, we constructed a detailed spatio-temporal map over the expression 
patterns of several TFs known to take part in neuronal development (Paper 
IV). These were: Prox1, Lim1, Ap2 , Pax6, Isl1, Isl2, Lim3 and Chx10. The 
labeling patterns in the early developing (E3-E9) chick retina was then com-
pared to the labeling patterns of the newly hatched chick retina (Fig. 13, 
Paper IV) [215, 216]. This allowed us to “back-trace” the development of 
immature retinal precursor cell populations, using the differential TF expres-
sions as identity-markers. The IR patterns of Lim3 and Isl2 are novel find-
ings along with the finding that Isl1 antibodies label more cell types in chick 
retina than previously described in other species [48, 60, 61]. The TFs 
Prox1, Chx10, Lim1 and Pax6 have previously been described in the chick 
retina [41, 118], but not in such high developmental resolution as is pre-
sented here.

The expression of TFs act as early intrinsic determinants of cell fate 
From experiments where one or several TFs were disrupted or abolished 
during retinogenesis we know that in most cases certain cell populations 
become seemingly over-produced on the expense of others [61, 168, 170, 
207, 210, 217]. These findings may be interpreted in two ways. First, it may 
imply that RPCs lacking a certain TF will not be able to progress into the 
next competence state, but instead will continue to produce the last cell type 
it was able to make. Another interpretation is that post-mitotic progenitor 
cells are plastic with respect to fate and will take on any phenotype they can, 
depending on the sum of the remaining TFs. The two scenarios are equally 
plausible and do not exclude each other. 
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The plasticity of post-mitotic precursor cells can be viewed as a tug of 
war between antagonistic sets of TFs, meaning that within the same cell, 
certain TFs may simultaneously attempt to push cell fate in different direc-
tions. The TF with the strongest influence will eventually override conflict-
ing or even default developmental programs that subsequently are silenced. 
Hence, even though fate decisions are made intrinsically, the actual choice 
may be random if two opposing TFs initially are of equal strengths. Taking 
out or introducing specific TFs does therefore not necessarily mean that a 
developmental fate is totally prevented, but rather that the bias is shifted in 
favor of one of the available developmental programs. 

Our analysis of the detailed spatio-temporal TF expression map (Fig. 13) 
revealed that the order and stage of onset of TF expression in different cell 
populations correlated well with the order in which retinal neurons are gen-
erated (Fig. 14, Paper IV) [93, 94, 104-108, 123]. Ganglion cells for in-
stance, are early-born cells and were labeled with Isl1 and Pax6 at st19 and 
st20, respectively. The HCs and the cone PRs followed, and were marked by 
Prox1/Lim1 or Lim3 from st20 and beyond. Markers that label ACs were 
detected at st30 (Ap2 ). Bipolar cells positive for Lim3, Chx10 and Isl1 
were detected at stages 31, 34 and 35, respectively. The onset of Isl1 expres-
sion in the ONL at st29 correlates with the time of birth for rod PRs (Figs. 13 
and 14). 

Our observation that the onset of cell-specific TFs correlated well with 
the proposed birth dates for all classes of retinal neurons indicated to us that 
cell types and/or subtypes are specified early, either before or immediately 
after a cell’s final mitosis (Paper IV). Thus, our results can be considered an 
argument against the position-information model, which states that fate de-
termination is decided mainly by extrinsic signaling rather than by intrinsic 
determinants. However, from our expression pattern data alone, it was im-
possible to determine whether TF expression in RPCs and newborn neurons 
reflected a competence, determination, or merely a developmental bias to 
develop into specific fates. Most likely, TFs provide instructive signals act-
ing within all these processes, and may produce different outcomes based on 
the cooperative action with other instructive signals provided by e.g. the 
microenvironment.

Moreover, since different sets of neuronal populations express the same 
TFs, the identification of such relationships may provide clues as to common 
developmental backgrounds. For instance, PRs and BPs both express Lim3 
and therefore it is plausible that these two types are derived from a common 
“Lim3+ RPC lineage”. Such a hypothetical RPC lineage may be competent 
and/or restricted by means of Lim3 expression to produce both BPs and PRs, 
but the ultimate decision to become one or the other is made based on the 
instructions provided by the microenvironment. 
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Figure 13. Transcription factor expression in the pre-laminated chick retina.
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Figure 14. Schematic summary of eye and retinal development. Black bars repre-
sent the period of cell birth for each class of retinal neuron according to Kahn, 1974 
[93]. Colored dots under the black bars represent the onset of TF expression in each 
cell type. Information in this figure was complied from this work and from refer-
ences [6, 11, 12, 18, 27, 51, 93]. 

Arguments for a lineage-depended model of retinal 
development with special focus on horizontal cell 
generation

A note on temporal mechanisms 
The process of cell fate determination is dependent not only on TFs, but also 
on extrinsic signals acting at different time points and at different spatial 
locations [133]. The central-to-peripheral spatio-temporal gradient of retinal 
development is here of crucial importance since several extrinsic factors are 
known to propagate in a wave-like fashion as development progresses, and 
multipotent RPCs may adopt different fates based on the extrinsic signals 
that are available at different points in time. In the developing retina, the 
most extensively studied temporally acting mechanism is the generation of 
GCs in response to the extrinsic morphogen Sonic hedgehog [48, 218-220]. 

In our activin and follistatin experiments, the effects caused by these 
treatments were commonly localized to distinct regions of the retina. Since 
other regions of the retina appeared unaffected, this indicated the existence 
of a temporal window during which RPCs were responsive to the treatments 
in a way that gave rise to the specific effects described here. If activin or 
follistatin had been administrated at another time point, it is likely that dif-
ferent sets of effects had been observed. 
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Indication of two RPC lineages based on activin responsiveness   
As described in the previous chapter, activin and follistatin treatments af-
fected the generation of HCs. To analyze whether this effect was specific for 
HCs, or whether other cell populations were affected too, we analyzed st35 
activin or follistatin-treated retinas with respect to the development of PRs 
(labeled by visnin and Lim3), BPs (Lim3, Isl1), ACs (Ap2 ) and GCs (Isl1, 
Brn3a) [118, 213, 216, 221] (Paper I). 

As shown in figure 8 of Paper I, we were unable to find evidence to sug-
gest that activin-treatment affected the number of PRs when comparing the 
thickness of the immunoreactive bands in ONL of treated and control eyes 
using visnin or Lim3 antibodies. Furthermore, no change in the thickness of 
the Lim3+ BP band was detected. However, when comparing the thickness 
of the Isl1+ BP band, fewer Isl1+ BPs were observed compared to controls, 
indicating that at least a subpopulation of BPs had been affected. Further-
more, the band of ACs visualized by Ap2  in the outer INL appeared to 
have increased in thickness after activin treatment. The most dramatic effect 
was found in cells of the GCL, where a massive decrease in the number of 
Brn3a+ GCs was found. The number of Isl1+ GCs was also affected, but to a 
lesser extent. Using the same markers, follistatin-treated retinas appeared 
normal in all cases with respect to the thickness and intensity of the immuno-
reactive bands compared to controls. 

Our results demonstrated that activin caused a decrease in the number of 
HCs, certain GCs and BPs, as well as caused an increase in the number of 
ACs, while leaving PRs unaffected. Since only these retinal cell types ap-
peared affected by activin treatment at E3, this may reflect a degree of het-
erogeneity in the early RPC pool with respect to activin sensitivity. Hypo-
thetically, an RPC-lineage producing early born neurons such as HCs and 
GCs may be activin-responsive, whereas another RPC-lineage producing 
other early born neurons, e.g. cone PRs and certain ACs is not. Supporting 
the view on a heterogeneous RPC pool comes from a number of studies 
demonstrating that certain RPCs are biased to produce only a limited reper-
toire of neurons [161, 179-181, 183]. 

Combined with the BrdU incorporation data (Paper I), which indicated a 
decrease in RPC proliferation after activin exposure, we propose a model 
wherein a hypothetical, activin-sensitive RPC-lineage producing HCs and 
GCs would be affected, thus reducing the number of these cells. Another 
RPC-lineage, producing e.g. PRs and Lim3+ BPs would remain largely unaf-
fected and thus develop normally (Fig. 15). Another possible explanation, 
besides decreased proliferation, is that activin-treatment caused uncommitted 
cells choosing between alternate fates to develop into non-HCs and non-
GCs. If so, this could possibly explain the increase in Ap2  ACs. These 
explanations do not exclude each other. However, we believe the decreased 
proliferation model fits best with our data. 
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Figure 15: Suggested model for activin signaling in RPCs. During normal devel-
opment two distinct RPC pools, different with respect to activin responsiveness, 
generate different sets of retinal neurons. Under the influence of exogenous activin, 
RPC pool 1 decrease in proliferation and generate less HCs and GCs. The increase 
in ACs may be explained by a positive stimulation of RPC pool 2 by activin, or by a 
fate-shift from RPC pool 1 to 2.  Follistatin cause an opposite effect and stimulate 
proliferation in RPC pool 1, by inhibiting endogenous activin from controlling pro-
liferation rate. 

The increase in Ap2 + cells observed by us after activin treatment (Paper 
I) gains indirect support from a follistatin over-expression study that report a 
significant 30% decrease in the number of Ap2  cells [136]. Taken to-
gether, these data indicate that activin and follistatin exert opposite effects 
on the generation of ACs. However, in our follistatin-treated retinas this 
increase in Ap2 + cells was not observed, indicating that our short term 
follistatin exposure was not sufficient to induce the same effect on ACs that 
were seen after the longer and continuous exposure to follistatin following 
viral infection. 

Arguments for a HC-producing RPC-lineage 
In several of our activin and follistatin treated retinas, we observed ectopic 
Lim1+ cells within the GCL (Paper I). These ectopic Lim1+ cells expressed 
Prox1 and Ap2 , but not Isl1 or Brn3a, indicating them to be bona fide HCs 
in the laminar position of GCs, rather than GCs that had taken on a HC phe-
notype. Since these cells were often numerous when present, we regard them 
as being direct effects of activin or follistatin treatments, rather than artifacts 
produced by the injections. We also rule out the possibility of failed migra-
tion cues as a cause for the ectopic location of these cells, since within the 
same regions, other Lim1+ cells had successfully migrated to the HCL (Pa-
per I). 

Most likely, these ectopic Lim1+ cells resulted from an identity crisis 
caused by activin and follistatin acting within the fate specification process 
of a HC/GC precursor cell while “choosing” between HC versus GC fate. 
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Evidence to suggest the existence of such a specific HC-GC generating RPC 
lineage is strengthened by a Cre-loxP fate-mapping study on mouse RPCs, 
which reported that a certain Pax6 enhancer element was exclusively active 
in a very specific RPC lineage giving rise to predominately HCs but also 
some GCs [179]. 

If an RPC-lineage biased to produce HCs exists, are then all HCs neces-
sarily generated from this single type of RPC, or are perhaps axon-bearing 
and axon-less HCs derived from two different types of RPCs? Based on our 
follistatin data, we favor a model where all HCs are generated from the same 
kind of RPC, since columnar formations of ectopic HCs containing both 
Lim1+ and Isl1+ HCs were frequently observed (Fig. 11, Paper I). The pres-
ence of both subtypes within the same radial column indicate that they are 
clonally related [186, 222] and therefore likely to be generated by a common 
RPC-lineage [178]. Moreover, the “overflow” of Ap2  and GABA expres-
sion into the axon-less HCs from the axon-bearing HC population indicates 
that axon-bearing and axon-less HCs share a common origin (see below). 

In our experiments, neither activin nor follistatin treatments produced 
HCs with a mixed Lim1/Isl1 phenotype (Paper I). This finding could be in-
terpreted as an argument for two separate RPC lineages producing Lim1 or 
Isl1 HCs, respectively. However, we argue that the lack of Lim1/Isl1 co-
expression after manipulation is more likely to be indicative of either: a) a 
clear temporal separation of competence within an RPC lineage, or b) by an 
incompatibility of the two TFs in the same precursor cell where one factor 
have to override the other. In this latter scheme, it is also plausible that some 
kind of molecular switch control HC subtype determination by preventing 
the expression of Lim1 and Isl1 in the same RPC or post-mitotic precursor 
cell.

Potential role and function of horizontal cell migration 
Our birth-dating study clearly indicated that the majority of axon-bearing 
HCs underwent their final mitosis at E3½, approximately one day before the 
axon-less HCs (Fig. 9B, Paper I). Moreover, the differential birth-dates were 
reflected by temporally distinct migration patterns of the two subtypes (Fig. 
9A, Paper I). These observations provide us with theoretical temporal win-
dows through which HC precursors may acquire different fates. Hence, a 
model that aim to describe HC subtype generation have to consider the pos-
sibility of HC precursors migrating into and away from an array of instruc-
tive signals acting at different or overlapping time points. 

For instance, we consider it likely that stellate HCs are generated in an in-
tersection between: a) a decreasing signal instructing early born HCs to ex-
press Ap2  and GABA, and b) an increasing signal instructing late-born 
HCs to express Isl1. The 6-10% abundance of Ap2  and GABA expression 
in the stellate HCs may suggest such a mechanism (Fig. 4G-H, Paper I). In 
this scenario, later born Isl1+ HCs (i.e. candelabrum HCs) would encounter 
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only the second signal and therefore develop along a third route. The nature 
of such signal could be either extrinsic, intrinsic or both. 

Evolution and horizontal cell development 
As previously mentioned, HCs are found in all vertebrate retinas and have 
therefore been subjected to evolutionary conservation. Considering this, and 
other available data on HC development in species other than chicken, there 
are several interesting findings that when combined provide a framework for 
understanding HC development from an evolutionary and developmental, 
“evo-devo”, perspective. At present, however, there is not much information 
available on the evo-devo relationships among HCs from different species, 
but a potentially very important piece of information is our data suggesting 
an evolutionary conservation of Lim1 and Isl1 expression in axon-bearing 
and axon-less HCs (Paper II). This information is potentially important for 
future studies on HC development and evolution. Below, the evolutionary 
and developmental aspects of HC subtype generation are discussed based on 
what is known in murine rodents. 

What can we learn from rodents? 
The presence of only one subtype in mice is well documented and this pat-
tern appears to be conserved in other members belonging to the same subor-
der of the rodent family, such as rats and gerbils. Since some marsupial spe-
cies also have been implicated to have only the axon-bearing type of HC, we 
suggest that the lack of axon-less HCs in these species is due to a specific 
evolutionary loss of this cell type. Since other marsupials and members of 
another rodent suborder have both axon-bearing and axon-less HCs (Appen-
dix I) and because of the evolutionary distance between rodents and marsu-
pials, the loss of axon-less HCs have most likely occurred independently at 
two different evolutionary time points. As discussed previously, the loss of 
axon-less HCs may be linked to adaptations to nocturnal lifestyles. 

However, even though only one type of HC exists in mice and rats, some 
studies have found evidence to suggest that HCs in these species still can be 
heterogeneous with respect to the expression of immunohistochemical mark-
ers. For instance, in postnatal mouse retinas, one study reported a low num-
ber of calbindin+ HCs that were NF-negative [223]. In 7-day-old rats, one 
study demonstrated that the number of calbindin+ HCs were slightly higher 
than that of GABA+ HCs [56]. Results like these could suggest the presence 
of a rare (Isl1 expressing?) second type of HC in mouse and rat retinas. Such 
a “secondary HC” may exist normally, or may arise from occasional devel-
opmental errors occurring in precursor cells while choosing between alterna-
tive fates. An intriguing hypothesis is that that the potential for the genera-
tion of axon-less HCs in rodent retinas is “developmentally available”, but 
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that the switch is normally disabled in mice and rats, but active in e.g. the 
guinea pig or augoti. It will be interesting to see whether any future devel-
opmental manipulations in the murine retina will identify this switch, and 
result in the generation of Isl1 expressing (axon-less) HCs in mice. 

Of particular interest is a recent paper on “displaced” Disabled-1 express-
ing cells in the HCL of the mouse retina [14]. In the murine retina, Disabled-
1 is normally expressed in AII-amacrine cells (but not HCs) and is involved 
in the reelin migration pathway [151]. The mentioned study concluded that 
the displaced Disabled-1 expressing cells in the HCL were AII-amacrine 
cells rather than HCs, since the Disabled-1+ cells did not label for calbindin. 
However, AII-amacrine cells also express the well known HC marker Prox1 
[42], and in addition, AII-amacrine cells have gap junctions [224], a feature 
otherwise considered to be a distinctive property of HCs [22]. In contrast to 
the mouse, Disabled-1 expression is found in a fraction of HCs in the devel-
oping chick retina [150]. These HCs are likely to be of the axon-less sub-
type. Thus, the relationship between “normal” AII-amacrine cells and HCs 
with regard to Prox1, gap junctions and Disabled-expression may be indica-
tive of a developmental link between the two cell types, meaning that these 
cells could be derived from the same RPC-lineage. If so, then hypothetically, 
occasional developmental errors in this lineage could produce confused 
“AII-horizontal cells”, and in fact may be indicative of an evo-devo remnant 
of the potential to generate axon-less, Isl1+ HCs in murine retinas. 

Summary of this chapter 
No generally accepted model for retinal development exists but several stud-
ies have indicated that the generation of retinal neurons may be RPC lineage 
dependent. We have demonstrated that the onset for several cell- and sub-
type specific TFs correlate with the birthdates of these cell populations, indi-
cating that specific cell fates are determined early and intrinsically. Based on 
our activin and follistatin data, we argue that at least two types of RPCs are 
distinguished in the E3 chick retina based on their ability to respond to ac-
tivin. Both Lim1 and Isl1 expressing HC subtypes are generated by the ac-
tivin-responsive RPC-lineage, which is also competent of producing GCs 
and maybe certain BPs. We favor a model of retinal development which 
considers very early neuroblast-like RPCs as budding off into restricted sets 
of progenitor cells (different RPC-lineages) that are able to produce limited 
(but perhaps overlapping) repertoires of post-mitotic cells. 
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FUTURE DIRECTIONS 

Manipulation of gene expression to affect horizontal cell generation 
Preparations for experiments that aim at over expressing TFs that are ex-
pressed by developing HCs such as Foxn4, Prox1, Lim1 and Isl1 are being 
carried out. By utilizing localized in vivo electroporation of expression vec-
tors carrying these TFs into the developing retina of early embryos, we hope 
to understand how transfected cells are affected by the transgene by assaying 
their developmental fate. Attempts to clone these TFs into expression vec-
tors, which are also carrying a GFP-IRES construct, are currently under-
taken. We are also currently adapting and evaluating the previously de-
scribed methods for chick embryo in vivo electroporation [225-229] to be 
used in the retina. 

Conversely, experiments using knock-out strategies where specific genes 
are lost or silenced are also of future interest. In mice, several knock-out 
experiments where TFs have been specifically lost have yielded a great deal 
of understanding on how the retina develops at the molecular level [166, 
169, 196, 207, 210]. In this aspect, using mice for understanding retinal de-
velopment has its advantages over chicken since transgenic chickens are not 
yet readily available. Unfortunately, previously created Prox1 or Lim1 
knock-out mice are embryonic lethal, so in order to study HCs with respect 
to the loss of these TFs, conditional knock-out animals are required. Such 
animals are hopefully soon becoming available since at the 2004 Neurosci-
ence meeting in San Diego, preliminary results regarding a conditional Lim1 
knock-out mouse was presented [230]. 

Since conditional knock-out chick embryos are currently unavailable, 
other strategies for silencing gene-expression must be employed in chickens. 
For instance: injections of siRNA could be carried out, or dominant negative 
gene-constructs could be introduced by electroporation. Another approach 
which has been successfully employed in chicken, however not directly act-
ing on gene expression, utilizes injections of growth factors and /or neuro-
trophins and their antagonists to either stimulate or block the activity of cell 
signaling components controlling development. 
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MATERIALS AND METHODS 

If you're not part of the solution, you're part of the precipitate. 
Steven Wright 

Embryos and animals 

Eggs, embryos and chickens 
Fertilized White Leghorn eggs (Gallus gallus) were obtained from Ova Pro-
duktion AB (Västerås, Sweden) and kept at 12°C to prevent embryonic de-
velopment. To initiate embryonic development, eggs were transferred to a 
humidified egg-incubator (Maino, Italy) holding a temperature of 38°C. The 
transfer of eggs to the incubator was defined as embryonic day 0 (E0). Em-
bryos were staged according to Hamburger and Hamilton, 1951 [50]. 
Hatched chicks were kept at the animal facility at Evolutionsbiologiskt cen-
trum, Uppsala University. The animal work follows the European commu-
nity guidelines and the ARVO statements for use of animals in ophthalmic 
and vision research. Experiments were scrutinized in the local ethics com-
mittee for experimental animals. 

Preparing chick embryo cultures, in ovo and ex ovo 
We cultured embryos both in ovo and ex ovo to facilitate manipulations and 
staging of early embryos [231]. Eggs for in ovo manipulations were prepared 
on E2-E3 by aseptically aspirating 3-5ml egg-white from the blunt end of the 
egg before opening a window in the side of the eggshell above the embryo 
[232]. Windows were resealed with Transpore tape (3M) and the eggs were 
returned to the incubator. Ex ovo embryo cultures were started by aseptically 
cracking eggs containing E3 embryos into sterile high wall Petri dishes 
(#1005, Falcon). Embryo cultures were allowed to develop in a humidified 
cell incubator at 38°C to the desired stage. 

Embryonic manipulations: intra-ocular injections 
We microinjected various substances (e.g. cytochalasin D, colcemid, activin, 
follistatin, NGF, GDNF) to developing chick eyes at different developmental 
stages to investigate the effects these agents had on retinal development. For 
this purpose, we prepared thin glass capillaries using a Flaming-Brown 
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micropipette puller (P-97, Sutter instruments). Borosilicate or aluminosili-
cate glass capillaries for pulling were obtained from Sutter instruments. Cap-
illary tips were filled with substance and microinjected either by mouth or by 
a pump system (SP110iz, World precision instruments). The amount of sub-
stance delivered into the eye ranged between <0,1-2µl depending on the 
substance and developmental stage of injection. The rule of thumb we em-
ployed was to deliver a volume not exceeding, but roughly corresponding to, 
the volume of the developing lens. Injected substances contained Fast Green 
(Kodak) for visualization purposes. 

Other animals 
Retina and eye tissue from mice (various strains, embryonic, postnatal and 
adult stages), rats (Wistar, adult), zebrafish (adult), rabbit (New Zeeland 
white, 6 months old) and pig (Pigham pig, 3 months old) were taken from 
animals used in unrelated experiments at other laboratories. Retinal tissue 
samples were processed for immunohistochemistry as described below, ex-
cept for pig samples that were obtained as already fixed and sectioned mate-
rial.

Techniques

Immunohistochemistry: Sample collection and processing 
Retinal samples were processed either as whole eyes or as flat mounted dis-
sected retinas. Samples were routinely fixed in fresh 4% PFA (prepared in 
PBS) for 15-20 minutes, washed for 10 minutes in PBS and cryoprotected in 
30% sucrose for 3-4 hours before being frozen in OCT (Sakura). Dissected 
patches of retina were flat mounted onto nitrocellulose filters before freez-
ing. This fixation protocol was developed in order to assure the survival of 
TF antigens in the retinal tissue. The rule of thumb we established was: “for 
each 5 minutes in PFA, spend 1 hour in sucrose”. Embryos younger than 
st38 worked best with a 15-minute incubation in PFA (=3 hours in sucrose), 
whereas embryos older than st38 produced best results after 20 minutes in 
PFA (=4 hours in sucrose). 

Tissues were cryosectioned and collected on Superfrost Plus glasses 
(Menzel-Gläser). Flat mounts were cut in 10µm thick sections in a plane 
nearly parallel to the filter, producing sections that progressively cut through 
each retinal lamina. Cross-sections of whole eyes were cut at the level of the 
lens along the naso-temporal axis in 10µm or 20µm thick sections. 

Immunohistochemistry: Antibody labeling 
Samples were processed for immunolabeling by re-hydrating samples in 
PBS for 15 minutes before unspecific binding of proteins and immunoglobu-
lins was blocked and the tissue permeabilized for 30 minutes using a “block-
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ing solution” that contained 1% fetal calf serum, 0,1% Triton-X and 0,02% 
Thimerosal prepared in PBS. Primary and secondary antibodies were diluted 
in the same blocking solution. After blocking, primary antibodies were 
added and the slides incubated in a moist chamber for 2 hours at room tem-
perature or at 4°C over night. After three washes in PBS for five minutes 
each, secondary antibodies were added and allowed to react with the samples 
for 2 hours at room temperature. Sections were again washed three times in 
PBS and then cover-slipped using Vectashield or Vectashield Hard set, with 
or without DAPI (Vector laboratories). 

The following primary antibodies used in our studies: 

Antigen Host 1:? Source Prod.No.
Ap2 Mouse >200 DSHB1 3B5

 BrdU Mouse 500 Sigma B8434 
 BrdU Sheep 100 Biosite M20105S 
 Brn-3a Mouse 100 Chemicon MAB1585 
 Brn-3b Goat 100 Santa Cruz sc-6026 
 Calbindin Mouse 500 Sigma CL-300 
 Calbindin Rabbit 1000 Chemicon AB1778 
 Calretinin Rabbit 2000 Anawa 1741-1007 
Chx-10 Rabbit 4000 Ulrika Marklund (KI2)

 Chx-10 Rabbit 500 Takahisa Furukawa [204]  
 G4 Rabbit 1000 Enrique de la Rosa [233]   
 GABA Rabbit 1000 Sigma A2052 
 GABA Mouse >500 Sigma A0310 
GFR- 1 Goat ND3 RD Systems AF714 

 Islet-1 Guinea Pig 10000 Johan Ericsson (KI)   
 Islet-1 Mouse >200 DSHB 40.2D6 
 Islet-2 Mouse >200 DSHB 51.4H9 
 Lim-1 Mouse >20 DSHB 4F2 
 Lim-3 Mouse >200 DSHB 67.4E12 
 Neurofilament Mouse 20 DSHB RT97 
 Neurofilament 150kD Rabbit >200 Chemicon AB1981 
 Neurofilament 165kD Mouse >200 DSHB 2H3 
 Pax6 Mouse >200 DSHB Pax6 
 Pax6 Rabbit >4000 Chemicon AB5409 
 Prox-1 Rabbit 4000 Masato Nakafuku [234]  
 Prox-1 Rabbit 1000 Chemicon AB5475 
 Ret Goat ND RD Systems AF482 
 TrkA Rabbit 2000 Louis Reichardt [157]   
 Visnin Mouse 1600 DSHB 7G4 

Secondary antibodies were obtained from Vector Laboratories, Jackson 
Immunoresearch Laboratories or Molecular Probes and used at a dilution of 
1:200-400.  

1 Developmental Studies Hybridoma Bank, OH 
2 KI: Karolinska Institutet, Stockholm, Sweden 
3 ND: Not determined 
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Imaging and figures 
Immunolabeled slides were analyzed in a Zeiss Axioplan2 fluorescence mi-
croscope. Images were acquired using the Axiovision software (3.0.6.1, Carl 
Zeiss Vision GmbH). Confocal analysis of retina samples were done on a 
Zeiss LSM 510 Meta confocal microscope and images acquired and ana-
lyzed using the LSM 510 software (3.2, Carl Zeiss Vision GmbH). Images 
used for scientific presentation were enhanced, rotated, formatted and ar-
ranged using either the Axiovision or LSM 510 software together with 
Adobe Photoshop 6.0. 

Cell counting: P0 chicks 
Z-stacks (~0,4µm intervals) of the HCL were obtained from 20µm thick 
retinal cross sections labeled for Lim1, Isl1, Ap2  combined with Prox1, 
GABA, calretinin or TrkA using a 63x objective on the Zeiss LSM 510 con-
focal microscope. Each Z-stack contained on average 75 HCs. At least four 
regions in direct proximity to the optic nerve exit were photographed for 
each antibody combination and the fractions of single- or double positive 
cells within the stack were counted manually using the LSM 510 imaging 
software.

Cell counting: St35 embryos 
Retinal cross sections (10µm thick) from normal, activin-, follistatin- or 
control-treated eyes were labeled for Prox1 in combination with Lim1 or Isl1 
and images were acquired from the fundal part of the eye using the 40x ob-
jective on the Zeiss Axioplan2 microscope. The images were exported to 
Photoshop and the number of cells carrying only Prox1 or Prox1 combined 
with Lim1 or Isl1 was counted using Photoshop and ImageJ (NIH). Control 
eyes contained on average 56 Prox1+ cells per 40x visual field. 

Gene-gun and time-lapse recordings 
We used the Helios gene gun system (#165-2431, Bio-Rad) to transfect reti-
nal cells with GFP in order to study cell migration in the developing retina, 
in both real time and in fixed samples using IHC. Gene gun ammunition was 
prepared according to the manufactures instructions (Helios Gene Gun Sys-
tem Instruction Manual, Bio-Rad). Briefly, 25mg of one-micron gold parti-
cles were coated with 50µg of expression vector (pEGFP-C3). The plasmid-
coated gold particles were then transferred to a PVP-EtOH solution and aspi-
rated into a plastic tube. When the gold particles had adhered to the inside of 
the tube, remaining liquid was removed and the inside of the tube was dried 
and dehydrated by N2 gas. The tube with gold-particles was subsequently cut 
into suitably sized ‘shot-gun shell’ pieces. 

For retinal transfection, retinas from staged embryos were dissected in 
temperatured medium and flat mounted onto filters (#13006-50-N, Sartorius) 
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with the GCL facing up. The gene gun was used to bombard the tissue up to 
three times. The helium gas-pressure used to propel the gold particles 
(160psi) was calibrated so that the particles would penetrate just a few cell 
diameters into the tissue, thus transfecting mainly GCs but also HCs aligning 
underneath the prospective GCL. After bombardment, flat mounted retinas 
were bathed in Neurobasal medium (#21103, Invitrogen) supplemented with 
0,05M HEPES and 1% penicillin/streptomycin and incubated for the desired 
period of time (ranging from 15 minutes to 24 hours) in a humidified cell 
incubator holding 38°C with a 5% CO2 atmosphere. A fraction of the bom-
barded cells were successfully transfected, and GFP expression was ob-
served within a couple of hours. Subsequently, retinas where either proc-
essed for time-lapse recordings or fixed for IHC. 

Time-lapse: After 4-6 hours of incubation, transfected retinas were cut in 
0,2 mm thick slices using a vibratome. Slices were then mounted and sealed 
inside a microscope-fitted tissue chamber (Syke’s Moore, #1943-11111, 
Bellco glass) filled with medium, keeping a constant temperature of 37°C by 
means of a temperature controller (FCS-100, Shinko Technos). The tissue 
was mounted so that a cross section of the retina was visible through the 
microscope (Zeiss Axioplan2). Regions with several transfected cells were 
chosen for time-lapse recordings using the Axiovision software. 

Immunohistochemistry: Transfected retinas were incubated for a desired 
period of time before they were fixed according to the method described 
above while still being attached to the filter. Cryosections 10µm thick were 
then cut so that retinal cross sections were obtained. Immunohistochemistry 
and image analysis was subsequently carried out as described above. 

Assays

Horizontal cell birth-dating assay 
To investigate the birth-dates of HC subtypes we injected a single dose of 
tritiated deoxy-thymidine (3H-dT, 1µCi/µl, TRK758, Amersham) to care-
fully staged embryos (ranging from st19-st33) through pre-opened eggshell 
windows. Young embryos (st19-st26) received 15µCi, and older embryos 
(st27-st33) received 25µCi. Embryos were allowed to develop until st35, 
when the central-most piece of retina was stamped out using a hollow metal 
tube 4,5mm in diameter. The retina piece was fixed in 4% PFA for 10 min-
utes, washed in PBS and dissociated in 0,25% trypsin for 30 minutes using 
Pasteur pipettes to mechanically dissociate the cells. 

Cells were pelleted and re-suspended in 1ml PBS, yielding a concentra-
tion of approximately 106 cells/ml. The cell suspension was plated onto 8-
well slides (PH-098, NovaKemi AB, Sweden) at 50µl/well and allowed to 
air-dry. Slides were processed for Prox1 and Lim1 immunocytochemistry, 
using Vectastain Elite ABC-kit (PK-6102) and DAB peroxidase substrate kit 
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(SK-4100) from Vector Laboratories, according to the manufacturers in-
structions, with the additional step of pre-treating the slides in 0,5% Co-
balt(II)Chloride for 10 minutes prior to the DAB reaction, to ensure main-
tained DAB labeling throughout the autoradiographic processing [235]. 
Slides were dipped in EM Hypercoat Emulsion (RPN41, GE Healthcare) and 
left to expose in darkness for 6-8 days at 4ºC before being developed using 
Kodak D-19 and Kodak Fixer (P6557, Sigma), according to the manufac-
turer’s instructions. Slides were mounted in Entellan (Merck) and analyzed 
by light microscopy. For each stage, the optimal day of developing was 
found using pilot slides, and for all slides, the most heavily 3H-dT labeled 
cells served as an internal reference to determine the level of labeling that 
was to be considered as positive. 

Apoptosis assay 
We analyzed whether HCs underwent apoptosis during development in reti-
nas from all stages between st20 and st36 and in addition, from stages 39, 
41, 42, 44, 46, P4 and P7. To do this, we modified protocol supplied with the 
Dead-End TUNEL-kit from Promega (G3250) to be combined with IHC. Of 
the four antibodies tested (Lim1, Ap2 , Isl1 and Prox1), we were only able 
to obtain working protocols for Isl1 and Prox1. In short, for Prox1, primary 
antibodies were added to the slides and fixed in 4% PFA prior to TUNEL 
staining, and the secondary antibodies were added after the TUNEL reaction. 
For Isl1, both primary and secondary antibodies were applied after the com-
pletion of the TUNEL reaction. 

We identified the source of antibody binding problems to the equilibra-
tion buffer (‘EQ-buffer’). By reducing the concentration of the EQ-buffer, 
immunohistochemical signals could be increased, however, the TUNEL-
signals were concomitantly reduced. Furthermore, we used a blocking solu-
tion containing 0,2% Triton-X and 1% bovine serum albumin diluted in PBS 
in these experiments instead of the standard IHC-blocking solution described 
above.

Proliferation assay after activin treatment 
To investigate RPC proliferation we injected st17-st19 embryos with activin 
or vehicle through pre-opened eggshell windows. Five hours after injection, 
100µl of 10mg/ml BrdU (Sigma) was injected to the yolk of embryo cultures 
and 22 hours later eyes were prepared for IHC as described above, with the 
modification that eyes were fixed for 1h. Samples were analyzed for BrdU 
incorporation using BrdU antibodies. 
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Identified horizontal cell subtypes in different 
species

Species Axon-bearing Axon-less Extra HC References 

Fish
Zebrafish x x x [64]

Goldfish, Sea lamprey x x  [29, 83] 

Reptiles/ birds 

Turtle1 x x x [37, 76] 

Chicken x x x [6, 27] 

Pigeon2 x x x [237]

Chameleon x x  [81, 238] 

Marsupials
Opossum (Didelphis) x x x [32]

Wallaby x x  [38]

Opossum (Monodelphis) x   [39]

Mammals

Rabbit3 x x x [65, 239] 

Horse, Ox, Sheep, Pig, Cat x x  [33, 34, 241] 

Tree shrew, Ground squirrel x x  [26, 36] 

Primates including Humans4 x x x [28, 40, 74] 

Guinea pig, Augoti5 x x  [24, 25] 

Mouse, Rat, Gerbil, Hamster6 x   [23, 24] 

1 Four potential HC subtypes identified in the turtle retina. 
2 Four potential HC subtypes identified in the pigeon retina. 
3 The third HC subtype, identified by its synaptic properties [239], is debated upon [240]. 
4 Primates have two types of axon-bearing HCs. 
5 Members of the rodent suborder Hystricognathi.
6 Members of the rodent suborder Sciurognathi.
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Stages of chick embryonic development1

Stage Time Characteristics 
17 52-64 hours Embryo's back is bent 45 degrees. First sign of immature limb-buds. 
18 63-69 hours Embryo's back is bent 90 degrees. Tail bud is turned right. 
19 68-72 hours Limb-buds symmetrical. Tail bent forward. Unpigmented eyes. 
20 70-72 hours Faint grayish hue of eyes. Head completely bent down. 
21 3½ days Faint eye pigmentation. Hind body starts to bend upwards. 
22 3½ days Distinct eye pigmentation. Leg buds symmetrical. 
23 3½-4 days Leg buds begin to point down. Wing buds symmetrical. 
24 4 days Limb-buds longer than wide. Toe-plate distinct. 
25 4½ days Digital-plate distinct.         
26 4½-5 days Limbs lengthened. "Foot" sits on "stalk".     
27 5 days Toe-grooves distinct. Hand is starting to develop "thumb-angle". 
28 5½ days Hand and foot clearly "pointed" at tip. Mandible is at bottom of mouth. 
29 6 days Neck longer. Mandible moving toward beak.     
30 6½ days Mandible half-way to beak.       
31 7 days Gap between mandible and beak is a small notch. 
32 7½ days Mandible has reached beak. Fingers are distinctly pointing forward. 
33 7½-8 days Beak and mandible lengthened. Elbow starts to expand down. 
34 8 days Elbow is larger, beak is longer and fingers double the length from 33. 
35 8-9 days Elbow is much larger and fingers are very long and pointy. 
36 10 days Eyelids are closing, are at cornea level and are more round than elliptical. 
37 11 days Eyelid opening is elliptical.       
38 12 days Eyelid opening is narrow. Indications of feather growth. 
39 13 days Eyelids are closed except for a thin opening. Feathers are obvious. 
40 14 days Beak length from anterior nostril and tip: 4,0mm 
41 15 days Beak length from anterior nostril and tip: 4,5mm 
42 16 days Beak length from anterior nostril and tip: 4,8mm 
43 17 days Beak length from anterior nostril and tip: 5,0mm 
44 18 days Beak length from anterior nostril and tip: 5,7mm 
45 19 days Beak is shiny and blunt, usually shorter than 5,7mm. 
46 20-21 days Hatching           

1 According to ref [50]: Hamburger and Hamilton (1951) 
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