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ABSTRACT OF THE DISSERTATION 

 

 

Molecular and Cellular Mechanisms of Retinotopic Mapping in the Superior Colliculus 

 

by 

 

Nicholas James Bevins 

Doctor of Philosophy in Neurosciences  

University of California, San Diego, 2011  

 

Professor Greg Lemke, Chair 

Professor Anirvan Ghosh, Co-Chair 

 

 
Retinal ganglion cells (RGCs) project axons from their cell bodies in the eye to 

targets in the superior colliculus (SC) of the midbrain. The wiring of RGC axons to their 

synaptic targets creates an ordered representation, or ‘map’, of retinal space within the 

brain. The mechanisms of development of this map are the primary topic of this 

dissertation. The dissertation begins with an overview of the architecture and function of 

the murine visual system with a focus on RGCs. The paradigms of retinotopic map 

development have been divided into those involving guidance molecules and those 

involving correlated activity.  
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 I describe a set of ratiometric ‘Relative Signaling’ (RS) rules that quantitatively 

predict how a composite gradient of EphA receptors expressed by RGCs is translated into 

topographic order in the SC. I describe the analysis of the retinotopic maps of novel 

compound mutant mice, which establish the general utility of the RS rules for predicting 

retinocollicular topography, including the equivalence of different EphA receptor gene 

products. 

I describe how spontaneous, patterned activity in the retina during the time of 

retinocollicular mapping could be instructive to the development of retinotopy. I analyze 

the retinocollicular maps of novel compound mutant mice lacking the 2 subunit of the 

nicotinic acetylcholine receptor, which are thought to lack spontaneous, patterned activity 

in the retina. The analysis of retinocollicular maps in these compound mutant mice was 

ambiguous, but suggested that correlated activity does not play a role in retinocollicular 

mapping.  

Finally, I speculate on how different dynamics of retinotopic mapping in amniotes 

and anamniotes may arise because of the differing degree of encephalization between the 

two groups. I also comment on how increased encephalization allows for a greater 

behavioral repertoire but comes at the costs of an inability to regenerate and a greater 

time to develop.
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Chapter One – Description of the Murine Visual System 

Abstract 

 This chapter provides an overview of the architecture and function of the murine 

visual system. The description focuses on retinal ganglion cells (RGCs), the output cells 

of the retina, as the development of RGC projections is the primary concern of the 

following chapters. Comparisons are made between the murine visual system and that of 

other model organisms used to study the development and function of the vertebrate 

visual system. Concluding the introduction is a short, phenomenological description of 

visual system development, with special reference to RGCs. 

Introduction 

Vision is a sensory process using light to build a spatial representation of the 

surrounding world. The process begins in the eye and is brought to fruition as a 

distributed computational process in the central nervous system (CNS). Thus, to 

understand the visual system one must explore it with the tools and techniques developed 

to study molecules, cells, circuits, and behavior. The experiments of this thesis begin with 

the mis-expression of one gene in a subset of cells in the retina. This distinct genetic 

perturbation leads to changes in several layers of complexity within the visual system.  

This introductory chapter contains an outline of the architecture of the mouse 

visual system, a comparison between the mouse visual system and the visual system of 

other model organisms,and a brief overview of the development of the mouse visual 

system. This chapter is by no means a complete survey of the visual system. It is intended 
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to provide context to the experiments of later chapters, which are primarily concerned 

with the development of topography in the superior colliculus, a structure within the 

visual system (Chapters Two and Three) and the conceptual insights into neural 

development gained from these studies (Chapter Four).  

Architecture of the Mouse Visual System 

The eye and retina 

Light enters the eye through the cornea and is subsequently refracted by the lens 

to project a focused image onto the photoreceptor cells, located in the posterior eye 

(Figure 1.1A)(Remtulla et al. 1985). Incident light activates rod and cone photoreceptors 

located on the outside of the retina. Rods are more sensitive to light than cones, and thus 

are more suited for vision under low light conditions (Toda et al. 1999; Fan et al. 2005). 

Mice have two kinds of cone photoreceptors, one that is mostly responsive to UV light 

(360 nm) and the other is responsive to medium wavelength light (508 nm) (Nikonov et 

al. 2006). The differential sensitivity of cones receptors allows the mouse to have limited 

color perception during well-lit conditions.  

Activation of photoreceptors by incident light leads to activation of a circuit in the 

retina, which consists of photoreceptor cells, bipolar cells, horizontal cells, amacrine 

cells, and retinal ganglion cells (RGCs) (Figure 1.1B)(Protti et al. 2005). This internal 

circuit ultimately creates an overlapping mosaic of RGCs with distinct receptive field 

properties (Elstrott et al. 2008; Anishchenko et al. 2010). Thus, the output of an RGC 

already contains spatial information integrated from several photoreceptors.  
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Efferent RGC projections 

RGC axons project from their somas to the optic disc, where they exit the eye and 

form the optic nerve (Silver et al. 1980; Silver et al. 1981). RGC axons in the optic nerve 

then project posteriorly and medially to the optic chiasm (Guillery et al. 1995). At the 

optic chiasm, 97% of RGC axons cross to the contralateral side of the brain, and the 

remaining 2-3% project ipsilaterally (Dräger 1974; Antonini et al. 1999). After leaving 

the chiasm, RGC axons directly project to the suprachiasmatic nucleus (SCN) of the 

hypothalamus, the dorsal lateral geniculate nucleus (dLGN) of the thalamus, the ventral 

lateral geniculate nucleus (vLGN) of the thalamus, the intermediate geniculate leaflet 

(IGL) of the thalamus, several small nuclei in the pretectal complex of the epithalamus, 

and the superior colliculus (SC) of the midbrain (Dräger 1974; Provencio et al. 1998). 

The various retinorecipient regions of the brain are responsible for distinct functions of 

the visual system. I will briefly review those functions in relation to their neuroanatomy.   
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Circadian entrainment  

Like most animals, mice show a cycle of activity that parallels the light-dark cycle 

of their environment (Panda et al. 2002a). The activity cycle can be adjusted to match a 

new light-dark cycle via projections from the eye (Harmer et al. 2001). RGC projections 

to the SCN, vLGN, and IGL are associated with entrainment of circadian rhythms to light 

(Cassone et al. 1988). A special class of RGCs, which express a photopigment making 

them directly responsive to light, is mostly responsible for photoentrainment to the 

circadian clock (Berson et al. 2002; Panda et al. 2002b; Panda et al. 2003). Additionally, 

RGCs with input from rods and cones also play a role in photoentrainment (Hattar et al. 

2003).  

Reflex eye movements  

Mammals have a number of visual reflexes that allow a stable image to be 

projected on the retina during changes in luminance and movement of the animal. The 

pupillary light reflex adjusts pupil diameter in response to changes in incident light. 

RGCs expressing melanopsin, as well as RGCs with input from rods and cones that 

project to the olivary pre-tectal nucleus are required for this reflex (Hattar et al. 2003). 

The optokinetic reflex (OKR) and the vestibulo-ocular reflexe (VOR) together create a 

still image on the retina during head motion. RGC projections to several pre-tectal nuclei 

located anterior to the SC are required for functioning of the OKR and VOR (Cooper et 

al. 1986). The VOR and OKR are discussed in more detail in Chapter 4.  
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Multi-sensory integration in the superior colliculus  

In mice, virtually all RGCs have projections into the superficial layers of the SC 

(Hofbauer et al. 1985). RGCs are organized into a retinotopic map in the SC such that the 

nasal-temporal axis of the retina is represented on the anterior-posterior axis of the SC, 

and the dorsal-ventral axis of the retina is represented on the lateral-medial axis of the SC 

(Dräger et al. 1975; Dräger et al. 1976). The experiments of Chapters Two and Three 

describe the development of this topography in the SC.  

The superficial layers of the SC also receive retinotopic connections from the 

visual cortex, which align with the direct RGC connections (Mangini et al. 1980; Triplett 

et al. 2009). Additionally, cells in the deeper layers of the SC are responsive to 

contralateral auditory and somatosensory stimuli (Dräger et al. 1975; Dräger et al. 1976). 

The convergence of multisensory afferents onto a topographic map in the SC makes the 

SC an ideal location for integration of multisensory spatial information (Stein et al. 

1990). Consistent with this idea, studies in primates have demonstrated that the SC plays 

a role in gating spatial attention (Carello et al. 2004; Krauzlis et al. 2004; Lovejoy et al. 

2010).     

Thalamic relay to the cortex 

The dLGN is generally thought to act as a relay between the retina and the 

primary visual cortex (Dräger 1974). RGC projections to the dLGN are retinotopic 

(Wagner et al. 2000; Grubb et al. 2003). Retinorecipient cells in the dLGN show center-

surround receptive field properties (Grubb et al. 2003) that are qualitatively similar to the 

RGCs that project onto them (Kuffler 1953). Neurons in the dLGN relay visual 
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information to the primary visual cortex (Caviness et al. 1980; Frost et al. 1980). 

Reciprocal connections between the primary visual cortex and the dLGN may play a role 

in computations (Simmons et al. 1982) 

The primary visual cortex contains a representation of the contralateral visual 

hemi-field (Wagor et al. 1980; Kalatsky et al. 2003; Wang et al. 2007). Portions of the 

primary visual area, V1, are binocular in that they are activated by stimuli originating in 

either eye (Gordon et al. 1996a; Gordon et al. 1996b). Cells in V1 tend to respond best to 

moving lines of illumination (Dräger 1975). Adjacent to area V1 are other cortical 

regions with cells displaying sensitivities to discrete aspects of visual information such as 

edge orientation, global motion, or object motion (Kalatsky et al. 2003; Wang et al. 2007; 

Wang et al. 2011). These extrastriate areas are thought to be involved in transforming 

visual information into meaningful information about the external environment such as 

the recognition of features and objects (Wang et al. 2011).  

Comparative Neuroanatomy of the Visual System 

Comparison of mouse and primate visual systems 

When considering the mouse visual system, it is nearly impossible to avoid 

thinking that mouse experiences the world just like a smaller, less sophisticated human. 

Such anthropomorphizing may be useful but is inaccurate. A number of key differences 

between the primate and rodent visual system undoubtedly make the visual experience of 

the rodent different from that of a human or non-human primate.  

In the primate retina, a region near the center of the retina, the fovea, contains a 

much higher density of photoreceptors compared to the rest of the retina and is over-
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represented in retinorecipient areas of the brain, providing greater visual acuity in the 

central area of the visual field (Provis et al. 1998). Mice have a more uniform density of 

photoreceptors; consequently, their central retinotopic maps are more uniform (Jeon et al. 

1998). Additonally, primate eyes are located at the front of the head, whereas mouse eyes 

are located more laterally. As a consequence of eye placement, primates have a much 

larger area of the visual field that is represented in both retinae and in bilateral 

retinorecipient regions in the brain (Leamey et al. 2009).  

As a consequence of these differences in visual system architecture, primates have 

an area of greater visual acuity within a smaller overall visual field than do mice. This 

may enable primates to better track prey. However, the increased visual field of mice 

allows them to detect predators approaching from lateral directions.    

Comparison with non-mammalian vertebrate visual systems 

Many experiments on the development and architecture of the visual system have 

been carried out in non-mammalian vertebrates. There are subtle differences between the 

visual system of mammals and non-mammalian vertebrates, and these are noted when 

relevant. Most importantly, the RGCs of non-mammalian vertebrates project to a 

midbrain structure called the tectum, which is the homolog of the mammalian SC. 

Retinotopy is present in the tectum in all vertebrates studied, and thus non-mammalian 

vertebrates are often used to study retinotopic mapping.  

Many key experiments have made use of the differences in biology of non-

mammalian vertebrates. Chick embryos are readily accessible through the shell and can 

be genetically manipulated during development by electroporation of nucleic acids 
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(Itasaki et al. 1999). The tectum of tadpoles and zebrafish is visible in an intact animal 

and can be directly visualized and manipulated (Gaze et al. 1974). Amphibians regenerate 

retino-tectal projections after dissection of the optic nerve. Notably, Roger Sperry cut the 

optic nerve and rotated the eyes of a salamander 180 degrees and allowed them to 

regenerate. After regeneration, when the salamander was presented with food it would 

extrude its tongue 180 degrees out of phase with the target food, indicating that the 

regenerated visual system was also rotated 180 degrees (Sperry 1943).      

Development of the Visual System 

Development of the visual system is a large field of study. Developmental 

processes begin with the decision of the ectoderm to bud out and form a primordial eye 

bud (Chow et al. 2001). The ectoderm in the eye bud then differentiates into various 

components of the eye, including the retina. The early retina consists of undifferentiated 

cells that undergo a series of divisions during which time the progeny of the stem cell 

population of the early retina differentiate into the cells of the neural retina (Cayouette et 

al. 2006).  

The first RGCs are born near the central retina on embryonic day 11 (E11) in 

mouse and begin to extend primary axons toward the optic disc (Dräger 1985). At E12, 

the first axons exit the retina and grow posteriorally and medially to reach the optic 

chiasm near E13 (Colello et al. 1990). RGC axons then turn dorsally and grow over the 

diencephalon and begin to reach the anterior edge of the SC at E14 (Godement et al. 

1984). 
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Development of retinotopy in the SC 

Once RGC axons reach the posterior end of the SC, they extend short branches 

perpendicular to the main axon (Nakamura et al. 1989). These branches preferentially 

extend over the correct topographic position and are retracted at incorrect positions 

(Yates et al. 2001). Branch extension and retraction occurs as topography develops 

during the first postnatal week (Simon et al. 1992). 

The cellular mechanisms of retinotopic mapping in the developing SC are the 

main area of inquiry of this thesis. Theoretical considerations of retinotopic mapping 

have generally taken two flavors: guidance cue-based mechanisms and activity-based 

mechanisms. Guidance cue mechanisms posit that interacting factors on RGCs and their 

target tissues act to guide the development of synapses in topographically appropriate 

locations. Activity-based mechanisms posit that spontaneous, patterned activity in the 

retina leads to correlated firing patterns in the SC, which are translated into topography.   
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Chapter Two – Summed EphA Receptor Activity is a 

Determinant of Retinal Ganglion Cell Topography in the 

Superior Colliculus. 

Abstract 

Retinal ganglion cells (RGCs) project axons from their cell bodies in the eye to 

targets in the superior colliculus (SC) of the midbrain. The wiring of these axons to their 

synaptic targets creates an ordered representation, or ‘map,’ of retinal space within the 

brain. Many lines of investigation have demonstrated that the development of this map 

requires complementary gradients of EphA receptor tyrosine kinases and their ephrin-A 

ligands, yet basic features of EphA signaling during map formation remain to be 

resolved. These include the individual roles played by the multiple EphA receptors that 

make up the retinal EphA gradient. We have developed a set of ratiometric ‘Relative 

Signaling’ (RS) rules that quantitatively predict how the composite low-nasal-to-high-

temporal EphA gradient is translated into topographic order among RGCs. A key feature 

of these rules is that the component receptors of the gradient – in the mouse, EphA4, 

EphA5, and EphA6 – must be functionally equivalent and interchangeable. To test this 

aspect of the model, we generated compound mutant mice in which the periodicity, slope, 

and receptor composition of the gradient is systematically altered with respect to the 

levels of EphA4, EphA5, and a closely related receptor EphA3 that we ectopically 

express. Analysis of the retinotopic maps of these new mouse mutants establishes the 

general utility of the RS rules for predicting retinocollicular topography and demonstrates 
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that individual EphA gene products are approximately equivalent with respect to axon 

guidance and target selection.        

Introduction   

Nervous systems frequently organize representations of the external world into 

‘topographic maps’ – systems of synaptic connections in which the positional coordinates 

of a set of input neurons are maintained in their wiring to synaptic targets (Kaas 1997; 

Luo et al. 2007). The best known and most intensively studied of such maps is the 

projection of RGCs from the vertebrate eye to their synaptic targets in the SC (or tectum) 

of the midbrain (Sperry 1963; O'Leary et al. 1999a). This retinocollicular map is 

Cartesian, in that the orthogonal nasal-temporal (N-T) and dorsal-ventral (D-V) axes of 

the retina are mapped onto the orthogonal caudal-rostral (C-R) and lateral-medial (L-M) 

axes, respectively, of the SC (Figure 2.1A) (Dräger et al. 1976; Law et al. 1980; Lemke et 

al. 2005).  

Roger Sperry hypothesized that molecular cues expressed as orthogonal gradients 

in the retina and the SC provide spatial information that is critical for the development of 

retinotopic maps (Sperry 1963). The techniques of molecular biology have since allowed 

for the identification of some of the hypothesized molecular cues, lending credence to 

Sperry’s theory (O'Leary et al. 1999b; Lemke et al. 2005; Feldheim et al. 2010). Using 

techniques to visualize the expression patterns of many genes simultaneously, it is now 

clear that many molecules are expressed in a graded manner in the developing retina 

(Díaz et al. 2003; Shintani et al. 2004). The function of many of these molecues in the 
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retina has yet to be determined. However, a molecular description of the establishment 

and function of a gradient of guidance molecules in the retina is beginning to take shape.   

The first step in creating a guidance molecule gradient is the initial patterning of 

the retina. It is generally believed that gradients of diffusible molecules establish the 

initial N-T and D-V axes of the retina, similar to the initial axial patterning of the embryo 

(Chow et al. 2001). Gradients of diffusible molecules are then translated into a graded 

expression pattern of transcription factors in RGCs (Díaz et al. 2003). The transcription 

factors Tbx5 (Koshiba-Takeuchi et al. 2000), Pax2 (Dressler et al. 1990; Sanyanusin et 

al. 1995), and Vax2 (Schulte et al. 1999; Mui et al. 2002) have been observed to be 

expressed in a gradient along the D-V axis in vertebrates. The transcription factors Vax2 

(Mui et al. 2002), FoxD1 (Takahashi et al. 2009), and FoxG1 (Takahashi et al. 2003) are 

expressed in a gradient on the N-T axis. Some of these transcription factors have been 

shown to directly instruct the gradient of guidance molecules, e.g. Vax2 instructs the 

gradient of EphA5 (Mui et al. 2002), but a complete description of the transcriptional 

control of gradient expression has not been accomplished. Presumably, the combinatorial 

action of several transcription factors, some graded and some not, patterns the gradient of 

guidance molecules. 

Guidance molecule identification 

Friedrich Bonhoeffer and colleagues were able to establish the preference of an 

RGC for its topographically appropriate region of the tectum using an in vitro system in 

which they cultured chick RGCs from the nasal retina and saw they were repelled by a 

protein on the posterior tectal membrane (Walter et al. 1987a; Walter et al. 1987b). This 
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result indicated that one of the guidance molecule interactions of the retinal N-T axis of 

chemorepulsive; the molecule was later identified as ephrinA2, a ligand for the EphA 

family of receptors (Cheng et al. 1994). It has since been shown that the EphA receptors 

and their ligands play a crucial role in guidance of the retinal N-T axis and will be 

discussed in further detail.        

Subsequent studies identified other molecules that act as guidance cues in 

development of the D-V axis. The EphB receptor tyrosine kinases are expressed in a high 

ventral to low dorsal gradient in the retina, and their ligands are expressed in a high 

lateral to low medial gradient in the SC (Hindges et al. 2002). The EphB-ephrinB 

interaction acts as both an attractant and repellant to pattern mapping of the D-V to M-L 

axis (McLaughlin et al. 2003a). The  receptor tyrosine kinase Ryk is expressed in a high 

ventral to low dorsal gradient, and its ligand Wnt3 is expressed in a high medial to low 

lateral gradient in the SC (Schmitt et al. 2006). The Wnt-Ryk interaction is thought to act 

as a counter-gradient to balance the EphB-ephrinB mediated mapping (Schmitt et al. 

2006).  

EphA1 gradients 

The initial observation that a protein is involved in the repulsion of temporal RGC 

axons from the posterior tectum led to the identification of ephrinA2 (Cheng et al. 1994) 

and ephrinA5 (Drescher et al. 1995), which are both expressed in a low-rostral-to-high-

                                                 
1 As members of the Eph family of receptors and their ephrinA ligands were repeatedly 
discovered in different systems they were each given unique names, which led to 
profusion of the nomenclature designating each member. A coherent nomenclature for 
this family was announced and is used in this document without reference to the former 
names of individual genes. Lemke, G. (1997). "A coherent nomenclature for Eph 
receptors and their ligands." Mol Cell Neurosci 9(5-6): 331-2.  
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caudal gradient in the SC (Cheng et al. 1995). Consistent with these ephrinAs acting as 

guidance molecules, the mouse knockout of EphrinA2 and EphrinA5 exhibits errors in 

topography along the R-C axis of the SC (Frisén et al. 1998; Feldheim et al. 2000). 

EphrinAs are ligands for the EphA family of receptor protein tyrosine kinases 

(Gale et al. 1996). RGCs express EphA4, EphA5, and EphA6 (Díaz et al. 2003). 

Consistent with EphAs acting as guidance molecules, mouse knockouts of EphA4 

(Walkenhorst et al. 2000) and EphA5 KO (Feldheim et al. 2004) show targeting errors in 

the SC. Mouse knockouts of EphA6 are not viable (George Yancopoulos, unpublished 

communication).  

In the mouse, as in the chick, binding of ephrin-As to EphA-receptor-expressing 

axons is ‘chemorepulsive,’ in that it induces actin bundling, and axon (and axon branch) 

retraction (Feldheim et al. 2004). EphAs binding to ephrinAs leads to clustering of 

receptor-ligand complexes at the cell membrane, and it is the clustering that leads to 

autophosphorylation and activation of the receptors (Davis et al. 1994). Once activated, 

EphAs begin an intracellular signaling pathway that culminates in the destabilization of 

the cytoskeleton (Wahl et al. 2000; Jurney et al. 2002; Wong et al. 2004). 

In the retina, RGCs express EphA receptors in a low-nasal-to-high-temporal 

gradient, and in the SC, ephrin-As are expressed in a low-rostral-to-high-caudal gradient 

(Reber et al. 2004; McLaughlin et al. 2005). Thus, RGCs expressing the highest level of 

EphA receptors project to the region of the SC with the lowest levels of ephrin-A, and 

vice versa (Figure 2.1B). All of these observations are consistent with a role for the 

chemorepulsive interaction of EphA receptors and ephrinA ligands in the development of 

retinotopy. In order to demonstrate an instructive role for the gradient of EphA receptors 
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and to understand the mode of gradient action, it is necessary to systematically alter the 

configuration – the slope, orientation, or periodicity – of the gradient without ablating it, 

and to then systematically measure changes in the configuration of the resulting 

retinocollicular map.  

We have done so, using a line of EphA3 knock-in mice and a set of mapping rules 

that we refer to as the ‘Relative Signaling’ (RS) model (Reber et al. 2004). Together with 

a precise measurement of the retinal EphA gradient, the RS model quantitatively predicts 

how the gradient instructs retinotopic map development.  We have now generated a set of 

combined EphA3 knock-in/EphA5 knock-out mouse mutants in which the EphA receptor 

gradient in the retina is altered, but not ablated, and measured the retinocollicular maps of 

these new mutants. Analysis of these maps confirms the general utility of the RS model 

as a method for translating EphA gradients into topographic maps. The accuracy with 

which the model predicts topography indicates that EphA3, EphA4, EphA5, and EphA6 

are largely interchangeable with respect to their activity during mapping, and 

demonstrates that the shape and relative magnitude of EphA gradients are essentially 

informative for the development of retinotopy.   
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Results 

The Relative Signaling (RS) model 

The RS model of topographic mapping is derived from observations originally 

made in the Isl2-EphA3 knock-in mouse (Brown et al. 2000). A subset of mouse RGCs 

(~40%), distributed evenly throughout the retina (i.e., in approximately every other cell), 

express the transcription factor Islet2 (Isl2) (Pak et al. 2004). In the Isl2-EphA3 knock-

ins, EphA3 is produced ectopically and specifically only in these Isl2+ RGCs (Brown et 

al. 2000). There are therefore two populations of RGCs that are distinguished by their 

EphA expression levels: one whose cells express an endogenous level of EphA, and a 

second whose cells express this endogenous level of EphA plus additional EphA3 (Figure 

2. 2A) (Brown et al. 2000). (Target cells of the SC express neither Isl2 nor EphA3.) The 

added level of EphA3 is the same in all Isl2+ RGCs, and mice that are homozygous for 

the Isl2-EphA3 allele express twice as much EphA3 as do Isl2-EphA3 heterozygotes 

(Reber et al. 2004). 
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The retinocollicular map of wild-type mice, as visualized using DiI tracing at 

postnatal day 7 (P7), is a direct linear transfer of the NT axis of the retina onto the CR 

axis of the SC (Brown et al. 2000).  In marked contrast, Isl2-EphA3 homozygotes (Isl2-

EphA3ki/ki) display a retinocollicular map that is duplicated across the full NT axis of the 

retina, in the sense that each point in visual space is represented by two separate points in 

the SC (Brown et al. 2000; Triplett et al. 2009). A single DiI injection in the retina labels 

a population of RGCs in the retina consisting of both Isl2- and adjacent Isl2+/EphA3+ 

RGCs.  The Isl2+/EphA3+ RGCs of a given, labeled population project to a more rostral 

collicular site than adjacent, labeled Isl2- RGCs due to their increased aggregate EphA 

expression levels and subsequent increased sensitivity to the chemorepulsive CR gradient 

of ephrin-A in the SC (Figure 2.2B). The preferential occupation of the rostral SC by 

axon terminals of EphA3+ RGCs displaces the axon terminals of their wild-type 

counterparts from these sites and thereby shifts the entire wildtype map caudally (Brown 

et al. 2000).  

 The retinocollicular map of the heterozygous Isl2-EphA3 (Isl2-EphA3ki/+) mouse 

exhibits a unique property that is not seen in the Isl2-EphA3ki/ki mouse – namely, mapping 

‘collapse’  – which has driven both the derivation and analysis of RS mapping rules 

(Brown et al. 2000; Reber et al. 2004).  Like the Isl2-EphA3ki/ki mouse, the 

retinocollicular map of the Isl2-EphA3ki/+ mouse is duplicated for the nasal-most 76% of 

the NT axis (nasal = 0, temporal = 100), in that a focal DiI injection in the retina labels 

two termination zones (TZs) in the SC. In contrast to the Isl2-EphA3ki/ki mouse, however, 

focal DiI injections in the retina of a Isl2-EphA3ki/+ mouse made at positions more 

temporal than 76% label only a single TZ in the SC, rather than two (Brown et al. 2000). 
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We refer to this phenomenon as mapping ‘collapse’ because it occurs suddenly, without a 

gradual narrowing of the distance between duplicate TZs. We designate the NT position 

at which collapse occurs as the ‘collapse point’ (Reber et al. 2004); for the Isl2-EphA3ki/+ 

mice, this point is reached at 76% of the N-T axis of the retina. The RS model provides a 

causal explanation for why collapse occurs, and why it occurs in the temporal retina. 

The RS model makes use of a precise measurement of the gradient of 

endogenously expressed EphA receptors in the retina. The EphA family of receptor 

tyrosine kinases consists of eight proteins (EphA 1-8), which all bind to, and are activated 

by, any of five ephrin-A ligands (Pasquale 2005). The endogenous RGC EphA gradient 

in wild-type mice is composed of an aggregate of the distributions of the three EphA 

receptors – EphA4, EphA5, and EphA6 (Marcus et al. 2000; Reber et al. 2004). Together 

with EphA3, these three receptors occupy the same clade within the EphA family. As 

single receptors, they bind the principal collicular ligands, ephrin-A2 and -A5, with 

similar, albeit non-identical affinities (Gale et al. 1996; Monschau et al. 1997). EphA4 is 

expressed at a constant level across the NT axis of the retina (red curve in Figure 2.3A 

and equation term in Figure 2.3C), whereas the levels of EphA5 and EphA6 (blue and 

green curves, respectively, in Figure 2.3A and equation terms in Figure 2.3C) increase 

smoothly and exponentially from the nasal to the temporal pole (Reber et al. 2004). We 

have measured these gradients, relative to each other, as mRNA distributions in RGCs 

across the retina, and have shown that the EphA5 and EphA6 gradients are indeed well fit 

by exponentials (Reber et al. 2004). The linear summation of EphA4, EphA5, and EphA6 

describes the EphA gradient in the retina, and is represented by the term EphA.   
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The two populations of RGCs (Isl2+ and Isl2-) in a knock-in mouse produce two 

NT gradients of EphA: a normal endogenous gradient (black curve in Figure 2.3A) and 

a second knock-in gradient that includes ectopic EphA3 (purple curve in Figure 2.3B). In 

the RS model, collapse occurs when the ratiometric difference in EphA signaling 

between immediately adjacent Isl2+/EphA3+ and Isl2-/EphA3- RGCs is too small for the 

mapping system to distinguish. In this event, an as-yet-unidentified mapping force causes 

the adjacent RGCs to map together in the SC, as they would do normally (see 

Discussion). All Isl2+ RGCs express the same amount of ectopic EphA3, thus, the 

absolute difference in EphA activity between adjacent Isl2+ and Isl2- RGCs is the same 

for adjacent RGCs anywhere in the retina. However, the ratiometric difference in EphA 

activity between adjacent Isl2+ and Isl2- RGCs does change: it decreases from nasal to 

temporal. 

In the RS formalism, the ratiometric difference in EphA signaling between 

adjacent Isl2+/EphA3+ and Isl2-/EphA3- RGCs is designated the local relative signaling 

ratio (Rlrs) (Reber et al. 2004). The equation for Rlrs as a function of NT position is given 

by dividing the EphA equation for the knock-in distribution by that for the wild-type 

distribution (Figure 2.3B) (Reber et al. 2004). The value of Rlrs below which the system 

cannot discriminate is the ‘discrimination limit ratio’ and can be directly derived from the 

Rlrs function and the location of map collapse in Isl2-EphA3ki/+ mice: this occurs at 76% 

of the NT axis of the retina, where the value of Rlrs is 1.36 (Reber et al. 2004). Thus, the 

discrimination limit ratio is 1.36, and when the Rlrs function falls below this value – in 

any mouse genotype - the retinocollicular map is predicted to collapse.   
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The Rlrs function can be changed by altering either the slope or magnitude of the 

underlying EphA equation, which can be done experimentally either by increasing the 

dosage of the knock-in allele, as in the Isl2-EphA3ki/ki mice, or by crossing this knock-in 

mouse with knock-out mice for one or more of the EphA genes that contribute to the 

endogenous, wild-type gradient. The latter manipulation is particularly powerful since 

Rlrs can be systematically changed in the absence of any change to the absolute level of 

EphA3 expression. We have performed this manipulation previously by crossing the Isl2-

EphA3 knock-in mice with an EphA4 knock-out (Reber et al. 2004). These crosses 

produce four genotypes of mice, which are either Isl2-EphA3ki/ki or Isl2-EphA3ki/+ and at 

the same time express either half as much (EphA4+/-), or do not express (EphA4-/-), 

EphA4. Each of these genotypes has its own Rlrs function that predicts if mapping 

collapse either does or does not occur, and if it does, at what position along the NT axis 

of the retina collapse is observed (Reber et al. 2004).  

EphA5 tests of the RS model 

These results notwithstanding, several salient features and underlying assumptions 

of the RS model remain to be assessed. Among the most critical of these is the 

assumption that all of the EphA receptor genes expressed by RGCs – EphA4, EphA5, 

EphA6, and in the knock-ins, EphA3 - are functionally interchangeable and equivalent. 

This very stringent assumption is implicit in the expectation that EphA, the summed 

value of EphA4, EphA5, and EphA6 at each point along the NT axis of the retina, 

accurately describes the functional properties of the aggregate EphA gradient, and 

translates directly into differences in aggregate EphA activity during mapping. Indeed, 
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EphA has no functional meaning unless EphA3-6 are interchangeable. To alter EphA 

we have made use of an EphA5 knock-out mouse that carries an in-frame insertion of 

beta-galactosidase, which preserves the extracellular, transmembrane, and 

juxtamembrane domains of the EphA5 protein but ablates its tyrosine kinase activity 

(Feldheim et al., 2004; Cooper et al. 2009). We have tested the predictions of the RS 

model by generating compound mutants of the Isl2-EphA3 knock-in allele and the EphA5 

knock-out allele and measuring their retinocollicular maps.  

The predictions of the RS rules with regard to EphA5 loss-of-function are made 

by modifying the previously described RS equations to reflect the contribution of EphA5 

to the endogenous EphA gradient. The Rlrs functions for all possible Isl2-EphA3 knock-

in/EphA5 knock-out compound mutant mice, based on the measured exponential 

distribution of EphA5 in the retina (Reber et al. 2004), are displayed in Figure 2.3D. 

These functions are generated by dividing the equations that describe the aggregate 

heterozygous knock-in EphA level (EphAki) as a function of NT retinal position in the 

relevant genotype by the equation that describes aggregate wild-type EphA level 

(EphA) as a function of NT retinal position in the same genotype (Figure 2.3C). These 

Rlrs functions predict collapse points at 85% and 95% for the Isl2-EphA3ki/+/EphA5+/- and 

Isl2-EphA3ki/+/EphA5-/- mice, respectively, based on where the Rlrs function crosses the 

discrimination limit ratio (Figure 2.3D). The Rlrs functions for the Isl2-

EphA3ki/k/i/EphA5+/- and Isl2-EphA3ki/ki/EphA5-/- mice predict non-collapsing maps since 

these Rlrs curves do not cross the discrimination limit ratio (Figure 2.3D). 
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 We measured the retinocollicular maps of these mice anatomically, using focal 

retinal injections of DiI (Brown et al., 2000; Reber et al., 2004). DiI injected into the 

retina (Figures 2.4A and 2.4C) diffuses down the axons of RGCs into the SC and 

becomes concentrated at synaptic TZs, where it is readily visualized in collicular whole 

mounts 24 hours after injection (Figures 2.4B and 2.4D). An example of a single TZ is 

shown in Figure 2.4B and an example of a duplicated TZ is shown in Figure 2.4D. To 

visualize the entire retino-collicular map of any given genotype, we plot multiple data 

points on a Cartesian graph where the x axis is the N-T axis of the retina and the y axis is 

the R-C axis of the SC. The location site of the injection and the corresponding TZ(s) are 

then plotted as points on this graph (Figure 2.4C). Systematic injections across the full 

NT extent of the retina, together with careful measurement of the nasal-temporal position 

of the injection site and the rostral-caudal axial position of the collicular TZ(s) labeled by 

these injections, allows for a delineation of the entire retinocollicular map for a given 

genotype (Figure 2.4F). 

The RS model makes two precise predictions about compound Isl2-EphA3 knock-

in, EphA5 knock-out compound mutants: whether or not the map will be fully duplicated, 

and if the map is not fully duplicated, at what point along the N-T axis of the retina the 

map will collapse from duplicated to single. The first prediction is binary, with collapse 

either occurring or not, and testing this prediction is a straightforward matter of observing 

if the map is fully duplicated or not. The second prediction is analog – collapse could 

occur anywhere along the retinal N-T axis. Testing the second prediction requires a 

precise measurement of the location on the retinal N-T axis where collapse is seen. We 
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have used the locations of the lateral and medial rectus muscles, on the exterior of the 

globe, to determine the nasal and temporal poles of the retina, respectively. Mice do not 

have an appreciable fovea (Jeon et al. 1998) or any other landmark within the retina to 

determine the orientation of the location of the nasal and temporal poles after dissection. 

Thus, we must rely on the accuracy of our dissections to determine the location of the 

injection site within the retina with the acknowledgment that there is some error in this 

measurement but any attempt to precisely quantify that error would be speculation.  

The Isl2-EphA3ki/+/EphA5+/- and Isl2-EphA3ki/+/EphA5-/- maps that we measured 

using these methods are shown in Figures 2.5A and 2.5B, respectively. As predicted, both 

of these maps display the phenomenon of mapping collapse in the temporal retina. In 

addition, their collapse points are situated at approximate positions along the NT axis – 

85% and 95%, respectively – that are predicted by the location at which the Rlrs functions 

of Figure 2.3 cross the discrimination limit ratio.  

The RS rules predict that all compound mutants of Isl2-EphA3ki/ki homozygous 

knock-ins and any combination of EphA4, EphA5, or EphA6 knock-outs, either 

heterozygous or homozygous, should all exhibit fully duplicated, non-collapsing 

retinocollicular maps that are largely indistinguishable from each other. This is due to the 

fact that the Isl2-EphA3ki/ki homozygous knock-ins already display a fully duplicated map 

(Triplett et al. 2009), and all reductions in endogenous EphA levels that are generated by 

crossing the knock-ins with any EphA knock-outs result in increases in Rlrs. The Isl2-

EphA3ki/ki/EphA5+/- and Isl2-EphA3ki/ki/EphA5-/- maps are shown in Figures 2.5C and 

2.5D, respectively. As predicted, both genotypes show fully duplicated, non-collapsing 

maps. 
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Relative signaling also predicts mapping density 

The Isl2-EphA3ki/+/EphA5+/-, /EphA5-/-, /EphA4+/-, and /EphA4-/- compound 

mutant mice all display retinocollicular maps that collapse, with collapse points that 

closely match those predicted by the RS rules. However, there is a striking difference in 

the extent of rostral-caudal separation of duplicated collicular TZs between the EphA4 

and EphA5 loss-of-function compound mutants. TZ separation in the Isl2-

EphA3ki/+/EphA5+/- compound mutants is ~20% of the collicular CR axis (Figure 2.5A) – 

an axial separation that is very similar to that seen in the Isl2-EphA3ki/+ knock-ins alone 

(Brown et al. 2000). The average TZ separation in the Isl2-EphA3ki/+/EphA5-/- mice 

(~30%; Figure 2.5B) is only slightly greater than that of the Isl2-EphA3ki/+/EphA5+/- 

mice. In marked contrast, TZ separation in the Isl2-EphA3ki/+/EphA4+/- and /EphA4-/- 

mice is much larger – greater than 50% of the CR SC axis (Reber et al., 2004).  

In all of the ten different genotypes of knock-in mice that we have analyzed, the 

number of Isl2+ RGCs is constant, and these Isl2+ RGCs always map to the rostral portion 

of the SC. The rostral-caudal separation of TZs is therefore a direct measurement of the 

density of Isl2+ RGCs in the rostral portion of the SC (Figure 2.6A). Under the 

ratiometric RS formalism, the mapping density, that is, the number of RGCs mapping 

within a given SC area, of Isl2+ RGCs should be determined by the total amount of EphA 

expressed by Isl2+ RGCs relative to the total amount of EphA expressed by Isl2- RGCs. 

This ratio, which we refer to as the Population Relative Signaling Ratio (Rprs), is 

analogous to the Rlrs described previously but is a function of the total amount of EphA 

expressed by all RGCs of a given type, Isl2+ or Isl2-. Given our measurement of the 

EphA receptor expression levels in RGCs, Rprs can be calculated precisely for any 
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compound mutant mouse using the steps described below. The total amount of EphA 

expressed by a given population of RGCs (Isl2+ or Isl2-) is calculated by integrating the 

EphA function for that RGC population across the entire NT axis of the retina (Figure 

2.6B). The Rprs is then calculated by dividing the integral of the EphA for Isl2+ RGCs 

by the integral of the EphA function for Isl2- RGCs (Figure 2.6C). The Rprs values for 

all Isl2-EphA3 knock-in and EphA4 or EphA5 knock-out compound mutant geneotypes, 

are plotted on the x axis of Figure 2.6D, with the area of the SC occupied by Isl2+ RGCs 

plotted on the y axis. The area of the SC occupied by Isl2+ RGCs is inversely 

proportional to the Rprs value, which is consistent with the chemo-repulsive action of 

EphA-ephrin-A forward signaling. 

In all maps that collapse, Isl2- RGCs from the temporal retina are ‘pulled’ into the 

rostral SC, causing them to map onto the entire rostral-caudal extent of the SC. The 

density of Isl2- RGCs is therefore the same for all genotypes in collapsed maps. The Isl2- 

RGCs that move into the rostral SC open up space in more caudal areas, where Isl2+ 

RGCs can then map. Mapping collapse causes the density of RGCs in the SC to become 

heterogeneous, and the extent to which Isl2+ RGCs move into the caudal colliculus is 

proportional to the value of Rprs. Without mapping collapse, the density of RGC mapping 

will be homogenous throughout the SC. The density of Isl2+ and Isl2- RGCs is therefore 

always the same in maps that are fully duplicated, despite dramatic differences in Rprs 

values between genotypes. In wild-type maps, the mapping density is homogenous 

because the Rprs value is one.  
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The EphA5-/- retinocollicular map 

The RS rules predict that the retinocollicular maps of straight EphA4, EphA5 or 

EphA6 knock-out mice should be very similar to the map of wild-type mice (Reber et al., 

2004); that is, there should be no appreciable effect on the configuration of the map by 

removing these individual receptors. This prediction, which has not been tested 

rigorously, arises from the application of ‘general relative signaling’ rules, which are a 

straightforward extension of the local relative signaling rules (Reber et al., 2004). We 

have previously demonstrated that the application of general relative signaling yields the 

wild-type retinocollicular map in the mouse (Reber et al., 2004). In the general RS 

formalism, the configuration of the wild-type mouse retinocollicular map is predicted, 

with remarkable accuracy by simply dividing the measured EphA value at the extreme 

temporal pole of the retina (EphAt) by the equation that specifies EphA as a function 

of position across the NT axis of the retina (Reber et al., 2004). This operation yields the 

EphA ratio between the temporal pole RGC and all other RGCs across this axis, which 

is designated the general RS ratio (Rgrs). [Note that the local relative signaling ratio for 

immediately adjacent RGCs (Rlrs) is derived by simply dividing their respective Rgrs 

values (Reber et al., 2004).] We asked whether a general RS rule would predict the NT-

to-CR retinocollicular map in EphA5 mouse knock-outs, which retain expression of the 

EphA4 and EphA6 components of the endogenous EphA gradient.  

 The general RS ratio (Rgrs) equation for EphA5-/- mice, which lack the graded 

EphA5 component of the composite EphA gradient, is indicated and plotted in Figure 
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2.7A. This plot is very similar to both the predicted and measured wild-type 

retinocollicular map (Reber et al., 2004). The EphA5-/- retinocollicular map that we 

determined by repeated DiI injections is illustrated in Figure 2.7B. With the exception of 

the nasal third of the retina, where there is a slight rostral deviation from prediction, this 

measured EphA5-/- map is in very close agreement with the EphA5-/- map predicted by 

general relative signaling. 
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Discussion   

Requirement of a specific EphA gradient for the development of 

retinotopy 

 Sperry’s chemoaffinity hypothesis has been a guiding principle of the study of 

neural development since its inception (Sperry, 1963). Genetic and molecular 

experiments have clearly demonstrated that for mapping of the NT axis of the retina onto 

the CR axis of the SC the EphA receptors and collicular ephrin-A ligands act as the 

molecular cues of Sperry’s hypothesis (Flanagan and Vanderhaeghen, 1998). However, 

to specify position using a limited number of molecular cues the developing nervous 

system must use the information contained within the gradient of gene expression levels 

(Gierer 1988). A formal test of this hypothesis requires a quantitative model of the role 

that gradients play in topographic mapping, followed by tests of the model’s predictions. 

Relative Signaling (Reber et al., 2004) is one such a model and we here report its ability 

to predict topography across multiple novel genotypes. 

 The rules of the RS model are based on the principle that topographic order is 

established through ratiometric differences in EphA receptor expression and signaling 

activity among RGCs. These ratiometric differences may be manipulated experimentally. 

As detailed above, by removing half or all of the graded EphA5 receptor in the Isl2-

EphA3/EphA5 compound mutants, we have altered both the periodicity and the slope of 

the ΣEphA gradient. In contrast, our earlier tests of the RS model altered the periodicity 

and the magnitude of the EphA receptor gradient, by removing half or all of ungraded 

EphA4 in the Isl2 EphA3/EphA4 compounds mutants (Reber et al., 2004). These different 
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manipulations lead to distinct sets of RS ratios, yet in all settings, it is these ratios that set 

the configuration of the retinocollicular map. 

    

EphA forward signaling during development 

 The robustness of the RS rules across multiple EphA3, EphA4, and EphA5 mutant 

mouse genotypes supports the implicit assumption that the activities of these proteins are 

equivalent with respect to the events of retinocollicular mapping. As noted above, this 

assumption is reflected in the summation of EphA receptor activity to yield ΣEphA and 

in the predictions made by ratiometric RS difference comparisons in ΣEphA (rather than 

individual EphA receptors). Although the measured binding affinities of EphA3, EphA4, 

EphA5, and EphA6 for ephrin-A2 and ephrin-A5 are not identical (Gale et al., 1996; 

Monschau et al., 1997), these measurements were generally carried out in settings in 

which the binding of artificially-clustered single ephrin-As were monitored against a 

single EphA receptor. This is not the case in vivo, where multiple EphAs typically signal 

as exceptionally large, multimeric complexes that often interact with multiple ephrin-As 

(Palmer et al. 2003). It is therefore possible that the observed equivalence of EphAs in 

retinocollicular mapping might reflect signaling complex averaging of differences in 

individual EphA-ephrin-A affinities. It should be noted that the interchangeability of 

EphAs with respect to retinocollicular mapping is dramatically evident in evolution. The 

principal graded EphA receptor that contributes to the RGC gradient in the chick, where 

the EphA gradient was first discovered, is EphA3 (Cheng et al. 1995). This receptor is 

not even expressed by mouse RGCs (Brown et al., 2000), which instead substitute EphA5 
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and EphA6. The phenomenon of EphA equivalence in retinocollicular mapping may have 

general relevance since EphA receptors guide cytoskeletal rearrangements in many 

additional biological contexts outside of the nervous system (Pasquale, 2005). 

Previous tests of the RS model relied on the addition or removal of a complete 

EphA gene or cDNA. In the experiments described above, we instead used an EphA5 

mutant in which the intracellular kinase domain of EphA5 is replaced by lacZ, which 

yields RGCs that produce an EphA5 protein that retains its ability to bind to ligands but is 

kinase-dead (Feldheim et al., 2004). Beta-galactosidase staining is evident in the optic 

tract of these EphA5-lacZ mutant mice at post-natal day 5 (our unpublished data; Cooper 

et al., 2009), suggesting that RGC localization of mutant EphA5 is similar to that of wild-

type. The fact that the predictions of the RS model are valid in these mice suggests that 

ΣEphA represents both the summed expression level and the summed kinase activity of 

its component EphA receptors. 

 

Competition/Relative Signaling as a mapping constraint 

The RS model integrates competition as a constraint based on previous theoretical 

considerations of retino-collicular mapping. Experiments showing map compression, in 

which part of the SC is removed before development of retinotopy and all of the RGCs 

are compressed into the remaining SC and map expansion, in which part of the retina is 

removed and the remaining RGCs expand their map to cover the entire SC (Schmidt et al. 

1978; Sharma 1972), demonstrated that the mapping process requires an element of 

competition among RGCs for a limiting factor present in the SC (Prestige et al. 1975). 
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Likewise, for compression and expansion of the map to occur, RGCs must read their 

molecular cues relative to other RGCs. Competition is evident in the mapping behavior 

of Isl2-EphA3 homozgotes alone. In these mice, the TZs of all wild-type RGCs are 

pushed caudally from their normal mapping position by their Isl2+/EphA3+ neighbors, in 

spite of the fact that their ΣEphA profile is entirely normal (Brown et al., 2000).  

Many models of retinocollicular mapping have posited that competition between 

RGCs for a limiting factor in the SC (Goodhill et al. 2005) balances the unidirectional 

force of EphA-ephrin-A forward signaling, but a molecular basis for competition in 

mapping has not been established. We present an extension of the RS model that 

describes the mapping density of a population of RGCs in the SC - the population relative 

signaling ratio (Rprs) – and that also reflects competition. Calculation of the Rprs involves 

an arithmetic that is very similar to that of the Rlrs but applies this arithmetic to a 

population of cells (RGCs) rather than to a pair of cells. The ability of the Rprs ratio to 

reconcile mapping density and population EphA expression levels suggests that changes 

in mapping density are a manifestation of competition.  

A final indicator of opponent activities is the sudden mapping collapse that we 

consistently see across multiple compound genotypes heterozygous for the Isl2- EphA3 

allele. At the point at which mapping collapse occurs, adjacent Isl2+/EphA3+ and Isl2-

/EphA3- RGCs are subject to two opponent effects: a disparity in ΣEphA that pushes 

these RGCs apart with respect to their termination in the SC, and a correlation in the 

pattern of their firing that brings their TZs together (Butts 2002). When the ratiometric 

difference in ΣEphA is too low for the mapping system to discriminate, the effect of 

correlated activity is suddenly revealed, causing collapse. Correlated electrical firing is 
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well-known for its ability to refine and consolidate retinocollicular TZs (McLaughlin et 

al. 2003b; Chandrasekaran et al. 2005; Mrsic-Flogel et al. 2005; Cang et al. 2008), 

although the molecules that underlie this activity remain a focus of study. 

 

EphA reverse signaling during development 

EphAs can act as ligands for ephrinA expressing cells and this ephrinA-EphA 

reverse signaling has been shown to inhibit the outgrowth of axon branches (Rashid et al. 

2005; Lim et al. 2008). Co-expressed ephrinAs and EphAs localize to different 

membrane domains, allowing EphA forward and reverse signaling to be segregated 

(Marquardt et al. 2005). The ectopic expression of ephrinAs in cells projecting an axon to 

a target leads to abnormal mapping of olfactory sensory neurons (Cutforth et al. 2003) 

and motor neurons (Marquardt et al. 2005).  

EphAs are expressed in a high-caudal-to-low-rostral gradient in the SC, and 

ephrinAs are expressed in a high-nasal-to-low-temporal gradient by RGCs (Rashid et al. 

2005; Lim et al. 2008). A mouse knock-out of EphA7, one of the EphAs expressed as a 

gradient in the SC, leads to errors in mapping in the SC (Rashid et al. 2005). A mouse 

knock-out of P75, a presumptive co-receptor for ephrinAs acting as a receptor, also 

shows mapping errors in the SC (Lim et al. 2008). 

These activities and mapping relationships have led to a proposed role of EphA 

reverse signaling in topographic mapping (Feldheim et al. 2010) as a repulsive 

countergradient system, similar to that of the EphA-ephrin-A forward signaling gradient 

but orientated in such a way that the maximal repulsion is situated at the rostral end of the 
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SC, effectively countering the force of the EphA-ephrin-A forward signal (Gierer 1988; 

Goodhill and Xu 2005). The RS model, as described here, does not take into account the 

predicted diminution of EphA reverse signaling that would be expected to occur with 

EphA4 and EphA5 loss of function, as both these EphAs are expressed in the SC 

(Walkenhorst et al. 2000; Feldheim et al. 2004). Thus, to the extent that our model is 

correct in its predictions, EphA reverse signaling does not play a role in retino-collicular 

mapping. However, other interpretations of the data generated here may be consistent 

with EphA reverse signaling playing a role in mapping. The key experiment of 

ectopically expressing an ephrinA in RGCs has yet to be carried out. 

Comparison of the RS model with in silico considerations of retino-

collicular mapping 

Models of biological phenomena may be more informative than direct observation 

of experimental data alone. Computational models highlight parts of a complex process 

to make it more easily understood, but must, at the same time, also ignore or overly 

simplify other parts of that same process. A model is, by necessity, “a simplification and 

an idealization, and consequently a falsification” (Turing 1952). A complete model of 

retinotopic map formation requires greater detail than the RS model (Goodhill et al. 

1999), and many computational models attempt to model the process in its entirety 

(Goodhill 2007). These models are usually too complex to be directly tested by tractable 

in vivo experiments and are instead tested in silico. In fact, these models are often tested 

by their ability to recreate the altered topography in Isl2-EphA3 knock-in animals 

reported in Brown et al. 2000 and Reber et al. 2004, and can also be tested using the data 
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we report here (Honda 2003; Koulakov et al. 2004; Willshaw 2006; Simpson et al. 2011). 

The RS model provides useful information that would not be apparent without 

computation, while at the same time makes concrete, prospective, testable predictions as 

to the configuration of the map in genetically manipulated animals that grounds 

abstraction in experimental data. 

 Further applications of the Relative Signaling model  

The cellular mechanisms of map formation that we infer from the utility of the RS 

model, such as the aggregate signaling of EphA receptors, may also be crucial for the 

development of topography in other locations where EphA receptors are expressed as 

gradients. These include the olfactory bulb (Cutforth et al. 2003), the projections of motor 

neurons to muscles (Helmbacher et al. 2000; Eberhart et al. 2002; Kania et al. 2003), and 

the hippocampal-septal projection (Gao et al. 1996). Indeed, many aspects of neural 

development dynamics are similar to those of retinotopic mapping and may be governed 

by relative signaling rules similar to those we describe.  

 

Chapter Two, in part, is a reprint of the material which has been submitted for 

publication. I was the primary researcher, Dr. Greg Lemke and Dr. Michael Reber 

directed and supervised the research which forms the basis for this chapter. 
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Materials and Methods 

Animal Subjects 

The Isl2-EphA3 knock-in (Brown et al., 2000), EphA4 knock-out (Dottori et al. 

1998), and EphA5 knock-out (Feldheim et al., 2004) mice have all been described 

previously. All procedures used in these experiments were reviewed and approved by the 

Institutional Animal Care and Use Committee at the Salk Institute for Biological Studies. 

Animals were cared for and used in accordance with guidelines of the U.S. Public Health 

Service Policy on Humane Care and Use of Laboratory Animals and the NIH Guide for 

the Care and Use of Laboratory Animals and following institutional Association for 

Assessment and Accreditation of Laboratory Animal Care-approved practices. 

 

Anterograde labeling 

RGC axons were anterogradely labeled by a focal injection of DiI (1,1'-

dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate) into the retina, as 

described previously (Brown et al. 2000; Reber et al. 2004).  DiI was dissolved in 

dimethylformamide, loaded into a pulled glass pipette, and pressure injected into the 

retina using a picospritzer.  P7-8 mice were injected and the DiI was given 24 hours to 

migrate along RGC axons, after which time the mice were sacrificed and their SC 

dissected. The SC was visualized in a whole mount preparation using rhodamine optics 

on a Zeiss axioskop 2 upright scope using a 2.5X objective. The retina was fixed for 48-

72 hours in 2% PFA and then dissected and visualized as a whole mount preparation. 
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Chapter Three – Correlated Activity and Retinotopic Mapping 

Abstract  

 It has been hypothesized that neural activity instructs the development of 

retinotopic maps by creating patterns of activity that lead to rearrangements of synaptic 

connections between cells. During the time period when retinocollicular mapping occurs, 

the retina exhibits spontaneous neural activity. The activity is patterned such that adjacent 

RGCs in the retina fire synchronously and non-adjacent RGCs fire asynchronously. This 

pattern of activity may be instructive to the development of retinotopy. Mice lacking the 

2 subunit of the nicotinic acetylcholine receptor do not have normally patterned activity 

in the retina and also have altered retinocollicular projections. To test whether patterned 

activity in the retina is instructive for the development of retinocollicular topography, we 

crossed mice that do not express the 2 subunit of the nicotinic acetylcholine receptor 

with the Isl2-EphA3 knock-in mice described in Chapter two. If the collapse phenomenon 

described in Isl2-EphA3 heterozygous mice is caused by an instructive, activity-based 

mechanism, then the combined 2 knock-out, Isl2-EphA3 heterozygous knock-in mouse 

should not show a collapse. The results of RGC labeling experiments done in compound 

mutant mice were ambiguous, making it difficult to determine whether activity is 

instructive for retinocollicular mapping.  
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Introduction 

Instructive activity based mechanisms  

Neurons undergo rapid and reversible changes in membrane potential in response 

to both extracellular and intracellular processes. This activity is required for the nervous 

system to make the rapid computations necessary for an organism to quickly respond to 

its environment. Electrical activity occurs during a time scale of milliseconds, which is 

several orders of magnitude faster than the cellular processes of axon guidance and 

cellular migration that occur during CNS development. Despite the difference in time 

scales, it is clear that activity can instruct the development of cellular location and 

connections in the nervous system (Harris 1981). For example, the work of David Hubel 

and Torsten Wiesel demonstrated that activity is instructive in the formation of ocular 

dominance columns in the visual cortex (Wiesel 1982).  

Donald Hebb postulated that action by a pre-synaptic neuron could act to 

permanently increase the efficacy of synaptic transmission between the pre- and post-

synaptic cell, and this activity-instructed change in synaptic efficacy could serve as the 

cellular basis of memory (Hebb 1966). It has been hypothesized that activity instructs the 

development of ocular dominance columns through an associative learning mechanism 

similar to that originally proposed by Donald Hebb (Stent 1973). Subsequent studies have 

demonstrated that electrical activity does indeed instruct synaptic efficacy (Caporale et al. 

2008) as well as cellular morphology and gene expression (Flavell et al. 2008; Shen et al. 

2010). Indeed, many of these processes are now accepted to be the molecular basis of 

learning and memory in adult animals (Kandel 2009).  
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While it is now generally accepted that activity can, and does, instruct the 

development and efficacy of synapses, gene expression, morphology of individual cells, 

and the architecture of some neural circuits, it remains to be demonstrated that activity 

instructs the development of retinotopic maps in mammals. The experiments described in 

this chapter aimed to determine whether activity is instructive to the development of the 

retinotopic map in the mouse SC.  

RGC activity is necessary for retinotopic mapping 

To test if activity, either patterned or unpatterned, is required for retinotopic 

mapping, one can simply inhibit all activity in RGCs and observe the effect on 

retinotopic maps. This can be done by exposing RGCs to Tetrodotoxin (TTX), a sodium 

channel blocker that inhibits all action potentials (Evans 1972). In non-mammalian 

vertebrates, reports of the effects of intraocular TTX injection during retino-tectal 

mapping are contradictory and differ among species (Cline 1991). These discrepancies 

may be due to differential and incomplete sensitivities to TTX among species, differing 

roles of activity in retinotopic mapping among species, or subtle differences among the 

experimental techniques used. In rodents, intraocular injections of TTX result in an 

increase in the number of cells that are mis-targeted in the SC (O'Leary et al. 1986). 

These experiments demonstrate that activity plays a role in retinotopic mapping, as TTX 

injections do change the map. These experiments, however, do not demonstrate what role 

activity plays in mapping.     
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Activity in the perinatal retina is patterned 

The retina of teleosts and amphibians continues to grow throughout the life of the 

animal, requiring continuous refinement of retinotectal projections to maintain accurate 

retinotopic maps as new RGCs are born and project axons to the tectum (Gaze et al. 

1974). While mapping occurrs, RGC activity is driven by visual stimuli (Demas et al. 

2011). Altering the nature of the visual stimuli that the animals are subjected to alters the 

formation of their retinotopic maps (Yoon 1975; Schmidt et al. 1985; Udin 1985; Keating 

et al. 1986).  

In contrast, retinotopic mapping in mammals occurs before eye opening (Simon et 

al. 1992a). RGCs show spontaneous activity not induced by light, beginning in utero 

(Galli et al. 1988) and continuing until eye opening (Wong 1999). Using multi-electrode 

arrays, it was observed that the spontaneous activity in the retina is spatially 

synchronized, meaning that cells located near each other in the retina are more likely to 

fire at the same moment than cells located far from each other (Meister et al. 1991; Wong 

et al. 1993). Calcium imaging, in which fluorescent indicators of cellular influx of 

calcium ions are used to monitor cellular activity, were used to image the activity of large 

portions of the retina in ex vivo preparations (Feller et al. 1997). Using this technique, it 

became clear that spontaneous activity in RGCs propagates across the retina, creating 

waves of activity beginning at various locations, propagating for a finite distance, and 

then dying out (Feller et al. 1997). After cells participate in a wave they are refractory to 

participation in subsequent waves (Feller et al. 1997). 

In the mouse, the properties of retinal waves undergo three distinct stages defined 

by the pharmacological properties of the waves (Torborg et al. 2005). Stage I waves 
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occur in the embryonic retina and are blocked by gap junction blockers (Stacy et al. 

2005). Stage II waves begin at postnatal day 0 (P0), which is when cholinergic synapses 

between RGCs and cells of the inner plexiform layer of the retina develop (Zheng et al. 

2006). Stage II waves can be blocked by nicotinc acetycholine receptor (nAChR) 

antagonists (Feller et al. 1996). Stage III waves begin at postnatal day 10 and can be 

blocked by ionotropic glutamate receptor antagonists (Bansal et al. 2000). 

Retinocollicular mapping is concurrent with the presence of stage II waves; thus, I will 

refer to stage II waves simply as ‘waves.’ 

During the time of stage II waves, starburst amacrine cells (SACs) are the only 

source of acetylcholine in the retina (Zhou 2001). SACs are spontaneously active without 

synaptic input (Zheng et al. 2006) and form active synapses with each other and with 

RGCs (Zhou 1998). Wave activity is initiated by the spontaneous activity of SACs, and 

propagates to adjacent SACs, which also depolarize neighboring RGCs (Zheng et al. 

2006) (Butts et al. 1999). SACs downregulate expression of nAchRs around P10, causing 

stage II wave activity to end (Zheng et al. 2004). 

Wave activity may contain spatial information instructive for 

topographic mapping 

The spatiotemporal properties of wave activity, such as wave domain size, 

interwave interval, and wavefront velocity are statistically similar among retinas (Feller 

et al. 1997). The properties of wave activity contain spatial information about the 

distance between a pair of RGCs: adjacent RGCs are likely to fire at the same time 

because they are activated by a wave at the same time, whereas RGCs separated by a 
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short distance will be activated by the same wave, but with a time delay as the wave 

travels between RGCs (Butts et al. 2001). Similarly, wave activity also contains 

information about whether RGCs whose axons terminate in the same topographic 

location in the LGN are in the same or different eyes: RGCs located in the same eye will 

have highly correlated activity patterns whereas RGCs located in different eyes will not 

have correlated activity patterns (Butts et al. 2001).  Thus, wave activity contains 

information that could be instructive for the development of topography in the SC and the 

LGN, as well as eye-specific segregation in the LGN (Butts 2002). 

Correlated activity could be translated into cellular function through the 

coincidence detecting properties of the NMDA subclass of glutamate receptors. The 

NMDA receptor requires both extracellular glutamate and post-synaptic depolarization in 

order for it to open (Mayer et al. 1984). Once opened, the NMDA receptor allows both 

sodium and calcium ions to flux through it (MacDermott et al. 1986). The influx of 

calcium ions leads to a signaling cascade in the postsynaptic cell (Greer et al. 2008), 

which can lead to long-lasting changes in synaptic efficacy and changes in cellular 

morphology (Bliss et al. 1993).  

RGCs release glutamate into the synapse formed between RGCs and their target 

cells in the SC, where NMDA receptors are expressed (Simon et al. 1992b). Consistent 

with NMDA receptors playing a role in retinotopic mapping, pharmacological inhibition 

of NMDA receptor activity alters retinotectal mapping in amphibians (Cline et al. 1989; 

Scherer et al. 1989) and teleosts (Schmidt 1990). In rodents, inhibition of NMDA activity 

prevents retraction (Simon et al. 1992b).  
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Together, these observations suggest a model of activity-instructed development 

that occurs in several steps (Eglen et al. 2003; Grubb et al. 2003; McLaughlin et al. 

2003). The first step is the creation of an imprecise retinotopic map instructed by 

molecular cues. Wave activity in the retina creates correlated activity patterns between 

RGCs located adjacently in the retina, and anti-correlated activity patterns between cells 

located distantly in the retina. The imprecise map is refined by repeated cycles of wave 

activity that strengthen those connections where activity is correlated and weaken or 

eliminate those connections where activity is anti-correlated (Figure 3.1). 
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Testing the instructive role of correlated activity  

The hypothesis that activity, interpreted by individual cells, is instructive to the 

development of retinotopic maps is simple and elegant but must be tested. Activity is also 

permissive to the interpretation of guidance molecule gradients through changes in the 

intracellular concentration of cAMP (Song et al. 1997; Nicol et al. 2007). Thus, attempts 

to experimentally manipulate instructive activity may be confounded by inadvertently 

altering the permissive aspects of activity. 

One tool that can be used to do just that is the nicotinic acetylcholine receptor, 

which is required for stage II wave activity (Feller 2002). NAChRs are ionotropic 

receptors composed of genetically distinct subunits (Dani et al. 2007). The subunits that 

compose an individual channel vary among cell types, and each unique composition has 

different pharmacological sensitivities (Dani et al. 2007). Of the nAchR subtypes 

expressed in the early retina (Moretti et al. 2004), it was observed that channels 

containing the 3 and 2 subunits are required for correlated wave activity, but not 

spontaneous uncorrelated activity, in RGCs (Bansal et al. 2000). Thus, by altering the 

activity of this subset of nAchRs, one can theoretically dissociate the instructive from the 

permissive aspects of spontaneous activity.        

Epibatadine is a nAChR partial agonist that binds to nAChRs with a higher 

affinity than nicotine or acetylcholine (Buisson et al. 2000). Application of epibatidine to 

retinal explants abolishes stage II retinal waves without silencing RGC action 

potentionals by decorrelating RGC firing patterns (Sun et al. 2008a). Epibatadine can be 

injected into the vitreous humor of the eye, where its actions are restricted to the cells of 
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the retina. Injections of epibatadine into the eye inhibit LGN eye-specific segregation 

(Penn et al. 1998; Pfeiffenberger et al. 2005) and refinement of topography in the 

retinocollicular projection (Chandrasekaran et al. 2005).  Molecular genetic techniques 

also allow for the disruption of wave activity. As mentioned previously, the nAChR 

subtype involved in wave activity contains the 3 and 2 subunits (Bansal et al. 2000). 

Genetic knock-out of the 3 subunit leads to waves with altered spatiotemporal 

properties (Bansal et al. 2000). Genetic knock-out of the 2 subunit leads to the 

elimination of wave activity without ablating spontaneous uncorrelated activity (Bansal et 

al. 2000). The 2 knockout is a whole mouse knockout, meaning that 2 expression is 

ablated from all cells in the entire mouse, including both RGCs and target cells in the SC. 

Mapping phenomena seen in 2 knock-out mice may therefore be caused by changes to 

cells in the SC, and not due to changes in correlated activity in RGCs. However, intra-

ocular injections of epibatadine phenocopy the 2 knock-out, suggesting that the effects 

of 2 loss of function are due to an effect in the retina and not the SC. Thus the 2 

knock-out mouse is a good genetic tool for investigating the instructive role of waves in 

the development retinal output. 

Several experiments have used the 2 knock-out mouse to investigate the role of 

correlated activity in the retina in different aspects visual system development. For 

example, 2 knock-out mice fail to segregate eye specific inputs to the LGN (Rossi et al. 

2001; Grubb et al. 2003; Pfeiffenberger et al. 2005).  

The 2 knock-out mouse also has an altered retino-collicular map. As measured 

by anterograde labeling, 2 knock-out mice have a less refined retinotopic map in the SC, 
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meaning that focal labeling in the retina labels a larger area in the SC in 2 knock-out 

mice compared to WT mice (McLaughlin et al. 2003; Mrsic-Flogel et al. 2005). Labeling 

single RGCs has also demonstrated that the size of axonal arborizations in the LGN and 

SC are larger in 2 knock-out mice as compared to WT mice (Dhande et al. 2011). 

Recordings from individual cells in the SC demonstrate that 2 knock-out mice have an 

increase in the receptive field size for individual cells, consistent with a less refined map.  

These experiments demonstrate that wave activity mediated by the nAChRs 

containing the 2 subunit plays a role in retinocollicular mapping. However, it remains 

an open question whether activity refines the retinocollicular map by decreasing the 

receptive field size in the SC, changing the topographic location of RGC axon branches 

and synapses, or both. Combining the 2 knock-out mouse with the Isl2-EphA3 knock-in 

described in Chapter two may allow these distinctions to be made.  

Results 

Hypothesized results 

As described in Chapter 2, the Isl2-EphA3 homozygous knock-in displays a fully 

duplicated map across the entire N-T axis of the retina, whereas the Isl2-EphA3 

heterozygous knock-in displays a partially duplicated map (Brown et al. 2000). In the 

Isl2-EphA3ki/+ mouse, the retinocollicular map is duplicated for the nasal-most 75% of the 

retinal naso-temporal axis and displays only a single map in the temporal-most 25% of 

the retina (Brown et al. 2000). The ratio of  EphA expressed by immediately adjacent 

pairs of Isl2-EphA3 expressing RGCs and WT cells predicts the occurrence and the 
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location of the collapse (Reber et al. 2004). The EphA-ephrinA interaction that instructs 

topography is overcome by another, unknown, mapping force when the ratio between 

adjacent cells falls below a threshold (Reber et al. 2004). Activity-instructed mechanisms 

are an excellent candidate to be the unknown force because the cells that collapse are 

adjacent in the retina, therefore their activity would be correlated, causing them to wire 

together. If this is indeed the case, then eliminating correlated activity should either 

eliminate or move the location of the collapse in those genotypes that are predicted to 

collapse by the RS signaling mechanisms described in Chapter 2. 

To test this possibility, we created compound 2-/-/ Isl2-EphA3ki/+ mutants and 

observed their retinocollicular maps at postnatal day 7. The maps were observed at P7 

because retinal waves that do not require nAchR transmission, potentially confounding 

our results, begin at P8 (Stafford et al. 2009). The 2-/- retinocollicular map is 

topographically similar to that of wildtype animals, but with larger TZs (Figure 3.2A). 

The Isl2-EphA3ki/+ map has been described previously (Figure 3.2B). If correlated activity 

does not affect the establishment of topography, then one would expect the 2-/-/ Isl2-

EphA3ki/+ map to be a linear combination of the 2-/- and Isl2-EphA3ki/+ maps (Figure 

3.2C). If correlated activity does not affect the establishment of topography then one 

would expect 2-/-/ Isl2-EphA3ki/+ map to not show a collapse in the temporal retina 

(Figure 3.2D).  
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The distinguishing feature between the two hypothetical maps is whether one can 

observe a single or duplicated TZ after injection of tracer dye into the temporal retina. 

Thus, injections of fluorescent tracer dye were made into the temporal retina (>76% of 

the NT axis), to observe the retinocollicular projection of compound mutants (Figure 

3.3A).   

Retinocollicular map of compound 2 knock-out; Isl2-EphA3 knock-in 

mutant mice  

Our injections in the temporal retina of 2-/- mice showed an enlarged TZ in the 

SC, consistent with previous reports  (Figure 3.3B). We then crossed 2-/- mice with Isl2-

EphA3ki/ki mice to create double heterozygous 2+/-/ Isl2-EphA3ki/+ mice. The 2+/-/ Isl2-

EphA3ki/+ mice did not show any obvious behavioral phenotype. Injections in the 

temporal retina of 2+/-/ Isl2-EphA3ki/+ mice show a single TZ (Figures 3.3C and 3.3D). 

2+/-/ Isl2-EphA3ki/+ mice were then crossed and the resulting 2+/-/ Isl2-EphA3ki/+, 2+/-/ 

Isl2-EphA3ki/ki, 2-/-/ Isl2-EphA3ki/+ and 2-/-/ Isl2-EphA3ki/ki mice also did not display any 

obvious behavioral phenotype and were grossly indistinguishable from each other as pups 

or adults. Injections in the temporal retina of 2+/-/ Isl2-EphA3ki/ki show two distinct TZs 

(Figures 3.3E and 3.3F).   

Injections in the temporal retina of 2-/-/ Isl2-EphA3ki/+ animals often showed a 

single distinct TZ (Figure 3.4). However, many injections also showed a large, poorly 

defined and possibly duplicated TZ (Figure 3.5).  
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To determine if duplicated TZs could be distinguished in 2-/- mice, we performed 

DiI injections into the nasal retina, where the map is predicted to be duplicated. Injections 

in the nasal retina of 2-/-/ Isl2-EphA3ki/+ mice generally showed a large, poorly defined 

TZ. A single exception, showing what appears to be a duplicated TZ pattern is shown in 

Figure 3.6A. Injections in the nasal retina of 2-/-/ Isl2-EphA3ki/ki mice were generally 

ambiguous (Figure 3.6B), but one mouse showed what appears to be a fully duplicated 

TZ (Figure 3.6C).  

Retinocollicular map of 2-/-/ Isl2-EphA3ki/+/ EphA4+/- mice 

To distinguish whether 2-/-/ Isl2-EphA3ki/+ mice display a single, enlarged TZ or 

two distinct TZs in the nasal retina, we combined the 2 and Isl2-EphA3 alleles with a 

mouse knock-out of the EphA4 allele (Dottori et al. 1998). The compound mutant 

EphA4+/-/ Isl2-EphA3ki/+ mice have a much larger separation between labeled TZs in the 

nasal retina (Reber et al. 2004) (Figure 3.6D). 2-/-/ Isl2-EphA3ki/+/ EphA4+/- mice were 

grossly normal without any apparent behavioral phenotype.  

Temporal injections in 2-/-/ Isl2-EphA3ki/+ / EphA4+/- mice show an enlarged, 

ambiguous TZ similar to that observed in 2-/-/ Isl2-EphA3ki/+ mice (Figure 3.6E). Nasal 

injections in 2-/-/ EphA4+/-/ Isl2-EphA3ki/+ mice also demonstrate a large, ambiguous TZ 

(Figure 3.6F).  
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Discussion 

In general, the data suggest that in the 2-/-/ Isl2-EphA3ki/+ mice, there is a 

collapse in the temporal retina, which is consistent with correlated activity not playing a 

role in topography. However, these data are not of high enough resolution to be 

convincing. The TZs seen after temporal injections of 2-/-/ Isl2-EphA3ki/+ animals are not 

easily interpreted because of their variability. Many injections appear to label a single, 

enlarged TZ (Figure 3.4), while some appear to label duplicated TZs (Figure 3.5). These 

injections were all performed in locations where the Isl2-EphA3ki/+ map shows a single 

TZ; thus, the appearance of an apparently duplicated TZ could be indicative of a shift in 

the location of the collapse point, consistent with correlated retinal activity playing a role 

in the collapse phenomenon.  

We were not able to consistently resolve a duplicated TZ for a compound mutant 

with a homozygous loss of function for 2 (i.e. 2-/-/ Isl2-EphA3ki/+, 2-/-/ Isl2-EphA3ki/ki, 

2-/-/ Isl2-EphA3ki/+/ EphA4+/-). The majority of attempts to do so resulted in an enlarged, 

ambiguous area of labeling in the SC. Only a small minority of injections labeled what 

appeared to be two TZs. Thus, we cannot be confident whether an enlarged TZ is two 

overlapping TZs or one large TZ (Figure 3.7A).  
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The mapping phenomenon seen in 2-/- mice may not be caused by a loss 

of correlated activity 

Since the inception of the experiments described in this chapter, a number of 

additional findings in the 2-/- mice have challenged the consensus that 2-/- lack 

correlated activity. It was observed that ex vivo retinas from peri-natal 2-/- mice do have 

waves if the recording conditions are altered to more closely match what are thought to 

be in vivo conditions (Sun et al. 2008b). Specifically, one group found that recordings 

performed at 37oC showed correlated activity, whereas those done previously were 

performed at 30oC (Feller et al. 1997). Perinatal pups do not regulate their temperature 

well and are dependent on external sources of heat. Thus, it is a matter of speculation as 

to whether the temperature inside the retina of a perinatal pup is 37oC, the temperature of 

an adult animal, or several degrees cooler. These findings have led to an unresolved 

debate about if and how loss of the 2 subunit leads to meaningful changes in wave 

activity that are directly instructive for development of the visual system (Chalupa 2009; 

Feller 2009)  

Ex vivo recordings of 2-/-  mice at both 30oC and 37oC show that the spatio-

temporal wave properties are different between 2-/- and WT retinae at any temperature 

(Stafford et al. 2009). In addition to the changes in correlated activity, there is also a 

change in the firing rate of individual RGCs (Stafford et al. 2009). Increased activity in 

individual RGCs could lead to changes in mapping independent of alterations in 

correlated activity. For example, increased RGC activity is known to increase the release 
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of BDNF in the SC (Cohen-Cory 1999), which could lead to the stabilization of ectopic 

RGC branches (Yates et al. 2001). This speculative phenomenon would occur regardless 

of whether activity is correlated. 

Conclusion 

The anatomical experiments described in this chapter do not provide data of 

sufficient resolution to distinguish whether there is a single or duplicated TZ in the 

temporal retina of 2-/-/ Isl2-EphA3ki/+ mice.  

The experimental paradigm described in the introduction may need to be revised 

to reflect a more nuanced understanding of the role that the 2 subunit plays in correlated 

activity. Ideally, to test the role of correlated activity in retinotopic mapping, one must 

know the spatiotemporal properties of activity that are meaningfully correlated between 

cells and disrupt only those properties of spontaneous activity while leaving those 

properties of activity that are not informative for retinotopic mapping unchanged. 

 

The text of Chapter Three, in part, is a reprint of the material which is being 

prepared for publication. I was the primary researcher. Dr. Greg Lemke directed and 

supervised the research which forms the basis for this chapter. 
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Materials and Methods 

Animal Subjects 

The Isl2-EphA3 knock-in (Brown et al., 2000), EphA4 knock-out (Dottori et al. 

1998),and 2 knock-out (Xu et al. 1999) mice have all been described previously. All 

procedures used in these experiments were reviewed and approved by the Institutional 

Animal Care and Use Committee at the Salk Institute for Biological Studies. Animals 

were cared for and used in accordance with guidelines of the U.S. Public Health Service 

Policy on Humane Care and Use of Laboratory Animals and the NIH Guide for the Care 

and Use of Laboratory Animals and following institutional Association for Assessment 

and Accreditation of Laboratory Animal Care-approved practices. 

Anterograde labeling 

RGC axons were anterogradely labeled by a focal injection of DiI (1,1'-

dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate) into the retina, as 

described previously (Brown et al. 2000; Reber et al. 2004).  DiI was dissolved in 

dimethylformamide, loaded into a pulled glass pipette, and pressure injected into the 

retina using a picospritzer.  P7-8 mice were injected and the DiI was given 24 hours to 

migrate along RGC axons, after which time the mice were sacrificed and their SC 

dissected. The SC was visualized in a whole mount preparation using rhodamine optics 

on a Zeiss axioskop 2 upright scope using a 2.5X objective. The retina was fixed for 48-

72 hours in 2% PFA and then dissected and visualized as a whole mount preparation. 
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Chapter Four – The Degree of Encephalization of an Organism 

Determines its Mechanism of Retinotopic Mapping 

Abstract 

 The mechanism of development of retinotopy in the SC/tectum of amniotes is 

contrasted to that of anamniotes. Anamniotes continuously map new RGCs to the tectum 

as RGCs are born throughout the life of the animal and can regenerate their retinotopic 

maps. In contrast, amniotes completely form their retinotopic maps during a critical 

period early in development and are not able to regenerate a topographic map if the 

retinal projection or target is damaged. The different dynamics of retinotopic mapping in 

amniotes and anamniotes may arise because of their differing contexts of map 

development. Amniotes generally have a higher degree of encephalization than 

anamniotes, and their high degree of encephalization may require rigid primary sensory 

maps to be developed early. An increase in encephalization allows for a greater 

behavioral repertoire but prevents regeneration and necessitates a greater time to develop. 

Humans have an extremely high level of encephalization, and the process human brain 

development may continue far into adulthood. The extended time frame of human brain 

development may have implications for the pathogenesis of behavioral disorders. The 

chapter ends with a summary of the dissertation and concluding remarks.
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Introduction 

The experiments of Chapters Two and Three describe the role of guidance 

molecules and patterned spontaneous activity in the formation of the retinotopic map in 

the Superior Colliculus (SC). These experiments utilize the power of mouse genetics to 

dissect the developmental processes of one region of the brain. The paradigms used to 

describe the development of retinotopy in the SC are applicable to the development of the 

rest of the brain. The physiology and morphology of the brain are restricted by the 

biophysical properties of its constituent cells. The retina and SC are composed of similar 

cells to the rest of the brain, and therefore, must develop their functional specifications 

under similar constraints. Most likely, a combination of genetic control of guidance 

molecule expression patterns and patterned activity provide information for the 

development of the simplest to most complex regions of the brain. In this chapter, I will 

speculate on how the process of retinotopic mapping, placed into the context of whole 

brain development, is informative as to the paradigms governing brain development and 

misdevelopment. 

The context of retinotopic mapping determines its mechanism 

Retinotopic mapping in mice occurs during the first two post-natal weeks (Simon 

et al. 1992). During this time, RGC axons overshoot their final TZ, grow extensive axon 

collaterals, then prune back those regions of the axon that are not in the topographically 

correct location (Simon et al. 1992; Yates et al. 2001). After the initial developmental 
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period is over, the retinocollicular map is essentially fixed, as no new RGCs are created. 

The development of the chick retino-tectal map follows the same dynamics (Yates et al. 

2001), and this chronology of retinotopic mapping (Figure 4.1A) in the midbrain is likely 

to be found in all amniotes (vertebrates that develop with extra-embryonic membranes, 

including reptiles, birds, and mammals).  

In contrast to amniotes, during mapping in anamniotes (vertebrates without extra-

embryonic membranes, including amphibians and teleost fish)(Figure 4.1B) the growth 

cones of RGC axons project directly to their topographically appropriate location in the 

tectum (Sakaguchi et al. 1985; Stuermer 1988; Stuermer et al. 1989). The initial mapping 

is not as precise, and refinement occurs as the tectum grows and the percentage of the 

tectum taken up by individual RGC arbors decreases (Sakaguchi et al. 1985; Stuermer 

1988; Stuermer et al. 1989). This process occurs continuously as additional RGCs are 

mapped into the tectum throughout the life of the animal (Gaze et al. 1974).   

Another contrast between amniotes and anamniotes is that anamniotes are able to 

regenerate their retinotopic maps after resection of the optic nerve (Sperry 1944; Sperry 

1948), whereas most amniotes cannot. In fact, it appears that mammals have developed 

several methods of actively blocking the regeneration of their CNS, such as the formation 

of glial scars after trauma (Goldberg et al. 2000; Brockes et al. 2008). The ability to 

regenerate is advantageous for the reproduction of anamniotes and has most likely been 

selected for during the course of evolution.  
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The difference between amniotic and anamniotic retinotectal mapping may arise 

because of the different degrees of complexity within the visual systems of amniotes and 

anamniotes. The amniotic mapping mechanism creates a fixed primary retinotopic map, 

which allows for the timely development of higher order visual maps based on a primary 

map. For example, area MT in extrastriate cortex contains a retinotopic map that is 

primarily sensitive to motion in the visual field and not to other visual stimuli (Albright 

1984). The afferent input to area MT comes from V1 and the SC (Rodman et al. 1989; 

Rodman et al. 1990), and presumably, retinotopy must first develop in the afferent areas 

to MT before it is retinotopically organized. The telencephalon of anamniotes does 

contain some visually sensitive regions that may be analogous to the higher order regions 

of amniotic telencephalon (Liege et al. 1972; Gruberg et al. 1974). However, unlike those 

of amniotes, associational regions of anamniotes generally receive direct projections from 

the thalamus (Karamian et al. 1966).  

Further integration and differentiation of visual stimuli leads to more specialized 

regions of the visual system within the telencephalon (Wandell et al. 2007). For example, 

regions of the temporal lobe of humans have been found to be especially sensitive to the 

visual presentation of faces (Kanwisher et al. 1997). The more hierarchical organization 

of the amniote visual system, compared to that of anamniotes, may necessitate that 

primary retinotopic maps be fully developed and static early during the development of 

the organism, allowing the emergence of higher order visual areas to make use of the 

topography found in lower order regions. If amniotes continuously changed their primary 

visual maps or had the ability to regenerate a new map the process of re-wiring their 
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higher order regions would take far too long and the animal may be unable to 

appropriately respond to its environment during the period of re-wiring. 

In mammals, the divergence of afferent visual information (Goodale et al. 2004) 

indicates that the organization of the brain is not strictly hierarchical and the patterning of 

the cortex before the development of functional specification (O'Leary et al. 2007) 

indicate and its development is not strictly linear. Like any model, simplifications allow 

for insight. The hierarchical organization of the amniotic visual system allows for a 

greater number of associational areas composed of multiple rounds of binding and 

parsing of a single visual stimulus. These areas allow an organism to have a more 

complex and nuanced interaction with its environment and a greater behavioral repertoire 

(Jerison 1977; Jerison 1985).  

Discussion 

The time dependence of complex development 

Higher order brain associational regions found with increased encephalization are 

generally thought to develop by repeating the process of aligning and associating 

topographic maps (Dehaene et al. 2007). Recursion allows for the development of 

extensive complexity using relatively simple instructions and is likely required for the 

development of many structures in the CNS. There are 2 x 1010 neurons in the human 

cortex (Williams et al. 1988; Pakkenberg et al. 1997) and 3x 109 base pairs in the entire 

human genome (Lander et al. 2001). Clearly, recursion is required for the development of 

so many cells and their connections from the relatively simple instructions of the genome.  
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Given that maintenance of genetic material is metabolically expensive, it is advantageous 

for an organism to store the instructions for its development in a recursive form.  

However, the development of greater complexity through recursion comes at a 

cost: the development is path-dependent, which makes regeneration unfeasible, and 

requires a greater amount of time, which makes breeding less efficient because organisms 

must wait longer before reaching sexual maturity. This is most clearly demonstrated in 

the relationship between brain size (corrected for genome size) and the age to reach 

sexual maturity in mammals, which have the greatest degree of encephalization among 

vertebrates (Jerison 1985) and have a layered neocortex (Krubitzer et al. 2000) (Figure 

4.2).  Mammals with a larger brain size relative to genome size (x axis of Figure 4.2) 

generally take longer to reach sexual maturity (y axis of Figure 4.2). Thus, higher degrees 

encephalization may represent an evolutionary trade-off between better behavioral 

performance and increased time to reach sexual maturity.  
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Development of complexity and disease states 

The sequential and recursive development of brain regions brings up the question 

of  “what is a fully developed animal?” In humans, there is evidence that CNS 

development continues far past the age of sexual maturity. For example, maximum 

myelination of the brain does not occur until the 5th decade of life (Benes et al. 1994; 

Bartzokis et al. 2001; Walhovd et al. 2005; Walhovd et al. 2011). Maximum myelination 

is associated with increased maximum motor speed (Bartzokis et al. 2010). At the time of 

maximum myelination, other abilities such as spatial orientation and verbal memory have 

already declined from their peak earlier in life (Hedden et al. 2004). Thus, while any 

given aged individual may be declining on their performance of some cognitive tasks, 

they may be peaking in their performance of other tasks. These studies demonstrate that 

the distinction between ‘mature’ and ‘developing’ is not clear from the perspective of the 

individual organism, especially with regard to humans.  

Similarly, when considering pathological brain states, it is difficult to distinguish 

those states that are a result of mis-development, and those that are caused by 

homeostatic perturbations to the adult nervous system. CNS diseases of a vascular or 

infectious etiology that arise in adults are clearly caused by perturbations independent of 

developmental processes. CNS disorders that occur later in life, when humans are 

generally considered to be ‘mature’ may have a neuro-developmental origin.  

For example, schizophrenia generally presents in the third decade of life, 

suggesting that it is a disease of adulthood (Sham et al. 1994) and psychosis can be 
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induced later in life by insults to the CNS (Walker et al. 2008; Barkus et al. 2010; 

Gonzales et al. 2010). However, epidemiological evidence strongly links schizophrenia to 

genetics and perinatal events, which lead to an increased susceptibility to later insults 

(Bale et al. 2010; Kirkbride et al. 2011). Alternatively, these early events could set in 

motion a series of mis-developments that are sub-clinical in their presentation until later 

in life, when the development of social phenomenon is occurring (Jarskog et al. 2007; 

Thompson et al. 2010). Possibly, the discrete diagnosis of schizophrenia may be two 

disorders, one of a truly adult onset type, and one of a delayed neurodevelopmental type 

(Raine 2006).  

In conclusion, many pathological brain states that have traditionally been thought 

to arise from damage may actually be the product of a recursive developmental process 

whose mis-development is not apparent until much later in the life of an individual. 

Those diseases that begin early in development may not be treatable once they have 

become clinically apparent, but early diagnosis and treatment may be a more efficacious 

approach to decrease their prevalence.  

Conclusions 

Chapter One is a description of the mouse visual system. It provides a description 

of the cellular and functional context of retinotopic development in the SC. It describes 

the functions of cells involved in mapping, and describes the functional circuits that must 

be developed.  

Chapter Two describes how gradients of EphA receptor tyrosine kinases in the 

retina are translated into topography in the SC. The expression levels of EphAs in RGCs 
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are controlled by processing in the soma and dependent on position within the retina. 

EphAs are then transported down the axon to the SC, so that EphA levels in the axon 

reflect EphA amounts in the soma. Consequently, RGC axons in the SC have various 

levels of EphA expression, which creates graded sensitivities to the chemorepulsive 

effects of ephrinA-EphA interaction. Furthermore, we show that the activity of four 

distinct Epha genes, EphA3, EphA4, EphA5, and EphA6, are summed together during 

mapping. The graded activity of EphAs allows the RGCs to translate information about 

their position in the retina into expression levels and then back into position within the 

SC, creating a topographic map. 

Chapter Three describes experiments aimed at showing the role of spontaneous, 

patterned activity in the development of the retinocollicular map. A key reagent in these 

experiments is a mouse knock-out, which was thought to lack spontaneous, patterned 

activity but was subsequently shown to contain altered spontaneous, patterned activity. 

This discrepancy confounded the interpretation of the experiments described. 

Furthermore, the data acquired were not of sufficiently high resolution to confidently 

assign a role to spontaneous activity. Nevertheless, the experiments suggested that 

patterned activity does not play a role in the development of topography but instead acts 

to restrict the size of receptive fields in the SC.  

Chapter Four is a comparison between the mechanisms of development of 

retinotopy in the SC/tectum of amniotes and anamniotes. The different dynamics of 

retinotopic mapping in amniotes and anamniotes may arise because of the differing 

contexts of map development. Amniotes generally have a higher degree of 

encephalization than anamniotes, which may require rigid primary sensory maps. An 
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increase in encephalization allows for a greater behavioral repertoire, but comes at the 

costs of an inability to regenerate and a greater time to develop. Humans have an 

extremely high level of encephalization and the process human brain development may 

continue far into adulthood, with implications for the etiology of behavioral diseases.  

In an undertaking as difficult as understanding the development of the brain, it is 

easy to lapse into vitalism. On the other hand, a fully developed model of the 

development and workings of the brain would be composed of so many pieces and 

connections that it would be incomprehensible. Instead, one must take a middle path, and 

make those simplifications that are useful. Each Chapter focuses on the development of 

the retinocollicular map from a different perspective, and each provides a different 

insight into the mechanisms of its development.  
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Table 4.1 Brain weights, genome sizes, and age at sexual maturity of several mammals 
 
Data of figure 4.2 
 
Brain weights: (Kuhlenbeck 1967)   
Genome size: (Gregory 2011)  
Time to reproduction: (Macdonald 2009) 
 
Common name Binomial species name brain weight 

(g) 
Genome 
size (pg) 

Age at sexual 
maturity (days 

Elephant Loxodonta africana 4783 4.11 5110 
Bottlenose dolphin Tursiops truncatus  1550 3.03 3285 
Human Homo sapien  1300 3.5 5110 
Camel Camelus dromedarius  762 2.86 1460 
Giraffe Giraffa camelopardalis  680 2.85 1460 
Horse Equus ferus  532 3.15 900 
Gorilla Gorilla gorilla  500 4.16 2920 
Chimpanzee Pan troglodytes  420 3.63 3285 
Orangutan Pongo pygmaeus  370 3.6 2190 
Manatee Trichechus manatus 360 4.67 1095 
African lion Panthera leo  240 2.95 1460 
Domesticus pig Sus scrofa  180 3 300 
Sheep Ovis aries sheep 140 3.3 540 
Rhesus monkey Macaca mulatta  96 3.59 1825 
Aardvark Orycteropus afer  72 5.86 730 
Cow Bos taurus 440 3.7 365 
Cat Felis catus 30 2.91 240 
Squirrel monkey Saimiri sciureus   22 3.3 1460 
Rabbit Oryctolagus cuniculus  12 3.26 180 
Platypus Ornithorhynchus anatinus  9 3.06 730 
Opposum Didelphis aurita   6 4.3 365 
Guinea pig Cavia porcellus   4 3.92 28 
Hedgehog Erinaceus europaeus   3.35 3.66 330 
Brown rat Rattus norvegicus  2 3.05 35 
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