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Abstract

D/x homeobox genes, the vertebrate homologues of the Drosophila gene

Distal-less, play important roles in the development of the vertebrate development.

Previous work has shown that two members of the Dlx gene family, DlxI and, Dlx2, are

expressed in retinal neuroprogenitors by 8I2.5. We have performed a detailed assessment

of Dlx gene expression in the developing murine retina. By p0, DLX2 protein is

expressed in the neuroblasticlayer and the ganglion cell layer (GCL). DLXl expression

resembles DLX} up to P0, but is down-regulated post-natally. In the adult, DLX2 is

expressed in ganglion, amacrine, and horizontal cells. We assessed the retinal phenotype

of the DlxIlDlx2 double knockout mouse. The Dtxl/Dlx2 nullretina has a reduced GCL,

due to the loss of differentiated retinal ganglion cells (RGCs) at different time-points

from increased apoptosis. However, amacrine and horizontal cell differentiation appears

unaffected. Signaling through the neurotrophin receptor TrkB is proposed to regulate the

dynamics of RGC apoptosis throughout retinal development. TrkB is co-expressed with

RGC markers and with Dlx2.In the DlxI/Dlx2 null retina, TrkB expression is reduced in

the GCL as early as El3.5. We have explored whether TrkB is a transcriptional target of

Dlx genes. Using a modified chromatin immunoprecipitation (ChIp) assay of embryonic

retina, we have shown thatDLX2 binds to specific regions of the TrkB promoter and an

intronic enhancer in vivo. In vitro reporter gene assays as well as ectopic expression of

Dlx2 inretinal explants activates TrkB expression. RGC differentiation and survival

require the coordinated expression of transcription factors. Signaling mediated by the

neurotrophin receptor TrkB may contribute to survival of late-born RGCs whose

terminal-differentiation is regulated by DIx gene function.
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Chapter 1: General Introduction

1.1 The retina: structure and function

The retina is the photosensitive tissue of the eye. It functions to detect light and to

then transform the light into a communicable form of chemical energy; a process known

as phototransduction (Oyster, 1999). Photoreceptors which are laid out in alarge anay

collectively transform pattems of light and shade into a corresponding pattern of

gradations in neural activity. Specifically, the retina is configured to identi$i changes in

light intensity which may occur in space, time, or both. An example of a spatial change

may be that of a border or an edge such as the stripes on a zebra. Temporal changes may

include a brightening or dimming in one part of the image. Spatiotemporal changes

reflect movement occurring within the image. By signaling variations and ignoring parts

of the image where light intensity is constant over space and time, the retina provides the

brain with updates of important information about the observed image without

overloading it with repetitive data (Oyster,1999).

1.1.1 Anatomical structure of the retina

The retina has a distinct histological organízation unique within the central

nervous system (Ramon y cajal,1893; Dowling and Boycott, 1966; Boycott and

Dowling, 1969). The defining characteristic of the retina is its laminated structure. The

retina is comprised of ten traditional layers distinguished by their histological features

(Fig. 1)' Six classes of neuron (rods, cones, bipolar cells, horizontal cells, amacrine cells,

retinal ganglion cells), one class of glial cell (the Müller glia), and one class of epithelial

cell populate the retina. It is the spatial organization of these cells which gives the retina

its distinct iayering. The outermost layer (relative to the distance from the vitreous



humor which fills the central core of the eye) of the retina is the retinal pigment

epithelium (RPE). It is positioned between the outermost segments of the photoreceptors

and Bruch's membrane (the innermost component of the choroid, a vascular tissue

underlying the retina). The RPE is comprised of a layer of simple cuboidal epithelial

cells rich in the pigment melanin. Immediately adjacent to the RPE is the photoreceptor

layer (PL). The PL is one of several layers within the retina comprised not of populations

of cells, but rather by the histological organization of components of cells within the

retina. The photoreceptor layer is comprised of the outer and inner segments of the rod

and cone photoreceptors. The next layer of the retina is the extemal limiting membrane

(ELM). The ELM is located along the border of the PL and is a result of tight junctions

formed by the rod and cone photoreceptors and the outermost ends of the Müller glia.

The ELM forms a border befween the PL and the outer nuclearlayer (ONL). The ONL is

comprised of the nuclei of the rods and cones. After the ONL, the next layer in the retina

is the outer plexiform layer (OPL). The OPL is again comprised of portions of the rods

and cones, in this case their axons and their terminal endings. As a result of this the OpL

is sometimes further subdivided into Henle's fiber layer, comprised of the axons, and the

outer synaptic layer, made up of the terminals.

The next layer within the retina is the inner nuclear layer or INL. The INL is

unique from the previously mentioned layers in that it does not contain components of the

photoreceptors. Rather the INL is comprised of the nuclei of the interneurons of the

retina. The bipolar, amacrìne, and horizontal cell nuclei are located within this region.

Also found in this layer are the nuclei of the Müller glial. It is important to note that the

cell nuclei are generally stratified within the INL with horizontal cell nuclei in the outer



INL, bipolar cell nuclei in the central INL, and amacrine cell nuclei located in the inner

INL. The INL is followed by the inner plexiform layer (PL). The IPL is similar to the

OPL in that it is comprised of axons and their terminals. The difference being that the

IPL contains the axons and terminals of the bipolar cells and the amacrine cells instead of

the rods and cones as in the OPL. It is important to note that the IPL is not comprised of

a single tangled plexus. It is a stack of synaptic planes, "more like a club sandwich than a

plate of spaghetti" (Masland, 2001). Specific bipolar cells make their synapses in specific

planes limiting their synaptic partners to cells with processes in the same planes. Also

found in the IPL are the dendrites of the retinal ganglion celis. The nuclei of these same

retinal ganglion cells (RGCs) form the next layer of the retina, the ganglion cell layer

(GCL). The GCL also contains a significant number of amacrine cell bodies, known as

displaced amacrine cells. These displaced amacrine cells can comprise up to 40%oof the

cells in the GCL in some species (Oyster, 1999). The axons of the RGCs comprise the

next layer of the retina, the nerve fiber layer (¡mL). The axons forming the NFL will

ultimately project out of the retina canyinginformation to the brain. The final innermost

layer of the ten traditional layers of the retina is the inner limiting membrane (ILM). The

ILM is formed by the terminal expansions of the Müller glia and forms a barrier similar

to that of the ELM as previously described.





Figure 1. The histological structure of the vertebrate retina consists of ten layers which

contain both neural and non-neural cells. Layer abbreviations are as follows: ILM- inner

limiting membrane, NFL- nerve fiber layer, GCL- ganglion cell layer, IpL- inner

plexiform layer,INl- inner nuclear layer, oPL- outer plexiform layer, oNL- outer

nuclear layer, ELM- external limiting membrane, PL- photoreceptor layer, RPE- retinal

pigment epithelium. Cells identified in the figure are as follows: G- retinal ganglion cell,

A- amacrine cell, B- bipolar cell, H- horizontal cell, M- Müller glia, P- photoreceptor, E-

pigment epithelial cell.



1.1.2 Functional organization of the retÍna: photodetection

The defining characteristic of the retina is its ability to detect photons of light and

transform this information into a synaptic response. Photodetection is performed by the

rod and cone photoreceptors. The photoreceptors are cylindrical cells packed side by side

in the outer retina. Light must pass through nearly the entire depth of the retinal tissue to

reach the photoreceptors; however, this does not affect light detection. Both rods and

cones share similar structural elements. They are comprised of 4 major elements

(Polyak, l94L). The outer segment is the site of photodetection and contains the

photopigment. The inner segment contains the metabolic center of the photoreceptor and

is rich in mitochondria. Both the inner and outer segments are localized in the pL. The

final two elements are the nucleus and the axon with its synaptic terminal. The

photopigment in the outer segment is the key to photodetection. The retina utilizes four

different photopigments. Rod photoreceptors contain rhodopsin, while cone

photoreceptors contain one of three pigments: long-, medium-, and short-wavelength

cone opsin' The photopigments are photolabile, meaning that detection of light results in

a conformational change in the pigment. It is the conformational change that triggers

signal transduction cascades which result in the closure of ion channels. The closure of

these channels initiates the hyperpolarizationof the photoreceptor membrane, which

triggers a decrease in the release of the neurotransmitter glutamate released by rods and

cones' Increased light results in decreased photoreceptor signaling whereas decreased

light causes an increase in neurotransmitter release (Kolb, lgg4).



1.1.3 Functional organization of the retina: pathways of transduction

The pathway of transduction of the light signal from photoreceptor to bipolar cell

to RGC is often referred to as the vertical pathway (Oyster, 1999). These vertical

pathways represent the primary linear flow of information from sensory neuron to

projection neuron. It is important to note that wiring in the retina does not usually occur

as a one to one scheme in which one photoreceptor wires to one bipolar cell which in tum

connects to one RGC. Convergent wiring, where multiple photoreceptors input a single

bipolar interneuron which then inputs a single RGC, is featured in the peripheral retina

and is important for low light vision (night vision). In contrast, there is also extensive use

of divergent wiring where a single photoreceptor wires multiple bipolar cells which each

input individual RGCs. This signaling pathway is particularly common in the wiring of

cones and is utilized for colour vision (Kolb, 1994; oyster 1999).

Along with the vertical pathways there are also lateral pathways of transduction

which ensure that the vertical signaling pathways are influenced by adjoining vertical

pathways' The lateral pathways are mediated by two cell types, the horizontal and the

amacrine cells. Horizontal cells are located in the outer INL. They extend large lateral

alrays which receive inputs from multiple photoreceptors thereby making connections

among adjacent photoreceptors. Amacrine cells are located in the inner INL. These cells

establish connections between adjacent bipolar cells, RGCs, and even other amacrine

cells. The function of horizontal and amacrine cells will be discussed in more detail later.



1.1.4 Vertical pathways: From cones to ganglion cells

In mammalian species rods outnumber cones approximately 20-fold.

hrterestingly, in spite of their fewer numbers in mammalian retinas, there are 8-10 cone

driven neurons for every cell associated with the rod pathway due to extensive divergent

wiring (Masland, 2001). The mammalian retina typically contains between 9-11 different

types of cone-driven bipolar cells (cone-bipolars). The diversity of cone-bipolar cells

was initially demonstrated by the morphological differences among these cells and by the

expression of distinct sets of proteins (Boycott and'Wässle, l99I;1999). Individual

cone-bipolars were shown to form synapses in distinct layers of the IPL. Also, the

various classes of cone-bipolars have different numbers and distributions of synapses

without demonstrating a gradation of intermediate forms (McGuire et a1.,1984; Cohen

and Sterling, 1990). Finally, different cone-bipolar cell types expressed unique sets of

neurotransmitter receptors and calcium-binding proteins, reflecting distinct modes of

intracellular signaling and different types of excitatory and inhibitory inputs (Grunert et

a1.,1994; Hartveit et a|.,1994;Halverkamp and'wässle, 2000). At the cone synapse

different glutamate receptors are found, while at their terminal axonal synapses two

distinct types of GABA receptor are present allowing inhibitory glycinergic or

GABAergic input. Thus, the different types of cone-bipolars feature variable amounts of

postslmaptic responsiveness (Greferath et a\.,1995; Euler and Wässle 199g).

Physiologically, these differences manifest themselves by separating the output of

cones into either ON or OFF signals. Atl cones release glutamate but some cone-bipolar

cells feature ionotropic glutamate receptors resulting in membrane depolarization, while

others feature metabotropic receptors which cause membrane hyperpolarizationin



response to glutamate (Nawy and Jahr, 1990; I99I). Thus, when stimulated by light, the

reduced cone glutamate neurotransmitter release causes OFF cone-bipolars (ionotropic

receptor containing) to hyperpolarize and ON cone-bipolars (metabotropic receptor

containing) to depolarize. ON and OFF bipolars are found in approximately equal

numbers. ON and OFF cone-bipolars are further subdivided providing separate channels

for high-frequency (transient) and low-frequency (sustained) information carriers

(Kaneko, I970; Awatramani and Slaughter, 2000) with transient cells recovering quickly

from desensitization and sustained cells recovering more slowly. The reason for this

splitting of the signals is to generate greater overall range within the system thereby

increasing sensitivity and visual acuity. Within this system there are no dedicated cones.

Each cone is contacted by several cone-bipolars (divergent wiring) of various classes

resulting in multiple channels each communicating a different version of the cone's

output (Masland, 200I). As a consequence, different RGCs contacted by different cone-

bipolars may be transmitting "different takes" of the same information sourced from a

particular cone.

1.1.5 Vertical pathways: From rods to ganglion cells

Rod photoreceptors are primarily utilized in mammalian retinas for low light

vision, often termed "night vision". The path this information follows is an interesting

combination of both vertical and lateral information flow. Rods outnumber cones by

approximately 20 to 1 but input nearly 10 fold fewer bipolar interneurons due to the

extensive convergent wiring of rods into single rod-bipolar interneurons which sacrifices

visual acuity for sensitivity (Martin and Gninert,7992; Strettoi and Masland, 1995).

Only one class of rod has been described and this rod drives a single class of bipolar cell



(Masland, 200I). The rod-bipolar then synapses with a sub-class of amacrine cells

known as the AII. The AII is a unique example of lateral information flow. Information

is transmitted to cone-bipolar cells by synapses on the cone-bipolar axon terminals which

then ultimately excite RGCs. The rod system piggybacks on the established cone

circuitry allowing individual RGCs to carry information not only from the cone pathways

but also from rod pathways allowing rods to take advantage of the complex cone

circuitry. In this way the very specialized sub-circuits in the vertical cone pathways may

function even in low light conditions.

1.1.6 Lateral pathways: Horizontal cells

Horizontal cells represent approximately less than 5o/o of theproportion of the

interneurons in the INL (Martin and Grünert, lggz). They form lateral synaptic

connections with rods and cones. Horizontal cells have been determined to enhance

contrast between light and dark regions in the visual field. Excitation of a central cone

results in stimulation of the horizontal cell, which in turn releases an inhibitory

neurotransmitter (GABA) to the cone and its adjacent neighbors, all of whom vertically

signal through bipolar intemeurons to their respective RGCs. The inhibition of adjacent

cells following stimulation by a central neuron is the basis of the classical "center-

surround" organization where a RGC is excited or inhibited by light stimuli on its

receptive field center while stimulation of an adjacent area results in an opposite affect

(Masland, 2001). The hypothesis is that lateral inhibititory signaling allows the retina to

adjust for the overall level of illumination by samplin g alarge area and. subtracting it

from the signal transmitted to the inner retina from a localized region (Sterling, 1998).

Rods also receive horizontal cell feedback from thebllFr} type horizontal cells which also

10



contact cones. An axonal process of the blH2horizontal cell branches off and makes

contacts with rods. This branching is far enough away from the horizontal cell soma to

be electrotonically isolated, allowing the rod feedback to be separated and independent of

the cone feedback accomplished by these same cells (Nelson et al., rg75).

1.1.7 Lateral pathways: Amacrine cells

RGCs receive inputs from cone-bipolar cells but these are a minority of the

synapses formed on RGCs (Calkins et al., 1994; Jacoby et al., 1996). The majority of

synapses, between l0o/o and 50% depending on the RGC, are made by amacrine cells.

Amacrine cells also form GABAergic inhibitory synapses on the axon terminals of

bipolar cells. Whereas horizontal cells have a broad singular role in the retina, amacrine

cells, which outnumber horizontal cells approximately between 4:1 and 10:1, cary out

nalrower tasks. This restricted focus is reflected by the great diversity of amacrine cell

subtypes, of which there are at least twenty-nine, reported (Masland, 2001). The

different amacrine subtypes are distinguished by distinct pre- and postslmaptic partners,

neurotransmitters, ability to survey large or small areas of the visual field, and their

ability to synapse in single or multiple synaptic layers in the IPL (MacNeil and Masland,

7998; MacNeil et a1.,1999). The exact function of all these distinct cell types remains

poorly understood. What is known is that lateral signaling via amacrine cells generally is

used to synchronize firing among RGCs. Shared amacrine input will cause RGCs to fire

together. The coordinated firing has been proposed to be a form of multiplexing, which

can expand the information carrying capacity of the optic nerve which is comprised of the

axons of the RGCs (Meister et al.,Ig95).
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1.2 Development of the murine retina

Murine retinal development begins at embryonic day (E) 9 with the formation of

the optic vesicle, an out-pocketing of the mouse forebrain. The optic vesicle grows until

it contacts the surface ectoderm. This contact triggers two events; the first is the

thickening of the surface ectoderm at the point of contact forming the lens placode, which

ultimately forms the lens. The second event is that the optic vesicle begins to invaginate

transforming the vesicle into the optic cup. The optic cup is a distinct structure readily

identifiable by El0. The cup consists of two layers that will ultimately fuse to form the

mature retina. However, the two layers of the optic cup will differentiate in entirely

different directions. The cells of the outer layer of the cup will begin to produce melanin

and give rise to the retinal pigmented epithelium, populated by pigmented cuboidal

epithelial cells. The inner layer differentiates into the neural component of the retina and

will generate all the neural circuitry of the retina as well as the Müller glial cells.

1.2.1Differentiation of the vertebrate retina: Overview

Upon establishment of the optic cup, the retina begins the process by which it will

be transformed from a unicellular membrane of neural progenitors into the multicellular

laminated neural retina. During vertebrate retinogenesis, the six classes of neuron and

one class of glia are generated. This process occurs between embryonic day 10 (810) to

postnatal day 2I (P21) in the murine retina (Young, 1985). kritially the neuroretina is

comprised of multipotent progenitors termed retinoblasts (Sidman, 1961; Turner et al.,

1987, 1990; 'Wetts 
et a1.,1988). These retinoblasts are mitotically active and proliferate

to expand the pool of progenitors within the tissue. Proliferation occurs within the outer

retina adjacent to the optic ventricle, a transient space created after the formation of the
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optic cup. Prior to differentiation into a mature neuron these retinoblasts undergo a final

mitotic event, migrate towards the inner or vitreal neuroretina, and then undergo further

migrations and establish synaptic connections, giving rise to the mature laminated retina.

During this period, apoptosis also occurs in the developing retina. Apoptosis is utilized

to remove excess cells produced by the rapidly proliferating retinoblasts and to remove

differentiated neurons which fail to establish appropriate connections. The neuronal and

glial cells are established in a well conserved order (LaVail et a\.,1991; Stiemke et al.,

1995). ln the murine retina this order is: retinal ganglion cells, horizontal cells, cone

photoreceptors, amacrine cells, rod photoreceptors, bipolar cells, and Müller glia (Cepko

et a1.,1996; Marquardt and Gruss, 2002). It may be noted that while cones are

established early in retinogenesis, they do have an elongated development and fully

differentiated cones are not identifiable until the postnatal period. While the birth order

is well conserved, considerable overlap between classes of cells does occur. Also the

process of retinal development is not completed during embryonic development. A

significant proportion of bipolar cells, rods and Müller glia develop after birth.

Differentiation of retinal progenitors relies upon networks of genes being expressed at

specific developmental time-points (Belliveau et at.,2000). This includes the expression

of genes encoding cell extrinsic factors as well as those encoding cell intrinsic factors.

Regulation of this process is accomplished, in part, through the utilization of specific

transcription factors, especially homeodomain and basic helix-loop-helix proteins. Loss

of function of these genes in the mouse and humans has resulted in abnormal retinal

morphogenesis, including loss of specific cell types (Hlll et al.,I99I;Burmeister et al.,
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1996; Tomita et al.,l996a; Ferda Percin et a1.,2000; Brown et a1.,2001; wang et al.,

2001).

1.2.2 Establishment of the retinal identity

In all vertebrate species described to date, a similar set of homeodomain

transcription factors act to initiate eye development. The most prominent of these genes

is Pax6, a paired-type homeodomain transcription factor (Walther and Gruss, 1991).

Rxl, Six3, Six6, and Lhx2have also been demonstrated to show similar function

although with lesser potency (Oliver et a1.,1995; Mathers et a1.,1997; Iean et a1.,1999;

Loosli et a1.,1999; Chow et a|.,1999). Pax6 is expressed in almost all mitotic retinal

progenitors at nearly all stages of retinogenesis (Marquardt and Gruss, 2002). Forced

expression of Pax6 as well as Six3, Six6, and Rx1 in fish and frog embryos has been

shown to promote the ectopic formation of retinal tissue (Mathers et a1.,1997;Loosli et

a1.,1999; chow et a1., 1999). Null mutation of the genes encoding pax6, Lhxz,and Rxl

results in the early arrest of optic vesicle formation, resulting in the complete absence of

functional eye structures (Mathers et a1.,1997; Gnndley et a\.,1995;porter et al., TggT).

These loss of function phenotypes demonstrated the importance of these factors in the

establishment of the optic structures as distinct organs from the forebrain from which

they were derived. The generation of a conditional inactivation system for pax6 in

retinoblasts within the optic cup allowed for further insights into the ability of pax6 to

confer retinal identity (Marquardt et a1.,2001). In this system Pax6 is inactivated after

formation of the optic vesicle and optic cup but before the differentiation of retinal

neurons. The results of these studies demonstrated that Pax6 d,eficiency resulted in a loss

of retinogenic potential of the retinoblasts. These retinoblasts could no longer
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differentiate into any of the retinal cell classes except for amacrine cells (Marquardt e/

a|.,2001). The observation that Pax6 was essential for the generation of nearly all cell

types in the retina suggested that there is a common molecular framework underlying

retinal progenitors (Marquardt and Gruss ,2002). These results also demonstrated the

importance of this molecular framework, and of Paxó specifically, in conferring the

retinogenic potential of the retinoblasts. The intrinsic changes in retinogenic potential

which occur during retinal development resulting in the lineage restriction of progenitors

is hypothesizedto result from a shift in the relative expression level of transcription

factors expressed by the retinoblast. Changes in the expression profile of transcription

factors affect the subsequent regulation of downstream target gene networks. The net

result is that retinoblasts are differentially susceptible to the extrinsic signaling

environment (Marquardt and Gruss, 2002).

1.2.3 Determination of retinal cell fate and bHLH transcription factors

The six classes of retinal neuron and one class of glial cell are all differentiated

from a common pool of retinoblast progenitors. Normal retinal development consists of

three distinct processes: the proliferation of progenitors, neurogenesis, and finally

gliogenesis. During normal retinogenesis the retinoblasts change their competency over

time under the control of extrinsic factors, such as neurotrophins, and intrinsic regulators,

such as transcription factors (Harris, 1997; Livesey and Cepko, 2}}l;Marquardt and

Gruss, 2002). This contol results in the orderly generation of the various retinal neurons.

It has been demonstrated that the intrinsic regulation of this process is controlled in large

part by the basic helix-loop-helix (bHLH) transcription factors (Cepko, 1999; Vetter and

Brown, 2001). bHLH genes are often roughly broken down into two groups: repressors
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and activators. The repressors are expressed byprogenitors and inhibit neuronal

differentiation while the activators promote neuronal differentiation (Hatakeyama and

Kageyama,2004).

l.2,4bIJLH repressors

Retinoblasts proliferate extensively in order to increase cell numbers in the retina.

Concurrent with this proliferation, the retinoblasts give rise to unique subsets of cells by

changing their competency over time (Hatakeyama and Kageyama,2004). Therefore, the

generation and maintenance of distinct subclasses of retinoblasts is crucial for the

generation of the correct quantity and diversity of retinal neurons. The action of bHLH

repressors is crucial to this process. HesI is a bHLH factor which is actively involved in

the maintenance of retinoblasts. It acts by recruiting the co-repressor Groucho to its

carboxy-terminal domain (Davis and Tumer,200l). Initially HesI is expressed in the

optic stalk and then becomes restricted to progenitors in the ventricular zone of the retina.

Ectopic expression of Hesl results in an inhibition of differentiation while a null-

mutation of Hesl produces small eyes due to poor progenitor proliferation resulting from

a failure to maintain retinoblasts (Tomita et al., I996a). Loss of ,ËIes1 also causes

upregulation of MashL, a bHLH activator which accelerates neuronal differentiation

(Ishibashi et a1.,1995). Interestingly, Hes5, another Hes famrly member, has a function

redundant to that of Hes I , since single null-mutati on of Hes| results in no observable

defect while Hesl-Hesí double mutants have more severe defects than Hesl single

mutants. The double mutant mice lack optic vesicles and consequently eyes due to a

complete loss of progenitor maintenance (Hatakeyamaand,Kageyama,2004). HesI and

Hes5 have been shown to act as effectors of the Notch signaling pathway (Ohtsuka et al.,
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1999). Stimulation of the Notch receptor triggers a signal transduction cascade which

induces Hes expression acting as a bridge between extrinsic signals and expression of the

intrinsic Hes transcription factors (Honjo, 1996; Artavanis-Tsakonis et a\.,1999).

The ability of bHLH repressors to maintain progenitor status is also extremely

important in the generation of Müller glia. HesI and Hes5 are expressed in

differentiating Müller glia cells, which are the last retinal cell type generated

(Hatakeyama and Kageyama,2004). Studies have shown that ectopic retinal expression

of HesI or Hesï in the mouse triggers Müller gliogenesis, as does ectopic Notch

expression (Furukawa et a1.,2000). Interestingly Müller glial cells are morphologically

very similar to retinoblasts. Müller glia also maintain some retinoblast-like capacity,

such as the ability to undergo mitosis and the ability to differentiate into other neuronal

classes (Dyer and Cepko ,2000; Fisher and Reh, 2001). Therefore Müller glia and

retinoblasts are can be considered as near relatives. A common hypothesis for this

relationship is that cells which do not lose HesI and Hes5 activity during neurogenesis

ultimately become restricted to the last cell fate available, that being the Müller glia

(Hatakeyama and KageyaÍna, 2004).

1.2.5 bHLH activators

bHLH activators are generally initially expressed in the ventricular zone of the

developing retina but expression later becomes restricted to subclasses of differentiating

neurons. Misexpression of bHLH activators has been shown to result only in neuronal

generation (Hatakeyamaet a1.,200I). Mashl,Math3,Math|,and,NeuroD are amongthe

most well charactenzed of the bHLH activators. While extensive studies have been

carried out on these genes the exact mechanisms of their function remain poorly
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understood. Some studies have indicated that another member of the Hes family, Hes6,

may act as a mediator between bHLH repression and bHLH activation. Hes6 hasbeen

shown to suppress Hes I activity by direct interaction and conversely activat e Mash1

activity thereby promoting neuronal differentiation (Bae et a1.,2000). bHLH activators

promote neurogenesis; however they cannot specify the correct neuronal subtypes

required in the mature retina. Therefore, other factors ¿re required for specification of the

specif,rc neuronal subtypes. Recent work indicates that homeodomain transcription

factors are essential for this process.

1.2.6 SpecÍfication of bipolar cells: bHLH and homeodomain transcription factors

The bHLH activators Mashl and Math3 are transiently expressed in bipolar

interneurons (Tomita et a1.,2000). Null-mutation of Masfr1 results in a decrease in the

number of bipolar cells and an increase in Müller glia, where as Math3 null-mutation does

not affect bipolar cell genesis (Tomita et a\.,2000). However, Mashl-Math3 double

mutants display a loss of nearly all bipolar cells and a compensatory increase in the

number of Müller glia. Expression of either Mash| or Math3 is necessary for the

generation of bipolar cells. However, ectopic expression of either Mashl or Math3

results primarily, in the generation of rod photoreceptors (Hatak eyama et a1.,2001).

Mashl and Math3 are therefore not sufficient for bipolar cell specification. The

homeodomain transcription factor Chxl0 has been implicated in bipolar cell genesis with

the Chxl0 null mutation resulting in the loss of bipolar interneurons (Liu et a1.,1994;

Burmeister et a|.,1996). Interestingly, ectopic expression of ChxI0 alone results in an

increase in the number of cells in the INL where bipolar cells are located, but the

ectopically generated cells are Müller glia (Hatak eyamà et al., 2001). In the Mashl -

18



Math3 double mutants, ChxI0 expression is not lost; rather it is localized to Müller glia in

the INL. Ectopic expression of Chxl0withMashl or Math3 significantlypromotes

bipolar cell genesis (Hatakeyama et a|.,2001). This ñnding has lead to the hlpothesis

that Chxl0 may regulate layer specificity but cannot drive neuronal cell fate explaining

why misexpression of ChxI0 results in an increase number of Müller glia in the INL. A

corollary of this hypothesis is, Mashl and Math3 can drive neuronal cell fate but are not

sufficient to specify particular subclasses of neurons, explaining why misexpression

yields rod photoreceptors, the last neuron generated and a default phenotype for

neuronally specified pro genitors.

1.2.7 SpecifÏcation of amacrine and horizontal cells: bHLH and homeobox genes

The bHLH genes NeuroD and Math3 are both transiently expressed in amacrine

cells in the developing retina (Morrow et al.,1997;Tomita et a1.,2000). However,

mutations of either of these genes do not result in a loss of amacrine cells, but only delay

amacrine cell genesis . In NeuroD-Math3 double mutants there is a severe loss of

amacrine cells with a compensatory increase in RGCs (Inoue et a1.,2002). This finding

suggested that the two genes have functionally redundant roles in amacrine cell genesis.

An interesting observation is that the bHLH gene, Math5, which is essential for RGC

genesis, is upregulated in the NeuroD-Math3 knockouts. Math5 knockouts had the

opposite phenotype with increased amacrine cell numbers preceded by upregulation of

NeuroD and Math3 (Kay et a1.,2001; wang et al., z0or). These bHLH genes appear to

antagonistically regulate each other's expression as well as regulating glial versus

neuronal fate determination and neuronal cell fate specificity. While loss of NeuroD and.

Math3 function results in amacrine cell loss, ectopic expression of either gene does not
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trigger amacrine cell genesis (lnoue et a1.,2002). lnstead, there is increased

photoreceptor genesis. The homeodomain transcription factors Pax6 and ^Szxj are also

expressed within amacrine cells but ectopic expression of each of these genes alone does

not lead to amacrine cell genesis, but to undifferentiated cells in the INL (lnoue et al.,

2002). ln studies where NeuroD or Math3 was ectopically expressed along with Pax6 or

,S¿x-3, there was a significant increase in amacrine cell genesis (Inoue et a1.,2002). This is

a similar mechanism of action as was previously described for bipolar genesis wherein a

bHLH activator is required to drive the appropriate neurogenesis while a homeodomain

transcription factor is needed to specify the specific subclass of neuron and its proper

retinal localization.

Co-expression of NeuroD and Pax6 predominantly resulted in amacrine cell

genesis while co-expression of Math3 with Pax6 also generated amacrine cells but

seemed to preferentially specify horizontal cells (Inoue et a1.,2002). This result

suggested that while Pax6 seemed to restrict progenitor cells to INL cell fates, expression

of the specific bHLH (NeuroD or Math3) not only specified neuronal differentiation but

the subset of neuron that could be generated amongst the different INL fates. This

reflects the normative expression of the specific bHLH genes in the developing retina

where NeuroD is expressed in amacrine cells exclusively while Math3 is only transiently

expressed in amacrine cells but expressed in horizontal cells until adulthood (Inoue et al.,

2002).

1.2.8 SpecÍfication of photoreceptors: bHLH and homeobox genes

NeuroD has been implicated in photoreceptor development as well as amacrine

cell genesis (Morrow et a1.,1999). NeuroD loss of function results in the moderate
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decrease in the number of photoreceptors in the retina (Morrow et a\.,1999). Mash| has

also been implicated in photoreceptor development with Mashl null mutation resulting in

a delay in the development of photoreceptors (Ahmad, 1995; Tomita et a1.,1996b). A

homeodomain transcription factor Crx is also important in the generation of

photoreceptors (Chen et a1.,1997; Freund et a1.,1997). Null mutation of Crx produces a

retina in which photoreceptors are present but lack their outer segments (Furukawa et al.,

1999). Otx2, arelated homeodomain transcription factoÍ, carralso promote photoreceptor

development and may work in concert with Crx compensating for early specification but

not later differentiation events (Hatakayama and Kagayama,2004).

1.2.9 Molecular regulation of retinal ganglion cell specification

The development of RGCs is of particular interest to the studies comprising this

thesis. As a result, more detailed consideration will be given to RGC specification and

differentiation. Generation of RGCs in the retina is unique in that the RGCs are the first

differentiated cell type formed in the retina (Young, 1985). RGC arise from a relatively

uniform pool of undifferentiated retinoblasts. The specification of RGCs begins at the

center of the retina and expands to the periphery (young, 1985; Hu and Easter, 1999).

How this specification, from the uniform retinoblast population, is initiated is not yet

fully understood. In spite of our lack of knowledge of what may trigger RGC genesis in

the retina, the hierarchical gene-regulatory network required for RGC specification and

differentiation is well charactenzed. At the top of the hierarchy is Pax6. pax6hasbeen

discussed previously with regards to its function in the specification of early eye

structures and its role in amacrine and horizontal cell genesis. Pax6 also plays a crucial

role in the development of RGCs. Null mutation of Pax6 in a conditional knockout
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system results in a complete loss of RGCs (Marquardt et a1.,2001). The same study

demonstrated that loss of Paxó expression results in a significant decrease in the

expression of the bHLH activator Ath5 (termed Math5 in mouse, Xath5 inXenopus,

Cath5 in chick), a homologue of the Drosophila gene Atonal, andthat Pøx6 is required

for the activation of Math5. This is an important observation since Ath| is absolutely

required for RGC genesis (wang et a1.,2001; Brown et a1.,2001;Kay et at.,200r).

Parallel lines of inquiry have also demonstrated the equally important but opposing role

of the Notch signaling pathway on Athï expression (Austin et a1.,1995; Dorsky et al.,

1995; Schneider et a|.,2001). Notch is a cell surface receptor which binds the ligands

Delta and/or Serate from neighboring cells. The ultimate effector of the signal

transduction cascade is the transcription factor CSL. This mechanism triggers the

repression of Ath5 expression during retinal development (Li and Baker, 2001; Schneider

et al',2001). The opposing activities of Pax6 and Notch onAthí expression are proposed

to ensure precise expression of Ath5 in cells competent for RGC specification (Mu and

Klein,2004).

Ath5 is critical to RGC genesis with null mutation of the gene resulting in a loss

of nearly all RGCs in the developing retina in both in mouse and. zebraftsh models (V/ang

et a|.,200r; Brown et a|.,2001;Kay et a1.,2001). Like other bHLH activators, Ath| is

believed to act as a proneural gene and likely functions upstream of the specification of

RGCs. It may function to establish a pool of progenitor cells which are competent for

RGC genesis (Mu and Klein, 2004). This is in keeping with the established roles of

bHLH activators in bipolar, amacrine, horizontal, and photoreceptor cell genesis
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(described above). The expression of other factors is necessary for the proper

differentiation of RGCs.

Brn3b is a homeodomainÆOU domain transcription factor and is one of the

earliest markers of RGCs (Gan et al., 1999). In Math5 null retinas , Brn3b expression is

greatly reduced, though this decrease is in part due to the loss of the RGCs which

normally express Brn3b (Wang et a1.,200I; Brown et a1.,2001). InXenopus it has been

shown that Xath5 can activate expression of XBrn3d (the Brn3b homologue). Whether

this is also the case in mammals remains to be seen. Lregardless of the.relationship being

direct or indirect, the activati on of Brn3b in Ath5 specified progenitors is critical for RGC

development.

1.2.10 Molecular regulation of retinal ganglion cell differentiation

Once committed to the RGC fate, differentiation occurs in several stages

(V/ingate and Thompson, 1995). RGCs must migrate to the inner retina, establish an

apical-basal polarity and send out axons and dendrites. The dendrites must make correct

connections with amacrine and bipolar intemeurons while the axons form the optic fiber

and project to the visual centers of the brain (Mu and Klein, 2004). Activation of the

genes required for terminal differentiation of RGCs requires a complex set of general and

RGC specific transcription factors (Mu and Klein, 2004) (Table 1).

Studies of Brn3b and its family members (Brn3a and. Brn3c) have provided

profound insights into the regulation of RGC differentiation. All ttree Brn family

members are expressed in the retina with Bm3b being expressed earliest (Gan et al.,

1996; Trieu et al., 1999; W ang et al., 2002). Null mutation of each individual Brn family
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Table 1. Transcription factors expressed and implicated in RGC development.

members resulted in no retinal defects except for the Brn3b mutants, which feature a loss

of approximately 70Yo of their RGCs and have poorly defined optic nerves (Gan et al.,

1996;Ganet a1.,1999; Erkman et a1.,1996; Erkmanet a1.,2000;wang et a1.,2000).

Double null mutant mice for Brn3b-Brn3a and Brn3b-Brn3c display more severe RGC

Transcription Factor

Class

Transcription Factors

Expressed in RGCs

Reference

Pou4f Brn3a, Brn3b, Bm3c Gan et a1.,1996;

Erkman et a1.,1996

Iroquois-like Irxl, Iß2, I-rx3, Ilx4, kx5, kx6 Cohen et a1.,20001'

Mummenhof et a1.,2001

EBF/OIf EBFl/Otfl ,EBF2tOln Erkman et a|.,2000

CZHC ZincFinger NZF- 1 /PNG- 1, NZF-2/NIyT I Bellefroid et al., 1996;

Weiner et al.,1997

Lim-homeo Isletl, Islet2 Brown et a1.,2000;

Fischer et a1.,2002

Groucho GRGl/TLE1 Mu and Klein,2004

Pou RPF Zhou et a1.,1996

Stat Statl, Stat2, Stat3, Stat5a,

Statsb, Stat6

Zhanget a1.,2003

Homeodomain BarHl Patterson et a1.,2000

ZincFinger Gfil Wallis et a|.,2003
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defects than Brn3b single mutants demonstrating that some functional redundancy exists

among the family members (Wang et a1.,2000). Loss of Brz-3ó resultes in several

specific RGC defects; these include disorganized axons that display dendritic features,

increased apoptosis between 815.5 and P0, and pathfinding errors to the optic tectum

(Gart et a|.,1999; 'Wang 
et a|.,2000). Microarray studies have identified 87 genes in the

developing retina which are dependent on Brn3b for their expression (Mu and Klein,

2004). These studies arrived at two important conclusions. First, only subsets of genes

encoding proteins for neuronal function and integrity are dependent on Brn3b. An

example is that the genes for some but not all neurofilament cytoskeletal proteins are

down-regulated. Second, eight different transcription factors are down-regulated

suggesting that Brn3b may be regulating RGC differentiation in part by acting through

downstream transcription factors. Also, as was the case with cytoskeletal targets, only

some of the transcription factors expressed in the RGCs are regulatedby Brn3b,

including subsets within transcription factor families. For example, of the six members

of the lroquois family of homeobox transcription factors expressed in RGCs, only three,

IrxI, Irx2, and lrx6, were dependent or Brn3á (Cohen et a1.,2000; Erkman et a1.,2000;

Mummenhoff et al., 2001).

Finally, Brn3b was also demonstrated to regulate the expression of genes

encoding the secreted signaling molecules Sonic hedgehog (Shh) and GDFSÀ4ysostatin

(Mu and Klein, 2004). shh negatively inhibirs RGC producrion while GDFS is

hypothesized to play an inhibitory role in RGC production (zhangand yang, 2001; wu

et a|.,2003). Brn3b, through the regulation of these molecules, may regulate RGC

numbers. An important point is that mature RGCs are not a uniform homogenous
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population. Distinct subtypes of RGC exist and have been identified based on their

morphology, physiology and axonal projections. In fact, between 10 and 15 different

subclasses of RGCs have been identified based on these criteria (Masland, 2001). It must

be taken into consideration that gene regulation in RGCs will occur at different

hierarchical levels and parallel gene regulatory pathways will exist and are crucial to

generating and maintaining the diversity of RGCs found in the retina.

l.2.ll Regulation of proliferation in the developing retina

Factors regulating proliferation exert their effects directly or indirectly on the cell

cycle. The cell cycle is divided into four phases. In S phase DNA replication occurs

causing a duplication of the genome. G2 phase is the period in which cells check for

replication errors and prepare for mitosis. M phase is the actual mitotic division. Finally

Gl phase is the primary period of cell growth and the phase when cells may exit the cell

cycle or continue progressing through it (Levine and Green, 2004). Gl can be further

subdivided into two stages. Early Gl cells are proliferation competent but require

mitogenic signals to continue through the cell cycle. Once these cells have passed the

restriction point (R) and enter late Gl the cells are committed to progress through the cell

cycle (Pardee, T974; Pardee 1989; Planas-Silva and 'Weinb 
erg, 1997). Gl progression is

driven by cyclin dependent kinase (Cdk) activity. Cdk proteins require binding of D- and

E-cyclins for activation and are inhibited by Cdk-inhibitor proteins such as the kinesin-

related proteins (KIP), p2Tkipt and p57kip2. Several Gi phase proteins are essential for

retinal development. The retinoblastoma (RB) proteins are central mediators of Gl

progression. Mutation in the pRB gene causes retinoblastoma in humans (Classon and

Harlow, 2002). Mice with a double knockout of pRb and,pl\7, another RB family
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member, develop severe retinal dysplasia (Robanus-M aandag et al., 1998). Both RB

proteins have a critical growth-inhibitory role during retinoblast proliferation (Levine and

Green, 2004). E2F proteins may act as transcriptional activators or repressors and are

involved in Gl to S phase progression and cell cycle exit. Mouse retinas express E2Fl

andBZF2 in the neuroblast layer (Dagnino et at.,1997). Loss of E2F1 and E2F2 function

results in failure to enter S phase (Wt et a1.,2001). D-cyclins promote Gl phase

progression. Cyclin-Dl is predominant in the retina and Cyclin-D1 mutant retinas are

hypocellular due to reduced proliferation (Fantl et a1.,1995; Ma et a1.,1998). It has been

proposed that Cyclin-Dl promotes Gl phase progression by activating Cdk4 and by

preventing pzTKipt accumulation in the retina (Levine and Green, 2004). Kipl is a Cdk-

inhibitor which in the retina inhibits Cdk2. Kipl is believed to modulate the rate of cell

cycle and to ensure cell cycle exit at the onset of differentiation (Nakayama et a1.,1996;

Mitsuhashi et a1.,200i). Kip2 is another Cdk-inhibitor expressed in subsets or

retinoblasts as they exit the cell cycle (Dyer and Cepko,Z00O;2001).

1.2.12 Regulation of proliferation by homeodomain transcription factors

Homeobox genes act as regulators of proliferation in the developing retina.

Recent work has illustrated that several homeobox genes that are expressed in retinoblast

cells may serve as regulators of proliferation (Levine and Green, 2004). These include

RX/Rax, Pax6, Six6, and Chxl)/Vsx2/Alx|.

The Rx genes are paired type homeobox genes of which there are two homologues

in all vertebrate species except for the mouse, which has one (Mathers et a1., 1997;

Casarosa et a1.,1997; Furukawa et al.,1997). rRx genes are expressed in the developing

retina within retinoblast cells and are ultimately downregulated in differentiated cells
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except forphotoreceptors. In studies inwhich Xenopus embryos were injected,withXrxl

(the Xenopus Rx), Cyclin-Dl expression was significantly increased and there was

significantly increased clone size among retinoblasts (Casarosa et a1.,2003). This was

similar to the effect generated by transfection with CycNCdk2 with the singular

exception thatXrxl transfected clones result in normal cell progeny distribution whereas

CycNCdk2 transfected clones feature progeny skewed towards later cell types (Casarosa

et a1.,2003). These studies demonstrated that XrxI may coordinate the timing of cell-

type generation with proliferation, whereas CycNCdk2 simply delays cell cycle exit to

later stages. Whether À.¡r is a direct regulator of cell cycle control remains unclear.

Pax6 has an extensive role in retinal specification as well as patterning of the

optic vesicle. Loss of function of Pax6 results in a catastrophic failure of eye

development. Conditional knockout experiments of Paxó allowed loss of function

studies after eye specification and patterning were completed, giving insights to the later

role of Paxó (Marquardt et a1.,2001). The results of these studies demonstrated that in

regions where Paxíhad been inactivated there was hypocellularity and reduced BrdU

uptake suggesting a failure to progress from Gi to S phase. Expression of other

transcription factors with cell cycle control roles was unaffected in the Pax6 knockout

cells suggesting that the effect was directly due to the loss of Paxó transcription factor

activity on its targets. Furthermore, Necab, which encodes a calcium binding protein, has

been demonstrated to be a direct transcriptional target of PAX6 (Bemier et a\.,2001).

Necab overexpression induces expression of ChxI0, a homeodomain transcription factor

with an extensive role in cell cycle control. Studies of Pax6 and cell cycle regulation are

currently ongoing.
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Six6 ts a homologue of the Drosophila gene Optix. The Xenopus orthologue

Optix2 has been well studied. Its retinal expression becomes limited to retinoblast cells

prior to E15.5 in the mouse (Levine and Green, 2004). Clone size among retinoblasts

transfected with Optix2 mRNA was increased. This expansion was blocked when Optix2

mRNA was transfected in cells treated with the S-phase inhibitor hydroxyurea suggesting

that the increased expansion was due to proliferation (Zuber et a1.,1999). Sxó mouse

knockouts demonstrate reduced BrdU labeling and premature cell cycle exit prior to

E15'5 (Li et a1.,2002). Further studies addressed whether S¿.ró directly regulated the cell

cycle. SIX6 was shown to directly interact with the co-repressor proteins DACH1 and

DACH2 in the mouse and these SIX6/DACH complexes were potent transcriptional

repressors (Li et a|.,2002). SIX6 along with DACH2 was shown to directly bind and

repress the Kipl promoter. This is interesting in that KIP1 facilitates exit from the cell

cycle and loss of Kþ1 repression may partly explain the premature cell cycle exit in S¿xó

knockout mice. In the ,S¿xó knockout mouse, K¿p1 mRNA and protein are upregulated,

providing more evidence for the direct molecular interaction between Six6 and,regulators

of the cell cycle.

ChxI} and its orthologues VsxI andAlxl are paired-type homeodomain/CVC

domain homeobox genes (Galiot et al., 1999). Chxl0 is expressed during optic cup

formation and becomes restricted to the retinoblasts of the neural retina and adjacent

ciliary margin (Green and Levine ,2004). It is expressed in all retinoblasts but not in

postmitotic neurons with the exception of a subset of bipolar intemeurons (Liu et al.,

1994; Levine et a1., r997;Belecky-Adams et a1.,1997). Loss of function of ChxIT

results in a congenital microphthalmia termed ocular retardation in mice (Truslove,
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1962). ChxI0 mutation has also been implicated in a human congenital microphthalmia

(Ferda Percin et a1.,2000). The neural retina in ChxI0 null mice are hypoplastic by El3

with severe loss of cell numbers by P0 and a nearly complete loss of bipolar cells

(Burmeister et a|.,1996). Although there are no increases in apoptosis, there are severe

defects in cell proliferation (Robb et a1.,1978; Silver and Robb , 1979; Burmeister et al.,

1996; Bone-Larsen et a|.,2000). Chxl0 null retinoblasts feature longer cell cycle times

due to longer a Gl phase (Khonyukov and Sazhina, l97l). It has been observed that

while total cell numbers are depleted, the ratio of retinoblasts to differentiated cells as

well as the multipotency of the retinoblasts remains unaffected (Green et a\.,2003). New

studies have shown that there is increased KIP1 protein expression in the ChxI0 null

retina, suggesting that KIPl may mediate the decreased proliferation. The generation of

a Chxl0/Kip1 double null mouse resulted in the rescue of the retinal phenotype of Chxl0

null mice (Green et a|.,2003). However the inactivationof Kipl with Chxl0 did not

rescue the bipolar cell phenotype. This suggests that Chxl0 uses a distinct mechanism in

regulating bipolar cell differentiation (Green et a\.,2003). However, it has been shown

that CHX10 is not a direct transcriptional regulator of Kipl, suggesting that KipI

regulation may occur post-transcriptionally (Green et a\.,2003).

1.2,13 Cell death and retinal development

Apoptosis, or prograTnmed cell death, occurs during the normal course of

development of multicellular organisms (Glücksmann,1965). Together with the

regulation of proliferation, apoptosis is the main mechanism for regulating the size of cell

populations during development. ln central nervous system development it is believed

that approximately half of the generated neurons will die before neurogenesis is complete
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(Vecino et a1.,2004). A variety of stimuli during development can trigger apoptosis

including both intracellular and extracellular signals. These pro-apoptotic stimuli trigger

the activation of intracellular pathways that result in the biochemical and morphological

changes associated with apoptosis. The activation of caspases is a crucial aspect of

apoptosis in the developing retina. Caspases are proteases that cleave proteins at aspartic

acid residues (Tomberry and Lazebnik,1998). As well as having their own endogenous

protease activity, caspases can activate other degradative enzymes such as DNAses,

triggering a proteolytic cascade (Vecino et a\.,2004).

During retinal development, in all species studied to date, cell death has been

shown to occur in two distinct phases, an early phase and a late phase. During the early

phase, apoptosis appears to be regulated by neurotrophic factors or by the interactions of

the neuronal cells and their neighboring glial cells. During the late phase, apoptosis is

associated more with lack of target-derived trophic factor feedback (Clarke, l9g5;

Oppenheim, I99l; Linden, 1994). Many factors have been demonstrated to be able to

regulate apoptosis during retinal development. Herein, we will discuss the role of insulin

and glutamate in the regulation of retinal apoptosis as these have been well charac tenzed,.

Detailed consideration will also be given to the neurotrophin receptor TrkB and its

ligands brain derived neurotrophic factor (BDNF) and neurotrophin 4/5 (NT 4/5) as they

are of special significance to the work within this thesis.

Extrapancreatic proinsulin plays an important role in the regulation of apoptosis

in the developing retina by acting as a protective factor (Diaz et al.,Iggg). proinsulin

has been shown to be endogenously expressed within the developing retina (Hernandez-

Sanchez et a1.,1995). Studies in the chick have demonstrated that proinsulin regulates
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apoptosis during the early stages of retinal development (Diaz et a\.,1999). These

studies identified that locally produced proinsulin achieves this regulation by activating

the Akt survival pathway (Diaz et a1.,2000). Akt acts to inhibit the pro-apoptotic protein

Bad allowing the action of Bcl-xl to block cytochrome C release thereby preventing

recruitment of Apafl by caspase-9 which activates the effector caspases -3, -6, and -7. In

this way proinsulin blocks apoptosis during retinal development.

Glutamate is the principal excitatory neurotransmitter in the vertebrate retina

(Massey, 1990). Glutamate has also been shown play a large role in the post-natal

survival of retinal neurons (Nicoletti et al., L996). The pro-survival effect of glutamate in

the retina appears to be the opposite of the effect of glutamate in the rest of the CNS.

Glutamate exerts its effects through two classes of receptors. The first are ionotropic

glutamate receptors, which are ligand-gated ion channels comprised of N-methyl-D-

aspartate (NIMDA), a-amino-3 -hydroxy-5 -

Methyl-4-isoxasole-propionate (AMPA) and kainate receptors. The second group of

receptors are the metabotropic glutamate receptors. These receptors act through second

messenger systems (Hollmann and Heinemarn,1994; Mori and Mishina, 1995). Studies

in the rat demonstrated that blockade of NMDA receptors results in large scale neuro-

degeneration due to increased neuronal apoptosis (Ikonomidou et a1.,1999). This

indicates that activation of these ligand gated channels is necessary for the survival of

neuronal populations. Studies in the developing retina where NMDA receptors were

blocked by administration of MK-801, a drug which acts as a NMDA channel blocker,

were performed at different developmental stages (Vecino et a1.,2004). These

experiments showed that NMDA receptor antagonism during early post-natal
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development leads to increased apoptosis in all retinal cell types. The same studies

indicated that the effect of glutamate on the developing retina varied depending on the

stage of development. The increase in apoptosis was very high when NMDA receptors

were blocked during the post-natal stages P2,P7 and P8 compared with stages P4, P6 and

P9 where there was no significant increase in apoptosis caused by NMDA blockade.

This suggested that retinal sensitivity to glutamate was variable during development. The

exact mechanism by which activation of NMDA receptors by glutamate links to the pro-

survival machinery of various apoptotic pathways remains to be identified. It has been

hypothesized that the effect of glutamate on apoptosis could be mediated by an increase

in the levels of intracellular calcium. Previous studies demonstrated that stimulation of

neuronal cells by glutamate often leads to a rise in the concentration of free cytosolic

calcium (Wong, 1995). It remains to be determined whether calcium spikes are directly

involved in the mediation of the pro-survival effect of glutamate.

The neurotrophin receptor TrkB has been implicated in the regulation of apoptosis

in RGCs during retinal development. In the murine retina, RGCs are born between

embryonic day (E) 10 and postnatal day (P) 2 with a maximal birth rate at El5. Cell

death also occurs during RGC genesis in two distinct phases (Rohrer et a1.,2001). The

first wave occurs at approximately Ei5.5 and corresponds with the peak of RGC

neurogenesis (Frade and Barde, 1999). This early phase of cell death has been reported

to be modulated by nerve growth factor acting through the p75 receptor (Frade and

Barde, 1999). The second phase occurs after birth, peaking atP} and, correlating with the

elaboration of RGC projections in the superior colliculus (SC) (Youn g, l9B4). TrkB js a

member of the tropomyosin-related tyrosine kinase family of neurotrophin receptors

JJ



(Kalb, 2005). It demonstrates a specific binding affinity for the neurotrophins BDNF and

NT4/5 (Huang and Reichardt,200l; Sofroniew et a1.,2001). Target-derived BDNF

signaling via TRKB has been demonstrated to act as a modulator of cell death during

RGC neurogenesis. Injection of BDNF into the SC of neonatal hamsters yielded a 13-15

fold reduction in the rate of RGC pyknosis (Ma et a1.,1998). Recent studies have

demonstrated that null mutation of either the catalytic domain of the TrkBp¿receptor or of

its ligand BDNF result in a dose-dependent increase in the peak RGC death rate, although

final RGC numbers ae unaffected (Pollock et a\.,2003).

Binding of ligand to the TRKB receptor causes the receptor to autophosphorylate

which creates docking sites for signaling modules (Kalb, 2005). This results in the

engagement of the phosphatidylinositol 3-kinase (PI3K) and mitogen activated protein

(MAP) kinase pathways which promote survival (Kalb, 2005). Similar to the mechanism

by which proinsulin regulates apoptosis, PI3K and MAPK act, in part, by activating Akt

which in tum blocks the actions of Bad by phosphorylation. Studies in the retina have

shown that binding of TRKB by the ligand BDNF and not NT4/5 results in a

neuroprotective effect (Pollock et a|.,2003). While TrkB expression within mature

murine RGCs has been well documented (Rohrer et a1.,2001;Pollock et a1.,2003),

expression among murine amacrine cells has also been identified during retinal

development in the rat (Jelsma et a\.,1993; Koide et a\.,1995). To date, TrkB activation

has not been implicated in amacrine cell survival.

Relatively little is known about the transcriptional regulation of TrkB. Thyroid

hormone can down regulate TrkB expression in the rat brain through a novel response

element downstream of the transcription initiation site (Pombo et a1.,2000). Retinoic
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acid treatment of SH-SY5Y human neuroblastoma cells has been demonstrated to induce

a neuronal differentiation process featuring increased TrkB expression (Enci nas et al.,

2000). More recent studies have demonstrated that the bHLH proteins F.47 andNeuroD

directly bind the TrkB promoter, activating its expression in SH-SYSY cells (Liu et ø1.,

2004). The activation of TrkB by bHLH activators represents a coupling of the role of

bHLH activators as neural promoters with a role in mediating cell survival.

The regulation of expression of TrkB by bHLH proteins suggests that the

regulation of apoptosis during retinal development may be regulated by the expression of

intrinsic factors. This would be interesting as it would indicate that intrinsic factors,

whether they are bHLH or possibly homeodomain transcription factors, act to regulate

apoptosis much as they regulate cellular proliferation and specification. It also suggests

that retinal progenitors may differ in their competence to respond to extrinsic pro- or anti-

apoptotic signals. Such a mechanism may go a long way to understanding why, for

example, the pro-survival action of glutamate is apparent atPT and P8 in the rat but not at

P6 or P9 as described above.

35



1.3 DIx transcription factors

The Dlx gene family represents the vertebrate homologues of the Drosophila

homeobox gene Distal-l¿ss. The D/x genes encode homeodomain transcription factors.

The homeodomain is a 60 amino acid helix-tum-helix structure which integrates into the

major groove of the DNA double helix, allowing binding interactions with ATTA/TAAT

DNA sequence motifs (Morrasso et a1.,1996; Roberson et a1.,200r; zhou et a1.,2004).

Currently, there are six known Dlx famrly members in the mouse and humans: DlxI,

Dlx2 , Dlx3 , Dlx4 (formerly DlxT or DlxS), DIxS , and Dlx6 (porteus et al., r99r; pnce et

al., r99l; Robinson et a1.,1991; Simeone et a1., 1994; Stock et a1.,1996; Nakamura er

a1.,1996). The mouse and human Dlx gene family members are each found in distinct 5'

to 3', 3' to 5' bigenic gene pairs, linked to a Hox gene cluster. In both mice and humans

the pairings are: Dlxl and Dlx2linked to Hoxd, Dlx3 and Dtx4linkedto Hoxb, and. Dlx5

andDlx6linkedtoHoxa(McGuinessetal.,1996;Nakamvraetal.,l996;Stock etal.,

1996). Each of the vertebrate Dlx family members shares a similar intron-exon

otganization which features 3 exons and2 introns (McGuiness et a1.,1996; Ellies et al.,

1997;Liu et a1.,1997). The homeobox is encoded by exons 2 and 3 with intron 2located,

within the homeobox coding site. This organization is shared by the homologous

Drosophila gene Distal-iess (Vachon et a1.,1992; Elies et al.,l99l). Studies have shown

that several of the Dlx genes can have multiple transcripts due to alternative

transcriptional initiation (DlxI) or alternative splicing (Dlx4, Dlx5) (McGuines s et al.,

1996; NakamùÍa et a1.,1996;Liu et al.,1997; yang et a1.,1998). Dlx|, specifically, has

been demonstrated to encode variants lacking both the homeodomain and a nuclear

localization signal (Liu et a|.,1997; Yang et a1.,1998). Interestingly, DLX5 protein has
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been detected in the cytoplasm of some cells in the vertebrate forebrain, suggesting a

potential functional role for the homeodomain-less Dlx5 (Eisenstat et at.,1999).

1.3.1 D Ix and invertebrate developme nt: D istal-less

The Dlx gene family members are homologues of the Drosophila gene Distal-

/ess which has been extensively studied. The Drosophila Distal-less (Dlt) gene v/as

named due to its essential role in distal limb development. Dll is the first specific marker

for Drosophilaleg development (cohen, 1990; Goto and Hayashi, rggT). Mutants

lacking Dll die as embryos due to the failure of larvae to develop rudimentary limbs

(Cohen and Jurgens, 1989). Expression of Dll in the embryonic leg primordium occurs in

both the proximal and distal cells of the adult leg (Campbell and Tomlinson, 1998;

Weigmann and Cohen, 1999). D// expression becomes restricted to the distal leg cells as

development proceeds (Cohen, 1990; Goto and Hayashi,lggT). Studies in which viable

combinations of Dll alleles with variable severity were used to generate a series of

phenotypes with progressively increasing severity demonstrated that weak combinations

created fusions of distal (tarsal) leg segments. Intermediate combinations caused loss of

the tarsal segments and stronger combinations caused a loss of both tarsal and medial leg

segments (Cohen et a1.,1989; Dong et a1.,2000). Dll is also required for the correct

development of the Drosophila antenna. Dll is, in fact, required for the specification of

antennal identity (Cohen et a1.,1989; Dong et a1.,2000). Dllhas also been implicated in

the development of other distal appendages including the mouth parts and analía(Cohen

and Jurgens, 1989; Gorfinkiel, 1999).

DII is required for the proper formation of components of the peripheral nervous

system in Drosophila. In Dll mutants, the larval antennal, maxillary, and labial sense
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organs as well as the mechanosensory larval legs, termed Keilin's organs, do not form

(Panganiban and Rubenstein,2002). Dll is expressed in the Drosophila central nervous

system in the optic lobe of the brain and in glial cells in the ventral nerve cord (Kaphingst

and Kunes, L994;Panganiban and Rubenstein,2002). Due to the lethality of Dll

mutations during the larval stage, it remains to be seen whether Dlt isrequired for the

proper differentiation of these structures.

Regulation of Dll in the developing fly is dependant on the activity of the Wnt

family member wingless (Wg) and the bone morphogenetic protein homologue

Decapentaplegic (Dpp) (Cohen, 1990; Goto and Hayashi,IggT). Wg acts as an activator

of Dll, while Dpp has been shown to repress D// expression. These molecules act in

concert to ensure the correct expression pattern of Dll during the larval stages. Dtt itself

also autoregulates its own expression in the developing fly (Diaz-Benjumea et al.,1994;

Goto and Hayashi, 1997;Lecuit and Cohen, 1997). Two Hox genes, Ultrabithorax (Ubx)

and abdominal A (abdA) are required for the repression of Dlt and prevention of limb

formation in the abdomen (Vachon et a1.,1992). Several important genes lie downstream

in the genetic cascade of distal leg development and have been hypothesized to be

candidate targets of Dll. These include the genes bric a brac, spineless, aristaless,

BarHI/BarH2, Dwnt5, disconnected, and Serrate (Cohen et a1.,1991; Eisenb erg et al.,

1992; campbell and romlinson, 1998; Duncan et a1.,199g; Kojima et a1.,2000;

Rauskolb, 2001). Three putative antenna targets of Dtt have also been identi fred: spalt,

dachshund, and atonal (Dong et a1.,2000;200I; and,2002).
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1.3.2 DIx and vertebrate development: Patterns of expression

The expression patterns of the Dlx family members have been extensively studied

in the mouse. Expression of Dlx genes is initiated during the mid-gestational stages, with

all six family members expressed primarily in ectodermal derivatives, and four of the

family members (Dlxl, Dlx2, Dlx5, DlxQ expressed in the central nervous system (CNS)

(Price et ø1.,1991; Dolle et a|.,1992;Bulfone et a\.,1993; simeone et a\.,1994;Liuet

a|.,1997; Eisenstat et a1.,1999). Their expression within the CNS becomes restricted to

the forebrain in two distinct domains: a diencephalic domain and a telencephalic domain.

There is a conservation of these two domains in chickens, frogs, turtles, zebrafish, and

lampreys (Fernandez et a1.,1998; Puelles et a1.,2000;Zeruchaand Ekker,2000; Myojin

et a|.,200I; Neidart et a|.,200I). There is also a distinct temporal sequence to the

expression of Dlx genes in the developing forebrain. Initially Dlx2 is expressed followed

by DlxI, Dlx5, and then Dlx6 (Eisenstat et a1., 1999;zerucha et a\.,2000). Generally

Dlx2 is expressed in subsets of ventricular zone neuroepithelial cells, Dlx2, Dlxl, and

DIx5 ate expressed in most subventricular zone cells, and Dlx5 and. Dlx6 arc expressed in

postmitotic differentiating cells in the mantle zone (Eisenstat et a1.,1999).

With the exception of the Zebrafishhomolog DIx2b, all of the Dtx fanlly

members are expressed in ectomesenchymal cells derived from the cranial neural crest

(Dolle et a\.,7992; Bulfone et a1., 1993; Akimenko et ø1.,1994; Robinson and Mahon,

1994; simeoîe et a1.,1994; Qiu e/ al., 1997; Davideau et a1.,1999; Myoj in et a1.,200r;

Neidart et ø1.,2001). Migratory cranial neural crest cells populate structures called the

branchial arches which themselves give rise to much of the facial skeleton and connective

tissue (Depew et a1.,2002). Within the branchial arches, the Dlx genes are expressed in

39



conserved pattems along a proximodistal axis. Dlxl and DIx2 are expressed in proximal

regions; Dlxl, Dlx2, Dlxí, and Dlx6 are expressed in intermediate regions. In the most

distal regions, all six family members are expressed. The six Dlx family members have

been shown to demonstrate both redundant and distinct functions in craniofacial

morphogenesis (Acampora et al., 1999; Depew et al., l9g9). Dlx gene functional

redundancy has also been demonstrated in the CNS as well.

Dlx genes have been shown to be expressed in both neural and non-neural

components of the surface ectoderm. Dlx2, 3,5, and 6have been shown to be expressed

in the otic placode and, atlater stages of development, in specific regions of the otic

vesicle (Depew et a1.,1999, Quint et a1.,2000). In the zebrafish, Dlx3b and, Dlx4b arc

the predominant genes of the otic placode and vesicle (Solomon and Fntz,2002). Dlxt

and Dlx2 are expressed in the developing retina in neuronal precursors and subsets of

neurons (Dolle et a|.,1992; Eisenstat et al., 1999). In the chick, Dlx3 hasbeen identified

in the optic cup and neural retina (Dhawan et a1.,1997). D/x expression has been further

identified in the apical ectodermal ridge of the limb buds (Ferrari et a1.,1995; Morasso el

a1.,1995) and the genital eminence (Porteus et a1.,1994).

During later development, Dlx famlly members are expressed in ectodermal and

mesenchyrnal compartments of the teeth (Depew et a1., 2002). Dlx5 and, Dlx6 arc

expressed in mesodermally-derived skeletal tissues (Acampora et a\.,1999, Depew et al.,

1999;xu et aL.,200r). Dlx4 is also expressed within mesodermally-derived

hematopoeitic cells (Shimamoto et al., 1997 ;2000).
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1.3.3 DIx and vertebrate development: D/x function in development

The study of Dlx gene function has been accomplished in large part through loss

of function analysis of various null mutants for various Dlx family members in mice and,

to a lesser extent, zebrafish. Gain-of-function studies have also led to important insight

into Dlx gene function particularly in the development of the forebrain. Single mutations

for the various Dlx genes demonstrated limited phenotypes (eiu er al.,1995; T997;

Anderson et al.,1997a;1997b; Depew et a1.,1999). This result has been attributed to

functional redundancy amongst the members of the Dlx gene family, particularly amongst

those Dlx genes located in bigenic pairs: DlxI-Dlx2 and Dlx5-Dlx6. As a result, several

studies have utilized double mutants in order to generate more severe phenotypes. This

strategy has been facilitated by the distinct bigenic pairing of Dtx genes.

1.3.4 DIx genes and development of lateral neural plate derived tissues

During development, the primitive ectoderm gives rise to the neural plate. The

neural plate is bordered by surface ectoderm. In this region, cells are found that will

generate the placodes and neural crest. Dlx genes have been shown to be required for the

proper development of tissues and organs derived from these cells at the lateral border of

the neural plate (Panganiban and Rubenstein,2002). Dtx5 is required for the proper

formation of all the structures derived from the border cells. D/xi null-mutations in mice

lead to abnormal development of the olfactory and otic placodes (Depew et al., ßgg).

Specifically there are defects in the formation of the olfactory pit and its associated

skeletal elements and failed differentiation of the olfactory epithelium. Otic placode

defects lead to specific errors in the formation of the inner ear, notably the semicircular

canals display morphological anomalies (Acampora et al., I999;Depew et al., ßgg).
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With regards to the neural crest defects, the caudal portions of the cranial neural crest

contribute to the enteric nervous system. DlxI and Dlx2 are expressed in cells of the

enteric nervous system during midgestation. Dlx2 and Dtxl/Dlx2 ntllmutants

accumulate air in their stomachs and intestines after birth resulting in distention of the

proximal gastrointestinal tract. The mutants were shown to display less peristalsis

resulting in the distention suggesting they have defects in the enteric neuromusculature

(Qiu er a|.,1995).

Dlx3 has been implicated in epidermal development. One human mutation of

D/x3 results in a truncated protein that still binds DNA, causing a dominant, incompletely

penetrant disorder called tricho-dento-osseous (TDO) syndrome (Wright et al.,1997;

Price et al., 1998a;1998b). TDO manifests as defects in the development of epidermal

derivatives such as hair and other ectodermal derivatives including teeth and the

craniofacial skeleton (Lichtenstein et a1.,1972). In the mouse, Dlx3 nullmutations result

in a recessive phenotype suggestingthat the human disorder is due to a dominant

negative effect (Morasso et a1.,1999). Dlx3 rl'illmutants die in midgestation due to

placental defects (Morasso et a1.,1999). This is due to expression of Dtx3 in the

ectodermally-derived structures of the placenta, including the ectoplacental cone,

chorionic plate, and labyrinthine trophoblast. Consequently,in Dlx3 mutants the placenta

fails to support the in-growth of the vasculature necessary for embryonic survival

(Morasso et al., \999).
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1.3.5 DIx genes and craniofacial development

The cranial neural crest (CNC), which is comprised of neural crest derived from

the brain, is unique in that it can differentiate into many different tissue types (Noden,

i988). The CNC is involved in formation of skeleton, muscles, and blood vessels and

consequently plays alarge role in the development of craniofacial structures (Baroffio et

al.,I99I). The branchial arches contribute to the development of the craniofacial

skeleton and the dental mesenchyme (Depew et al.,2OO2). The branchial arches are

partly populated by cells which migrate from the CNC. Dlx genes demonstrate a nested

pattern of expression within the ectomesenchyrne of the branchial arches (Dolle et al.,

1992; Bulfone et a1.,1993; Porteus et a1.,1994; Robinson and Mahon, 1994; 'weis s et al.,

1994;zhao et a1.,1994; Qiu el a1.,1997; Acampora et a1.,1999;Depew et a1.,1999).

DlxI and Dlx2 are expressed along the proximodistal axis of the branchial arches while

the Dlx3, Dlx4, Dlx5 and Dlx5 genes are expressed distally (Qiu er al., 1995;1997). Null

mutation of Dlxl, Dlx2 and Dlxl-Dtx2 results in defects in craniofacial skeleton derived

from proximal regions of the first and second branchial arches (Qiu er a1.,1997). This

includes defects in proximal branchial arch contributions to splanchnocranial and

dermatocranial bones. Craniofacial structures derived from distal regions of the first and

second arches remain unaffected. The phenotypes demonstrate graded severity with Dtxl

mutants demonstrating milder phenotypes , Dlx2 mutants showing intermediate

phenotlpes and DlxI -Dlx2 mutants displaying the most severe phenotypes. Defects

unique to the DlxI mufant were rare, and consisted only of alteration of the Alicochlear

commisure and some lateral skull wall components, demonstratingthat Dlx2

compensated for much of the loss ofDlx1 function. Increased severity of the phenotype
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in the Dlxl-Dlx2 double mutant also demonstrated that Dlxl also partially compensated

for loss of Dlx2. For example dental malformations were only demonstrated in double

mutants who lacked upper molars (Qiu er a\.,1997; Thomas et al,1997). Mutation of

Dlx5 and Dlx6 results in malformations of structures derived from distal branchial arch

structures; this includes a loss of the mandibular and maxillary skeleton and the absence

of calvaria bones (Robledo et a1.,2002).

1.3.6 Dlx genes and bone and cartilage development

Dlx5 and Dlx6have been shown to be expressed in the developing bone (Simeone

et a1.,1994). Dlxï is found in perichondrium, periosteum, and in osteoblasts in

endochondral bones (Zhao et a1.,1994; Acampora et al.,1999). Null mutationof Dlx5

results in defects of the endosteal component of long bones and a reduction in the

periosteal lamina (Acampora et a1.,1999). There is also a delay in the maturation of

dermal bones resulting in hypomineralization of the calveria (Depew et al.,lg99). More

recent studies have shown that during endochondral bone formation, DLX3 protein was

detected in chondrocytes, specifically in the prehypertrophic cartilage and in

differentiating and differentiated osteoblasts of the metaphyseal periosteum. In

membranous bone, DLX3 was present in preosteoblasts, osteoblasts and osteoid-

osteocytes (Ghoul-Mazgar et a|.,2005). The mechanisms undertying the skeletal defects

and the exact role of Dlx genes in chondrocyte and osteoblast function remain unknown.

It has been demonstrated that BMP-2 (Bone Morphogenetic Protein 2) may stimulate

Dlx2 exptession, which then serves as a transcription factor necessary for expression of

the type II collagen gene, Col2alphal, through a chondrocyte-specific enhancer fragment

(Xt et a1.,2001).
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1.3.7 DIx genes and limb development

The Drosophila gene Distal-less is defined by its role in the development of distal

appendages as described previously. Vertebrate Dlx genes are also expressed in the

apical ectodermal ridge of the limb buds. Limb development in DlxI, Dlx2, and. Dlx5

single null mutants is normal (Depew et a1., 1999; Acampora et al.,1999). Multiple

mutations of Dlx genes however produce severe malformations of the distal limbs in the

mouse. Specifically Dlx5-Dlx6 null mutants displayprominent limb phenotypes

(Robledo et a1.,2002; Panganiban and Rubenstein,2002). Dtx|-Dlxó mutants display a

split distal limb phenotype which is very similar to ectrodactyly syndromes that are found

in humans (Robledo et a1.,2002). This is due to a deterioration of the medial apical

ectodermal ridge (AER). The deterioration of the AER is a result of significantly

decreased cell proliferation in this region (Robledo et al.,20OZ). Proliferation of the

underlying mesenchyme remains normal. This results in the loss of between 1 and 3 of

the central digits and a diverted outgrowth of the remaining digits laterally away from the

midline. This is of particular interest as the human ectrodactyly condition Split

Hand/Split Foot Malformation (SHFM) maps to a chromosomal locus (SHFMI) that is

closely linked to the locus of the human Dlx5 and Dlx6 genes (Crackower et al., 1996).

Also, humans with SHFM exhibit mental retardation and hearing loss (Mishr a et al.,

2000; Tackels-Home et aL.,200I). This human disease parallels phenotypes displayed by

Dlx5 and Dlx5-Dlx6 murine mutants who display defects in otic placode and forebrain

development, further suggesting that SHFM may be the second human condition directly

attributed to Dlx gene mutation after TDo syndrome described above.
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1.3.8 Dlx genes and hematopoietic development

Relatively recent evidence has implicated DlxI in the function and differentiation

of hematopoeitic cells (Chiba et a\.,2003). These studies showed that the majority of

non-l¡imphoid cells expressed high levels of Dlxl, while nearly half of lymphoid cells

expressed low levels of DlxI mRNA. Expression of Dlxl was shown to block erythroid

differentiation in response to activin A, which had previously been shown to trigger

differentiation of erythroid cell lines into hemoglobin containing cells (Hino et a\.,1989).

This blockade is thought to be due to DlxI interaction with the common Smad (co-Smad)

protein Smad4 thereby preventing the translocation of the regulatory Smad (R-Smad) co-

Smad complex to the nucleus and subsequent regulation of downstream targets (Chiba et

al',2003). Interestingly, Dlx4 (the former DtxT) has also been detected in leukemia cells

where its inhibition resulted in an induction of apoptosis Qrlakamura et a1.,1996;

Shimamoto et al., 1997).

1.3.9 Dlx genes and forebrain development

Expression of the Dlx famrly members DlxI, Dlx2, Dlx5, and, Dlx6 has been

identified in the developing central nervous system (CNS). Expression of Dlx genes

overlapped that of nearly alt GABAergic inhibitory interneurons suggesting a role in the

formation of this subclass of neuron (Anderson et al.,1997a; I997b; Stühmer et al.,

2002a;2002b). Ectopic expression of Dlx2 or Dlx5 resulted in the upregulation of the

GABAergic phenotype (Anderson et a1.,1999; Stühmer et a1.,2002a). Consistent with

this result is the ability of DLX proteins to activate transcription from the glutamic acid

decarboxylase enhancer (Panganaban and Rubenstein ,2002; D. Eisenstat unpublished

data). Glutamic acid decarboxylase (GAD) is an enzyme which converts glutamic acid
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into GABA. DlxI-Dlx2 double mutants still express GABA in the subcortical

telencephalon indicating that regulation of the GABAergic phenotype is not exclusively

dependent on the Dlx genes (Anderson et al.,1997b).

The expression of D/x genes in the developing forebrain occurs in overlapping

sets of cells (Bulfone et a|.,1993; Eisenstat et a\.,1999). This suggested that functional

redundancies may exist, as has been demonstrated for the function of Dlx genes in other

tissues. In fact, single Dlx gene mutations display subtle defects in forebrain

development. For example, Dlx2 single mutation results in a loss of dopaminergic

neurons in the olfactory bulb (Anderson et at., I997b). However, DIxI-Dlx2 double

mutants display severe blocks in neurogenesis (Anderson et al.,I997b,Marin et al.,

2000). In these animals, the first wave of neurogenesis from the primary proliferative

population (PPP) within the ventricular zone of the embryonic striatum appears

unaffected, while the generation of later-born neurons is aborted. This block is due to

abnormalities within the secondary proliferative population (SPP) in the subventricular

zone. The mutant SPP expresses high levels of Notchl and its ligand Deltal. As

described in section l.2.6,Delta-Notch signaling may result in the induction of the bHLH

protein Hes5 which can act as an inhibitor of neurogenesis. Indeed, within the DlxI-DIx2

mutant SPP, there is an induction of lles5 expression (Panganiban and Rubenstein,

2002). Failure of the SPP cells to mature results in the loss of expression of Dlx; and

DIx6, which are typically expressed within more mature neurons, and a block in radial

migration (Anderson et al.,1997b). The failure of the SPP to differentiate results in the

decreased differentiation of several types of GABAergic, dopaminergic, and cholinergic

intemeurons (Pleasure et a1.,2}}};Anderson et ar.,2}}r;Marin et a1.,2001). studies in
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the mouse have proven that the majority of telencephalic inhibitory neurons are derived

from the subcortical telencephalon. As a result, there is a severe reduction in the

numbers of GABAergic intemeurons in the cerebral coftex (Anderson et al.,I997a;

1999; Bulfone et al., 1998; PleasrÍe et a1.,2000; Marin and Rubenstein 2001). All of

these effects are due to failures in tangential migration. There are atleast two streams of

tangential migration from the subcortical telenchephalon, a rostromediodorsal stream

from the lateral ganglionic eminence (LGE) (Luskin and Boone,l994;de Carlos et al.,

1996), and a laterodorsal stream from the medial ganglionic eminence (MGE) (Anderson

et al.,1997a;200I; Marin and Rubenstein, 2001). DlxI-Dtx2 mutants have defects in

both streams, resulting in loss of striatal, olfactory bulb, and cortical interneurons

(Anderson et al., 1997b; i999; Bulfone et a1.,199g; Marin et a1.,2000). studies aimed at

understanding the signals regulating the rnigrations from the subcortical telencephalon to

the other regions of the brain have implicated neuropilin/semaphorin signaling (Marin

and Rubenstein, 2001). The expression of Neuropilin-Z may be directly regulated by

Dlxl and Dlx2 (D. Eisenstat, unpublished results).

Since Dlx function is important to the development of GABAergic, cholinergic,

and dopaminergic neurons, it has been speculated that regionally-restricted defects in Dlx

function may lead to non-lethal phenotypes in the forebrain. This may lead to

hyperactivity states such as seizure and defects in cortical circuit function or effects on

learning ability, motor control, and cognitive behavior (Panganiban and Rubenstein,

2002). Recent work has provided exciting insights into these hypotheses. Mice with null

mutation of DlxI, which are maintained in a mixed genetic background, survive to

adulthood (Cobos et a1.,2005). These animals show an age-dependent reduction in the
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number of GABAergic intemeurons. The loss is attributed to increased apoptosis

amongst somatostatin- and calretinin-positive GABAergic interneurons which are the

only subclasses of GABAergic interneuron that express DlxI. Apoptosis of these cells is

due to the cell-autonomous loss ofDlx1 expression and results in reduced GABA

mediated synaptic inhibition in the neocortex and hippocampus. This was manifest in

behavioral, histological and electrographic indicators of epilepsy (Cobos et a1.,2005).

Dlxl mutations may therefore be a cause of adult-onset epilepsy in humans.

1.3.10 D/x genes and the developing eye

Currently, there is only a limited amount of infonlation regarding the expression

and role of Dlx genes in the developing eye and more specifically the retina. Studies

performed during the initial steps of the chaructenzation of Dlx expression demonstrated

that Dlxl was expressed in the developing retina by Fr4.5 (Dolle et al., lggz).

Subsequent work has shown that both Dlxl and Dlx2 are expressed in the developing

retina by approximately 8125 (Eisenstat et a1.,1999). Expression was shown to be

limited to the neural retina with no expression being detected in the developing optic

nerve, lens, pigment epithelium, iris, or cornea. There appeared to be a greater

proportion of Dlx2-positive cells than Dlxt-positive cells adjacent to the optic ventricle.

Labeling of DlxI and Dlx2 with markers for M- and S-phase demonstrated that the

majority of Dlx-expressing cells were post-mitotic, although a limited number of DlxI-

expressing cells were labeled by BrdU indicating that they were in S-phase (Eisenstat et

a1.,1999). Similarly a small minority of Dlx2-expressing cells were identified to be in

M-phase by looking for mitotic figures stained with propidium iodide.
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DIx genes have recently been implicated in the development of the chick lens

(Bhattacharrya et a|.,2004). DIx5 is expressed in cells of the region bordering the

anterior neural plate called the cranial placode. Cells that contribute to the olfactory

epithelium and crystalline lens originate from the same region and express D/x5 (Depew

et al., 1999; Bhattacharrya et a1.,2004). As described earlier, DIx5 nullmutation results

in defects in the development of the olfactory placodes (Depew et al., 1999). Dlx¡

expression has now been demonstrated in placodal cells which give rise to the lens.

Expression of Dlx5 is down-regulated in these cells as they acquire a columnar

morphology. Null mutation of Dlx5 resulted in the loss of the cells specified to give rise

to lens tissue (Bhattacharrya et a\.,2004). These results demonstrated that Dlx; is

important in speciflng the lens but is not involved in the subsequent differentiation of

lens epithelium.

1.3.11 Downstream targets of DIx genes

The targets of Dlx transcriptional regulation have not been clearly identified.

These targets are of great importance as they represent the ultimate effectors of the

deveiopmental processes that members of the Dlx gene family initiate. Studies have

shown that the Dlx genes themselves are targets of DLX gene regulation. DLXI , DLX2,

and DLX5 can all activate transcription from Dtx5-Dtx6 intergenic enhancers in both

mouse and zebraftsh models of development (Zeruch a et a1.,2000; yu et a1.,200T;

Stühmer et a1.,2002a). DLX1 and DLX2 have been shown to achieve this regulation by

directly binding the mouse Dlx5/Dlx6 intergenic enhancer (MI56) and activating

transcription (Zhou et a1.,2004). DLX} has also been demonstrated to regulate l7¡ntl in

the developing telencephalon (Iler et at.,1995). This is though to occur via direct
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regulation via a binding site termed HBS-I (Iler et al.,1995). It has been subsequently

hypothesized that in vivo DLX3 and DLX5 may regulat e Wnt in the anterior neural ridge

where all three genes are expressed (Panganiban and Rubenstein, 2002).

DLX3 has been implicated in the direct transcriptional regulation of the alpha

subunit of human chorionic gonadotropin in the placenta (Roberson et a1.,2001) and of

profilaggrin in keratinocytes undergoing differentiation (Morrasso e/ at.,1996). The

DLX binding sites in the promoters of these genes have been identified as ATTA/TAAT

core homeodomain protein DNA binding motifs (Monasso et al,I996;Roberson et al.,

2001). DLX  has been shown to activate the expression of Gatal and, Myc in

hematopoieitic cells (Shimamoto et a|.,1997). This expression was identified in

leukemia cells and was demonstrated to be necessary for the survival of these cells. The

inhibition of apoptosis by DLX4 was also mediated by its activation of intercellular

adhesion molecule 1 (Shimamoto et a1.,2000). The regulation of Gatal, Myc and,

intercellular adhesion molecule 1 by DLX4 has not, as yet, been shown to be direct.

Determination of the directness of transcriptional regulation has been further complicated

by the existence of three isoforms of DLX4 all of which encode homeodomains and bind

identical DNA sequences, each differing in their ability to regulate transcriptio n (Bery et

a1.,I989;Fu et a1.,200I; Chase et a1.,2002).

DLX5 targets have been identified in bone development. These include

osteocalcin, a marker of bone turnover (Ryoo et al., r9g7), collagen 141 (Dodig et al.,

1996), and bone sialoprotein, which is a transactivator of rnatrix metalloproteinase 2

(Benson et a\.,2000). DLX5 is a weak activator of osteocalcin mediating its effect by

interfering with MSX2, a homeodomain transcription factor and repressor of osteocalcin
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expression (Newberry et a1.,1998). Both MSX2 andDLXs share the same recognition

sequence in the osteocalcin gene, a region termed OC-Boxl (Ryoo et a1.,1997; Newberry

et aL.,1998). Binding of DLX5 physically displaces MSX2 thereby preventing

repression of osteocalcin. The DLX5 binding sites for both collagen 1A and bone

sialoprotein have also been characterized (Dodig et a1.,1996; Bens on et a1.,2000). Atl

the DLX5 binding sites feature a core TAAT/ATTA hon-reodomain DNA binding motif.

This binding motif is a common feature of all DLX homeodomain transcription factors.

V/hile inroads have been made into the transcriptional networks regulated by Dlx gene

family members, it is apparent that knowledge of these networks remains superficial at

best' Further study and characterization of the targets of Dlx regulation, both indirect and

particularly direct, is necessary for the complete understanding of Dlx gene function in

development.
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Chapter 2: Hypothesis and Objectives

The objective of this study is to examine the functional role of the D/x

homeodomain transcription factors, specific ally, Dlxl and. Dlx2, during the development

of the vertebrate retina. Prior to the initiation of this study, the understanding of the role

of Dlxl and Dlx2 in retinal development was restricted to reports of the expression of

their mRNA and/or protein during early stages of murine retinal development (Dolle er

al', 1992; Eisenstat et al., 1999). These studies established the presenc e of Dlxl and, Dlx2

mRNA and protein in the retina by 812.5. The retinal neuronal subclasses inwhich DlxI

and Dlx2 were expressed were not identified, nor were the patterns of DlxI and, DIx2

expression throughout retinal development characterized,. Furthermore, the function of

Dlxland Dlx2 in retinal neurogenesis had not been established. Thus, the thorough

chatactenzatton of Dlx homeobox transcription factors in verlebrate retinal development

will resolve, in part, the function of these proteins in the differentiation of the mammalian

retina. This study may provide great insights into the mechanisms by which the complex

neuronal circuitry in the retina is generated from a relatively homogenous population of

neural progenitors.

2.1 Hypothesis

1. DlxI and Dlx2 wlll be expressed in specific subclasses of retinal neurons during

retinogenesis.

2. Loss of functionof DlxI and Dlx2 in a murine double knockout model will result

in deficiencies in the retina which may include the complete or partial loss of

certain subclasses of retinal neurons.
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2.2 Specific objectives

1 . To characterize the expression of DlxI and Dlx2 protein throughout retinal

development and identify the neuronal subclasses in which DlxI and, Dlx2 are

expressed.

2. To determine the consequence on retinal differentiation of the loss of function of

Dlxl/Dlx2 in a murine double knockout rnodel.

3. To utilize a retroviral gain-of-function tech¡ique to determine if the forced

expression of DlxI or Dlx2 may drive retinal progenitors towards those cell

subclasses in which DlxI or Dlx2 expression are normally identified.

4. To identify downstream transcriptional targets of DIxl or Dlx2 in the retina which

may contribute to the normal development of neuronal subclasses in which Dtx

expression is identified.
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Chapter 3: Materials and Methods

3.1 Animal and tissue preparation

All studies were performed on tissues derived from the mouse (Mus musculus).

The CD-1 strain ICD-1 (ICR)BR.Swiss strain of albino micel was used for studies on

wild+ype animals (Charles River Laboratories, Worcester, MA). DlxI/DIx2 knockout

mice, generated as previously described (Qiu et a1.,1997; Anderson e/ at.,1997a). were a

gift of Dr' John Rubenstein, University of Califomia at San Francisco. Ocular retardation

mutant mice and controls (129slsv-Chx10o'r/*) were purchased (Jackson Laboratory, Bar

Harbour, ME). For a complete listing of mouse strains, sources, and ages used see Table

2. DlxI/Dlx2 n:ull mice and Ocular retardation mice were genotyped as previously

described (Qiu er a1.,1995; Burmeister et al.,1996). For comparative studies, all mutants

were paired with wild-type littermate controls. Adult animals were euthanized,by

cervical dislocation prior to dissection of eyes, while embryonic animals were euthanized

by decapitation prior to dissection. Eyes taken from animals El6 and older were

dissected from newborns and embryos while eyes from animals younger than E16 were

left in situ in collected embryos. Embryonic and newbom tissue was obtained from

timed-pregnant mice. Embryonic age was determined, by the day of appearance of the

vaginal plug (taken as E0.5) and confirmed by rnorphological criteria. All animal

protocols were conducted in accordance with guidelines set by the Canadian Council on

Animal Care and were approved by the University of Manitoba animal care committee.

E13, E16 and P0 tissues were f,txed in 4Yo paraformaldehyde (Polysciences Inc.

V/arrington, PA) in phosphate buffered saline (PBS) (t)iF.7.4) for 40 minutes. Adult

tissues were fixed in a similar manner for t hour. Tissues were transferred to a20%o
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sucrose (Sigma, St. Louis, MO) solution in PBS ovemight and then transferred to a 1:1

mixture of 20o/o sucrose/ O.C.T. cryo-compound (Sakur'a Finetek, Torrance, CA) for 20

minutes before freezing in O.C.T. Tissues were sectioned (8-12 ¡rm) on a Microm HM

510 cryostat (MICROM Laborgeräte GmbH, V/alldorf, Germany) or a ThermoShandon

Cryotome@ cryostat (Thermo Electron Corporation, Waltham, MA). Sections were

captured onto Superfrost Plus slides (Fisher Scientific, Nepean, ON) and stored at -80oC.

Table 2. Strains of mouse used for experimentation.

3.2 Histological staining imunohistochemistry (IHC) and immunofluorescence (IF)

Tissues stained with Cresyl Violet dye were immersed in dye for two minutes

then transferred through graded alcohol washes and Xylene before mounting with

Permount (Fisher Scientific) and cover slips. For IHC experiments, frozensections were

pre-incubated in blocking solution: PBS, 5olo normal goat serum (GIBCO, Rockville,

MD), 0.2o/oTiton X-l00 (sigma), 0.i% BSA fraction v (sigma), and 0.02 % sodium

azide (Sigma). Incubation was performed at 4oC for two houls. Sections were then

Mouse Strain Source Developmental Ages

Studied

CD-1 (ICR)BR.Swiss Charles River Labolatolies,

Worcester', MA

E1 3(E1 3.s), E1 6(E1 6.5),

819.5, P0, P14,

Adult(5weeks and older)

Dlxl/Dlx2 Knockout Dr. John Rubenstein,

University of Califomia at

San Francisco

E13.5, El6.5, E19.5

129slsv-Chx 1 Oor-J/+ Jackson Laboratory, Bar

Harbour, ME

813.5, El6.5, E19.5
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incubated overnight at 4oC with a primary antibody. For a complete list of primary

antibodies, antibody dilutions, and sources used in IHC and IF experiments see Table 3.

Sections were washed three times (3X) in PBS/0.05% Triton X-100 (PBS-T) pH7.4 and

then incubated with biotinylated secondary antibodies for 2 hours at room temperature.

For a complete list of secondary antibodies and tertiary molecules used see Table 4.

Sections were again washed 3X in PBS-T and then treated with 0.3% H2O2inpBS-T for

30 minutes. Slides were again washed 3X in PBS-T and then developed using the

Vectastain ABC system with DAB substrate reagent (Vector Laboratories, Burlingame,

CA).

For IF experiments, tissue was pre-incubated in blocking solution as described

above. For double IF experiments in which the primary antibodies were raised in

different host species, incubation with both antibodies was performed concurrently. For

experiments in which primary antibodies were raised in the same species, primary

antibodies were added separately. Sections were incubated in primary antibody overnight

at 4oC' Slides were washed 3X in PBS-T and secondary antibodies were applied

individually thereafter for 2 hour incubations at room temperature. When secondary

antibodies were not directly conjugated to a fluolescent reagent, an appropriate

streptavidin-conjugated fluorescent tertiary reagent (Table 4) was applied for 2 hours

following a wash 3X in PBS-T. All labeted sections were mounted using Vectashield

fluorescence mounting medium (Vector Laboratories). Secondary antibodies and

streptavidin-conjugated fluorescent reagents, if necessary, were then applied prior to

treatment with the second primary antibody. Biotinylated peanut agglutinin, (1:2000,

Vector Laboratories) was also used as a marker of cone photoreceptors. peanut
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Agglutinin was visualized using streptavidin-conjugated Texas Red (1:200, Vector

Laboratories). Negative controls were performed by omitting the primary antibody.

Table 3. Primary antibodies used for immunohistochernistry and immunoflourescence.

Primary

Antibody

Dilution Source Reference

Rabbit anti-Brn3A 1: i00 Dr. E. Tumer, University of

Califomia, San Diego

Liu et a1.,2000

Goat anti-Brn3B 1:200 Santa Cruz, Santa Cruz, CA Ma et a1.,2004

Rabbit anti-Brn3B I:200 Babco, Richmond, CA Ma et a1.,2004

Rabbit anti-

Calbindin

l:8000 Ciremicon, Temecula, CA DiCunto et al.,

2000

Rabbit anti-

Calretinin

1:3000 Chemicon, Terlecula, CA Haverkamp and

Wässle,2000

Rabbit anti-Caspase3 1:60 Cell Signaling Tech., Beverly, MA Reis el a|.,2004

Mouse anti-Chat l:100 Chemicon, Temecula, CA Haverkamp and

Wässle,2000

Rabbit antì-CHXl0 1:700 Dr. T. Jesseil, Columbia Universify Hatakeyama et al.,

2001

Rabbit anti-

CRALBP

l:250 Dr. J.C. Saari, University of

Washington, Seattle

Bunt-Milam and

Saari, 1983

Mouse anti-

CyclinDl

I :100 Cell Signaling Tech., Beverly, MA Tong and Pollard,

2001

Rabbit anti-DLXI I:300 Dr. J. Rubenstein, Unìversity of

California, San Francisco

Eisenstat et al.,

t999

Rabbit anti-DLX2 l:300 Dr. J. Rubenstein, University of

Califomia, San Francisco

Eisenstat et al.,

1999

Rabbit anti-GABA l:8000 Sigma, St. Louis, MO Haverkamp and

Wässle,2000
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Table 3. continued

Rabbit anti-Gad65 1:1000 Dev. Studies Hybridoma Bank,

University of Iowa

Chang and Gotlieb,

1 988

Rabbit anti-Gad67 1:8000 Chemicon, Temecula, CA Bickford et a|.,2000

Rabbit anti-GFAP 1:6000 Dako, Glostrup, Denmark Kuhrt et a1.,2004

Mouse anti-ISLET-l 1:600 Dev. Studies Hybridoma Bank,

University of Iowa

Mu X and Klein

wH,2004
Rabbit anti-L1 l:5000 Dr. C.F. Lagenaur, University of

Pittsbr-rrgh

Bartsch et a1.,1989

Mouse anti-NF165 1:50 Dev. Studies Hybridoma Bank,

University of Iowa

Haverkamp and

Wässle,2000

Rabbit anti-PAX6 l:800 Sigma, St. Louis, MO Inoue et a|.,2002

Mouse anti- PAX6 1:150 Dev. Studies I-Iybridoma Bank,

University of Iowa

Inoue et a|.,2002

Rabbit anti-

Phosphohistone H3

1:1000 Upstate Biochemicals,

Charlottesville, VA

Ajiro et a1.,1996

Mouse anti-PKC 1:1000 Sigma, St. Louis, MO Greferath et al.,

1990

Rabbit anti-PROXl 1:500 Dr. M. Nakafuku, University of

Toþo

Dyer et a1.,2003

Mouse anti-Rho4D2 1:80 Dr. R Molday, University of British

Columbia

Davidson et al.,

r994

Rabbit anti-SD(3 1:500 Dr. G. Oliver, St. Jude Childrens

Research Hospital

Belecþ-Adams et

al.,1997

Mouse anti-Syntaxin 1:6000 Sigma, St. Louis, MO Barnstable et al.,

1985

Rabbit anti-TH 1:1500 Pel-Freeze, lìogers, AR Haycock, 1987

Rabbit anti-TRKB I:200 Santa Cruz, Sauta Cruz, CA Douma et a1.,2004

Rabbit anti-VSXi 1:10 Dr. R.R. Mclnnes, University of

Toronto

Chow et a1.,2001
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Table 4. Secondary antibodies and tertiary molecules used for IHC and IF.

3.3 In silø hybridization (ISH) and combined ISH with inrmunohistochemistry

Non-radioactive in situhybridizationusing digoxigenin(Dig)-UTP labeled Dlxl,

Dlx2 and ChxI0 riboprobes and non-radioactive in situhybridization utilizing ChxI0

riboprobe combined with immunohistochemistry utilizing DLXZ antibodies were

performed as previously described (Eisenstat et al., ßgg). Dlxl and.D/x2 cDNAs were

obtained from John Rubenstein, UCSF while the ChxI7 cDNA was obtained from

Secondary Antibody or

Tertiary Molecule

Dilution Source

Biotin-SP conjugated goat-anti-rabbit l:200 Jackson Immunoresearch,

West Grove, PA

Biotin-SP conjugated goat anti-mouse I:200 Jackson Immunoresearch,

West Grove, PA

Biotin-SP conjugated rabbit anti-goat 1:200 Jackson Immunoresearch,
'West 

Grove, PA

FITC-conj ugated goat anti-rabbit 1:100 Sigma, St. Louis, MO

Streptavidin conj ugated Oregon

green-488

1:200 Molecular Probes, Eugene

OR

Streptavidin conjugated Texas red l:200 Vector Laboratories

Burlingame, CA

Texas red-conjugated donkey anti-

goat

i 100 Jackson Immunores earch,

West Grove, PA

Texas red-conjugated donkey anti-

mouse

I :100 Jackson Immunoresearch,
'West 

Grove, PA

Texas red-conjugated donkey anti-

rabbit

I:200 Jackson Immunoresearch,

Vy'est Grove, PA
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Constance Cepko, Harvard Medical School. Non-radioactive in situhybndization was

also performed using digoxigenin-UTP labeled Ci"x riboprobes combined with

immunohistochemistry utilizing CHX1O antibodies. The Crx cDNA was also obtained

from Dr. C. Cepko. Single or combined in situ hybridization and immunohistochemistry

were performed with sense probe used as controls (Eisenstat et al.,1999).

For ISH, cryosectioned slides were fixed in 4Yo parafomaldehyde in phosphate

buffered saline (PBS) for 5 minutes then washed in PBS/DEPC ddH2O 3 times for 5

minutes. Slides were treated with a proteinase K solution (1prg/pl- proteinase K, 100mM

Tris-HCl pH-8.0, 50 mM EDTA) for 15 minutes, then to an acetylation solution (DEPC

ddHzO, triethanolamine, acetic anhydride; solution pH-8.0) for 10 minutes, and were

finally washed in DEPC ddHzO. Slides were then transferred to a 3X SSC/50%

formamide solution for between 15 minutes to 2 hours (time not critical). Slides were

then placed in a humidity chamber and 80 pL of hybridization solution containing the

riboprobe of interest is added. Hybridization solution was comprised of 50% formamide,

lX Denhardt's solution, 3XSSC, 10mM EDTA, r0o/o dextran sulfate, 500pg/ml yeast

tRNA, 500 ¡rglml salmon spenn DNA, 1:100 dilution of Dig-UTP cRNA probe. Slides

were incubated for 16-20 hours at 55oC. After incubation, slides were washed in 5X SSC

(5 min, 55oc), 2x ssc/50o/o formamide (45 min, 55oc), NTE (1OmM Tris-HCl, lmM

EDTA, 500mM Nacl; 15 min, 37oc),NTE and 20 p,glmLRNAse A (30 min, 37oc),

NTE (15 min, 37oC), 0.5X SSC/50% formamide (45 min, 55oC), 0.5X SSC (5 min, room

temperature). Following these steps the slides were transfened into chambers containing

TBS (0.1 M Tris HCI pH-7.6, 150 mM NaCl) 3 times for 5 minutes each. The slides

were again placed in a humidity chamber and TBS/I\Yo fetal bovine serum (GIBCO,
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Rockville, MD) was added onto the sections for 60 minutes at room temperature as a

block. The TBS/10% FBS was poured off and new TBS/10% FBS with a i:2000 dilution

of anti-digoxigenin-Fab-AP fragments (Boehringer Mannheirn, Indianapolis, IN) added.

Slides were incubated at 4oC ovemight. Slides were washed in TBS (3X 10 minutes)

then developed in buffer 3 (100mM Tris HCI pH-9.5, 50mM MgCl2, 100mM NaCl, 0.5

mglmL Levamisole (Boehringer Mannheim),45 ¡:J.,ll)ml, NBT (Boehringer Mannheim)

and 35 plll0mI- BCIP (Boehringer Mannheim). Reaction r,vas stopped in TE buffer

(10mM Tris HCI pH-8.0, 1mM EDTA) and slides were post-fixed,in4o/o

paraformaldehydeÆBS solution, washed in lX PBS, transfened through graded alcohols,

Xylene, washed, and then mounted with Permount (Fisher Chemicals, Nepean, ON). For

combined immunuhistochemsistry and in situ hybridization, immunohistochemistry is

performed as described above on slides following the post-fix in  Yoparaformaldehyde.

All chemicals are from Sigma, st. Louis, Mo unless otherwise stated.

3.4 Brdu labeling and birthdating and TUNEL cell death cletection

Timed-pregnant animals were injected witli BrdU (5mg/pl). For pulse labeling

experiments, animals were sacrificed after t hour. Timed-pregnant CD-1 (ICR)BR.Swiss

mice were pulsed atBlZ.S, El3.5, 816.5, and E18. For birthdating experiments, animals

were sacrificed at El8.5. Sections were treated with 50% fonnamidel2X SSC for Zhr at

65 oC, 2X SSC for 5 min at 65oC,2N HCL at37oc for 30 min followed by 0.1 M Boric

Acid pH 8.5 at RT for 10 min. Immunofluorescent detection of BrdU was performed as

previously described with a mouse anti-BrdU antibody (1:200; Chemicon, Temecula,

CA)' TLTNEL staining was performed using the ht Situ CellDeath Detection Kit, TMR
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red (Roche Diagnostics) as per the manufacturer's instructions. TUNEL was performed

on Dlxl/Dlx2 mutant and wild+ype control mice at E13.5, El6.5, and 818.5.

3.5 Optic nerve morphometry

Six paired sets of littermate Dlxl /Dlx2 mutant and wild-type eyes were processed.

Sections were centered on the thickest region of the optic nelve head, which was taken as

the maximum diameter of the circular optic nerve and therefore the mid-point. Sections

12,24, and 36 ¡rM above, below and including the middle section were immunostained

with L1 N-CAM antibody to visualize the optic nerve. Thickness of the optic nerve head

was measured in three regions (Fig. 3A) using Image-Pro Plus 4.5 software (Media

Cybernetics), a mean thickness was determined and comparisons were made using the

paired T-test.

3.6 Retinal explant cultures

Eyes were dissected from El8.5 CD-1 (ICR)BR.Swiss strain mouse embryos in

sterile lx PBS and transferred to dishes containing DMEM/FI 2 media

(Gibcoilnvitrogen). Retinas were dissected under sterile conditions from eyes with the

lens and iris in situ and transferred onto Millicell-CM 0.4 ¡rM filters (Millipore) with the

lens facing away from the membrane. Filters weïe transferred to 6-well culture plates

containing media enriched with lX N2 supplement,lX MEM sodium pyruvate, 2mM L-

glutamine (all Gibco/Invitrogen), 5 ¡rg/rnl Insulin (Sigma), and 1U/mL

penicillin/lm{mL streptomycin). Explants wele cultured at3ToCwithSo/oCOz in a

humidified incubator for 7 days. Media was exchanged every 2 d,ays in a sterile tissue

culture hood. Following incubation, explants were fixed in  o/oparaformaldehyde for 30
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minutes and treated with20Yo sucrose for t hour. Explants were then frozeninto O.C.T.

compound and sectioned as previously described.

3.7 Retinal explants and retroviral transductions

Replication-incompetent pMXIE retroviruses encoding murine D lx 2 (p}y'rXIE-

EGFPldlx2) or Dlxl (pMXIE-EGFPldlxl) were obtained by inserling the 999 bp Dtx2

(using EcoRI and Sacli restriction enzymes) or 768bp Dlxl (using BamHI and BamHI

restriction enzyrnes) cDNAs (courtesy Dr. John Rubenstein, University of California at

San Francisco) into the pMXIE-EGFP retroviral vector constructed by Hitoshi et al.,

2002. Eyes were dissected from embryos in sterile lX PBS and transferred to dishes

containing DMEM/F12 media (Gibco/Invitrogen). Retinas were dissected under sterile

conditions from eyes with the lens and iris in situ and transferred onto Millicell-CM 0.4

¡-rM filters (Millipore) with the lens facing away from the membrane. Filters were

transferred to 6-we1l culture plates containing media enriched with 1X N2 supplement,lX

MEM sodium p)rmvate, 2mM L-glutamine (all Gibco/Invitrogen), 5 ¡rglml insulin

(Sigma), 1U/mL penicilliri/l mglmL streptomycin (Sigma), 1:10 dilution of retroviral

solution (500,000 PFU/mL pMXIE-EGFP, 750,000 pFU/mL pMXIE-EGFp I dlx I,

750,000 PFU/mL pMXIE-EGFPldlx2), and 0. r mgmL of polybrene. Media was

exchanged every 2 days. Retrovirus and polybrene were included only in the initial

culture media. Explants were cultured at37oC with 5o/o COz in a humidified incubator

for 10 days. Following incubation explants were fixed in 4%oparafonnaldehyde for 30

minutes and treated with20o/o sucrose for t hour. Explants were then frozeninto O.C.T.

compound and sectioned as previously described.
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3.8 Cell counting and statistical analysis

For quantification of DLX2 expression in the developing retina, all tissues were

processed as described and sectioned at a thickness of 12 pm. Eyes were sectioned

completely, for El3 and E16 embryos every f,rfth section was collected. For P0 eyes,

every tenth section was used, and every twentieth section was taken for adult eyes. The

differences reflect the relative size of the retina at these ages. For all time points and

regions quantified, 3 eyes were analyzed. Each eye originated from a different animal

resulting in 3 animals studied for each category, 18 animals in total. DLX2 expression

was detected with DLX? (1:300) polyclonal antibody and a fluorescein-conjugated goat

anti-rabbit antibody (1 :100, Sigma). Slides were then treated with RNase A (1mg/ml,

Boehringer Marmheim, Indianapolis, IN) for 45 min prior to counterstaining with

propidium iodide (1pg/ml, Molecular Probes) for 10 minutes. Sections were imaged

using an Ol¡rmpus IX70 microscope utilizing the Fluoview 2.0 confocal scanning system

(Olympus Optical Co, Tokyo, Japan). For E13 and El6 eyes, the entire retina on the

section was manually counted. For P0 eyes, one third of the wirole retina beginning at

the periphery was binned and all cells within this bin were manually counted. For adult

eyes, one quarter of the whole retina starting at the periphery was binned and all cells

within the bin were counted manually. Total cell populations as determined by

propidium iodide staining (excitation 535 nm) and.DLXZ expressing cells (excitation4g6

nm) were counted manually. Proportions of DLX2 expressing cells were calculated

along with standard errors of the proportion. Cornparisons among the proportions were

made using the Z-test to determine significant differences among the populations.
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For the quantification of cell popnlations in DlxI/Dlx2 mtÍant and wild-type,

pooled counts from a series of matched sections of paired Dlxl/Dlx2 mutant and wild-

type retinas were taken at regularly spaced intervals to completely survey each retina.

Six sets of eyes consisting of one DlxI/DIx2 mutant and one',vild-type eye from

littermate pairs were used for quantification at El8.5 (five sets for ISLET-I, BrdU, and

Phosphohistone H3 counts). Eyes wele sectioned at 12 ¡tM. Sections through the widest

region of the optic nerve head were used as a centered start point and were matched

histologically. The start section and sections 120 and 240 ¡t}y'r above and below were

used for immunohistochemistry. Results fiom five sections were pooled to provide a

count for each eye. BRN3b+ cells located in the GCL were counted as RGCs; PAX6+

cells in the inner neuroblastic layer (NBL) but not the GCL or outer NBL, were counted

as amacrine cells; and NF165+ cells located in the outer NBL were counted as horizontal

cells. Comparisons between sets of count datawere made using the paired T-test to

determine statistical significance. For cell death and cell proliferation counts, sections

were immunostained with antibodies to activated Caspase-3. E13.5 and El6.5 sections 60

and 120 pM above and below the start section were used due to smaller eye size. For

BrdU birthdating studies, the proportion of BRN3b-expressing RGCs labelled with BrdU

represents the number of RGCs born at the time of Brdu pulsing.

For retinal explants, sections fi'om each mutant explant were histologically

matched with those from a wild-type littermate and then immunoassayed with cell-type

specific markers and with DAPI stain (Vector). Total cell numbers/section were

determined by counting DAPI+ cells, then immunoreactive cells were counted and
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proportions were determined. Student's T-test was utilized to make comparisons

between proportions of marker expression between DlxI/Dtx2 mutants and wild-types.

For quantification of TrkB expression, paired DIxl /Dlx2 mutant and wild{ype

retinas were taken at regularly spaced intervals in order to cornpletely survey each retina.

Five sets of eyes consisting of one Dlxl/Dlx2 mutant and one wild{ype eye from

littermate pairs were used for quantification at E13.5, El6.5 and 8i8.5. Eyes were

sectioned at 12 ¡t"M. Sections through the widest region of the optic nerve head were used

as a centered start point and were matched histologically. The start section and sections

120 and240 ¡t'M above and below were used for immunostaining. For E13.5 and E16.5

sections 60 and 120 pM above and below the start section were used due to smaller eye

size. Sections were fluorescently labeled for TrkB expression

For retroviral transduction studies, pairs of sections fi'om each explant were

immunoassayed with cell-type specific markers. Sections were then imaged by confocal

microscopy. Green fluorescent cells were counted to represent the total number of

transduced cells. Cells staining green and red were then countecl to identify transduced

cells expressing a particular marker. The proportion of transduced cells expressing a

particular marker was then determined. Counts fiom pairs were then averaged to give a

representative proportion for the explant. The student's T-test was utilized to make

comparisons between scores for marker expression among cells transduced by pMXIE

vectors, pMXIEldlxl vectors, and pMXIEldlx2 vectors.

3.9 ChIP, EMSA, and reporter gene assays

chIP assays were performed as described previously (zhou et a1.,2004).

Oligonucleotide primers were designed according to two distinct regions of the TrkB
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gene sequence (Ensemble Gene ID: ENSMUSG0000055254). Region 1 (Rl-pro) was

located within the 5' upstream promoter, while region 2 (R2-en) was located within

intron 16. For Rl-pro, the sense primer was 5'-CAGAGAGCATCTCTGAGAG-3' and

the antisense primer was 5'-GCACTGCCTTTCTGACTGG-3'. For R2-en, the sense

primer was 5'-GTACTCGTTCTACAAATCCTG-3' and the antisense primer was 5'-

CTCCTTCCATTTGCCAGTGTC-3'. PCR was performed on genomic DNA derived

from E16.5 mouse embryos as a positive control. PCR products were separated by gel

electrophoresis, purified and then ligated into the pCR2.1 TOPO vector using a TOPO

TA cloning kit (Invitrogen, Burlington, ON). Recombinant plasmid DNA was extracted

using a MiniPrep Kit (Qiagen Inc., Mississauga, ON) an Ml3 reverse universal primer

was used for confirmation of sequence. Electrophoretic mobility shift assays (EMSA)

were performed as reported previously (Zhou et al.,z0O4). Fol 'supershift' assays, a

rabbit polyclonal antibody to mouse immunoglobulin G (Jackson Immunoresearch) was

utilized as an antibody control.

Constructs for reporter gene assays were generated. Effector plasmids expressing

Dlx2 under the control of a CMV promoter were constructed by insertion of a PCR

amplified 1020 bp D/x2 cDNA (courtesy Dr. John Rubenstein, University of California at

San Francisco). Reporter plasmids were constructed by inserling a274bp R1-pro

fragment from position 57,445,126-57,445,399, chromosome 13, TrkB 5' upstream

region (Ensembl, ENSMUG0000005525 4) or a275bp Rl-in fragment from position

57,717,898-57,718,173, chromosome 13, TrkB intron 16 (Ensembl,

ENSMUG00000055254). Transient co-transfection experiments were performed in the

HEK293 human embryonic kidney cell line (courtesy Dr. S. Gibson, University of
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Manitoba). HEK293 cells were grown and maintained in alpha Dulbecco's Modified

Eagle's medium (aDMEM) supplemented with 7 .5o/o fetal bovine serun, 2.5Yo calf serum

andlo/o penicillin-streptomycinat3T"Cwith5Yo COz. Cells were seeded,24hbefore

transfection at adensity of 1 x 107 per 36 mm2 dish. Cells were transiently transfected

using Lipofectamine 2000 reagent (Invitrogen). All transfections contained pRSV-ß-gal

(Promega, Madison, WI) as a control for transfection efficiency. Luciferase activity was

measured using the Luciferase Reporter Assay System (Promega) and a standard

luminometer.

3.10 Image acquisition and processing

Images were acquired using an Ollrnpus IX70 microscope with Fluoview 2.0

confocal scanning or an Olympus IX81 inverted microscope with Fluoview FV500

confocal laser scanning system (ot1'rnpus optical co., Tokyo, Japan). ol¡rmpus BX5l

fluorescent microscope, or Ol¡rmpus SZX12 fluorescent stereornicroscope (all Olympus

Optical Co). The Olympus BX51 and SZX microscopes utilized a SPOT i.3.0 digital

camera for photography (Diagnostic Instruments Inc. Sterling Heights, MI). Images were

processed using Adobe Photoshop 5.5 (Adobe Systems, Mountain view, CA). Images

were formatted, resized, and rotated for the purposes of presentation.
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Chapter 4: R.esults

4.1 Distribution of DLXI and DLX2 expression in the retina during development.

The onset of expression of DLX1 and DLXZ inthe mouse retina occurs at

approximatelyEl25 (Eisenstat et a1.,1999). At embryonic day 13.5 (El3), both DLX|

and DLX2 are expressed throughout the retinal neuroepithelium (Fig. 2 A, B). DLXl

andDLX2 are expressed in exclusively in the nuclei and demonstrate similar expression

profiles. Although expression of these homeoproteins is dispersed throughout the retina,

distinct boundaries of expression exist at the peripheral retina (Fig. 2 A,B atows).

Expression of DLX1 andDLX2 is absent in the most peripheral retina. Both DLX1 and

DLX2 are expressed in greater numbers in the outer, peripheral retina than the inner,

central retina. Note the relative absence of DLXl and DLX2 in this region (Fig. 2 A, B

arrow).

At E16.5 (816) expression of both DLX1 and DLX2 is similar to the pattem

demonstrated at El3 (Fig.2 C, D). Both proteins remain restricted to the nuclei of retinal

neuroepithelial cells. Boundaries of DLX expression at the most peripheral retina are less

distinct at this stage (Fig. 2 C,D arrows). By p0.5 (p0) pattems of DLX1 and DLX2

expression have changed significantly. Both proteins are now restricted to the irurer

lamina of the retina (Fig.2 E, F). DLX1 is expressed primarily in the ganglion layer

(GCL), consisting of retinal ganglion and displaced amacrine cells (Fig.2 E). DLX2 is

expressed in the GCL as well as the neuroblastic layer (NBL) of the developing retina

(Fig.2 F; Fig. 3 A, C). Also present in smaller quantities areDLXZ expressing cells,

which likely represent horizontal cells, in the differentiating outer retina (Fig. 3 C,

arrows).
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Figure 2. DLXI and DLX2 protein expression in the embryonic neuroretina from El3 to

P0. A-D. A, B, DLX1 and DLX2 expression is dispersed throughout the retina with

boundaries of expression in the peripheral retina and in the central inner retina (arrows).

C, D, DLX1 and DLX2 demonstrate similar expression profiles. Boundaries at the

peripheral retina remain distinct at 816 (arrows). E, F, At P0 DLXl andDLX2

expression becomes restricted to the ganglion cell layer (GCL) and neuroblastic layer

(IVBL) of the retina (8, F) Expression of DLX1 in the NBL is less pronounced at this

stage of development (8, asterisks). Scale bars: A, B, 50 pm; C,D,I25 pm; E, F, 1000

pm.
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Postnatally, the laminar patterns of DLX2 expression remain very similar to those

at P0. Eventual formation of distinct inner and outer nuclear layers occurs, with DLX2

expression confined to the GCL as well as the INL. The majority of cells of the GCL and

INL are DLX2 positive in the adult retina. The ONL and the inner and outer plexiform

(IPL, oPL) layers remain negative forDLX2 expression in the adult (Fig. 3 B, D).

DLXl expression is significantly reduced in the postnatal retina and its expression cannot

be detected after P0 with a specific affinity-purified polyclonal antibody.

RNA iz situhybndization experiments with cDNA based digoxigenin-labeled

riboprobes demonstrate that Dlxl, Dlx2, and Dlx5 mRNA expression is detectable in the

P0 and adult retinas (Fig. 4). RNA expression of Dlxl and Dlx2 RNA corresponds to the

localization of protein expression for both genes at P0 (Fig. 4 A, B). In the adult retina

D/x2 mRNA expression is found in the GCL and INL in a pattern very nearly matching

DL){'Z protein (Fig. a E). However, DIxI mRNA has a different pattern than that of

DLXI protein in the adult. Dlxl is still detectable in the adult retina in the GCL even

though DLX1 protein expression is downregulated shortly after p0 (Fig. a D).

Expression of Dh5 RNA is found in the GCL and NBL at P0 and becomes restricted to

the GCL in the adult retina (Fig. a C, F).

4.2 Quantitation of DLX2 expression throughout retinar deveropment

In order to quantify DLX? expressing cells during development, the proportion of

DLXZ positive cells at E13, 816, P0, and in the adult retina was determined. The interval

distance between sections was 60 ¡rm for El3 and 816 retinas,I20 ¡tm for P0 retina and

240 ¡tm for adult retina. The relative increase reflects the increasing size of the eye at

progressive developmental stages. We observed that the proportion of DLX2 expressing
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Figure 3. DLX2 expression in the adult retina compared to the retina at P0. A, C, At p0,

DLXZ expression is restricted to the GCL and NBL. Higher magnification reveals DLX}

expressing cells in the inner region of the neuroretina (C, arrows). B, DLX2 is restricted

to the ganglion cell layer (GCL) and the inner nuclear layer (INL) in the adult retina. B,

D,DLXZ expression is not detected in the cells of the outer nuclear layer (ONL) or the

inner (IPL) and outer plexiform layers (oPL). Scale bars: A, B, 1000 pm; c, D, 30 pm.
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Figure 4. RNA expression patterns of DIx gene family members in the neonatal and

adult retina. Dlxl þanels A, D), Dlx2 Qtanels B, E) and Dlxí (panels C, F) expression

was determined at P0 (A-C) and in the adult (D-F) retina using digoxigenin-labeled RNA

in situ hybridization. At P0, all three isoforms are expressed in the GCL, with Dlx2

expression predominating. In the adult retina, Dlx2 expression is evident in the GCL and

INL (E). D/x1 RNA expression is also localized primarily to the GCL, however some

INL expression is observable. DLXl protein expression is not detected after P0

suggesting the possibility of a distinct regulatory role for D/x1 RNA . Dtx| is also

expressed in the adult retina. Dlxï is restricted to the GCL with no detectable expression

in the INL suggesting a potential role for Dlx| inRGC differentiation. Dlx5 protein

expression in the murine retina remains unknown due to the lack of a suitabl e Dlx|

antibody. Scale Bars: C, F 40 ¡rM.
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cells in the total population was 0.225 t 0.006 at E13, 0.166 t 0.004 at E16, and 0.156 +

0.005 at P0 respectively. In the adult retina the proportion increased to 0.193 + 0.003

(Fig. 5 A). A comparison of these results using the Z-testreveals that the proportion of

DLxz positive cells at E13 is significantly greater than at Er6 (z:18.2g, p<0.001). At

E16, in turn, the proportion is significantly larger than at p0 (z:3.73, p<0.001). We have

also demonstrated that the proportion of DLX2 expressing cells in the adult retina is

greater than that found atP} (z:14.94, p<0.001). Hence DLX} expression is highest in

early differentiating retinal neuroblasts and in the fully differentiated adult retina.

The proportion of DLX2 immunoreactive cells at P0 and in the adult retina can be

further analyzed with respect to the retinal layers present at these stages (Fig. 5 B). At

P0, the proportion of DLX2 expressing cells in the GCL was 0.795 I 0.007 while the

proportion of DLX2 expressing cells in the neuroblastic layer was 0.064 +0.006. In the

adult retina, the proportions of DLX2 positive cells in the GCL, INL, and oNL were

0.887 + 0.006, 0.52r + 0.003, and 0, respectively. At birth and in the adult, DLX2

expressing cells in the GCL significantly contribute to the overall proporlions of DLX2

expression evident in the entire retina at these stages.

4.3Localization of DL){2 to specific neuronal subclasses of the inner retina.

DLXZ becomes localized to the GCL and the INL postnatally. The INL consists

of three distinct neuronal (intemeuron) subclasses: amacrine cells, bipolar cells, and

horizontal cells. Co-expression of DLX2 with syntaxin, a 35 kDa synaptic protein

expressed in the majority of amacrine cells, is evident at P0 (Fig. 6 C asterisÆs). DLX2

expression identifies amacrine cells in the NBL and GCL at P0 but some syntaxin
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Figure 5. The proportion of DLX2 expressing cells found throughout murine

retinogenesis. A, DLX? expression is maintained throughout retinal development. The

proportion of DLX2 expressing cells are greatest at E13 where they repres ent22.5 +/-

0.60/o of the total population. There is a progressive decline in the proportion of DLX2

expressing cells at E16 and at P0 (16.6 +l-0.4 and 15.6 +l- 0.5o/o,respectively). The

proportion of DLX2 immunoreactive cells then increases in the adult retina (19.3 +l-

0.3%). B, Representation by histological layer of DLX2 expression at P0 and in the adult

murine retina. At P0, the proportion of DLX2 expressing cells in the GCL is 79.5 +l-

0.7%owhlle the proportion in the NBL is 6.4 +/- 0.60/0. In the adult retina,theDLX2

proportion in the GCL is 84.4 +l- 0.60/o while the proportion in the INL is 52.1 +l- 0.3%.

The ONL does not contain anyDLXZ expressing cells.
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expressing cells remainDLX2 negative at this stage. In the adult retina, syntaxin

expression is essentially confined to amacrine cells in the INL (Fig. 7 A). A high level of

immunostaining of the IPL is evident. Co-expression of DLX2 with syntaxin is found

throughout the INL (Fig. 7 C aruows) as well as in cells of the GCL (Fig. 7 C asterisks).

Therefore, in the adult retina DLX.Z expression co-localized with the majority of syntaxin

expressing amacrine cells.

Protein kinase C (PKC) is a serine-threonine protein kinase whose expression is

restricted to rod bipolar cells in the INL of the mature retina (Greferath et a\.,1990) and

subclasses of amacrine cells (Haverkamp and Wässle,2000). At P0, PKC is expressed in

the GCL and in the NBL (Fig. 6 D). PKC is also expressed in the IpL, which is

becoming established at this stage. Co-expression of DLX2 with PKC primarily occurs

at P0 in the GCL (Fig. 6 F asterisk) and the NBL (Fig. 6 F arrows). In the adult retina,

PKC expression identifies bipolar interneurons (Fig. 7 D). Expression of PKC is found in

the soma of bipolar cells as well as throughout their cytoplasmic projections. PKC

expressing amacrine cells are found in the inner "vitreal" INL. The majority of bipolar

interneurons in the scleral INL do not co-express DLX2 (Fig. 7 F asterisl<s). However,

DLX? is co-expressed with PKC in a few INL amacrine cells (Fig. 7 F ørrows).

calbindin, a calcium binding protein, and NF165 , a 165 kDa neurofilament

protein, are useful markers for the identification of horizontal cells in the retina. At p0,

calbindin expression is restricted to cells of the GCL and NBL (Fig. 6 G). NFl65

expression can be found exclusively in horizontal cells located in the outer retinal

neuroepithelium (Fig. 6 J). Co-expression of DLX2 with NFl65 occurs in horizontal

cells at P0 (Fig. 6L asterisl<s).
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Figure 6. DLX2 is co-expressed with markers of specific classes of retinal neurons at p0.

B, E, H, K, Expression of DLX2 is shown by immunofluorescent labeling with

fluorescein isothiocyanate (FITC) and expression of retinal cell-type specific markers is

visualized with rexas Red immunolabeling (4, D, G, J). In merged images the yellow

colour represents co-localization of DLX2 with a specific marker (C, F, I, L). C, Co-

expression of DLX2 with syntaxin, a general marker of amacrine cells is evident in the

NBL (aslerzsfrs) and the GCL (arrows). F, Co-expression of DLX2 with protein kinase C

(PKC), a marker of mature rod bipolar cells, is shown at P0 in the GCL (asterislcs) and in

the NBL (ørrows). I,DLX2 co-expression with calbindin is restricted to a few cells in

the GCL (asterisk) and NBL (arrow). L, NF165, is restricted to DLX2 expressing cells

in the outer region of the neuroretina (asterisks). C, F, I, L, Inserts in the Merge column

represent a2.67 X enlargement. Scale bars: 30 ¡rm.
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Figure 7. DLX2 is co-expressed with markers of specific classes of retinal neurons in

the adult retina. B, E, H, K, Expression of DLX2 is shown by immunostaining with

FITC (green). Expression of selected markers is presented with Texas Red labeling (4,

D, G, J). Merged images are presented in panels c, F, r,L. c, Syntaxin co-expression

with DLX2 is demonstrated in amacrine cells in the INL (arrows) and in displaced

amacrine cells in the GCL (asterisks). F, DLX2 co-expression with protein kinase C

(PKC) is present in amacrine cells in the vitreal region of the INL (arrows). Many pKC

expressing bipolar interneurons do not demonstrate any DLX} expression (asterisl<s). I,

Calbindin is co-expressed with DLX} in horizontal cells in the retina (arrows) and in

some cells of the GCL. L, Co-expression of DLX2 with the horizontal cell marker

NF165 in the adult retina (arrow). C, F, I, L, Inserts in the Merge column represent a

2.67 X enlargement. Scale bars: 30 pm.
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DLX2 is co-expressed with calbindin in the GCL and NBL at P0 (Fig. 6I asterisk,

arrow). Calbindin is not expressed in DLX2 positive cells in the outer retina (Fig. 6 I)

suggesting that calbindin expression may not be expressed in early horizontal cells. ln

the adult retina NFl65 and calbindin are predominantly localized to horizontal cells (Fig.

7 G, J). Calbindin expression is found in the soma and OPL processes whereas NF165 is

exclusively localized to the OPL processes of horizonfal cells. DLX2 is co-expressed

with calbindin and NFl65 in horizontal cells of the INL (Fig. 7 r, L arrows).

4.4 \.ocalization of DLX2 to dopaminergic neurons of the developing retina

Tyrosine hydroxylase (TH) is an important enzyme in the dopaminergic

biosynthetic pathway. At P0, TH is expressed throughout the neural retina, especially in

the nascent IPL as well as the GCL (Fig. 8 A). There is some co-expression of TH with

DLX2 at P0 in cells of the GCL and NBL at their respective boundaries with the IPL

(Fig. 8 C asterisl<s). In the adult retina, TH becomes restricted to amacrine cells and their

processes in the IPL, and to a lesser extent the cells of the GCL (Fig. 8 D). A large TH-

expressing cell, probably representing a large field amacrine cell, is visualized (Fig. 8 D

arrow). DLXZ and TH are co-expressed in these amacrine cell populations (Fig. 8 F

asterisl<s, arrow).

4.5 Localization of DLX2 to GABAergic interneurons of the developing retina

DLX2 is expressed in the subventricular neural progenitor domains of the

subcortical telencephalon, which generate the GABAergic projection and local circuit

neurons of the telencephalon (Anderson el al., 1997b,200I; Marin et a\.,2000; yun et

a1.,2002). We sought to determine whether DLX2 expression identifies neurons

expressing glutamic acid decarboxylase (GAD), either the 65 or 67 l<Daisoforms,
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Figure 8. Co-expression of tyrosine hydroxylase (TH) with DLX2 in the P0 and, adult

retina. A, TH is expressed throughout the neuroretina at P0. C, TH is expressed in

DLXZ positive cells (astensfrs) and DLX2 negative ce\Is (aruows). D, TH becomes

restricted to a sub-population of amacrine cells of the INL in the adult (arrow) as well as

being weakly expressed in some GCL cells. F, TH expressing amacrine cells co-express

DLXZ in the adult retina (atow). Co-expression of DLX2 and.TH is also found in the

GCL (aster¿slr). C, F, lnserts in the Merge column represent a2.67 X enlargement.

Scale bars: 30 pm.
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or y-amino-butyric acid (GABA). At P0, the GAD65 isoform is localized primarily to

cells of the GCL (Fig. 9 A) and highly expressed in the IPL. GAD65 is also detected in

some neurons of the NBL. The 67kDa isoform displays a different in the retina. The

GCL is largely GAD67 negative with the exception of some trace punctate staining (Fig.

9 D). The IPL displays strong immunoreactivity for GAD67. The NBL also

demonstrates GAD67 expression. Although GAD isofoÍns are found within most of the

cells of the inner retina, GABA is only highly expressed in a small population of neurons

in the P0 retina (Fig. 9 G asterisks). These cells are located in the GCL adjacent to the

developing IPL. Extensive co-localization of DLX2 with GAD65 occurs throughout the

GCL (Fig. 9 c arrows). co-expression also occurs in cells of the NBL (Fig. 9 c

asterisl<s). DLX? and GAD67 are co-localized in cells of the NBL (Fig. 9F arrows)

without co-localization in the GCL or the outer retina at P0. GABA co-localization with

DLXZ is apparent in GABAergic cells in the retina at birth (Fig. 9 I asterisks).

In the adult retina, both GAD65 and GAD67 have high levels of expression (Fig.

10 A, D). GAD67 and GAD65 are localizedto cells in the inner region of the INL and

both are extensively expressed in the IPL. GAD67 is localizedto the GCL whereas

GAD65 is not detected in the GCL of adult retina. This finding represents an inversion

of our data at P0 where GAD65 was located extensively in the GCL while GAD67 was

mostly absent in this region. GAD65 is seen in a few cells of the outer INL, tikely

horizontal cells. Similar to P0, fewer cells express GABA compared with either of the

GAD isoforms. GABA is localized to the INL (cytoplasmic staining) and IPL (punctate

staining) of the adult retina (Fig. 10 G). There is also some GABA expression in the
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Figure 9. DLX? expression identifies glutamic acid decarboxylase (GAD) and GABA

expressing subpopulations in the P0 neuroretina. A, The 65-kDa isoform of GAD is

expressed primarily in cells of the GCL with some expression in the NBL. C, DLX2 is

co-expressed with GAD65 in cells in the GCL (arrows) and the NBL (asterislcs). D, The

67-lÐa isoform of GAD is restricted primarily to the cells of the NBL at P0. F, Co-

expression of GAD67 with DLX2 occurs in the NBL (arrows). G, GABA is primarily

expressed in cells found at the GCLAIBL boundary where the IPL is developing

(asterisl<s). I, Co-expression with DLX} is found in the majority of GABA expressing

cells (asterzsfrs). C, F, I, Inserts in the Merge column represent a2.67 X enlargement.

Scale bars: 30 pm.
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Figure 10. DLX2 is expressed in cells expressing GAD isoforms and GABA in the adult

retina. A, GAD65 is strongly expressed in the inner plexiform layer (IPL) as well as the

INL. C, Co-expression of GAD65 with DLX} is found in cells of the INL (arrows). D,

GAD67 is expressed in the GCL and INL as well as in the IPL. F, Co-expression with

DLXZ is evident in the GCL (asterzsfu) and the INL (arrows). I, GABA expression is

primarily restricted to the IPL. Co-expression of GABA with DLX2 can be seen with

some cells in the INL (arrows). C, F, I, Inserts in the Merge column represent a2.67 X

enlargement. Scale bars: 30 ¡rm.
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outer plexform region of the adult retina. Co-expression of DLX2 with GAD65 occurs in

the INL (Fig. i0 C arrows). DLX2 is expressed in the axonal processes of the IPL where

GAD65 is extensively expressed. GAD67 is co-localized with DLX} in the INL in a

manner similar to GAD65 (Fig. 10 F arrows). Extensive co-expression of GAD67 with

DLX? in the GCL is also displayed throughout the retina (Fig. 10 F asterisks). In the

INL, DLX2 is co-expressed in all GABAergic cells detected (Fig. 10 r arrows).

4.6DLXZ co-expression studies with the homeobox genes Brn3b, Pax6 and, ChxI7

In order to establish the position of Dlx2 in the hierarchy of transcription factors

implicated in retinal development, the spatial and temporal expression of DIx2 was

compared with Brn3b, Pax6, and Chxl0 expression . Brn3b is critical for normal RGC

development in the retina, while Pax6has been implicated in RGC, amacrine, and

horizontal cell development. Chxl0 is involved in the early patterning of the outer retina

and is critical for the proper differentiation of bipolar interneurons. Co-expression of

these factors was analyzed from E13 to the adult in the murine retina (Fig. 1 l,12,13).

4.6.1 DLX2 co-expression wÍth BRN3b

Brn3b encodes a transcription factor of the POU homeodomain subclass

expressed in differentiating and retinal ganglion cells (Xian g et al., Igg3). At 813

BRN3b protein expression is already well established and localized primarily to the inner

retina, especially the central region (Fig. 11 A). BRN3b positive cells are also found, to a

lesser extent, in the outer retina. Boundaries of BRN3b expression with the peripheral

retina are similar to but more centrally restrioted than those of DLX2. Expression of

DLXZ is found primarily in an overlapping domain that extends more peripherally and is

adjacent to the BRN3b expression domain of the inner retina. Three distinct populations
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can be seen: DLX2/BRN3b double positive and DLX2 and BRN3b single positive cells.

DLX2+/BRN3b+ cells localize to a region just sclerad to the BRN3b single positive

district. DLX2+ and some BRN3b+ cells can be found in the outer retina (Fig. 11 B, C).

By El6, both DLX2 and BRN3b are expressed in the inner retina (Fig. 11 D, E). co-

expression of DLX2 with BRN3b is now found in the inner retina as well (Fig. l1 F

arrows). In the P0 retina, BRN3b has become restricted to the GCL. The domain of

DLx2 in the GCL is greater than for BRN3b (Fig. 11 Ð. In rhe GCL, BRN3b co-

localization with DLX2 is essentially complete (Fig. 1 I I asterisk). DLX2 single positive

GCL cells are also found, but no BRN3b single positive cells have been identified. In the

adult retina, only a limited number of BRN3b positive cells are identified in the GCL

(Fig' 1L J asterisks). In contrast, greater thans}o/o of GCL cells still express DLX2 (Fig.

5 B, 11 L). Co-expression with DLX2 is seen in all BRN3b positive adult retinal

ganglion cells (Fig. lI L arrows).

4.6.2DLX.2 co-expression with PAX6

Pax6 encodes a homeobox gene of the paired subclass. Pax6 is a master

regulatory gene which is essential for early retinal specification (Hill et al.,I99l). pax6

becomes spatially restricted during development to the inner retina (Walther and Gruss,

1991) and is localized to ganglion, amacrine and horizontal cells in the adult. At 813,

PAX6 expression is dispersed throughout the retinal neuroepithelium (Fig. i2 A). pAX6

immunoreactive cells are most highly expressed in the most peripheral regions of the

retina. DLX? expression at this stage resembles PAX6 with distribution throughout the

neuroretina (Fig. 12 B). However,DLX2 is not found in the region of the peripheral

retina where PAX6 expression is greatest (Fig. 12 C). There are fewer DLx2positive
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cells than PAX6 expressing cells, with co-expression in several cells (Fig. 12 C arrows).

At 816, expression of PAX6 becomes restricted to the inner retina with only a few PAX6

positive cells in the outer retina (Fig. 12 D). DLX2 is becoming localized to the same

region at this stage. DLX2 expression is also found in some cells distributed throughout

the outer retina. Co-expression of DLX2 and PAX6 can be found in the inner retina with

populations of PAX6 andDLXZ single positive cells readily distinguished (Fig. 12 F).

No distinct spatiai relationships in the inner retina can be discerned between localization

of PAX6 andDLXZ expressing cells. At P0, expression of both DLX2 and PAX6 is

essentially restricted to the GCL and NBL (Fig. 12 G, H). Co-expression of PAX6 and

DLXZ occurs in both the GCL and NBL (Fig.l2I). PAX6 single-positive cells are also

detected but are much less prevalent than atB16. ln the adult retina, expression of PAX6

andDLXZ are both located in the GCL and INL (Fig. 12 J, K). PAX6 is fuither restricted

to the inner INL and some horizontal cells adjacent to the opl-, whereas DLX2

expression is found throughout the INL. High levels of PAX6 andDLX2 co-expression

are seen in the GCL and inner INL. However, in the outer INL only DLX2 expression is

found (Fig. 12 L).

4.6.3 DLX2 co-expression with CHX10

ChxI0 is an important paired homeodomain transcription factor expressed in the

retinal neuroepithelium and in bipolar cells of the adult retina (Burmeister et al.,1996).

CHX1O expression at 813 is at very high levels throughout the retina with a distinct

boundary of expression occurring at the inner central retina similar to that of DLXZ at

this stage (Fig. 13 A,B aryow). The expression of DLX2 occurs within the domain of

CHX10 expression. Co-expression with CHX1O is found for all DLX2 expressing retinal
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cells (Fig. i3 C). The CHX10 polyclonal antibody does not reliably detect CHX10

protein between E15 and P7, so we used DLX2 immunohistochemistry combined with

Chxl0 digoxigenin RNA in situhybidizationusing established protocols (Eisenstat e/

a1.,1999). By E16, Chxl0 RNA expression can be detected throughout the neural retina.

However, there is a restriction of Chxl0 expression from the innermost retina

corresponding to the region of the earliest formed RGCs. A few DLX} single positive

cells can be found in the innermost retina where Chxl0 is absent (Fig. 13 D arrows). By

P0, Chxl0 becomes spatially restricted to the outer retina contrasting with DLX2

expression, which localizes primarily to the inner retina in the NBL and GCL. A distinct

border can be identified between the segregated DLX2 and, ChxI0 positive cells, although

some DLXZ/Chxl0 co-expressing cells are still identifiable (Fig. i3 E). ChxlTbecomes

further restricted in the adult retina to the outer INL where the bipolar cells are located

(Fig. 13 F). some Chxl0 expressing outer INL cells appear to co-express DLX2

indicating thatDLX2 expression may occur in subsets of bipolar interneurons (Fig. 13 F

arrows).
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Figure 11. Expression of DLXZ and the transcription factor BRN3B during retinal

development. A, BRN3B expression is primarily localized to the central inner

neuroretina. B,DLX2 expressing cells are more dispersed than BRN3B immunoreactive

cells. A distinct region of DLX2 negative cells is found in the central irmer retina

(arrows B). C, Distinct populations of DLX2 and BRN3B single-positive cells (asterisks

Q as well asDLX21BRN3B co-expressing cells are found. D, BRN3B expression is

primarily localized to the inner neuroretina at E16. E,DLX} expression is now also

regionalized to the inner neuroretina. F, BRN3B and DLX2 are co-expressed in some

cells (arrows) with other DLX2 positive cells that do not co-express BRN3B (asterisfts).

G, At P0, BRN3B expression is localized primarily to the GCL. I,DLX2 is co-expressed

with BRN3B in the majority of GCL cells and some cells of the NBL (aster¿sks). J, In

the adult retina BRN3B becomes restricted to retinal ganglion cells (asterisl<s). L,

BRN3B is co-expressed with DLX2 in some retinal ganglion cells (aruows). Scale bars:

C,120 pm; F, I, L, 30 pm.
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Figure 12. Expression of DLXZ and the transcription factor PAX6 during retinal

development. A, PAX6 expression is found throughout the retina at 813 with regions of

prominent expression found at the periphery. C,DLX} is co-expressed with PAX6 in

some neuroretinal cells (arrows). D, PAX6 expression is primarily restricted to the inner

neuroretina at E16. E,DLX} is also expressed in the inner neuroretina. F, DLX2 and

PAX6 ffe co-expressed in a subpopulation of cells. G, PAX6 expression is restricted to

the GCL and the NBL at P0. I, DLX} co-expression with PAX6 occurs in cells of the

GCL and NBL (aslerisl<s). J, K, In the adult retina, PAX6 andDLX2 are expressed in the

GCL and INL. L, DLXZ and PAX6 co-expression occurs in ganglion cells and INL cells

in the adult retina. Scale bars: C, I20 ¡tm; F, I, L, 30 pm.
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Figure 13. Expression of DLXZ and the transcription factor CHX10 during retinal

development. A-c, Double immunofluorescence of DLX2 with cHXl0 at E13. D-F,

Combined DLXZ immunohistochemistry with Chxl0 digoxigenin in situhybridization

performed on E16, P0, and adult retinal tissue. A, CHXl0 is highly expressed in the

neuroretina at E13 with diminished expression in the periphery. CHXl0 is not expressed

in the central inner retina (aruow). C,DLX} is co-expressed with a subset of CHX10

immunoreactive cells throughout the neuroretina at 813. D, DLX2 protein expression

(nuclei are labeled brown) is found in the inner region of the neuroretina atgl6. Chx10

RNA expression (cytoplasm labeled blue-purple) is found throughout the outer

neuroretina at this stage. Some DLX2 positive cells in the innermost regions of the retina

do not express Chxl0 (arrows). E,DLX} protein expression is now restricted to the

GCL and NBL at P0. Chx10 RNA expression has become limited to the outer

neuroretina. F, DLX2 expression is found in the GCL and INL of the adult retina.

Chx10 RNA expression has become limited to the outer INL. Some Chxl0 positive cells

co-express DLX? (arrows). Scale bars: C,I20 pm; D-F, 30 pm.
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4.7 DIxI/D/x2 knockout mice demonstrate a significant loss of RGCs at E18.5

Dlxl/Dlx2 mutant retinas at 813.5 and 16.5 were histologically indistinguishable

from those of wild type mice. However, mutants at E18.5 demonstrated diminished

cellularity in the GCL, which contains RGCs and displaced amacrine cells (Fig. 14 A, B,

arrows). Development of the lens, iris, cornea,/sclera, pigment epithelium and outer

neuroretina all appeared normal (Fig. 1a A, B). Dlxl/Dlx2 mutants die shortly after birth;

as a result, postnatal development could not be directly assessed. To determine if the

differentiation of cells known to express Dlxl andlor Dlx2 (de Melo et a1.,2003) was

affected in the double mutants, we used cell type-specific antibodies to RGCs, amacrine

and horizontal cells. Antibodies to BRN3a (POU4Fl - Mouse Genome Informatics),

BRN3b and ISL1 were used as markers specific to RGCs (Liu et a1.,2000;Ma et al.,

2004; Mu and Klein, 2004). There was a notable decrease in the number of cells

expressing BRN3a, Bn3b and ISLI in all mutants analyzed [Fig. 1a C, D (BRN3a); E, F

(BRN3b); Fig. 15 A; Fig. 16 (ISL1)1. There were significant reductions of 33.760/o for

BRN3b expressing cells (t:5.81, P<0.05, n:5) and 39o/o for ISL1 expressing cells

(t:7.74, P<0.05, n:5) in the mutants. Neither displaced nor ectopic expression of BRN3a,

BRN3b or ISL1 was detected. SIX3 and PAX6 are expressed in the GCL in both RGCs

and displaced amacrine cells at 818.5 (Belecky-Adams et al., T997; Inoue et a1.,2002).

V/e also observed a decrease in the number of mutant GCL cells expressing these

markers [Fig. la G, H (SIX3); I, J (PAX6)]. Differences were less marked compared with

BRN3a or BRN3b, indicating that displaced amacrine cells in the GCL may not be

affected by loss of Dlxl/2 function. Amacrine cells were quantified by counting PAX6

expressing cells located in the inner NBL but not in the GCL or outer NBL, in order to
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exclude potential RGC and horizontal cells. No significant difference was observed in

mutant retinas (t:I.76, P>0.05, n:5) (Fig. 15 B). Antibodies specific to the amacrine cell

markers syntaxin and calretinin (Bamstable et a1.,1985; Haverkamp and Wässle, 2000)

were also analyzed. At E18.5, no difference could be determined in the NBL, where

most amacrine cells arelocalized [Fig. 14K,L (syntaxin); M, N (calretinin)]. Also,

calretinin-expressing cells appeared unaffected in the mutant GCL, although total GCL

numbers were reduced (Fig. 14}/, N). Horizontal cells identified by antibodies to NF165

(Haverkamp and Wässle,2000), a neurofilament protein, and PROXI, a homeodomain

transcription factor (Dyer et a1.,2003),were also unaffected in the Dlxl/Dlx2 mutant

[Fig. 14 o, P; Fig. 15 A CNrF165); Fig. 14 Q, R (pRoxl)]. These cells appeared with

normal frequency and in the correct regions of the centraVouter NBL [Fig. 14 O, p

arrows; Q,R asterisfu]. Horizontal cells quantified by NF165 expression in the outer

NBL showed no significant differences compared with wild-type littermates (t:1.79,

P>0.05, n:5) (Fig. 15 A). As DlxI/Dlx2 mttarús die at P0, to determine whether late-

bom cell classes were affected, retinal explant cultures were coliected at El8.5 and

cultured for 7 days (Fig. 15 B; Fig. 17). Expression of peanut agglutinin, a marker for

cone photoreceptors (Chen et a|.,1994) (Fig. 15 B; 17 A, B), and Rho4D2, amarker for

rod photoreceptors (Davidson et al.,lg94) (Fig. l5 B; t7 C, D), did not differ between

mutant and wild-type tissues. Antibodies to the transcription factors CHX10 and VSX1

were used to identify rod and cone bipolar cells, respectively (Chow et a1.,200L;

Hatakeyam a et aL.,2001). No abnormalities in the number or histological layer could be

derecred in rhe Dlxl/Dlx2 mutanrs fFig. 15 B; 17 E, F (cHX10); G, H (vSXl)1. No

amacrine or horizontal cell differences could be identified between mutant and wild-type
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Figure 14. Histological charactenzatíon of the Dlxl/Dlx2 mutant retina. A, B Cresyl

violet staining of DlxI/Dlx2 mutant and wild+ype retinas at 818.5. The mutant displays

a reduced ganglion cell layer (GCL) (B arrows) but the remainder of the retina appears

unaffected. C-F Expression of BRN3a (C, D) and BRN3b (E, F) in mutant and wild-type

retina. Decreased numbers of BRN3a and BRN3b immunoreactive cells (C,E atows)

indicate that fewer retinal ganglion cells (RGCs) are present in the mutants. G-J

Expression of SIX3 and PAX6 in mutant and wild-type retina. SIX3 and PAX6 are

expressed in fewer cells in the mutant GCL than in the wild-type (G ,I arrows).

Expression of SIX3 and PAX6 in the neuroblastic layer appears unaffected in mutants (G,

H asterisl<s;I, J asteriskr). K-N Expression of amacrine cell markers in the mutant and

wild{ype retina. K, L Syntaxin expression appears unchanged. M, N calretinin

immunoreactive cells are expressed in the mutant retina in numbers similar to wild-type.

O-R Horizontal cell markers are expressed in normal number and position in the

DlxI/Dlx2 mutants. Expression of NF165 (O,P arrows) and PROX1 (Q, R asterisþs) are

unaffected in the mutant. PROX1 expression in the GCL (e, R arrows) supports the

hypothesis that normal AII amacrine cell development is unaltered. Scaie bars: B, 250

FM,I, J, Q, R, 50 ¡rM.
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Figure 15. Quantification of early-born cells in the 818.5 mutant and wild-type retinas

and late-born cells in retinal explants cultured for 7 days. A Mutant retinas featured a

significant 33.76% reduction in the number of Brn3b expressing RGCs in the mutant

compared to wild{ype retinas (asterisk). No significant differences in the number of

PAX6 expressing amacrine or NFl65 expressing horizontal cells were identified. B

Late-born retinal cell classes not identifiable in El8.5 retinas were quantified in 7 day oId

explant cultures of paired mutant and wild{ype retinas collected at 818.5. No significant

differences in the number of rods, cones, Müller glia, or bipolar interneurons as identified

by Rho4D2, peanut agglutinin (PNA), glial fibrillary acidic protein (GFAP), and CHXl0

immunoreactivity, respectively, were found (rods t:|.03, p>0.05, N:3; cones t:|.26,

p>0.05, N:3; Müller glia t:0.64, p>0.05, N:3; bipolar cells t:0.79, p>0.51, N:3).
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Figure 16. Characterization of retinal ganglion cells in El8.5 Dlxl/Dlx2 mutant and

wild-type retinas by ISLETI expression. A Quantification of ISLET1 expressing RGCs

in DIxl/Dlx2 mutant retinas as compared to paired wild-type littermates showed a

significant (t:7.14, p<0.05, N:5) decrease in the number of ISLET1 positive RGCs in the

mutants (A asterisk). This represented a mean 39%o decrease in the number of RGCs in

the DIxl/Dlx2 mutant retinas. Qualitatively, ISLET1 immunostaining demonstrates a

histologically thicker RGL in wild-type retinas (B) than in mutants (C). ISLETl + cells

are readily discerned in both mutant and wild{ype retinas (8, C, atows). D Negative

antibody control. Scale bar: D, 100 ¡rM.
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Figure 17. A- P Retinal explant cultures of E18.5 Dlxl/DIx2 mutant and wild-type

retinas cultured for 7 days. Note that all explants feature double retinal layers with the

outer retina located at the top and bottom of the sections and the inner retinal layers in the

middle of tissue sections (see dividing line A). A-H Late-born retinal cell classes were

identified on the basis of marker expression. Cone photoreceptors (4, B peanut

Agglutinin [PNAJ), rod photoreceptors (c, D Rho4D2), rod bipolar cells (E, F cHX]0)

and cone bipolar cells (G, H VSXL arrows) appear unaffected in DtxI /Dtx2 mutants on

the basis of marker expression. Analysis of the early bom cell classes characterized in

the 818.5 retinas was also performed. I-L Amacrine cells (I, J Syntaxin;K,L Calretinin)

and horizontal cells (O,P PROXI; Q, R NFI65) remain unaffected in retinal explants of

Dlxl/Dlx2 mutants. Scale bars: G, H, O, P, 50 pM.

113



explants consistent with our findings in the intact El8.5 retina (Fig. 17 I-P). Hence,

amacrine and horizontal intemeurons, which normally express Dlxl and/or Dlx2 in the

developing retina, are unaffected by their absence. Finally, we used CRALBP and GFAP

expression as markers for Müller glia (Bunt-Milam and Saari, 1983; Kuhrt et a1.,2004).

No difference in their expression patterns was observed between wild-type and mutant

retinas (Fig. 15 B). Moreover, there were no significant differences between mutant and

wild+ype explants in the proportion of late developing retinal cell classes: rods, cones,

bipolar intemeurons or Müller glia (Fig. 15 B). These results support a specifîc loss of

RGC in the DIxl/Dlx2 double mutant mice.

4.8 The optic nerve is reduced in DLtl/DIx2 mutant mice corresponding to RGC loss

The optic nerve of Dlxl/Dlx2 mutants displayed no gross anatomical

abnormalities. To determine whether the Dlxl/Dlx2 mutants displayed aberrant optic

nerve morphology, we performed morphometric measurements. Measurements of the

thickness of the optic nerve were made at the region where the nerve exited the retina

(optic nerve head) in order to standardize the region of measurement (Fig. 18 A arrows).

Antibodies to Ll were used to stain unmyelinated axons of the optic nerve (Bartsch U et

a1., 1989) (Fig. 18 A, B). Measurentents revealed a mean optic nerve thickness of 3 18.10

+l-59.76 pM in wild-type animals while paired mutants had amean thickness of 244.17

+/- 62.20 pM (Fig. 18 C). This represents a significant 23o/o decrease in the thickness of

the optic nerve at the region of the optic nerve head (t:3.99, p<0.005, N:l0).
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Figure 18. There is reduced optic nerve thickness in Dlxl/Dlx2 mutant eyes. A, B Wild-

type (A) and Dlxl/Dlx2 mutant (B) optic nerves. Three measurements were made of the

optic nerve as it exits the retina (optic nerve head) using the boundary between the GCL

and NBL (A top arrow), the outer retinal limit (A bottom arrow) and at a point

equidistant between these markers (A middle aruow).There was asignificant23Yo

decrease in the thickness of the mutant optic nerve (asterisk). Scale Bars: A, B, 125 ¡rM.
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4.9 Characterization of cellular proliferation and apoptosis in developing retinal

ganglion cells in Dkl/DIx2 mutants

ln order to explain the loss of RGCs in DlxI/Dlx2 double mutants, we assessed

cellular proliferation and apoptosis in the retina. BrdU pulse-labeling experiments were

conducted, and labeled cells in S-phase were quantified. There were no significant

differences demonstrated between the populations of S-phase cells in mutants compared

to wild-type retinas (Fig. 19 B). As well, studies using an antibody to phosphohistone

H3, an M-phase marker (Ajiro et a1.,1996), were unable to identify any differences

between mutant and wild+ype retinal proliferation indices (Fig. i9 A). Antibodies

specific to activated caspase-3, an effector caspase, were then utilized to quantify

apoptosis. Mutant retinas displayed significantly increased numbers of activated caspase-

3 positive cells beginning at 813.5, one day after DLX1 andDLX2 expression is

normally established in the retina (Eisenstat et a1.,1999). Mutants at El3.5 displayed a

significant 3-fold increase (t:5.96, p<0.005, N:6) in apoptotic cells (Fig. 20 A asterisk).

E16.5 mutant retinas had a significant 66Yo increase (t:6.04, p<0.005, N:6) in activated

caspase-3+ cells (Fig. 20 A cross). However, by El8.5 the number of apoptotic cells in

Dlxl/Dlx2 mutants was similar to that of wild-type littermates (t:1.81, p>0.05, N:6)

(Fig. 20 A). TLTNEL assays yielded virtually identical rates of apoptosis, confirming

results that were generated using activated caspase-3 expression (Fig. 21 A-I).

To determine whether the apoptotic cells were RGCs, we performed co-

expression experiments with antibodies to activated caspase-3 and BRN3b. At E13.5 and

El6.5, we found that nearly all the apoptotic cells in the mutant retina were also BRN3b

immunoreactive (Fig. 20 D, G boxes, inset). Although apoptotic cells were distributed
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Figure 19. Quantification of proliferating cells in embryonic DlxI/Dlx2 mutant and

wild-type retinas. Values represent pooled counts from positionally and histologically

matched sequential sections from paired mutant and wild-type retinas to completely

survey each retina. A There were no significant differences identified at E13.5, E16.5, or

818.5 in the number of cells in M-phase as determined by phosphohistone H3 expression

(813.5 t:0.76, p>0.05, N:5;81ó.J t:|.17, p>0.05, N:5;818.5 t:0.26, p>0.05, N:5). B

Similarly, no significant differences in the number of cells in S-phase as determined by

BrdU pulse labelling could be identified (EI3.5 t:0.97, p>0.05, N:5; E1ó.J t:0.56,

p>0.05, N:5;818.5 t:0.86, p>0.05, N:5).
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Figure 20. A Quantification of cell death in the Dlxl/Dlx2 mutant. At E13.5, there is a

significant (asterisk) 3-fold increase in activated caspase-3 expressing cells in the mutant.

This difference in apoptosis is less rnarked at 816.5 (cross), where there is a significant

66%o increase in the number of apoptotic cells. There is no statistical difference in cell

death by E18.5. B-G Co-localization of activated caspase-3 and BRN3b indicates that cell

death is occurring largely among RGCs (D, box, insert) at E13.5 and at E16.5 (G, box,

insert). Scale bars: D i00¡rM; G 50 pM. Inserts in D and G represent 2-fold

enlargements.
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Figure 21. Qualitative characterization of apoptosis by TTINEL assay in DlxI/Dtx2

mutant and wild-type retinas. TLINEL staining was performed on DlxI/Dlx2 mutant and

paired wild-type littermates retinas at El3.5 (A-C), 816.5 (D-F), E18.5 (G-Ð. Results

from the TUNEL assay mir¡ored those generated with antibodies to activated caspase-3

(Figure 20). At 813.5, apoptotic cells are identified in both wild{ype (A atows) and,

mutant retinas (B arrows). However, more apoptotic cells are evident in mutant retinas

(B arrows). At El6.5, there is more TLTNEL staining in mutant retinas (E aruows) than

in wild{ype retinas; however, the difference is less pronounced than at E13.5. No

differences were apparentatElS.5 (G, H). Scale bars: C,200 pM; F,I, 100 pM.
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throughout the retinal neuroepithelium, at 816.5 more activated caspase-3 expression was

localized to the inner retina. Therefore, we attribute the increase in apoptosis in the

mutant retina to increased RGC death between El3.5 and El8.5. These results support a

requirement for DLX1 and/or DLXZ in the survival and./or terminal differentiation of this

particular subpopulation of RGCs.

4.10 There is an extensive loss of late-born retinal ganglion cells in the Dkl/DIx2

double rnutant

Since the earliest BRN3b expressing RGCs are established before the onset of

DlxI and Dlx2 expression in the developing retina, we hypothesized that DlxI/Dlx2

function is required for the terminal differentiation of a subclass of late-born RGCs. kr

retinal explants, all pre-existing RGCs are lost within 3 days of culture, due to RGC axon

severance resulting from optic nerve transection during tissue preparation (Caffé AR e/

a1., 1989; Tomita K et al., 1996). However, the GCL remains and is constituted of

displaced amacrine cells. Thus, any RGCs detected in explants after culture beyond 3

days are likely to have differentiat ed ex vivo . E 1 8 .5 retinas were collected since any

subsequently terminally differentiated RGCs could be considered "late-born" relative to

the total population. Explants were cultured for 7 days to ensure that all pre-existing

RGCs have apoptosed. In wildtype explants, rare BRN3b expressing cells could be

identified after 7 days of culture (Fig. 22 A box). These may represent newly-specified

RGCs. However, in DlxI/Dlx2 mltant explants, BRN3b expressing cells could not be

detected (Fig.22 B), suggesting that late-born RGCs are present only in wild+ype

explants. Subsequently, BrdU "birthdating" experiments were performed (Fig.22 C-T).

A single BrdU puise was delivered to timed-pregnant animals at8I2.5,E13.5, El6.5, and
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E18.0, and embryos were collected at E18.5. BrdU expression marked the ceils born on

the date of the BrdU pulse. Co-labeling with BRN3b and BrdU identified RGCs in

mutant and wild-type retinas pulsed with BrdU atB72.5 (Fig.22 C-D, L-N), E13.5 (Fig.

22F-H, O-Q), and E16.5 (Fig.22 R-T, U). However, no co-labeling was evident in

either mutant or wild-type retinas BrdU pulsed at E18.0. Proportions of RGCs born at

times of BrdU pulsing were determined. RGCs generated atEl2.5 formed a significantly

larger proportion of the population in mutant retinas (Fig.22U asterisk). However, for

RGCs generated at E13.5 and El6.5, wild-type retinas contained significantly larger

proportions (Fig.22U cross, U #). The difference was more pronounced at E16.5 than

E13 (nearly 300% vs. 60%). These results support a loss of late-born RGCs in the

DlxI/Dlx2 double mutant such that early-born RGCs constitute alarger proportion of the

total mutant RGC population compared with controls.

4.11 Analysis of D/x-l and Dlx2 expression in Oculør retardation mice durÍng RGC

differentiation in the developÍng retina

Our retinal explant cultures and BrdU birthdating experiments support the

requirement of Dlxl and Dlx2 for the differentiation of late-born RGCs. Ocular

retardøtion (ChxI7 or'/o/; mutant mice demonstrate severe microphthalmia as well as

aniridia, a poorly developed optic nerve, decreased RGCs and a complete loss of rod

bipolar cells. ChxI0 is a paired domain homeobox transcription factor that pattems the

outer retina but ultimately becomes restricted to rod bipolar cells in the mature retina

(Burmeister et al., 1996). ChxI0 mutants were studied to determine whether the RGC

population, which is significantly reduced and very late in appearance, expresses D/x1
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Figure 22. Loss of function of Dlxl/Dlx2 results in a loss of late-born RGCs in the

developing retina. A, B Expression of BRN3b in7 day old explant cultures of wild-type

and DlxI/Dlx2 mutant retinas collected at 818.5. BRN3b immunoreactivity is detected in

wild-type (A box, insert) but not in mutant explant cultures. C-T BrdU birthdating assays

identify retinal cells generated at the time of pulsing. C-E, L-N BrdU pulses atEl2.5

label RGCs as identified by BRN3b protein expression in mutant (C arrows) and wild-

type (L arrows) retinas collected at El8.5. F-H, O-Q 813.5 BrdU pulses also readily

identify RGCs in both mutant (F arrows) and wild-typ e (o arrows) retinas. I-K, R-T

BrdU pulses at 816.5 in mutant and wild{ype retinas. Co-expression with BRN3b can be

seen only in the wild-type retina (R arrow). U Quantification of BRN3b expressing

RGCs born at 8I2.5,8i3.5 and 816.5. RGCs bom at 812.5 (U*) represent LTo/o of

RGCs labelled in El8.5 wild-type retinas but 16Yo of the RGCs inDlxl/Dtx2 mutants

yielding a significantly larger proportion of the population at E18.5 (t:8.8, p<0.05, N:5).

RGCs born at E13.5 (U+) form a significantly larger proportion of the population of

RGCs in wildtype retinas as compared to mutants (15% vs.13.3o/o;t:3.32,p<0.05,

N:5). RGCs born at 816.5 (U#) form a significantly larger proportion (-3 fold) of the

population of wild-type retinas than mutant retinas (L5% vs. 0.6% of E18.5 population;

t:4.85, p<0.05, N:5).
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and/or Dlx2. The expression of DLX1 or DLX2 in the CluI0 mutant RGC population

may suggest a role for Dlx genes in their differentiation. Orr/orr mice completely lack

BRN3b-positive RGCs by El3.5 (Fig. 23 A), cells that are present in the inner retina in

wild-type controls (Fig.23 D). These mutants also lack DLX1 and DLX2 retinal

expression at this developmental stage (Fig. 23 B, C). By E16.5, expression of DLXl

andDLXZ has become established in the mutants (Fig.23 H, I), as well as BRN3b

(Fig.23 G). Patterns of DLXl, DLXZ, and BRN3b expression appear quite similar in the

or'/or'mutants and wild-type controls except for a marked decrease in the number of

immunoreactive cells (Fig.23 G-L). DLX1 appears to be expressed in transitory cells,

migrating to the inner retina, while DLX} identifies both migrating and nascent GCL

cells. At E18.5, BRN3b-expressing cells in the o//orr mutants have localized.tothe inner

retina as in the wild-type, but are severely dirninished in number (Fig.23 M, P). At this

stage, DLX1 expression cannot be detected in either wild{ype or mutant retinas (Fig.23

N, Q). The down-regulation of DLXI expression occurs approximately 2 days earlier in

the 129slsv strain than in previously described CD-1 mice (de Melo et a1.,2003). DLX}

remains robustly expressed in both mutant and wild-type at this stage (Fig. 23 O,R). At

El6.5, we found co-expression of DLXZ andBRN3b confirming that RGCs in the mutant

retina expressed DLX2 (Fig. 2a C). Co-loc alizationbetween DLX} and BRN3b was

observed throughout the retina at El8.5 as well (Fig. 2a F). Whereas DLX2 single-

positive cells were identifiable, all obserued BRN3b-expressing RGCs also co-expressed

DLX2. In Ocular retardation retinas, RGCs differentiate after E13.5 and all Brn3b

expressing RGCs co-express Dlxl and/or Dlx2. Hence, Dlx genesmay function in RGC

differentiation in or'/or' mutants.
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Figure 23. Expression of DLXI,DLX2 and BRN3b in the Ocular retardation (o//or)

mouse. A-C Orr/orr mutants (Chxt0 null) lack expression of BRN3b (A), DLX1 (B) and

DLX2 (C) at 813.5 indicating that RGCs have not differentiated. D-F Wild-type controls

exhibit normal pattems of expression of these markers. By E16.5, there are BRN3b

expressing cells in o//o/ mutants (G). BRN3b expression coincides with the onset of

DLX1 andDLX2 expression (H, DLXI;IDLX2). J-L Expression in controls (J, BRN3î;

K, DLXI;L, DLX2). By El8.5, BRN3b expression is localized in the central inner retina

in both or'/or'mutants and controls (M, mutant;P wild-type). DLX1 expression is not

detected (N, mutant; Qwild-type) at E18.5 . DLX} expression is found in the inner and

outer retina in both mutants and wild-types (O, mutant;R, wild-type). The expression

paffern of DLX2 is considerably disolganized.in the ot'/or'mutant compared to wild-type

controls at this stage (O, R). Scale bars: F 100 prM; L 50 pM; R 50 ¡rM.
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Figure 24. Co-Iocalizationof DLX2 with BRN3b in the Ocular retardation (orlor)

mutant. A-C Expression of BRN3b (A) andDLXZ (B) in the 816.5 retina with merged

image (C). Co-expression is extensive between DLX2 and BRN3b at this time point (C,

arrows) without BRN3b single-positive cells detected at this stage. D-F Expression of

BRN3b (D) and DLX? (E) in the 818.5 retina with merged image (F). Similar to E16.5,

extensive co-localization is evident (F, arrows) and BRN3b single-positive cells are not

detected. Scale bars: C, F 33pM.
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4.l2There is increased Crx homeobox gene expression in the DIxl/Dk2 mutant

Rod photoreceptors and bipolar interneurons are relatively late-born cells in the

murine retina, most develop post-natally. We explored the possibility that there was a

"fate switch" of retinal progenitors in the DlxI/Dlx2 mutant whereby cells that normally

would differentiate into one neuronal type in the presence of Dlxl and/or Dlx2 now

differentiate into another due the the loss of Dlxl/Dlx2 function. The Crx gene encodes a

homeodomain protein that is expressed by photoreceptors in the developing outer retina

(Furukawa et al.,1997). At E18.5, we observe rcgionalization of the outer retina (Fí9.25

A). CHX10 protein is expressed in the outer NBL in wild-type embryos (Fig. 25 A,

brown nuclear staining). Crx RNA is also expressed in the outer neuroretina adjacent to

the pigment epithelium (Fig. 25 A, bhte cytoplasmic staining). In the Dlxl/Dlx2 mutant

there is increased Crx RNA expression in the outer retina (Fig. 25 B, blue stain) and

ectopic Crx expression in the central letina and GCL (Fig. 25 B arrows; box). Ectopic

Crx expression in the mutant, particularly in the GCL, is clearly demonstrated by single

ISH (Fig. 25D box, inset) compared to wild{ype littermates (Fig. 25 C). CHXl0

expression in the outer retina appears to decrease in the same regionwhere Crx

expression is increased. This finding is consistent with the observation that as cells

commit to photoreceptor cell fates, they down-regulate Chxl} (Green et a1.,2003).
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Figure 25. Altered Chx I 0 and Crx homeobox gene expression in the E 1 8 .5 Dlx I /Dtx2

mutant retina. A CHX10 immunohistochemistry combined wiïh Crx digoxigenin in situ

hybridization in wild-type retina. CHX10 (brown stain) is localized primarily in the outer

retina throughout the NBL. Crx RNA expression (blue stain) can be found in the extreme

outer retina. B In the Dlxl/Dlx2 mttant there is increased Crx expression in the outer

retina as well as ectopic expression in the central retina (arrows) and GCL (box, insert).

Note the reduced GCL (double headed aruows). C Crx in situ hybridization of El8.5

wild-type retina. D Crx in situ hybridization of El8.5 Dtxl/DIx2 null retina. Ectopic Crx

expression is clearly identified in the GCL of the mutant (D box). Scale bars: A, B, C, D

40 pM. Inserts in B, D represent a 3-fold enlargement.
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4.13 TrkB expression Ín the developing murine retina

ln order to characterize the temporal and spatial localization of TrkB expression in

the developing mouse retina, an antibody to TrkB (wang et a1.,2000: Sakuma et al.,

2001:' Hardingham et a1.,2002; Douma et a1.,2004) was used (Santa Cruz, Santa Cruz,

CA) for immunohistochemistry. Onset of TRKB expression was detected by E12.5 (Fig.

26 A), with expression detected in migrating cells in the central retina. At El3.5, there

was extensive expression of TRKB in the vitreal (irurer) region of the central retina (Fig.

26 B). TRKB expression in the imer retina continuesd throughout embryonic

development (Fig. 26 C, D) with expression restricted to the recently-established GCL.

By P14, lamination of the murine retina is established (Fig. 268). TRKB expression was

found in the GCL (Fig. 26 E arrows) and expression is not identified in the inner (INL) or

outer nuclear layers (ONL). Adult retinal expression of TRKB remains primarily

restricted to the GCL (Fig. 26F arrows). However, expression of TRKB was also

identified in the inner adult INL (Fig. 26 F asterisk) and, in the corresponding inner

plexiform layer (IPL).

Immunofluorescent co-localization studies witli cell-type-specific antibodies to

retinal ganglion, amacrine, horizontal, and bipolar cells, as well as cone and rod

photoreceptots, were performed to confirm the classes of cells which express TRKB (Fig.

27;Fig.28; andFig.29). co-expression with BRN3b and ISLET1, markers of RGCs

(Liu et a1.,2000;Ma et a1.,2004; Mu and Klein 2004) confirmed that the TRKB

expressing cells in the GCL were RGCs (Fig.27; Fig. 28). Co-localization of TRKB

with ISLETi and BRN3B was detected at E13.5 indicating that the onset of TRKB

expression begins soon after establislment of RGC differentiation (Fig.27 C IsletI;Fig.
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28 C Brn3B). Co-localization with syntaxin, a marker of amacrine cells (Barnstable e/

a1.,1985) was identified in the IPL and in a subpopulation of cells in the inner INL of the

adult retina (Fig. 29 C). lnterestingly, co-expression with choline acetyl-transferase, a

marker of cholinergic amacrine cells (Halverkamp and'Wässle, 2000), could not be

identified (Fig. 29 F) indicating that only certain subsets of amacrine cells express

TRKB. Co-expression could not be detected with markers of horizontal IPROXI, (Dyer

et a1.,2003)l or bipolar cells [CHX10, (Chow et a1.,2001)]. There was also no co-

expression with markers of rods [Rho4D2, (Davidson et al., T994)] or cone

photoreceptors fpeanut agglutinin, (Chen et al., 1994)] (Fig. 29I, L, O, R).

4,l4DLxz-expressing cells co-express TRKB in the developing and adult murine

retina

Expression of DLX2 begins at approximaTely F125 in the murine retina

(Eisenstat et a1.,1999). DLXZ positve cells which co-express TRKB can be identified at

El3.5 in the retina (Fig. 30 C). DLXZITRKB co-expressing (double-positive) cells are

found in the inner retina at this stage, with TRKB andDLX2 single-positive cells located

in the inner and outer retina, respectively. TRKB single-positive cells represent those

RGCs that are established prior to DLX2 expression, whereas DLX2 single-positive cells

primarily identify later-bom neurons rnigrating to the inner retina. By 816.5, the

majority of DlX2-expressing neurons are located in the inner retina in the newly-

established GCL (Fig. 30 E). There is now extensive co-expression with TRKB among

the DlX2-positive cells (Fig. 30 F). TRKB sirigle-positive cells can be identified in the

GCL (Fig. 30F arrows) at this stage, as can DLX2 single-positive cells migrating from

the outer retina to the inner retina (Fig. 30 F asterislc). By E18.5, DLX2ITRKB co-
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Figure 26. Characterization of TRI(B protein expression in the developing murine

retina. A Immunohistochemicallocahzation of TRKB protein inBl25 retina. Onset of

expression begins in central inner retina (A, box; insert, arrows). B-D Expression of

TRKB becomes restricted to the imer retina from E13.5 to E18.5. By E16.5, TRKB

expression is localized to a clearly defined GCL (C). E TRKB becomes localized to the

GCL at P14 (E arrows). F TRKB expression is ultimately restricted to RGCs in the

mature retina (F arrows) as well as isolated amacrine cells (F asterisk). Scale bars: A,

125 ¡tI|/; B, 500 pM; C, D, 100 pM; E, F, 50 pM. Insert in A represents a 3.5 fold

enlargement.
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Figure 27. Co-localization of TRKB with ISLETI, a marker of RGCs, in the murine

retina. A-C TRKB is co-expressed with ISLET1 in the central inner retina at E13.5 (C).

D-F TRKB is co-expressed with ISLETl in the inner rerina atB16.5 (F). G-I TRKB is

co-expressed with ISLET1 in the GCL of the retina at El8.5. Co-expression can also be

found in the inner NBL (I arrow). J-L TRKB is co-expressed with ISLET1 in the GCL in

the adult retina but not in the INL (L). Scale bars: C, 100 pM; F, I, L, 50 ¡rM.
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Figure 28. Co-localization of TRKB with BRN3B, a marker of RGCs, in the murine

retina. A-C TRKB is co-expressed with BRN3B in the central inner retina at E13.5 (C)

but not in the outer retina. D-F TRKB is co-expressed with BRN3B in the inner retina at

E16.5 (F). G-I TRKB is co-expressed with BRN3B in the GCL of the retina at E18.5 (f.

J-L TRKB is co-expressed with BRN3B in the GCL in the adult retina but not in the INL

(L). Scale bars: C, 100 pM; F, I, L, 50 ¡rM.
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Figure 29. Co-localization of TRKB with various retinal neuronal markers in the adult

murine retina. A-C TRKB is co-expressed with syntaxin, an amacrine cell marker, in the

INL and IPL (C). INL cells co-expressing TRKB and syntaxin can be identified (C

aruows). D-F TRKB is not co-expressed with ChAT, a marker of cholinergic amacrine

cells, in the GCL (F arrows) or the INL (F). G-I TRKB is not co-expressed with PKC, a

marker of rod bipolar cells, in the retina (I arrows, asterisl<s). J-L TRKB is not co-

expressed with NF165, a marker of horizontal cells, in the retina (L). M-O TRKB is not

co-expressed with Rho4D2, a marker of rod photoreceptors, in the retina (O). P-R TRKB

is not co-expressed with PNA, a marker of cone photoreceptors, in the retina (R). Scale

bars: C, F,I, L, O, R, 50 ¡rM.
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expressing cells are prevalent tluoughout the GCL (Fig. 30 D. TRKB single-positive

cells can still be identified but are nov/ a minority of the TRKB population in the GCL

(Fig. 30 I anows). DLX? single-positive cells are also evident in the inner NBL as the

INL begins to be established (Fig. 30 I asterisks). ln the adult retina, co-expression of

DLXZ and TRKB is found amongst RGCs in the GCL, as well as in the INL (Fig. 30 L

arrows, asterisk). TRKB single-positive neurons in the GCL and INL (Fig. 30L cross)

are now relatively rare. These results demonstrate that there is extensive co-expression of

DLXZ and TRKB in the developing retina. While TRKB expression is first established

independent of DLXZ, amongst DLXZ expressing neurons, onset of TRKB expression

appears upon migration to the inner retina. This result suggests thatDLX2 may

potentially regulate TRKB expression in these cells.

4.15 DL){'2 binds to regions of the TrkB proximal promoter and within a putative

intronic enhancer and acts as a transcriptional activator

The TrkB gene spans 321 948 bp and contains 1 7 introns and 1 8 exons. In order

to determine whether DLX? binds directly to genomic DNA sequences within the TrkB

gene locus, we identfied seven candidate binding regions based upon groups of putative

TAAT/ATTA homeodomain DNA-binding motifs in the TrlcB proximal promoter region

and 3 motifs located within intron 16 representing a potential intronic enhancer element.

One motif within the proximal promoter region and one motif within the intronic

enhancer demonstrated DLX2 binding and were termed respectively: Regionl (Ri-pro)

located at nucleotides 57,445,126-57,445,399 (chromosomal numbering) and Region2

(R2-en) located at nucleotides 57,717,898-57,718,172 (Fig.3l A, B). Rl-pro is located
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Figure 30. Co-localization of TRKB with DLX2 in the murine retina. A-C TRKB is co-

expressed with DLX2 in cells of the central inner retina at E13.5. DLXZ positive TRKB

negative cells are located in the outer retina (C arrows). D-F TRKB is co-expressed with

DLX? in cells of the inner retina within the GCL at 816.5 (F). TrkB and DLX2 single

positive cells may still be identif,red at this stage (F cffrows, asterisks). G-I TRKB is co-

expressed with DLX2 in the GCL at 8i8.5 (I). Single-positive TrkB expressing cells

within the GCL are present (I arrows) as are DLXZ single-positives within the inner NBL

(I asterisl<s). J-L TRKB is co-expressed with DLX} in cells of GCL (L arrows) and INL

(L asterisk) in the adult retina (L). A TrkB single-positive cell within the INL is evident

within this photomicrograph (L cross). Scale bars: A, 100 pM; F, I, L, 50 ¡rM.
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in the TrkB proximal promoter, 5' of exon 1, and contains 3 motifs whereas R2-en is

located within intron 16 and contains 7 motifs. Chromatin immunoprecipitation (ChIP)

was performed on E16.5 retinal tissue, with E16.5 hindbrain, a tissue that does not

express D/x genes serving as a negative control. Oligonucleotide primers encompassing

Rl-pro and R2-en were designed (Fig. 3I B blue type) and PCR analysis was performed.

Mouse genomic DNA was utilized as a positive control for the PCR reaction. DLX2

bound to both Rl-pro and R2-en in the E16.5 retina in vivo (Fig. 32 A, B). Rl-pro and

R2-en could not be identified by ChIP of the E16.5 hindbrain (Fig.32), nor could either

region be identified afier ChIP was performed without the DLX2 antibody (Fig. 32).

DLX? did not bind to the other six putative promoter binding sites (Fig. 33) or the two

other candidate intronic homeodomain binding sites (Fig. 3a).

EMSA were used to provide in vitro evidence of DLX2 binding to Rl-pro and

R2-en. RecombinantDLx2 protein binds to both Rl-pro and R2-en, thus resulting in

characteristic gel shifts (Fig. 35 A lane 2,8 lane 2). lncubation with a DlX2-specific

antibody resulted in a supershift of bands for both Rl-pro and R2-en (Fig. 35 A lane 4,8

lane 4). A control antibody (rabbit polyclonal antibody to mouse immunoglobulin G,

Jackson Immunoresearch) did not produce a supershift for either region (Fig. 35 A lane 5,

B lane 3). Hence, DLXZ specifically binds to the Rl-pro and R2-en regions of the TrkB

gene in vitro.

In order to test the functional significance of DLX2 binding to TrkB proximal

promoter and enhancer elements, luciferase reporter gene assays were performed. Dlx2

co-transfection with either the TrkB Rl-pro or R2-en vectors resulted in increased

luciferase expression (Fig. 36 A, B). Observed normalized increases were 3.58 fold for
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Figure 31. The genomic organization of the mouse TrkB gene and the location of

candidate homeoprotein binding sites. A TrkB is located on murine chromosome 13 and

contains 18 exons and 17 introns. Putative DL}iz binding regions are located within the

5' proximal promoter region (Rl-pro) and within intron 16 (R2-en). B Sequence and

organization of candidate homeodomain DNA binding motifs in the TrkB gene.

Candidate TAAT/ATTA homeodomain binding motifs are shown underlined in red

typeface. Blue typeface represents PCR primer sites.
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Figure 32. Chromatin immunoprecipitation (ChIP): DLXZbinds to the TrkB proximal

promoter and intronic enhancer elements in embryonic retina in situ. El6.5 retina was

cross-linked and immunoprecipitated with specificDLX2 antibodies. After isolation of

genomic DNA fragments bound to DLX2 homeoprotein, PCR using oligonucleotide

primers to the proximal promoter and intronic enhancer (Rl-pro) and (R2-en) of the TrkB

gene was performed. Total genomic DNA was used as a positive control. DLXZbinds to

both Rl-pro (A) and R2-en (B) in sil¿¿. PCR products were subcloned and sequence-

verified. E16.5 hindbrain was utilized as a tissue negative control for ChIP assays (4, B).
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Figure 33. Chromatin immunoprecipitation (ChIP): DLX2 fails to bind to several

putative homeodomain binding motifs in the TrkB proximal promoter in embryonic

retina in situ. 816.5 retina was cross-linked and immunoprecipitated with specific DLX2

antibodies. After isolation of genomic DNA fragments bound to DLX2 homeoprotein,

PCR using oligonucleotide primers to the proximal promoter of the TrkB gene was

performed. Total genomic DNA was used as a positive control. A ChIP on a proximal

promoter putative DLX2 binding region at region 5' -57 ,443,955bp-3'-57 ,444,290bp,

chromosome 13, murine TrkB gene. B ChIP at region 5'-57 ,444,270bp-3'-57 ,

444,575bp, chromosome 13, murine TrkB gene. C ChIP at 5'-57,444,554bp-3,-

57,444,8I4bp, chromosome 13, murine TrkB gene. D ChIP at5'-57,444,793bp-3,-

57,445,11lbp, chromosome 13, murine TrkB gene. E CIiIP at5'-57,445,578-3,-

57,445,839bp, chromosome 13, murine TrkB gene. F ChIp at5'-57,445,866bp-3,-

57,446,2l5bp, chromosome 13, murine TrkB gene. El6.5 hindbrain was utilized as a

negative tissue control.
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Figure 34. Chromatin immunoprecipitation (ChIP): DLX} fails to bind to homeodomain

binding motifs in a TrkB intron 16 putative enhancer in embryonic retina in situ. E16.5

retina was cross-linked and immunoprecipitated with specific DLXZ antibodies. After

isolation of genomic DNA fragments bound toDLX2 homeoprotein, pCR using

oligonucleotide primers to the intronic enhancer locus of the TrkB gene was performed.

Total genomic DNA was used as a positive control. A ChIP on an intron 16 putative

DLXZ binding region at region 5'-57,7I6,412bp-3'-57,7l6,689bp, chromosome 13,

murine TrkB gene. B chrP atregion 5'-57,716,067bp-3'-57,7r6,391bp, chromosome 13,

murine TrkB gene. 816.5 hindbrain was utilized as a negative tissue control.
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Figure 35. Electrophoretic mobility shift assays (EMSA) demonstrate that recombinant

DLX? binds to the TrkB proximal promoter and intronic enhancer elements isolated by

chromatin E in vitro. EMSA was performed using recombinantDLx2 protein and

radiolabeled R1-pro (A) or R2-en (B) oligonucleotide probes, with cold competition (A

lane 3, B lane 5) and specific DLX antibody'supershift' assays (4, B lanes 4). A Lane

i: labeled Rl-pro alone. Lanes 2-5:labeled Rl-pro probes were incubated with IDLXZ

(2),rDLX2 and unlabeled Rl-pro (3),rDLX2 and anti-Dl,xz (4), and rDLX2 and a

control antibody (5). B Lane 1: labeled Rl-en alone. Lanes 2-5:labeled Rl-pro probes

were incubated with IDLX2 (2),IDLX2 and a control antibody (3), rDLX2 and anti-

DLX2 (4), and rDLX2 and unlabeled R2-en (5).
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Figure 36. Co-transfection of Dlx2 activates transcription of TrkB regulatory element

luciferase reporter genes in vitro. A h HEK 293 cells, a luciferase gene reporter

construct containing the proximal promoter (R1-pro) was co-transfected with expression

constructs for Dlx2. Dlx2 co-transfection activated Rl-pro reporter gene expression. B

Luciferase gene reporter constmcts containing the TrkB intronic enhancer (R2-en) were

co-transfected with expression constructs for Dlx2. Dlx2 co-trutsfection also activated

R2-en reporter gene expression.
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the Rl-pro and 5.41 fold for R2-en respectively. These results support a functional role

for DLX2 as a transcriptional activator of the Trlß.

4.L6 Loss of function of DIxl/DIx2 results in decreased expression of TRKB in the

developing murine retina

To determine whether loss of D/x function affects TRKB expression in vivo,the

DlxI/Dlx2 double mutant retina was analyzed. TRKB protein expression in mutant and

wildtype retinas at E13.5, 816.5, and 818.5 was compared. At E13.5, qualitative

expression of TRKB appeared relatively unaffected in DlxI/Dlx2 mutant retinas

compared to wild-type littermates (Fig. 37 B, E), with quantitative analysis identifying a

trend towards fewer TRKB expressing cells in the Dlxl/Dlx2 mutants (Fig. 37 A).

However, differences did not reach statistical significance (T:2.78, P:0.05, N:5). By

El6.5, there were markedly fewer TRKB expressing cells in the mutant retinas (Fig. 37

C, F) with a statistically significant 43Yo reútction (T:9.53, P<0.05, N:5) (Fig. 37 A

asterisk). The reduction in TRKB expressing cells was still evident at E18.5 (Fig. 37 D,

G). At this stage there was a30o/o reduction (T:10.43, P<0.05, N:5) (Fig. 37 cross) in

the number of TRKB positive cells. In previous studies of the Dlxl/Dlx2 mutant, a loss

of RGCs was only observed at E18.5 (de Melo et a1.,2005). Hence, the loss of TrkB

expression at E16.5 precedes the observed loss of RGCs and corresponds temporally with

the increased RGC cell death (de Melo et a1.,2005).

4,17 Gain of DIx2 function in retinal explant cultures results in increased TRKB

expression and increased expression of RGC and amacrine cell markers

Retroviral transduction of E18.5 retinal explant cultures with pMXIE-EGFP or

pMXIE-EGFPIdlx2 was performed in order to identify whether gain of Dlx2 function
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Figure 37. A Quantification of TRKB expressing cells in the DIxl/Dlx2 mutant. At

813.5 there is no significant difference in the number of TRKB expressing cells in the

Dlxl/Dlx2 mutant retina compared to wild{ype controls (T:2.78,p:0.05, N:5). At

816.5 (A asterisk) and El8.5 (A cross) there is a significant reduction in the number of

TRKB positive cells in the neural retina (T:9.53, P<0.05, N:5 for a 43o/o reduction at

El6.5; T:10.43, P<0.05, N:5 for a30o/o reduction at El8.5). B-G Expression of TRKB

in the wild-type and Dlxl/Dlx2 mtúanlmurine retina. By E16.5 differences in the

expression of TRKB are evident in DlxI/Dlx2 mutant (F) as compared to wild-type

retinas (C) with fewer TRKB expressing cells identifiable in the GCL. This difference is

also observed at E18.5 (D wild-type; G mutanr). Scale Bars: A, 100 pM; F, G, 50 ¡rM.
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could alter expression of TRKB or markers of specific retinal cell classes. Explants

transduced with pMXIE-EGFP retrovirus demonstrated co-localizationof TRKB protein

in32Yo of transduced cells identified by GFP fluorescence. There was a statistically

significant (T:5.67, P<0.05, N:5) increase in co-localization of rRKB in cells

transduced by pMXIE-EGFP/dlx2 (62%) (Fig. 38 A asterisk). Transduction with

pMXIE-EGFP/dlx2 as compared to pMXIE-EGFP also resulted in statistically significant

increases in co-localizationwith ISLETI (42%vs.z3o/o,T:4.17,p<0.05, N:5), amarker

of RGCs, and syntaxin (46% vs.29%o,T:6.04, p<0.05, N:5), a general marker for

amacrine cells (Fig. 38 Apound, cross). No statistically significant differences \Ã/ere

observed in expression of markers of horizontal cells, bipolar cells, or rod photoreceptors

(Fig. 38 A). Transduction of E18.5 r'etinal explant cultures with pMXIE-EGFqldtx|

retroviral constructs was also performed. No statistically significant differences could be

identified in co-localization of TRKB or of retinal cell-type markers in explants

transduced by pMXIE-EGFP/dlx1 compared to pMXIE-EGFP controls (Fig. 39). These

results support a specific role for DLX} in transcriptional activation of TrkB expression

in the developing murine retina as well as a role for Dlx2 in differentiation of RGCs and

amacrine cells during retinogenesis.

16s





Figure 38. Retroviral transduction of retinal explants at El8.5 with pMXIE-EGFP or

pMXIE-EGFPldlx2. A Quantification of co-expression of EGFP and TRKB or markers

for retinal cell class following transduction of retinal explants with either pMXIE-EGFP

or pMXIE-EGFPldlx2 retrovirus. Markers for cell classes included: ISLET1 for RGCs,

syntaxin for amacrine cells, PROXl for horizontal cells, CHXl0 for bipolar intemeurons,

and Rho4D2 for rod photoreceptors. Statistically significant differences could be

identified between pMXIE-EGFP and pMXIE-EGFP/dlx2 transduced explants for TRKB

(A asterisk), ISLET1 (A pound), and syntaxin (A cross). B-G Co-expression of EGFp

and TRKB in pMXIE-EGFP or pMXIE-EGFPldlx2 transduced explant cultures. H-J

Expression of EGFP alone in control, pMXIE-EGFP, pMXIE-EGFP/dtx2 transduced

explants. Scale Bars: G-J, 100 pM.
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Figure 39. Retroviral transduction of retinal explants at E18.5 with pMXIE-EGFp or

pMXiE-EGFPldlxl. Quantification of co-expression of EGFP and TRKB or markers for

retinal cell class following transduction of retinal explants with either pMXIE-EGFp or

pMXIE-EGFPldlxl retrovirus. Markers for cell classes included: ISLET1 for RGCs,

syntaxin for amacrine cells, PROXl for horizontal cells, CHX10 for bipolar interneurons,

and Rho4D2 for rod photoreceptors. Statistically signiñcant differences could not be

identified between pMXIE-EGFP and pMXIE-EGFP/ù\xI transduced explants for TRKB

(T:0.53, P>0.05, N:5), iSLETI (T:0.30, p>0.05, N:5), syntaxin (T:0.0g, p>0.05,

N:5), PROX1 (T:0.29, P>0.05, N:5), CHX10 (T:0.41, p>0.05, N:5), or Rho4D2

(T:0.71, P>0.05, N:5).
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Chapter 5: Discussion

5.1 DLXI and DLX2 expression in the embryonic and postnatal retina

Our initial investigations extended the analysis of DlxI and Dlx2 expression from

the forebrain and craniofacial structures to the developing murine retina. DLX1 and

DLX? protein expression in the neuroretina begins atEI2.5 (Eisenstat et a\.,1999). As

development proceeds, DLX1 and DLX2 positive cells become primarily localized to the

GCL and NBL. DLX1 expression is significantly down-regulated after P0 while DLX¡

is maintained postnatally. DLX2 expression is restricted to the GCL and INL with

exclusion from the ONL, both inner and outer plexiform layers and the retinal pigment

epithelium.

The vast majority of horizontal, ganglion, amacrine, and cone cells are born

between El3 and P0 (Young 1985). The proportion of DlX2-expressing cells in the

retina peaks at 813.5 then steadily declines concomitant with differentiation of these

early bom neurons. Ganglion, amacrine, and horizontal progenitors are proportionally

greatest at birth, prior to the main phase of differentiation of rod photoreceptors, bipolar

cells and Müller glia. The subsequent increased proportion of DLX2 positive cells in the

adult GCL supports a role forDLXZ in the maintenance of the ganglion cell phenotype in

the differentiated retina.

5.2 DLx2 expression identifïes neuronal cells of the inner retina

At P0, DLXZ is co-expressed with syntaxin, a general amacrine cell marker

(Bamstable et al., 1985), in the GCL and NBL. In the adult retina,DLXZ expression

identifies virtually all syntaxin positive cells in the INL and GCL. More syntaxin-

positive cells express DLX2 in the adult than at p0, suggesting thatDLXZ may play a
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more prominent role in tenlinal differentiation or cell rnaintenance rather than in the

initial steps of amacrine differentiation.

Protein kinase C (PKC) expression identifies bipolar cells, especially rod bipolar

cells (Greferath et al.,1990) and subclasses of amacrine cells (Haverkamp and Wässle,

2000). Although considerable DLX2 co-expression with PKC occurs at P0, the adult

retina displays only a srnall population of DLX2/PKC double-positive cells in the vitreal

INL' This suggests that co-expression of DLX2 with PKC only occurs in amacrine cells

and not mature rod bipolar cells.

Calbindin and NF165 expression were used to identify horizontal cells (Dräger e/

a|.,1984; Röhrenbeck et a|.,1987). Extensive co-expression of NF165 and calbindin

with DLX2 was shown throughout retinogenesis. The pattem of evenly spaced DLX2-

expressing cells in the outer neuroretina at P0 resembles expression of the Proxl

homeobox gene, which identifies horizontal progenitors (Tomarev et a\.,1996; Belecky-

Adams et aL.,1997). DLX} is therefore expressed in horizontal cells in the embryonic

and adult murine retina.

5.3 DLX2 Ís co-expressed with GABAergic and dopaminergic neurons in the inner

retina.

In the Dlxl lDIx2 double knockout mouse, there is loss of GABA expression in the

olfactory bulb as well as a block in the rnigration of GABAergic interneurons to the

neocortex (Anderson et al.,1997 a, b; Bulfone et a1.,1998) and hippocampus (Pleasure er

al',2000). Ectopic DLX2 expression induces expression of glutamic acid decarboxylase

(GAD) isoforms, the enzymes that synthesize GABA from glutamate (Stühmer et al.,

2002)' Although GAD65 and GAD67 form homo- and heterodimers and serve similar
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functions, each isoform may be associated with a specific pool of GABA. GAD65 is

preferentially distributed to ner-ve terminals and synaptic vesicles, whereas GAD67 is

distributed throughout the cytoplasm and rnay be responsible for the synthesis of the

metabolic, non-synaptic pool of GABA (Varju et a|.,2001). 'We 
have determined that

DLX2 expression in the retina identifies neurons expressing GAD65, GAD67, and

GABA expressing neurons. At P0, GAD65 co-expression with DLX? is found

extensively in the GCL where DLX? is expressed in almost 80% of cells. These D/x

positive GCL cells may be either ganglion cells or displaced amacrine cells. The

displaced amacrine cells comprise almost 50% of cells in this region (Dräger et a1.,1981;

Perry, 1981; Ieon et al.,1998). In the adult, GAD65/DLX2 co-expressing cells represent

amacrine and horizontal interneurons. GAD67 co-expression with DLX2 was found at

P0 and in the adult. At both tirne points (P0 and adult), DLX} is co-expressed in the

majority of GAD-expressing GCL cells. ln tlie adult retina, GABA expressing cells

always co-express DLX2, suggesting that GABAergic retinal neurons may requireDLX2

expression for their terminal differentiation and/or maintenance. The tight correlation of

DLXZ with GABA expression in the mouse retina closely mirrors the relationship

between DLX2 function and GABAelgic neuronal differentiation in the embryonic

forebrain, including neocottex, olfactory bulb and hippocampus (Marin and Rubenstein,

2001). This shared relationsliip signifies a potential conservation of DIx gene function

wherever they are explessed in developing CNS.

Loss of tyrosine hydroxylase (TH) expression occurs in the olfactory bulb of the

Dlx2 single knockout (Qiu er n1., 1995). At bifth, DLX} is co-expressed with rH in

some amacrine cells, including large-field amacrine cells, in the adult retina. This
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suggests thatDLXZ expression rnay identify dopaminergic amacrine cell subpopulations

in the differentiated retina.

5.4DLX4 BRN3b, PAX6 and CHX10 homeobox gene expression domains define

the inner retina in the embryo and adult

The expression pattern of DLX2 was compared to that of the homeoproteins

BRN3b, CHX10, and PAX6 in the embryonic and postnatal retina and a summary

diagram is presented (Fig. 40). Pattenis of DLX2 expression overlap considerably with

BRN3b and PAX6 but are more spatially distinct from CHX10 in the adult retina. The

onset of BRN3b expression at E11 precedes initiation of DLX2 expression in the retina

(Gan et a|.,1996; Xiang, 1998). At E13, BRN3b-expressing cells have already migrated

to the central inner regions of the retina, which are CHX10- and DlX}-negative.

Although the majority of 813 BRN3b positive cells are DLxznegative, some cells near

the inner retina, perhaps in transit, co-express both factors. Hence two distinct waves of

retinal ganglion cell (RGC) differeritiation may occur. The first is comprised of BRN3b

expressing RGC progenitors, and the second is composed of RGC progenitors expressing

both DLX2 and BRN3b. BRN3b expression is maintained only in the ganglion cells of

the adult GCL. From E16 onwards, virtually all BRN3b-positive cells express DLX2.

Hence, RGCs may requireDLX2 expression for the maintenance of the ganglion cell

phenotype. The large numbers of DlX2-positive but BRN3b-negative cells found in the

GCL likely represent displaced amacrine cells. DLX2 expression in retinal ganglion cells

is one of the few examples where expression of Dlx genes is localized to CNS projection

neurons in addition to intemeurons.
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Figure 40. Homeobox gene expression identifies early molecular domains in the retinal

neuroepithelium (A) and specifies differentiated cell types (B) in the adult retina.

A, Patterns of homeobox gene expression in overlapping yet distinct spatial domains in

the El3 neuroretina. PAX6 is expressed throughout the neuroepithelium. CHXl0

expression overlaps PAX6; however, CHX10 is restricted from the most peripheral retina

where PAX6 expression is concentrated and the central inner retina where BRN3b is

highly expressed. Expression of DLX2 overlaps that of PAX6 and CHX1O and is

restricted from the central retina and a boundary of expression in the peripheral retina.

BRN3b is localized to the central irurer retina where DLX2 and CHXl0 are not

expressed. B, Distinct cornbinations of homedomain transcription factors identify

differentiated cell types in the adult retina. Homeobox genes emphasized in this study

are identified in bold typeface, with others listed in italics. DLX} and pAX6 co-localize

in three neuronal subclasses of the inner retina. Retinal ganglion cells (G) express DLXZ,

PAX6, BRN3b and SIX3. DLXZ, PAX6 and SIX3 also identify amacrine cells (A),

whereas DLX2, PAX6 and PROXI are expressed in horizontal cells (H). Bipolar cells

(B) express CHXl0 and VSX1 but not DLXl or DLX2. The photoreceptors (p) do not

express the majority of tlanscription factors found in the inner retina. CRX is localized to

the rods and cones of the outer retina.
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PAX6 expressiorl can be detected by E9.0 in the developing eye (Walther et al.,

1991). At E13, many DlX2-positive cells co-express PAX6. Both DLX2 and BRN3b

are absent from the most peripheral retina, a region which also expresses the highest

levels of PAX6. This PAX6IDLX} interface is similar to the one found at the

pallial/subpallial boundary in the ventricular zone of the forebrain (Eisenstat and

Rubenstein, unpublished lesults; Puelles et a|.,2000). In the adult retina, pAX6 is

expressed in retinal ganglion, amacrine and horizontal cells. Not all DlX2-expressing

cells express PAX6 and distinctDLX2+,PAX6+, andDLX2+/PAX6+ populations are

identified throughout development. The shared domains of expression suggest that both

transcription factors may be required for differentiation andlor maintenance of the same

retinal neuronal populations.

CHXl0 is a paired-type homeodomain transcription factor expressed in the

neuroretina beginning atE9.5, and its expression is restricted to bipolar interneurons of

the adult (Liu et al.,1994). By E13, CHX10 expression is found throughout the entire

retinal neuroepithelium, except for the inner central retina. At 813, DLX2-expressing

cells all co-express CHX10. At El6, DLX2+/Cltxi0- cells are identified. In the adult,

both proteins are found iu the INL where CHX10 is restricted to bipolar cells. Only a

subpopulation of CHXlO-expressing cells weakly co-express DLXZin the adult INL.

The absence of DLX2 fi'orn PKC-expressing lod bipolars, which require CHXl0 for their

development (Burmeister et al., 1996), suggests thatDLX2 may not be required for the

maintenance of the bipolar phenotype in the adult. CHX10 may function as a

transcriptional repressor (Bremner et a\.,2001) and we postulate that CHX10 may

function to restdct DLx2 expression from the oNL in the developing retina.
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The overlapping pattern of homeobox gene expression in the embryonic retina

(Fig. a0 A) suggests that a regulatory network of transcription factors specifies

differentiation of competent retinal progenitors. The embryonic lethality of many

homeobox gene knockout mice results in a barrier to our understanding of how these

genes function in the adult retina. The development of retinal tissue-specif,rc knockouts

and identif,rcation of direct transcriptional targets will assist in elucidating a homeobox

gene "combinatorial code", including Dlx famlly members, that determines retinal cell

fate.

5.5 DIrI and' DIx2 are necessary for the terminal differentiation of retinal ganglion

cells

'We 
have demonstrated a reduction of RGCs and optic nerve thickness in the

neonatal Dlxl /Dlx2 mutant. The first RGCs are established by E1 1.5 (Wang et al.,

2002), approxirnately one day before the onset of DtxI and Dlx2 expression in the outer

retinal neuroepithelium (Eisenstat et ctl.,1999). Therefore, there is an established

population of RGCs which have migrated to their correct locations independent of

DlxllDlx2 function. Horvever, RGCs continue to be generated up to the early post-natal

period (Sidman 1961; Young 1985). DlxI and Dlx2 may specify a subset of RGCs, the

differentiation of which is completed after the initial RGC population has been

established. These D/x-specified RGCs differentiate throughout mid- to late

embryogenesis and represent a relatively late-born population of RGCs.

No other retinal cell classes appeared to be affected by the loss of Dlxl and, Dlx2.

Amacrine cells and horizontal cells both express Dlx2 during development and maintain

expression of Dlx2 into adulthood (de }r/slo et a\.,2003). Most amacrine cell subclasses,
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including those identifiecl by tyrosine hydroxylase, ChAT, GABA, PROX1 and calretinin

immunoreactivity, and virtually all horizontal cells also express Dlx2 (de Melo et al.,

2003). Therefore, we hacl hypothesized that loss of D/x I/Dlx2 would play a significant

role in the development and maintenance of these retinal cell types. The extensive role of

both Dlxl and Dlx2 in intemeuron diffelentiation in the developing forebrain (Anderson

et al., 1997a, I997b) further substantiated this hypothesis. However, this study suggests

that Dlxl and/or Dlx2 are not required for either the generation or differentiation of

amacrine or horizontal cells. This may be due, in parl, to redundancy of function with the

other Dlx genes expressecl in the developing retina such as Dlx5 (Zhou et a\.,2004). The

onset ofDlx5 expression at approximately El6.5 is several days after the onset of

expression of DlxI and Dlx2 (G. Du and D. Eisenstat, unpublished results). D/xi mRNA

expression is unaffected in the Dlxl/DIx2 mutant retina (G. Du and D. Eisenstat,

unpublished results). Similar genetic redundancy is seen amongst members of the Brn

POU domain homeobox gene family. Brn3a, Bnt3b and Brn3c are all expressed in

RGCs. Brn3b knockouts display severe RGC loss (Gan et a1.,1996; Erkman et al.,1996)

while Brn3c knockout mice do not (Xiang et a1.,1997). Brn3b/Brnic double knockout

mice display a more severe RGC phenotype, suggesting that Brn3c and Brn3b are

partially redundant. Brn3c is sufficient to initiate RGC development even though it is not

required for proper RGC genesis (Wang et a1.,2002). Analysis of the retinal phenotype

of Dlxï knockout (Levi et a1.,2003; Long et a1.,2003) and Dlx5/Dlx6 double knockout

mice (Merlo et a|.,2002; Robledo et a|.,2002) may further illuminate the role of Dlx

homebox genes during amacrine and horizontal cell development.
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5.6 DItI 
^nd. 

DIx2 function is necessary for the differentiation of late-born RGCs

Since Dlxl/Dlx2 urutants die at birth, we established explant cultures to study

post-natal retinal differentiation. All RGCs generated prior to establishment of the

cultures were lost due to the transection of the optic nerve. Newly-specified RGCs, while

not abundant, were detected in explants fi'om wiid-type retinas but not in mutant explants.

We suspected that our in¿rbility to detect RGCs in the Dlxl/Dlx2 mutants was due to a

failure of RGC terminal differentiation and/or survival during tissue culture, suggesting

that late-born RGCs require DlxI and Dlx2. Since cultures were established from ElB.5

retinas, all the RGCs ger-rerated in the explants could be considered late-born relative to

the total birth-date distribution of RGCs. BrdU-birthdating experiments at select stages

of embryogenesis labelecl neurons undergoing their final S-phase and exit from the cell

cycle. Co-labeling with BRN3b, a specific marker for RGCs, allowed us to identify

RGCs bom on the day of the BrdU pulse. DtxI/Dtx2 mutants contained a greater

proportion of RGCs bom prior to 813.5, whereas late-born RGCs were more prevalent in

wild{ype retinas. Hence, late-born RGCs may fail to terminally differentiate due to a

requirement for Dlxl ancl/or Dlx2. These cells are lost by apoptosis as we have shown

using activated caspase-3 and TIINEL assays. This loss of late-bom RGCs results in

early-born RGCs comprising a greatel proportion of the RGC population in Dlxl/Dlx2

mutants.

Brn3b expression is established well befole the onset of DIxl and, Dlx2 in the

retinal neuroepithelium. However, at birth, all BRN3b expressing cells co-express DLX2

(de Melo et a1.,2003). We suggest that the lost late-bom RGCs in the DlxI/DIx2 mutants

arc D|x-dependent and may not requile Brn3b, although expression of BRN3b protein is
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established later as these neurons develop (de Melo et a\.,2003). Of significance, Brn3b

knockout mice lose approximately 70-80% of RGCs (Erkman et al.,1996; Gan et al,

1996;Lin et a|.,2004),leaving 20-30% of RGCs specified ttu'ough alternative

mechanisms. Of interest, there is increased DlxI and Dlx2 expression in Brn3b null mice

(Mu et a1.,2004b). This compensatory increas e itt Dlx gene expression may be required

for the differentiation of the remaining RGC pool in the Brn3b mutant. In the Dtxl/DIx2

mutants, one-third of RGCs are lost, indicating that nearly 70% of RGCs develop

unhindered by the loss of D/x I/Dlx2. 'We 
suggest that the sulviving RGC population in

Brn3b knockout mice may be complised of late-born RGCs in which terminal

differentiation require Dlx gene expression, while surviving RGCs in the DlxI/Dlx2

knockouts are Dlx-independent b:u| Brn3b dependent (Fig. al). Dlx-dependent RGCs

may derive from distinct retinal progenitor pools as specified by bHLH genes. The

bHLH transcription factor Math5 identif,res a subpopulation of letinal progenitors, in

which Brn3b expression commits ceils to a RGC fate (Liu et crl.,200I; Wang et a\.,200T;

Yang et ø1.,2003). In contrast, DlxI/Dlx2-expressing lineages originate from progenitor

pools defined by expression of the bHLH gene Mash l in the developing central nervous

system (Cassarosa et a1.,1999; Anclrews et a1.,2002; Letinic eÍ a1.,2002;yun et al.,

2002). However, the genetic interaction between Dlx genes and Mashl remains to be

defined in the developing retina.

In addition to BrdU birth-dating experiments and analysis of retinal explants, the

analysis of the Ocular retc¿rdationmouse (orlo/), in which Chxl0 function is lost and

there is a severe loss of RGCs, provides support for the existence of a Dlx-d,ependent

RGC population. In the ot'/or'mouse only a limited number of late-bom RGCs are
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Figure 41. Model for the generation of retinal ganglion cells through a Dlxl/Dlx2

dependent pathway (/x). DIxl/D/x2 expressing cells down-regulate Chxl0. These cells

may then establish Brn3b expression and terminally differentiate into RGCs. The

majority of RGCs are derived ftom Math5/Brn3b co-expressing populations of retinal

progenitors (B). We suggest that DlxI/Dlx2 specified RGCs might represent a distinct

late-born RGC population in the murine retina.
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present and differentiation of these RGCs is coincident with DLX expression. We have

shown that all RGCs that develop in the otJ/or'mutant mouse, express DLXzand also

express DLX1 before it is down-regulated at E18.5. Normally, expression of CHXI0

leads to down-regulation of the cyclin dependent kinase inhibitor p2TKipt. Loss of

cellularity in the ot'/o.'nrutant may result from dirninished cellular proliferation due to

unchecked p2TKipt expression (Polyak et al.,1994;Toyoshima and Hunter,1994;Green

et al',2003). 'We 
suggest that the proliferation of the Math|-expressing progenitor pool

is regulated by this mechauism. In the or'/otJ mutant, aberrant cell-cycle regulation

results in the absence of A.[athï-specified, BRN3b-expressing RGCs in the or'/or' retina

by E13.5. However, in N4ASHl-expressing retinal progenitors, expression of Dlx genes

may repres s p2TKipt by either direct or indirect means. We have previousiy shown that

expression of Dlxl and Dlx2 originates in cells expressing ChxI0, and that Dtxl/DIx2 and,

Chxl0 expression soon segregates into distinct retinal neuronal populations (de Melo e/

al',2003)' Chxl0 may work withMashl to promote bipolar cell genesis (Hatakeyama et

a1.,200I; Marquardt and Gruss ,2002) while DtxI /Dtx2 may promote RGC development

ftom Mashl progenitor pools. In the o.'/orr mutant, only Dtxl/D/x2-expressing RGCs

undergo proper proliferation and differentiation of RGCs begins after Ei3.5 . Dtxl/Dtx2-

derived lineages may potentially define a unique functional subclass of RGCs.

5.7 RGCs undergo increased apoptosis in the Dlxl/DIx2 mutant retina

Increased and ectopic Crx expression in the DlxI/DIx2 mutantsuggests that upon

loss of D/x I andlor Dlx2, some retinal progenitors may commit to photoreceptor

differentiation pathways as an altemative to cell death. Math5 mutant mice feature an

absence of RGCs and an increase in the number of cone photoreceptors, this change has
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been attributed to a binary fate switch (Brown et a1.,2001). A similar cell-fate switch

may partly explain the decrease in RGCs in the Dlxl/DIx2 mutant retina. Unlike Math5

mutants, the DlxI/Dlx2 nltant is not viable beyond birttr. As a consequence, we cannot

characterize photoreceptors in a mature retina. However, in explant cultures, no

signif,rcant differences were detemined between wild-type and DlxI/Dlx2 mutantmice

when quantifying rods ancl cones. Hence, abenant Crx expression in the Dlxl/Dlx2

mutant may be transient or may result indirectly from a loss of D/x I andlor Dlx2

function.

ln the developing retina of DlxI/Dlx2 mutants there is an increased number of

apoptotic cells. We attribute this increase in cell death to a loss of late-born RGCs that

require Dlxl/Dlx2 expression for theil terminal differentiation. The utilization of

caspase-mediated apoptotic pathways in the modulation of RGC number has been

previously demonstrated in the chick (Mayordomo et a\.,2003). Our results suggest that

similar mechanisms are iuvolved in the clearance of RGCs that incompletely differentiate

in the murine retina. FailLrre of RGC development in the Dtxl/Dtx2 mutants may be due

to several mechanisms. lnterestingly, these cells express BRN3b protein at the time of

their death, suggesting that lethality results from a failure of later developmental

processes. The direct dorvustream transcriptional targets of DIxl and Dlx2 remain largely

undefined, except for the Dlx5/Dlx6 intergenic enhancer (Zerucha et a1.,2000; Zhou et

a|.,2004). Regulation of survival factors and/or apoptosis may be mechanisms by which

specific retinal neuronal classes are maintained. Characterization of the genetic networks

regulated by Dlxl and Dlx2 presents a challenging direction that will further define the

role of Dlx genes in the cleveloping retina.
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5.8 TrkB expression in the developing murine retina begins in midgestation,

ultimately becoming restricted to RGCs and amacrine cells

The spatial and terrporal patterns of TrlcB expression in the developing retina

have been previously characterized in the rat retina (Jelsma et a1.,1993; Koide et al.,

1995; Rickman and Brecha, 1995). Developmental characterization of TrkB expression

in the murine retina has been limited and has primarily focused on post-natal expression

(Rohrer et a1.,2001). Wc have demonstrated that TRKB protein expression in the murine

retina begins at approxinrately 812.5. Expression was detected in neurons in the central

retina, in a position consistent with that of cells migrating from the proliferative region of

the outer retina to the imcr retina where differ-entiation occurs. By E13.5, extensive

TRKB expression was detected in the inner neuralretina, becoming restricted to the GCL

by E16.5, and TRKb expression was maintained in this region throughout embryonic

retinogenesis. Charactertzatton of the post-natal letina confirmed that expression of

TRKB was restricted to the GCL and the INL. Co-expression studies with retinal-cell

class markers demonstrated that TRI(B expression was restricted to RGCs from 813.5

onward, and in amacrine cells in the mature retina. 'While TRKB expression within

mature murine RGCs has been well docurnented (Rohrer et a1.,200I; Pollock et al.,

2003), expression in murine amacrine cells has not been previously described; although it

parallels earlier reports of TRKB expression in rat amacrine cells (Jelsma et al.,1993;

Koide et a1.,1995).

onset of TRKB expression occuned atBr2.5, and expression was well

established in RGCs by 8i3.5, in the inner retina. This is significant as the findings

demonstrated a much earlier onset of TRKB explession than repofted in the literature.
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Initial RGC genesis does not occur until approximately E10, with extensive RGC genesis

occurring two days later' (Young 1985; Cepko et ctl.,1996). Our results suggest that

TRKB expression occurs in these cells shorlly after acquisition of RGC identity and that

TRKB may play a role in suryival of RGCs in during early retinogenesis. Nearly 50%o of

RGCs die during developmerit (Young 1984) in two distinct phases (Rohrer et a\.,2001).

Previous studies have implicated TRKB in regulation of RGC death dynamics during the

second phase, which is u,hen RGC projections fonl connections within the superior

colliculus. These connections facilitate target-derived BDNF signaling though the

TRKB receptors in the early post-natal period. However, the first phase of RGC death

occurs pre-natally, with a peak at approximately E15 (Frade and Barde, 1999). This early

phase of cell death has been reported to be mediated by nerve growth factor acting

through the p75 receptot (Frade and Barde, 1999). Our results, demonstrating early

TRKB expression, signify that TRI(B may also be involved in the regulation of RGC

death dynamics during this early post-natal period. The TRKB ligand, BDNF, has been

shown to be expressed in the murine retina as early as El0.5 (Bennett et al., ßgg),

providing further evidence for the utilization of TRI(B signaling to facilitate pre-natal

RGC survival.

5.9 DLX2 directly binds and activates transcription of the TrlrB proximal promoter

as well as an intronic TrlrB enhancer

Onset of DLX2 explession begins at approxim ately 872.5 and is maintained

throughout retinogenesis, rvith expression restricted to RGCs, amacline cells, and

horizontal cells in the murine retina (Eisenstat et a\.,1999; deMelo et a\.,2003). In this

study we have demonstrated that DlX2-expressing neurons co-express TRKB in RGCs
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and amacrine cells. At E13.5, co-expression is limited to those DlX2-positive cells

which have migrated to the nascent GCL. However, migrating DlX2-immunopositive

neurons remain largely TRl(B-negative. This pattern changes by E16.5 and El8.5, when

migration is complete for rnost DlX2-positive cells and TRKB is co-explessed in nearly

allDLX2-immunopositive cells in the GCL. The same pattern, namely DLX} expression

preceding TRKB expression, was obsered among amacrine cells in the GCL and INL.

The spatio-temporal relationship of DLX2 and TRIcB suggests the possibility that DLX}

may play a role in the transcriptional regulation of TrlcB.

Relatively little is l<nown about the transcdptional regulation of TrlcB. Thyroid

hormone can down-regulate TrkB expression in the rat brain through a novel response

element, downstream of the transcription-initiation site (Pombo et a|.,2000). Retinoic

acid treatment of SH-SY5Y human neuroblastoma cells has been demonstrated to induce

a neuronal differentiatiou process that features increased TrlcB expression (Encinas et al.,

2000). More recent studies have demonstrated that the bHLH proteins F.47 andNeuroD

directly bind to E-boxes ri,ithin the proximal TrlrB promoter, activating ZrlrB expression

in SH-SY5Y cells (Liu et a|.,2004). Moreover, the Wilm's tumor transcription factor

'WTl activatesTrkB bybindingaWTl consensusmotifinthehuman NTrk2 promoter.

This regulation is necess¿ìry for the expression of TrlcB in epicardium and intramyocardial

blood vessels (Wagner et u\.,2005). Helein, utilizing chlomatin immunoprecipitation of

embryonic retinal tissue, rve have clemonstrated that DLX2 binds directly to certain

homeodomain binding notifs within the TrkB promoter and a putative intronic enhancer

within intron 16 (termed R1-pro and R2-en, respectively). Specificity of binding was

confirmed by EMSA assays in vitro. Reporter gene assays demonstrated the functional
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significance of DLX2 binding to R1-pro and R2-en, as it potentiated transcriptional

activation of both respollse elements in vitro.

The expression oI'DLX2 precedes that of TRI(B in newly-bom neurons that a¡e

migrating to the inner neuroretina at E13.5 (Fig. 2 C). By E16.5, rnigration to the GCL is

complete for these neurons and expression of TRKB is established. The temporal

relationship orDLXZ ancl TRKB in subpopulations of RGCs, together with the

transcriptional activation at Rl-pro and R2-en of the TrkB gene, suggests that DLX2 may

act, in part, to regulate TrliB gene expression in these RGCs in order to promote their

survival. These results detnonstrate for the first time the direct regulation of TrkB gene

expression by a homeodoltrain transcription factor. This study establishes a direct

transcriptional relationship between a homeodomain protein involved i¡ the

differentiation of RGCs (de Melo et a|.,2005) and a neurotrophin receptor implicated in

RGC survival (Pollock et rt|.,2003).

5.10 Loss or gain of DLX2 function affects expression of TrkB in the developing

retina

Dlxl/Dlx2 double-mutant mice feature increased embryonic retinal apoptosis

which yields a specific loss of RGCs at El8.5 (de Melo et al., 2005). In tliis study, we

have demonstrated that there is decreased Tzu<B expression in the DlxI/Dtx2 double-

knockout mouse. Impoltantly, a statistically significant loss of TRKB expressing cells

can be identified by Ei6.5, the loss of TRKB expression beginning as soon as 813.5.

Thus in the double mutant, the loss of TRKB expression precedes the previously-

described loss of RGCs at El8.5. Loss of TRKB prior to loss of RGCs is important;

since a decreased RGC poirulation would reduce Tzu<B expression as it is primarity
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expressed in this subclass of cell. Since TRKB expression is lost prior to any RGC loss

in the Dlxl/Dlx2 mutant retiua, the loss of TRI(B function provides a mechanism to

account for increased RGC apoptosis in the Dlxl/DIx2 mutant. We have shown that

ectopic Dlx2 expression by retroviral transduction into retinal explant cultures results in a

signif,rcant increase of Tr'kB expression. Forced Dlx2 expression also leads to the

increased expression of RGC and arnacrine cell markers. Hence, DLX2 may drive retinal

progenitors towards a RGC or amacrine cell fate. It remains unclear whether these

terminal differentiation events may be accomplished by activation of TRKB which is

expressed in both RGCs and amacrine cells. However', in supporl of tliis hypothesis, the

bHLH transcription factol NeuroD has pleviously been shown to directly activale TrkB

expression (Liu et a1.,2004) and has also been demonstrated to drive amacrine cell

genesis (Morrow et al.,1999). Sornewhat unexpected was our obseruation that forced

expression of Dhl by r:etroviral transduction did not affect expression of TrkB or any

retinal cell-class markers. DIxl and Dlx2 have previously been demonstrated to show

functional redundancy in forebrain neurogenesis (Qiu et a1.,1995; Eisenstat et a1.,1999),

necessitating the genelation of the double mutant for study of Dlx function. In the retina,

DlxI is expressed by approximately 812.5, but its expression is down-regulated at or just

prior to birth, dependeut on the background stlain of mouse (de Melo et a1.,2003; de

MeIo et a1.,2005). Oul resLtlts suggest that DlxI may have a limited role in retinal

neurogenesis as compared to that of Dlx2.

TrkB signaling upon activation of BDNF has been demonstrated to inhibit the

death of immature RGCs (Ma et al.,1998, Pollock et a1.,2003). Mice with null

mutations of TrkB (Pollocl< et a|.,2003) have demonstrated increased rates of
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developmental RGC death. Similar incleased developmental cell death within the

Dlxl/Dlx2 double mutant retina is also observed (de Melo et a|.,2005). Interestingly,

loss of function of TrlcB or Bdnf does not affect the final number of RGCs (Cellerino er

a|.,1997; Rohrer et a|.,2001; Pollock et a|.,2003). Therefore, mechanisms independent

of TRKB/BDNF are proposed for the legulation of the final RGC numbers. Within the

Dlxl/Dlx2 double mutant nlouse there is a marked loss of cells expressing the RGC

markers ISLETl and BRN3B at E18.5. Dlxl/Dlx2 mutants die shortly after birth (Qiu e/

aL.,1997). Consequently, the RGC phenotype of the mature double knockout retina

remains unknown. D/x homeobox genes encode transcription factols that may potentially

regulate myriad target genes. Studies of neurogenesis within the folebrain of DlxI/Dlx2

double mutants have demonstrated that cells normally expressing Dlxl and Dlx2 do not

fully develop resulting in clifferentiation and migrational defects (Anderson et al.,1997a;

Anderson et al.,l997b; Bulfbne et a1.,1998). Hence, loss of D/x frurction would likely

result in a more severe retinal phenotype than that that displayed by loss of TrkB function

alone. The identification of other DLX transcriptional targets in the retina may provide

insights into these questions.

5.11 Summary and futurc directions

ln conclusion, this study has demonstrated that the homeobox genes Dlxl and

Dlx2 play a significant role in verlebrate letinal development. Specifically, DLXl and

DLXZ protein expression is prirnarily identified in post-mitotic retinal neurons. DLXl is

expressed in differentiating cells, many in tlansit to the imer retina, where terminal

differentiation is completecl. Expression of DLXl is down-regulated shorlly before or

after birth dependent on the strain of mouse. DLX? is expressed in a similar manner with
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retinal expression maintained throughout the lifetirne of the animal. DLXZ expression is

ultimately restricted to the amacrine and holizontal interneurons of the retina, consistent

with our hypothesis, as well as RGCs. Loss of function experiments performed with the

Dlxl/Dlx2 double knockout mouse demonstrated that Dlx gene function is required for

complete differentiatiou and survival of a subset of late-born RGCs. Amacrine and

horizontal cells, both being GABAergic interneurolls, appear unaffected in the DlxI/Dtx2

mutants indicating that Dlxl and/or Dlx2 nay not be r'equired for the differentiation of

these cell types. This leplesents a divergence t'om the role occupied by these genes in

the development of the blain where loss of ftlnction of DlxI and Dlx2lesults in defects in

the differentiation and miglation of GABAelgic interneurons. Finally, a tyrosine receptor

kinase, TrkB, has been identified as a dilect transcriptional target of DLX2. Ectopic

expression of DLX2 activates TrlcB expression i¡z vitro and in situ. Explession of the

TRKB protein confers sensitivity to the ligand BDNF initiating a pro-survival mechanism

in RGCs. Loss of DLX niediated activation of TrkB may contribute to the loss of retinal

ganglion cells in the developing retina.

While these studies have enriched our understanding of the ro\e of DlxI and Dlx2

in retinal development, itlportant questions remain. Specifically the phenotype of the

fully differentiated DIxI/Dlx2 mutant retina rernains unknown, due to the lethality of the

Dlxl/Dlx2 knockout at bilth. Subsequently, the physiological consequences of the RGC

defects observed in the E18.5 mutants remairr unknown in the mature retina. It is also

unclear whether the D/x-dependent RGCs that are lost in knockouts represent a distinct

subclass of RGCs. The establishment of retina specific Dlx gene mouse knockouts will
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be a valuable tool in determining the ultinratc conseqlrenc e of DlxI and/or Dlx2 gene

mutations to retina developrnent.

Also of interest is the characterization of the progenitor population in the retina in

which Dlxl and Dlx2 are expressed. Retinal plogenitors are characterized.by the specific

expression of distinct sets of bHLH transcliption factors. The complement of bHLH

factors in a progenitol lestricts the neurogenic potential of the cell, and rnay alter the

competence of the cell to lespond to extrinsic signals (Marquardt and Gruss,2002). As

such, it will be important to determine the plogenitor pool frorn which Dlx gene

expression arises in the retina. It will be of particulal interest to determine if the Dlx-

dependent population of RGCs originates fi-om progenitors distinct from the majority

Dlx-independent population. Such studies will enhance our knowledge of the different

developmental mechanisurs not only involved in the generation of broad classes of retinal

neuron, but also of subclasses within clistinct neuronal cell-types.
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APPÐNÐIX A

Negative Controls

t93





Appendix Figure 1. Negative controls for experiments presented in Figures 2, 3, and. 4.

A antibody negative control for rabbit polyclonal IHC performed in Figure 2 A,B. B

antibody negative control for rabbit polyclonal IHC performed in Figur e Z C,D. C

antibody negative control for rabbit polyclonal IHC performed in Figure 28, F and

Figure 3 A, C. D antibody negative control for rabbit polyclonal IHC performed in

Figure 3 B, D. E RNA sense probe control for ISH performed in Figure 4 A-C. F RNA

sense probe control for ISH performed in Figure 4 D-F.
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Appendix Figure 2. Negative controls for experiments presented in Figures 6-12. A

antibody negative control for combined rabbit polyclonal-Texas-red and rabbit

polyclonal-FlTC immunofluorescence (IF) performed in Figure 6 G-I, 9 D-I. B antibody

negative control for combined mouse monoclonal-Texas-red and rabbit polyclonal-FlTc

IF performed in Figure 6 A-E; J-L, 8 A-C, 9 A-C, 12 G-I. C antibody negative control

for combined goat polyclonal Texas-red and rabbit polyclonal FITC immunofluorescence

IF performed in Figure 11 G-L D antibody negative control for combined rabbit

polyclonal-Texas-red and rabbit polyclonal-FlTc IF performed in Figure 7 G-I, 10 D-I.

E antibody negative control for combined mouse monoclonal-Texas-red and rabbit

polyclonal-FlTc IF performed in Figure 7 A-F; J-L, 8 D-F, 10 A-c, 12 J-L. F antibody

negative control for combined goat polyclonal-Texas-red and rabbit polyclonal-FlTc IF

performed in Figure 11 J-L.
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Appendix Figure 3. Negative controls for experiments presented in Figures 11-13. A

antibody negative control for combined rabbit polyclonal-Texas-red and rabbit

polyclonal-FlTc iF performed in Figure 13 A-C. B antibody negative control for

combined mouse monoclonal-Texas-red and rabbit polyclonal-FlTc IF performed in

Figure 12 A-C. C antibody negative control for combined goat polyclonal Texas-red and

rabbit polyclonal FITC immunofluorescence IF perfonned in Figure 11 A-C. D antibody

negative control for combined mouse monoclonal-Texas-red and rabbit polyclonal-FlTc

IF performed in Figure 12 D-F. E antibody negative control for combined goat

polyclonal-Texas-red and rabbit polyclonal-FiTc iF performed in Figure 11 D-F. F-H

negative controls for combined rabbit polyclonal iHC with RNA ISH experiments

performed in Figure 13 D-F respectively.
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Appendix Figure 4. Negative controls for experiments presented in Figures 14,17, and

20. A-C controls for Figure 14. A antibody negative control for rabbit polyclonal

antibodies used in Figure 14 C,D, G, H, I, J, M, N, Q, R. B antibody negative control for

moÌrse monoclonal antibodies used in Figure 14 K, L, O, P. C antibody negative control

for goat polyclonal antibodies used in Figure 14 E, F. D-F controls for Figure 17. D

negative control for PNA used in supplementary Figure 17 A, B. E antibody negative

control for rabbit polyclonal antibodies used in Figure 17 E-H, K-N. F antibody negative

control for mouse monoclonal antibodies used in Figure 17 C,D,I, J, o, P. G, H controls

for Figure 20. G antibody negative control for double rabbit polyclonal antibodies used

in Figure 20 B-D. H antibody negative control for double rabbit polyclonal antibodies

used in Figure 20 E-G.
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Appendix Figure 5. Negative controls for experiments presented in Figures 18,22, and

23. A antibody negative control for Figure 18 A, B. B negative control for goat

polyclonal antibody in Figure 22 A, B. C-E antibody negative control for Figure 22 C-T.

C negative control for E12.5 BrdU birthdating in Figure 22 C-8, L-N. D negative control

for 813.5 BrdU birthdating in Figure 22F-H, O-Q. E negative control for E16.5 BrdU

birthdating in Figure 22I-K, R-T. F-H rabbit polyclonal antibody negative controls for

Figure 23 A-C, G-I, M-N. F antibody negative control for Figure 23 A-C. G antibody

negative control for Figure 23 G- I. H antibody negative control for Figure 23 M-O.
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Appendix Figure 6. Negative controls for experiments presented in Figures 23,24, and,

25. A-C rabbit polyclonal antibody negative controls for Figure 23 D-F, J-L, and P-R. A

antibody negative control for Figure 23 D-F. B antibody negative control for Figure 23 J-

L' C antibody negative control for Figure 23 P-R. D, E combined goat polyclonal, rabbit

polyclonal antibody negative controls for Figure 24. D antibody negative control for

Figure 24 A-C. E antibody negative control for Figure 24 D-F. F, G negative controls

for Figure 25 A-D. F Crx sense control combined with rabbit polyclonal antibody control

for Figure 25 A, B. G Crx sense control for Figure 25 C,D.
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Appendix Figure 7. Negative controls for experiments presented in Figure 26. A-F

rabbit polyclonal antibody negative controls for Figure 26. A antibody negative control

for Figure 26 A. B antibody negative control for Figure 26P.. C antibody negative

control for Figure 26 C. D antibody negative control for Figure 26D. E antibody

negative control for Figure 26 E. F antibody negative control for Figure 26 F.
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Appendix Figure 8. Negative controls for experiments presented in Figures 27,28,29,

and 30. A-D combined rabbit polyclonal-mouse monoclonal antibody negative controls

for Figure 2l A-L. A antibody negative control for Figure 27 A-C. B antibody negative

control for Figure 27 D-F. C antibody negative control for Figure 27 G-L D antibody

negative control for Figure 27 J-L. E-H combined goat polyclonal-rabbit polyclonal

antibody negative controls for Figure 28 A-L. E antibody negative control for Figure 28

A-C. F antibody negative control for Figure 28 D-F. G antibody negative control for

Figure 28 G-I. H antibody negative control for Figure 28 J-L. E-H antibody negative

controls for Figure 29 A-R. I antibody negative control for Figure 29 D-F. J antibody

negative control for Figure 29 A-C, G-O. K tissue staining control for Figure 29 P-R. L-

O combined rabbit polyclonal-rabbit polyclonal antibody negative controls for Figure 30

A-L. L antibody negative control for Figure 30 A-C. M antibody negative control for

Figure 30 D-F. N antibody negative control for Figure 30 G-I. O antibody negative

control for Figure 30 J-L.
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Appendix Figure 9. Negative controls for experiments presented in Figures 37 and 38.

A-C rabbit polyclonal antibody negative controls for Figure 37. A antibody negative

control for Figure 37 B. B antibody negative control for Figure 37 C. C antibody

negative control for Figure 37 D. D-F rabbit polyclonal antibody negative controls for

Figure 37. D antibody negative control for Figure 37 E. E antibody negative control for

Figure 37 F. F antibody negative control for Figure 37 G. G-I control for DLX2 protein

expression in transduced retinal explant cultures. G expression of GFP as an indicator of

cells transduced by the pMXIE-EGFPldlx2 retroviralvector. H Expression of DLX2

protein in same explant. I Merge of G and H to demonstrate the expression of DLX2 by

cells that are transduced by retrovirus (91.1 % of pMXIE-EGFP/dtx2 transduced cells

express DLXZ protein).
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