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ABSTRACT
Formation and consolidation of the retinotectal projection during optic nerve
regeneration has been associated with two major interlinked processes. Initially, retinal
ganglion cell (RGC) axons are guided by molecular guidance cues, such as the Eph
receptor tyrosine kinases and their ligands, the ephrins, to their approximately correct
location and form a coarse topographic map in the optic tecum. Such axon guidance
occurs in the absence of neural activity and is considered to be activity-independent.
The second process involves glutamatergic excitation, whereby correctly located
connections are strengthened by correlated neural activity, whilst removing
inappropriately located ones thereby sharpening the topography. The second process is
considered to be activity–dependent.
Here, a number of experiments were undertaken to further examine the
interrelationships of activity-dependent and –independent processes with respect to
functional outcomes.

Two models of optic nerve regeneration were studied.

In

goldfish, following optic nerve crush, regeneration is successful. RGC axons navigate
back to their approximately correct topographic tectal locations to restore coarse
topography, and connections are subsequently refined with return of vision within 1-2
months. By contrast, in the lizard Ctenophorus ornatus, regeneration is unsuccessful.
Although RGC axons undergo robust regeneration to the optic tectum and restore coarse
topography, a breakdown appears in activity-dependent refinement and animals remain
blind via the experimental eye.
In the first experiment, EphB/ephrin-B’s were examined.

These molecular

guidance cues are known to be involved in establishing topography along the mediolateral tectal axis during development. Their function also appears to be linked to
activity-dependent mechanisms since they interact with the glutamate NMDA receptor
to increase its efficacy. EphB/ephrin-B expression along the dorso-ventral retinal and
the medio-lateral tectal axes was examined during successful regeneration in goldfish
using immunohistochemistry.

In addition, the possible role of EphB/NMDA

interactions during refinement of topography was examined using in vivo
electrophysiology to map the retinotectal projection following functional blocking of
EphB/ephrin-B interactions. The results suggest that EphB/ephrin-B interactions are
not responsible for guiding axons across the medio-lateral tectal axis in goldfish.
Furthermore, topographic refinement was not affected by blocking EphB/NMDA
interaction.
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In the second experiment, further examination of the functional involvement of
both the NMDA and AMPA glutamate receptors during activity-dependent refinement
was undertaken in goldfish. Receptor involvement was determined through in vitro
electrophysiology with the NMDA receptor antagonist APV and the AMPA receptor
antagonist DNQX.

In normal goldfish, AMPA-mediated transmission dominated,

although low levels of NMDA-mediated transmission were detected. This balance
switched during regeneration, with NMDA-mediated transmission increasing during
activity-dependent refinement, while AMPA-mediated transmission decreased. Once
topography has been refined, the balance of NMDA- and AMPA-mediated transmission
returned to normal. The data suggest AMPA receptors for stable synaptic function and
NMDA receptors for synaptic remodelling.
In the third experiment, the role of GABAergic inhibition during topographic
map restoration was examined in both goldfish and lizard. Tectal GABAA receptor and
GABA transporter expression was quantified immunohistochemically.

Functional

levels of GABAergic inhibition were assessed through in vitro electrophysiological
recordings with the GABAA receptor antagonist bicuculline and the GABA transporter
antagonist tiagabine.

In normal goldfish and throughout regeneration, inhibition

remains at low levels, whereas infusion of GABA via osmotic minipumps disrupted
topography. In normal lizard higher initial levels of inhibition were present, which
increased dramatically throughout regeneration.

The results imply that high

GABAergic inhibition, while disrupting topography, blocks activity-dependent
refinement and must be maintained at low, balanced levels for functional synaptic
transmission.
The findings of this thesis have provided further insight into activityindependent and –dependent processes during regeneration. In goldfish, guidance along
the medio-lateral tectal axis may occur through preordering of axons prior to entering
the tectum via the appropriate medial and lateral brachium, with EphA/ephrin-A then
guiding axons over the rostral-caudal axis establishing gross topography. The increase
in involvement of NMDA-mediated transmission during the period of activitydependent refinement consolidated the role of this receptor in synapse plasticity.
However what triggers NMDA-mediated activity to increase is still largely unresolved,
although as the factors governing receptor trafficking during development and synaptic
plasticity become better understood, these can be applied to the period of plasticity
associated with regenerating axons. And finally, as GABAergic inhibition appears to
suppress activity-dependent refinement, means of overcoming this inhibition through
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such methods as visual training or pharmacological intervention may have significance
for mammalian regeneration.
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GENERAL INTRODUCTION
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1.1 Spinal Cord Injury and Society
Damage to the spinal cord, commonly referred to as spinal cord injury (SCI), results in a
loss of function, such as mobility or feeling, below that injury site. The spinal cord does
not have to be completely severed for loss of function to occur.

In fact, most

individuals with SCI have a partially intact spinal cord, but indirect or “secondary”
damage results in a loss of function.

The most common causes of damage to the spinal cord are traumas such as motor
vehicle accidents, motor bike accidents, falls, sports injuries (particularly diving into
shallow waters), gunshot wounds, assault and other injuries; and disease such as polio
and spina bifida (Cripps, 2004). Direct injury such as cuts can occur to the spinal cord,
particularly if the vertebrae are damaged, or via fragments of bone or metal (for
example from a car accident). If the head, neck or back are twisted abnormally, the
spinal cord can be pulled, compressed or pressed sideways, also possibly causing direct
damage. The accumulation of blood or fluid can cause swelling within the spine or
spinal cord causing compression of, and damage to, the spinal cord resulting in a SCI.

The direct injury sustained to the spinal cord is just the beginning, as secondary damage
now occurs that may continue for days, or even weeks. The initial physical trauma sets
off a cascade of biochemical and cellular events that kills neurons, strips axons of their
myelin insulation, and triggers an inflammatory immune system response (Anderson
and Hall, 1993; Popovich et al., 1997). Blood flow is restricted, excessive glutamate is
released resulting in excitotoxicity, free radicals increase and apoptosis occurs. Added
to this, glial cells cluster to form a scar barrier to any axons that could potentially
regenerate and reconnect. As a result of these events, the injury site has increased
sometimes to several segments above and below the original injury, and so has the
extent of the disability.

Sadly, the majority of SCI accidents involve young people aged between 15 and 34
years, with 46 per cent of SCI from traumatic causes occurring in the 15-24 year old age
group in 2002-03 (Cripps, 2004). Males are also at greater risk, where of the nationally
reported 394 Australians who acquired a SCI in 2002-03, roughly 80 per cent were
males (Cripps, 2004).

There is also, however, a high financial burden to society

associated with these injuries. It costs between $50,000 to $80,000 per person per
annum for the care and management of people with SCI. Since 18,000 Australians
Chapter 1 General Introduction
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(approximately 1000 West Australians) have SCI’s, the cost to the Australian
community is over $1 billion per year and increasing. However, it is the emotional cost
to those with SCI, and their families and friends that is immeasurable.

This thesis aimed to increase our understanding of the mechanisms involved in central
nerve regeneration following injury, particularly that of axon guidance and the
subsequent refinement of connections. This study examined regeneration of the optic
nerve, a part of the central nervous system derived embryologically from the base of the
diencephalon.

The visual system provides a system of relative simplicity and

accessibility for study and is biologically relevant to SCI. This study focused on
regeneration in the lower vertebrates of goldfish and the lizard Ctenophorus ornatus.
Goldfish and lizard provide an ideal comparative model of regeneration, as goldfish
have successful regeneration with vision restored, while lizards have partial success,
with axon growth and the restoration of retinotectal connections, although in the long
term remain blind via a breakdown of topography.

1.2 The Nervous System
Neuroscience and the study of the brain has a long history going back as far as at least
3000 BC. In 1700 BC, the Egyptians wrote a document now known as the Edwin Smith
Surgical Papyrus about the brain, the meninges and cerebrospinal fluid. This papyrus,
based on texts that go back to about 3000 BC, is considered to be the first medical
document in the history of mankind. The importance and role of the brain however,
was largely misplaced and misunderstood. When making a mummy, the Egyptians
would scoop out the brain through the nostrils and discard it, while the heart and
internal organs were carefully removed, preserved and placed back with the body.
Aristotles also believed that the heart was the centre of intelligence and thought, while
earlier in ancient Greece (5th and 6th century BC) nerves were conceived as channels
through which animal spirits carried sensory impressions to the brain. In the 21st
century, our understanding of the brain involves that of sensory perception, the
formation of memories, the control of emotions and importantly has led us to the
treatments of neural diseases and neurotrauma.

Chapter 1 General Introduction
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1.21 Structural Organisation
The nervous system in vertebrates is divided into two main parts: the central nervous
system (CNS) and the peripheral nervous system (PNS). The CNS includes the brain,
retina and spinal cord, while the PNS consists of all nervous tissue outside the CNS
(Kardong, 1998). Along with supporting glial cells, the neuron forms the structural and
functional unit of the nervous system comprising a cell body (soma), containing the
nucleus and cell organelles, and cell processes. These processes are of two types, a
generally single neuronal fibre, the axon, which carries electrical impulses away from
the cell body, and the highly branched dendrites, which transmit electrical impulses
towards the cell body (Kardong, 1998).

The point at which axons, and usually

dendrites, meet is known as a synapse.

Here, chemical signals are generated to

communicate information from one cell to another.

1.22 Neurotransmission
The transmission of electrical impulses along a nerve occurs via action potentials. At
rest, a negative membrane potential results from an efflux of potassium (K+) across
membranes that are predominantly permeable to K+. When the neuron is stimulated,
ion channels in the membrane open allowing sodium (Na2+) to enter, resulting in the
depolarisation of the cell and the formation of an action potential.

In this state,

2+

neighbouring Na -gated voltage-dependent channels open, thus propelling the action
potential forward, a phenomenon known as the nerve impulse. Following the passing of
a nerve impulse, K+ permeability increases, thus decreasing the membrane potential
(hyperpolarisation), and return it to its resting levels. When an action potential arrives
at the axon terminal, it initiates the process of neurotransmitter release via a calcium
(Ca2+) -dependent process.

Neurotransmitters are released chemical messengers used to communicate between
neurons. The change in membrane potential associated with the arrival of the action
potential causes the opening of voltage-gated Ca2+ channels in the presynaptic
membrane (Figure 1.1) (Purves, 2001). Opening of Ca2+ channels results in a rapid
influx of Ca2+ into the presynaptic terminal, thus causing synaptic vesicles to fuse with
the plasma membrane of the presynaptic neuron.

The contents of these vesicles,

neurotransmitters, are then released into the synaptic cleft by exocytosis.

Once

released, neurotransmitters diffuse throughout the synaptic cleft and bind to specific
receptors on the membrane of the postsynaptic neuron.
Chapter 1 General Introduction

Within the adult CNS,
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neurotransmission is considered to be either excitatory or inhibitory in its role in
inducing postsynaptic potentials. Excitatory transmission tends to be glutamatergic,
with the neurotransmitter glutamate binding to the glutamate subtype receptors Nmethyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) and kainate.

Inhibitory transmission tends to be GABAergic, with the

neurotransmitter γ-aminobutyric acid (GABA) binding specifically to its GABA
receptors (GABAA, GABAB and GABAC).

Figure 1.1 Sequence of events involved in neurotransmission at a typical chemical
synapse (Knox et al., 2001).

1.23 Neurotransmitter Receptors
The opening and closing of postsynaptic ion channels is responsible for creating the
electrical signal needed to induce postsynaptic potentials. Induction of potentials
however is accomplished via two broad families of receptors which operate in different
ways.

The receptors in one family, termed ionotropic receptors (also called ligand-gated ion
channels), are linked directly to ion channels (Purves, 2001). Ionotropic receptors
contain three functional domains: an extracellular site that binds neurotransmitters, a
membrane-spanning domain that forms an ion channel and an intracellular C-terminus
for protein-protein interactions. Ionotropic receptors are multimers usually comprised
of at least four or five individual protein subunits, each of which spans the plasma
membrane. These receptors generally mediate rapid postsynaptic effects in the range of
Chapter 1 General Introduction
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a millisecond or two following an action potential, and are present at certain
glutamatergic and GABAergic synapses.

The second family comprises the

metabotropic receptors, so called for their dependency on one or more metabolic steps.
Metabotropic receptors affect channels by the activation of intermediate receptors
termed G-proteins, thus making them comparatively slow with postsynaptic effects
occurring over hundreds of milliseconds to minutes, or even longer.

Glutamate receptors can be ionotropic; NMDA, AMPA and kainate or metabotropic;
metabotropic glutamate (mGlu). GABA receptors are also both ionotropic: GABAA and
GABAC, or metabotropic; GABAB.

1.24 Synaptic Potentials (Postsynaptic Firing)
Transmitter binding to postsynaptic receptors produces a postsynaptic conductance
change as ion channels are opened or closed, resulting in the formation of an electrical
current.

This electrical current, the postsynaptic current, changes the postsynaptic

membrane potential causing postsynaptic firing, known as a postsynaptic potential
(PSP). PSPs initiate such events as postsynaptic signalling pathways that are required
for changes in synapse morphology, a process thought to underlie the formation of
memories (Purves, 2001). Transmission at a single synapse is well below the threshold
for generating postsynaptic action potentials, however, transmission occurs since most
neuron are innervated by thousands of synapses, and the PSPs produced by each active
synapse sum together to transmit a sufficient signal to the postsynaptic neuron. This is
an all-or-none phenomenon, meaning that the action potential is either triggered, or not.

As described in Section 1.22, neurotransmission is excitatory (glutamatergic) or
inhibitory (GABAergic) and here we see this functionally. Consider, for example, a
neuron innervated by excitatory and inhibitory synapses.

Activation of excitatory

synapses generates an excitatory postsynaptic potential (EPSP), while the inhibitory
synapses produce an inhibitory postsynaptic potential (IPSP) that can suppress the
excitatory response (Purves, 2001). For activation of a postsynaptic potential, sufficient
depolarisation is needed via excitatory synapses. Activation of only a few excitatory
synapses produces a subthreshold EPSP, while activation of many excitatory synapses
within an approximately similar time course depolarises the postsynaptic neuron
sufficiently to reach the threshold potential, resulting in a postsynaptic action potential.
Such summation thus allows subthreshold EPSPs to influence action potential
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production. Likewise, an IPSP generated by inhibitory synapses can sum (algebraically
speaking) with a subthreshold EPSP to reduce its amplitude, or can sum with a
suprathreshold EPSP, to prevent the postsynaptic neuron from reaching threshold.

The above example of neurotransmission is the standard definition, but there are
however numerous examples of the excitatory actions of GABA, with these not being
restricted to embryonic or neonatal preparations.

In three-to-four-week old rats,

activation of dendritic GABAergic synapses in cortical pyramidal cells leads to cell
depolarisation, and if combined with a subthreshold glutamate-mediated excitation can
emit an action potential (Gulledge and Stuart, 2003).

Similar effects are seen in

Purkinje cells of the cerebellum (Chavas and Marty, 2003), and interneurons of the
cortex and amygdala (Martina et al., 2001). These depolarisations occur because the
resting potentials in these systems are more negative (~-85mV) than the reversal
potentials of GABA (~-70mV), but activity-dependent changes in the sign of
GABAergic synapses have also been manually initiated (Marty and Llano, 2005).
When a high-frequency train is delivered in mature hippocampal pyramidal cells,
GABAergic synapses become depolarising and enhance firing (Voipio and Kaila, 2000).
A rise in intracellular chloride (Cl-) concentration ([Cl-]i) occurs during these trains,
with a close link suggested to exist between Cl- accumulation and enhanced excitability
(Isomura et al., 2003). Other examples of changes in GABAergic neurons are in the
suprachiasmatic nucleus where GABAergic inputs are excitatory during the day and
inhibitory during the night (Wagner et al., 1997), and in the hippocampus of epilepsy
sufferers where [Cl-]i is abnormally elevated (Cohen et al., 2003). As another example,
intense activation of GABA receptors in the guinea-pig superior colliculus slice is
sufficient to induce LTP (Platt and Withington, 1998).

1.25 Neurotransmitter Production and Removal
Regulation of neurotransmitter levels within the synaptic cleft is important for efficient
neurotransmission, resulting in complex mechanisms for regulating neurotransmitter
synthesis, packaging, release and degradation (or removal). These processes are often
neurotransmitter specific, where the enzymes utilised are frequently restricted to those
neurons associated with that neurotransmitter. Transmitter synthesis and degradation
occurs largely in neurons and their surrounding glial cells. It is important however, that
neurotransmitters be removed rapidly after binding to their specific receptor to enable
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the pre- and postsynaptic cells to engage in another cycle of neurotransmitter release,
binding and signal generation (Purves, 2001).

Glutamate is synthesized in neurons from local precursors, with the most prevalent
being glutamine (Figure 1.2). Glutamine is released by glial cells and transported into
the presynaptic terminal, where it is metabolized to glutamate primarily by the
mitochondrion enzyme glutaminase (Daikhin and Yudkoff, 2000).

Glutamate is

released into the synaptic cleft in a Ca2+ dependent manner, where the concentration
increases from 2-5μM to as much as 50-100μM. The removal of glutamate from the
synaptic cleft occurs via several high-affinity glutamate transporters (also known as
excitatory amino acid transporters or EAAT1-5) present in glial cells and both pre- and
postsynaptic terminals (O'Shea, 2002).

Astrocytes are the main transporters, with

postsynaptic and presynaptic neurons removing little glutamate (Daikhin and Yudkoff,
2000). Within the glial cells, glutamate is converted into glutamine by the enzyme
glutamine synthetase. Glutamine is finally transported from the glial cells and into
nerve terminals, completing the glutamate-glutamine cycle.

Figure 1.2 Synthesis, release and cycling of the excitatory neurotransmitter
glutamate between neurons and glia (Purves et al., 2001).

GABA is formed via a metabolic pathway termed the GABA shunt (Figure 1.3). For
GABA synthesis the predominant precursor is glucose, with α-ketoglutarate formed
from glucose metabolism via the Krebs cycle (Erecinska et al., 1996). α-Ketoglutarate
is then transaminated by GABA-transaminase (GABA-T) to form glutamate, the
immediate precursor of GABA (Erecinska et al., 1996).
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decarboxylated to form GABA by the tricarboxylic acid cycle enzymes, although
pyruvate and glutamine can also act as precursors.

The enzyme(s) glutamic acid

decarboxylase (GAD), found almost exclusively in GABAergic neurons, catalyses the
conversion of glutamate to GABA. Although glutamate appears in both the glutamate
and GABA pathways, there is little evidence to suggest any crossover between
pathways, due largely to the transient nature of glutamate. GAD also requires the
cofactor pyridoxal phosphate, which is derived from vitamin B6 (Purves, 2001). The
significance of vitamin B6 only became apparent after a series of infant deaths was
linked to its omission from infant formula. Vitamin B6 deficiency led to a large
reduction in GABA content in the brain with the subsequent loss of synaptic inhibition
causing seizures that in some cases were fatal (Kurlemann et al., 1987).

Figure 1.3 Synthesis, release and cycling of the inhibitory neurotransmitter GABA
between neurons and glia (Purves et al., 2001).

Similar to glutamate, both neurons and glial cells contain high-affinity transporters for
GABA. GABA transporters belong to a superfamily of membrane-spanning proteins
that transverse the cell membrane 12 times. GABA transporters fall into four different
subtypes, commonly referred to as GAT-1 to GAT-4, each with differing molecular
properties (Guastella et al., 1990). Although all transporters are driven by the
electrochemical potential provided by the Na+ gradient, transport by GATs requires the
co-transport of a Cl-. One to three Na+ ions, one Cl- and a GABA molecule bind to the
extracellular surface of the transporter, bringing about a conformational change that
exposes these ligands to the cytoplasm (Mager et al., 1996). All ligands (one to three
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Na+, one Cl-, one GABA) dissociate, and the empty transporter then undergoes the
reverse translocation that exposes the ligand-binding sites to the extracellular medium
(Mager et al., 1996). Although the concentration of transmitter is far higher in the
terminal than in the synaptic cleft, typically about four-fold, the electrochemical
potential is sufficient for transporters to take up the dilute transmitter into the cell.
Under certain conditions, a transporter may operate in the reverse direction and
effectively release transmitter. Nonvesicular release, (i.e. released by transporters), is
used by amacrine cells of the retina for GABA, and has been described for several other
types of neurons (Kandel, 2000). GABA is generally converted to succinate, which is
metabolized further in the tricarboxylic acid cycle that mediates cellular ATP synthesis.
The enzymes required for this degradation, GABA aminotransferase and succinic
semialdehyde dehydrogenase, are both mitochondrial enzymes.

1.26 Glutamate Receptors
Nearly all excitatory neurons in the CNS are glutamatergic and it is estimated that over
half of all brain synapses release this transmitter (Purves, 2001). The ionotropic
glutamate receptors fall into three groups; NMDA, AMPA and kainate (Figure 1.4). All
three receptors are nonselective cation channels allowing the passage of Na+ and K+,
and in some cases small amounts of Ca+. Glutamatergic neurons mediate many vital
processes, including the encoding of information, the formation and retrieval of
memories via long-term potentiation (LTP) and long-term depression (LTD), spatial
recognition and the maintenance of consciousness (McEntee and Crook, 1993). They
are thus potential targets for therapies of CNS disorders such as traumatic brain injury,
epilepsy, cerebral ischemia, Parkinson’s and Huntington’s diseases, anxiety, depression,
schizophrenia, amyotrophic lateral sclerosis and Alzheimer's disease (Parsons et al.,
1998; O'Shea, 2002). Glutamate is neurotoxic when present in excess, causing neuronal
damage and eventual cell death, particularly when NMDA receptors are activated. This
event may relate to high [Ca2+]i exceeding storage capacity and damaging mitochondria,
glutamate/Ca2+-mediated promotion of transcription factors for pro-apoptotic genes, or
down regulation of transcription factors for anti-apoptotic genes.

NMDA receptors are tetramers composed of assemblies of seven known subunits: NR1,
NR2 (NR2A-D) and NR3 (NR3A-B) (Loftis and Janowsky, 2003). Expression of both
NR1 and NR2 subunits are required to form functional channels since the glutamate
binding domain is formed at the junction of these subunits. NR3 subunits can substitute
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for NR2 subunits in specific brain regions resulting in an inhibitory effect on receptor
activity. In addition to the two molecules of glutamate that bind to the NR2 subunits,
the NMDA receptor requires a co-agonist, glycine, to bind to NR1 to allow the receptor
to function (Schell, 2004).

At resting membrane potentials, NMDA receptors are

inactive due to a voltage-dependent block of the channel pore by Mg2+ ions. Sufficient
depolarization of the postsynaptic cell via sustained activation of AMPA receptors, or a
train of impulses arriving at a presynaptic terminal, releases the channel inhibition by
Mg2+ and allows NMDA receptor activation.

The AMPA receptor is comprised of the subunits GluR1-GluR4, with the subunit
composition determining the receptors permeability to Na+, K+ and Ca2+ (Bredt and
Nicoll, 2003). Native AMPA receptor channels are impermeable to Ca2+, a function
controlled by the GluR2 subunit.

The Ca2+ permeability of the GluR2 subunit is

determined by the post-transcriptional editing of the GluR2 mRNA, which changes a
single amino-acid in the TMII region from glutamine (Q) to arginine (R). Almost all
the GluR2 protein expressed in the CNS is in the GluR2(R) form, giving rise to Ca2+
impermeable AMPA receptors. AMPA receptors importantly mediate the postsynaptic
depolarization that initiates neuronal firing (Bredt and Nicoll, 2003). Zinc, which is colocalised with glutamate-containing vesicles in synaptic terminals, has been found to
modulate the excitatory action of these receptors (Zhang et al., 2002).

Little is known of the physiological function of kainate receptors, although its clear they
represent an entirely separate group of proteins from AMPA receptors (Chittajallu et al.,
1999). They are built from multimeric assemblies of GluR5-7 and KA-1-2 subunits,
with subunit combinations determining affinity to agonist. For example, functional
homomeric expression of GluR5 and GluR6 results in an order of domoate>kainate>>Lglutamate, while co-expression with KA1 and KA2 gives an order kainate>domoate>Lglutamate (Chittajallu et al., 1999). The use of recently developed AMPA and kainate
receptor-selective agonists and antagonists, have provided evidence for functional preand postsynaptic kainate receptors in the mammalian CNS (Chittajallu et al., 1999).
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Figure 1.4 NMDA, kainate and AMPA glutamate receptors. (A) NMDA receptors
contain binding sites for glutamate and the co-activator glycine, as well as an Mg2+binding site in the pore of the channel. (B) Kainate and AMPA are both activated by
glutamate, and are permeable to Na+ and K+.

An important feature of NMDA receptors, unlike AMPA/kainate receptors, is their
permeability to Ca2+ as well as Na+ and K+ (influx of Na+, efflux of K+), an essential
factor in synaptic plasticity (Schell, 2004).

NR2B is generally expressed during

development, where it provides the receptor with greater glutamate affinity and longer
EPSC, thus increasing the likelihood of such processes as LTP (Huemmeke et al.,
2004). Over the course of development however, NR2B is replaced or supplemented
with NR2A-containing receptors, thus altering the channel properties by accelerating
the NMDA EPSCs (Rumbaugh and Vicini, 1999; Tovar and Westbrook, 1999) and a
reduction in synaptic plasticity (Carmignoto and Vicini, 1992; Quinlan et al., 1999).
The NR2B subunit also possesses a binding site for polyamines, regulatory molecules
that modulate the functioning of the NMDA receptor (Loftis and Janowsky, 2003).

The characteristics of EPSPs differ between NMDA and AMPA/kainate receptors, such
that the synaptic currents produced by NMDA receptors are slower and longer lasting
than those produced by AMPA/kainate receptors

(Dingledine

et

al.,

1999).

AMPA/kainate receptors use fast voltage-independent synaptic responses (Sans et al.,
2000), and are thought to deactivate rapidly due to their low-affinity binding site and
thus brief bound time for glutamate (Dingledine et al., 1999).
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1.27 GABA Receptors
In the adult CNS, GABA is the principal inhibitory neurotransmitter, with as many as
one-third of the synapses in the brain using this neurotransmitter. These inhibitory
synapses utilise two types of ionotropic receptors, GABAA and GABAC, and one
metabotropic receptor, GABAB (Purves, 2001). The binding of GABA to GABAA and
GABAC receptors results in Cl- ions entering the cell, hyperpolarising it and inhibiting
postsynaptic transmission. The flow of the negatively charged Cl- inhibits postsynaptic
cells since the reversal potential for Cl- is more negative than the threshold for neuronal
firing. The GABAB receptor is linked to potassium channels via G-proteins causing an
efflux of K+ from the neuron, thus hyperpolarising the neuron. The GABAB agonist
baclofen is used as a muscle relaxant to relieve muscle spasms, pain and muscular
rigidity associated with multiple sclerosis.

GABA receptors (GABAA and GABAC) are pentamers assembled from a combination
of seven types of subunits (α, , β, γ, δ, ε, θ and π) that are expressed in neurons
(Sinkkonen et al., 2000).

There are currently 16 known human GABAA receptor

subunits α1-6, β1-4, γ 1-4, δ and ε, thus an enormous array of combinations may exist
for these receptors (Chebib and Johnston, 1999).

However, for a fully functional

GABAA receptor, there must be an α, β and one other subunit type, such as γ, δ or ε.
GABAA receptors are also the targets of many therapeutic agents (such as general
anaesthetics, sedative drugs, and alcohols). These compounds allosterically modulate
GABAA receptor channel activities. GABAA and GABAC differ in their biochemical,
pharmacological and physiological properties with GABA being an order of magnitude
less potent at GABAA than GABAC receptors (Bormann, 2000). GABAA receptors are
selectively blocked by the alkaloid bicuculline and are modulated by benzodiazepines,
steroids and barbiturates (Bormann and Feigenspan, 1995; Johnston, 1996; Feigenspan
and Bormann, 1998). GABAC receptors however, are neither blocked by bicuculline nor
modulated by benzodiazepines, steroids and barbiturates. Also, in contrast to the fast
and transient responses elicited from GABAA receptors, GABAC receptors mediate slow
and sustained responses (Bormann, 1988; Bormann and Feigenspan, 1995; Johnston,
1996; Feigenspan and Bormann, 1998). GABAC receptors are expressed in many brain
regions, with prominent distributions on retinal neurons, suggesting these receptors play
important roles in retinal signal processing. In the retina of a fish, white perch (Roccus
americana), rod-driven horizontal cells were the first retinal neurons for which GABAC
receptors were characterized (Qian and Dowling, 1993).
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Figure 1.5 GABA ionotropic receptors GABAA and GABAC.
1.28 Synapse Plasticity
As scientists at the turn of the 19th century were realising that memories were not the
product of new nerve cell growth, Santiago Ramón y Cajal in 1894 proposed that
memories might be formed by strengthening the connections between existing neurons
to improve the effectiveness of their communication. In 1949, Donald Hebb further
proposed that new connections may grow between cells to enhance their ability to
communicate (Hebb, 1949). The first evidence for long-lasting changes in functional
synapse properties, termed plasticity and which is believed to facilitate learning and
memory, was not published until 1973 by Timothy Bliss and Terje Lømo who termed
such changes long term potentiation (LTP) (Bliss and Lomo, 1973). As introduced in
Section 1.26, LTP and its counterpart LTD are the broad names given to describe the
direction of change in synaptic efficiency, processes which both require NMDA
activation, although NMDA-independent LTP also occurs (Bennett, 2000).

The

determining factor of whether LTP or LTD occurs however, is the amount of Ca2+ in the
postsynaptic cell; small increases are associated with LTD and large increases with
LTP.

There are two types of LTP, associative and non-associative (Bennett, 2000).
Associative LTP is the strengthening of connection between two neurons that have been
activated simultaneously (Figure 1.6), while non-associative is brought about by the
repeated application of one stimulus (not discussed further here). For associative LTP
to detect the simultaneous activity of the pre- and postsynaptic cells, a coincidence
detector is required. In many parts of the brain where associative LTP is observed, the
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NMDA receptor fills the role of coincidence detector. This is due to the receptor being
ligand-gated, opening only when presynaptically-released glutamate binds the receptor,
and secondly the block of the channel by Mg2+ is relieved only after strong postsynaptic
depolarization (Nowak et al., 1984). When the Mg2+ block is removed, succesive
stimuli rapidly increase the [Ca2+]i of the postsynaptic cell via entry through the NMDA
channel, a process that induces LTP (Malenka et al., 1988). There are, however, several
types of associative LTP that do not depend on NMDA receptors. NMDA-independent
LTP has been observed, for example, in the amygdala where it depends on voltagegated calcium channels (Weisskopf et al., 1999).

(A)

(B)

Figure 1.6 Pairing pre- and postsynaptic activation causes LTP (A) Stimulus
applied to Schaffer synaptic input evokes EPSP in CA1 neuron, but no change in
synaptic strength. (B) When postsynaptic depolarisation is paired with Schaffer
collateral stimulation, there is a persistent increase in EPSPs, thus LTP (Purves et al.,
2001).

LTP is often divided into two phases, an early, protein synthesis-independent phase (ELTP) that lats between one and five hours, and a late, protein synthesis-dependent phase
(L-LTP) that persists from days to months. Beyond a critical role for Ca2+ in the
induction of E-LTP, few downstream molecular events leading to the expression and
maintenance of LTP are known with certainty. There is considerable evidence that LTP
induction depends upon the activity of several protein kinases, including
calcium/calmodulin-dependent protein kinase II (CaMKII), protein kinase C (PKC),
protein kinase A (PKA), mitogen-activate protein kinase (MAPK), and tyrosine kinases
(Malenka et al., 1989; Malinow et al., 1989; English and Sweatt, 1997; Huang and Hsu,
1999; Otmakhova et al., 2000). Postsynaptically, E-LTP is expressed primarily through
the addition of new AMPA receptors to the postsynaptic membrane. During NMDAdependent LTP the calcium-calmodulin complex that forms directly activates CaMKII
which 1) phosphorylates voltage-gated potassium channels increasing their excitability;
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2) enhances the activity of existing AMPA receptors; and 3) phosphorylates
intracellular AMPARs and activates Syn GAP (a Ras GTPase activating protein) and
the MAPK cascade, facilitating the insertion of AMPA receptors into the postsynaptic
membrane (Malenka et al., 1989; Esteban, 2003).

Unlike E-LTP, L-LTP requires gene transcription and protein synthesis, making it an
attractive candidate for the molecular analogy of long-term memory (Bennett, 2000).
The synthesis of gene products is driven by kinases which in turn activate transcription
factors that mediate gene expression. The cAMP response element binding protein-1
(CREB-1) is thought to be the primary transcription factor in the cascade of gene
expression that leads to prolonged structural changes to the synapse, enhancing its
strength (Poser and Storm, 2001). The products of CREB-1-mediated transcription and
protein synthesis include glutamate receptors (e.g. AMPA), transcription factors and
structural proteins that enhance existing synapses and form new connections.
Ultimately, L-LTP results in a pronounced strengthening of the postsynaptic response.
There is also considerable evidence that L-LTP prompts the postsynaptic synthesis and
release of a retrograde messenger that diffuses to the presynaptic cell, increasing the
probability of neurotransmitter vesicle release on subsequent stimulation.

This is

largely hypothetical and only weakly supported by existing data.

Synapses however, cannot continue to increase indefinitely in strength as encoding new
information would become impossible.

Therefore, weakening of synapses occurs

through the process of LTD. Unlike LTP which functions through CaMKII, LTD
results from the activation of Ca2+-dependent phosphatases that cleave phosphate groups
from target molecules. Recent studies using tagged GluR2 (AMPA) subunit have
directly visualised the removal of cell-surface AMPA receptors during a form of LTD
induced by exposure to NMDA in cultured hippocampal neurones (Ashby et al., 2004).
Additionally, there is a transient loss of extra-synaptic receptors that precedes the loss of
synaptically localised receptors, suggesting that AMPA receptors are not internalised
directly from the synapse, but from the surrounding membrane.

Having introduced the nervous system and neurotransmission, axons can be further
packaged into tracts and nerves resembling power conduits to form the circuits of the
sensory, motor and associated systems. Such organisation is a fundamental feature of
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the CNS, which in humans is comprised of 100 million neurons which function together
for memory, learning, thought, consciousness, hearing, smell and of course, vision.

1.3 Visual System
Of the 12 cranial nerves continuously supplying the brain with electrical stimulus, the
optic nerve is the 2nd. In goldfish, the optic nerve is comprised of approximately
200,000 axons (Murray, 1982), the lizard Ctenophorus ornatus with 827,000 (Beazley
et al., 1997) while humans posses 1.2 million (Saadati et al., 1998). The visual system
is comprised of the eye and its projections to the primary and higher order visual brain
centres. These retinal projections to the retino-recipient layers form a topographically
ordered map, with axons originating from neighbouring locations in the retina
terminating next to one another in the visual centres. This ordered map forms a spatial
representation of the visual world.

1.31 Visual System
Within the eye, the retina is located posteriorly and converts light to electrical impulses
(Purves, 2001). There are five major types of retinal neurons: photoreceptors, bipolar
cells, ganglion cells, horizontal cells and amacrine cells. As light reaches the retina, it
passes through all layers before being absorbed by the photopigments in photoreceptors.
Light absorption results in a change in receptor membrane potential and therefore, a
change in the amount of neurotransmitter released from the photoreceptor terminals
onto the contacted cell processes (Purves, 2001). The synapses between photoreceptor
terminals and bipolar cell (and horizontal cell) processes are located in the outer
plexiform layer. The axonal processes of bipolar cells make synaptic contacts in turn
onto the dendritic processes of the ganglion cells in the inner plexiform layer.
Horizontal and amacrine cells, with their cell bodies in the inner nuclear layer, are
primarily responsible for the lateral interactions within the retina (Purves, 2001). These
lateral interactions determine the visual system’s sensitivity to contrasts, specifically in
terms of luminance, over a wide range of light intensities. RGCs, with their processes
in the inner plexiform layer, subsequently send their axons to the visual brain centres.

The RGC axons run along the inner surface of the retina towards a region termed the
optic disk (or optic papilla) where they converge, exiting the eye to form the optic nerve
(Purves, 2001). RGC axons in the optic nerve continue to the optic chiasm where they
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decussate, and carry on to form the optic tract. In most vertebrates, the majority of
RGC axons diverge into the tract on the opposite (contralateral) side from which they
had originated. A minority of axons however continue along the optic tract on the same
(ipsilateral) side of the brain.

In goldfish and lizard C. ornatus, the main projection of RGC axons is to the midbrain
optic tectum, although there are also projections to the dorsal thalamus and pretectum,
as well as to the hypothalamus and mesencepthalic tegmentum (Reperant et al., 1978;
de la Calle et al., 1986). Also, if the forebrain is removed, animals are still capable of
visual responses as shown through electrophysiological recordings (Stirling et al., 1998,
1999; Dunlop et al., 2003; Taylor et al., 2005). In all fish, there exists however, a
projection to the telencephalon (Prechtl et al., 1998) via the dorsal thalamus, thus it is
possible this pathway becomes the dominant one in mammals.

The role of this

telencephalic pathway in the perception of vision in goldfish remains unknown.

1.32 Optic Tectum
The following description of the optic tectum applies to goldfish and lizard, as they are
the focus of this study, but their structures do differ slightly in other vertebrates. The
optic tectum forms the bulk of the midbrain roof and is the single largest visual centre
(Vanegas, 1984).

There exists much contention regarding the nomenclature of

stratification within the optic tectum. Hubar and Crosby (1933) recategorised Ramón y
Cajal’s (1896) previous description of 14 layers in the chameleon encephalon into 6
layers (3 zones, 2 layers per zone), which at present constitutes the most accepted
terminology (Morales et al., 1989).

The optic tectum is organised into three zones, superficial (S), central (C) and
periventricular (P), each with a cellular and fibre layer (Figure 1.7) (Stuermer and
Easter, 1984; Morales et al., 1989; Meek, 1990). The majority of RGC axons and their
terminal arbors are located within the superficial zone. This zone contains the stratum
opticum (s.o.) and the stratum fibrosum et griseum superficiale (s.f.g.s.). The s.o. is a
layer of incoming retinal fibers that synapse in the s.f.g.s., a zone of both neuronal cell
bodies and fibers. The central zone contains the stratum griseum centrale (s.g.c), a
dorsally located layer of cell bodies, and the stratum album centrale (s.a.c.), a ventrally
located layer of myelinated fibers. The central zone also contains well-defined fiber
pathways, which are selectivity connected to other tectal layers. The periventricular
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zone is comprised of the stratum griseum periventriculare (s.g.p.) and the stratum
fibrosum periventriculare (s.f.p.). The s.f.p. consists of the cell bodies of ependymal
cells lining the ventricle.

s.o.

S

s.f.g.s.

s.g.c.

C
s.a.c.
s.g.p.
s.f.p.

P

Figure 1.7 Transverse section through the optic tectum of the green iguana, Iguana
iguana (Vanegas, 1984). See Section 1.32 for abbreviations. Scale bar represents 100
μm.

1.4 Optic Nerve Regeneration
Since Sperry’s work throughout the 1940s and 50s, it has been known that in vertebrates
such as fish and amphibians, some CNS neurons can regenerate after axotomy, whereas
most neurons of mammals become apoptotic.

Since those early experiments, our

understanding of the morphological changes has significantly increased, while more
recent work has examined the molecular mechanisms and cellular signalling pathways
of axon growth. Optic nerve regeneration in goldfish and amphibians consists of a
number of processes, or stages, that once completed, lead to successful restoration of
Chapter 1 General Introduction

36

function. The first crucial stage is that RGCs survive axotomy and regenerate axons
beyond the injury site.

The regenerating axons must then grow back to their

topographically correct tectal location via molecular guidance cues, such as Eph
receptors and ephrin ligands. Such axon guidance occurs in the absence of neural
activity and is considered to be activity-independent.

Finally, activity-dependent

mechanisms refine tectal connections, resulting in a highly ordered and refined
topographic map. Although the activity-independent and –dependent processes are
generally separately defined, stages once attributed specifically to either mechanism
may contain demonstratable components of the other (see Section 1.43).

1.41 Optic Nerve Regeneration
The retina, and in particular the functional circuitry of RGC axons within the brain, has
been the focus of many studies examining regeneration within the CNS.

The

accessibility and relative simplicity of the visual system has provided the opportunity to
study synaptic organisation in the brain, especially following axotomy of the major
nerve tract.

Previous findings on the stages of optic nerve regeneration indicate a hierarchy of
success within the vertebrate phylum (Table 1.1A). It has been shown that successful
optic nerve regeneration occurs in fish and amphibians (reviewed (Beazley, 1984; Udin
and Fawcett, 1988; Beazley and Dunlop, 2000; Beazley, 2000). In these animals, the
majority of severed RGC axons rapidly regrow to the visual brain centres and reestablish a topographic map that is refined to restore vision.

Fish and frogs are,

however, the only classes of animals demonstrating successful optic nerve regeneration,
with a general decline of success observed in different vertebrate classes.

Table 1.1 Optic nerve regeneration summary. (A) Comparative successes in optic
nerve regeneration between animals. (B) Factors involved in optic nerve regeneration.
(A)
Animal

Axons
Axons
Successful
Map
Survive
Axotomy Regenerate Guidance Formation

Restore
Vision

Fish/Frog
Ctenophorus
ornatus (lizard)

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes/No

Yes/No

No

Birds/Mammals

No

No

No

No

No
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(B)
Animal

Fish/Frog

Ctenophorus
ornatus (lizard)

Birds/Mammals

Axon Survival
and Growth

Axon Guidance

Map Formation

Neurotrophin factors:
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EphA/ephrinA
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NMDA
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GABA:
Unknown
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The RGCs of birds and mammals lack the ability to restore vision following axotomy.
When the axons of RGCs are severed, similar to the long tracts of the spinal cord, they
have no capacity for functional repair under normal physiological circumstances
(MacLaren, 1998). The inability of the mammalian CNS to regenerate is accredited to
inhibitory environmental factors such as glial scar formation, breakdown products of the
myelin sheath of oligodendrocytes, cell death, insufficient support via growth factors
and lack of permissive growth substrates (Dezawa, 2002). One avenue of research has
focused on modifying the environment to more closely resemble that of the PNS, a
region with regenerative capacities. These strategies include providing neurotrophin
factors and transplanting cells such as PNS Schwann cells. Another avenue has been
the transplantation of peripheral nerve segments onto the transected optic nerve, which
promotes the regeneration of axons, plus delays cell death and prevents axonal
degeneration (Villegas-Perez et al., 1988; Vidal-Sanz et al., 1991).

The class Reptilia is considered phylogenetically intermediate between the fish and
amphibians, and the birds and mammals, not only in terms of evolution, but also in
terms of capacity for optic nerve regeneration. Within the class Reptilia, optic nerve
regeneration has been found to be highly variable, although such variability has
provided insights into the events involved in successful or unsuccessful axonal
regeneration. Most work has involved the lizard Ctenophorus ornatus (Agamidae),
endemic to the south-western interior of Western Australia. Within a month following
optic nerve crush, RGC axons regenerate beyond the site of lesion and reach the visual
brain centres, although regrowth is largely inaccurate (Dunlop et al., 2000). A crude
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topographic map initially forms, however, the map fails to be refined and all order is
lost (Stirling et al., 1999). This subsequent lack of consolidation and refinement of the
retinotectal projections contrasts with the successful nature of recognising the primary
visual pathway (Dunlop et al., 2000). Therefore C. ornatus have the ability, like fish
and amphibians, to regenerate RGC axons but fail to restore topographic order i.e they
fail at the final stage. As a result, animals remain blind via the experimental eye.

Other reptiles studied include the geckos Gehyra variegata and Nephrurus stellatus, the
lizard Gallotia galloti, the snake Viper aspis, and the turtle Chelodina oblonga (Rio et
al., 1989; Lang et al., 1998; Dunlop et al., 2004). In G. variegata, N. stellatus and C.
oblonga only a small proportion of the RGC axons cross the lesion site, while none
enter the contralateral optic tract (Dunlop et al., 2004). In G. variegata, some RGC
axons enter the ipsilateral tectum while others turn at the optic chiasm and approach the
normal eye, while in N. stellatus axons extend further to enter the normal eye and grow
to the retina (Dunlop et al., 2004). Axonal tracing in V. aspis and G. galloti reveals
greater regenerative capacity with RGC axons reaching the visual centres, although no
behavioural studies were used to test if connections were functional (Rio et al., 1989;
Lang et al., 1998).

1.42 Biochemistry of Axon Growth and Neurite Elongation
Following from the morphologically based research originally associated with optic
nerve regeneration, current research focuses on the molecular mechanisms, in particular
those underlying neurite extension and axon pathfinding. These molecular factors are
detected by various protein chemistry techniques such as two-dimensional
electrophoresis, in vitro culture assay systems, immunohistochemical and in situ
hybridisation staining (Matsukawa et al., 2004). Goldfish RGCs have been the classic
culture model due to the neurite extension from the retinal explant being seen
spontaneously even in mature goldfish retina, particularly in retinas primed by optic
nerve transectioning 5-7 days previously. Factors involved in optic nerve regeneration
after injury include neurotrophin factors, cell adhesion molecules, extracellular matrix
proteins, cytoskeletons, enzymes and miscellaneous molecules (Table 1.1B)(Matsukawa
et al., 2004).

Neurotrophins are a family of molecules that encourage survival of nervous tissue by
protecting the neuron from apoptosis. During development, the final number of neurons
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innervating a particular organ is achieved by thinning the population of neurons through
programmed neuronal death, neurotrophic factors secreted by cells in the target field
protect the neurons from apoptosis. Thus, the final number of neurons innervating a
target reflects the availability of neurotrophins. The neurotrophin family includes nerve
growth factors (NGF), brain-derived neurotrophin factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT-4). There are two classes of receptors, p75 and the tyrosine
kinases. p75 is a low affinity neurotrophin receptor, to which all neurotrophins bind.
The tyrosine kinases include TrkA, TrkB, and TrkC, and will bind only with specific
neurotrophins, but with a much higher affinity. Neurotrophin factors have also been
shown to play an important role during regeneration. NGF, ciliary neurotrophic factor
(CNTF) and axogenesis factor 1 and 2 (AF-1 and AF-2) promote neurite outgrowth in
goldfish RGCs (Turner et al., 1982; Schwalb et al., 1995; Schwalb et al., 1996), while
AF-1 and AF-2 are also effective for neurite extension of mature rat RGCs (Yin et al.,
2003).

Cell adhesion molecules (CAMs) are proteins located on the cell surface involved with
the binding to other cells or with the extracellular matrix. These proteins are typically
transmembrane receptors composed of three domains: an intracellular domain that
interacts with the cytoskeleton, a transmembrane domain and an extracellular domain
that interacts either with other CAMs of the same kind (homophilic binding) or with
other CAMs or the extracellular matrix (heterophilic binding). Most of the CAMs
belong to 4 protein families: immunoglobulin superfamily (IgSF), the integrins, the
cadherins and the selectins. CAMs such as L1, N-CAM (neural cell adhesion molecule)
and TAG-1 (transiently-expressed axonal surface glycoprotein) participate in the
extension of neurites (Matsukawa et al., 2004). Many CAMs are upregulated after optic
nerve crush/transection, including L1 in all goldfish RGCs (Vielmetter et al., 1991), two
L1 type molecules in zebrafish RGCs (Bernhardt et al., 1996). N-CAM is detected on
all axons from the site of the cut into the retino-recipient layers of the tecum after optic
nerve transection in goldfish, and increased mRNA expression in zebrafish (Bastmeyer
et al., 1990). In lizard, PSA-NCAM is transiently expressed in the RGCs during optic
nerve regeneration, and may facilitate regeneration in the nonpermissive reptilian visual
pathway (Harman et al., 2003). TAG-1 has neurite outgrowth-promoting activity, and
is expressed in nasal RGCs in embryos and nasal young RGCs in adult zebrafish, and
RGCs re-express TAG-1 12 days after optic nerve lesion (Lang et al., 2001).
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During mammalian CNS regeneration, one of the main obstacles is the presence of
inhibitory factors in myelin, for example Nogo, myelin-associated glycoprotein (Mag)
and oligodendrocyte-myelin glycoprotein (Omgp) (Matsukawa et al., 2004).

The

structures of fish CNS myelin and major structural glycoprotein resemble those of
mammals, however the inhibitory nature of fish myelin has not been fully resolved.
Although the Nogo-66 receptor is present, the Nogo ligand appears to be absent
(Klinger et al., 2004; Diekmann et al., 2005). Furthermore adult goldfish optic nerve
myelin contains inhibitors preventing neurite extensions, however following injury
growth becomes permissive, suggestive of a change in the optic nerve (Sivron et al.,
1994). In dissociated cultures of new born rat brain neurons, neurite extension is
inhibited on the substrate prepared from rat CNS myelin fraction, but not on that
prepared from trout or frog spinal cord myelin (Caroni and Schwab, 1988). In explant
culture of goldfish retina, the growth of regenerating axons from RGCs is inhibited by
the presence of rat oligodendrocytes or CNS myelin, but not by oligodendrocyte-like
cells prepared from goldfish optic nerve and CNS myelin (Bastmeyer et al., 1991).

1.43 Axon Guidance
The concept of molecular determinants of topography, originally proposed as the
“chemoaffinity hypothesis” by Roger Sperry (Sperry, 1963), has been shown to be
controlled largely by the combination of orthogonal axes of membrane-bound proteins,
the Eph receptor tyrosine kinases and their ligands the ephrins. The naso-temporal axis
of the retina projects its RGC axons along the rostro-caudal axis of the optic tectum,
while the dorso-ventral retinal axis projects along the medio-lateral tectal axis. Largescale cDNA screening of the chick E8 retina has sought to identify molecules showing
different expression intensities between nasal and temporal, or dorsal and ventral retina
(Shintani et al., 2004). Thirty three molecules with differential levels of expression
were identified along the naso-temporal axis, 20 were identified along the dorso-ventral
axis, with many being expressed from early developmental stages (Shintani et al.,
2004). Of these molecules, the best understood are the Eph receptors and their ephrin
ligands, which guide axons with their complementary graded retinal and tectal
expression patterns (Table 1.1B) (Flanagan and Vanderhaeghen, 1998; Mann et al.,
2004).

The Eph and ephrin proteins, representing one major family of guidance molecules,
have been implicated in many aspects of developing visual projections, from intraretinal
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axon guidance to topographic mapping of visual projections (Mann et al., 2004). The
Ephs and ephrins are separated into A and B sub-families based on their binding
preference with multiple members in each family. There are however exceptions with
functional crosstalk between groups: EphA4 binds with ephrin-B2 and ephrin-B3, and
ephrin-A5 bind EphB2 (Gale et al., 1996; Himanen et al., 2004; Pasquale, 2004). The
EphA and EphB receptors interact with their cell surface ephrins, which are either
anchored to the cell membrane by a glycosylphosphatidylinositol (GPI) linkage (ephrinAs) or by a transmembrane domain (ephrin-Bs, Figure 1.8) (Flanagan and
Vanderhaeghen, 1998). EphA/ephrin-A mainly utilise unidirectional signalling through
EphA, while EphB/ephrin-B have the important property of being able to initiate bidirectional signalling, in which a signal is triggered in both the EphB receptor-bearing
cell (‘forward signalling’) and in the ephrin-B ligand-expressing cell (‘reverse
signalling’) (Hindges et al., 2002; Mann et al., 2002). Ephrin-A5 appears to be an
exception when engaging an Eph receptor, as has been shown to initiate changes in cell
adhesion and cell morphology through reverse signalling (Davy and Robbins, 2000).

(A)

Ephrin ligand
Intracellular

Eph receptor
Extracellular

Intracellular
P P

Reverse
signalling

Forward
signalling

kinase

GPI

SAM

EphA

Ephrin-A

(B)
P P
Reverse
signalling

Forward
signalling

kinase

PDZ

SAM

P P
P

Ephrin-B

EphB

Figure 1.8 Diagrammatical representations of ephrin ligands and Eph receptors.
(A) EphA and Ephrin-A with GPI linkage with the cell membrane. (B) EphB and
ephrin-B with transmembrane domain. Modified from Davy and Soriano, 2005.

The EphA/ephrin-A system has been shown to order the projection of the naso-temporal
retinal axis across the rostro-caudal tectal axis (Figure 1.9). Temporal axons expressing
high EphA project rostrally to low ephrin-A levels. Interactions between A family
receptors and ligands act as growth cone repellents of RGC axons: binding of an A
ligand triggers phosphorylation of the EphA receptor tyrosine kinase domain, resulting
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in cytoskeletal collapse and thus axon repulsion (reviewed (Drescher et al., 1997;
McLaughlin et al., 2003a). Although most work has focused on development, blocking
EphA/ephrin-A interactions during optic nerve regeneration in goldfish also produces
topographic errors, with more projections located caudally and multiple projections to a
single tectal loci (Rodger et al., 2004).

Retina

(A)

Tectum

D
N

M
T

R

V

L
EphA

(B)

C

Ephrin-A

Ephrin-B

Ephrin-B

EphB

EphB

Figure 1.9 Axon guidance within the retinotectal system. (A) Guidance of nasotemporal retinal axons along the rostro-caudal tectal axis via EphA/ephrin-A. (B)
Guidance of dorso-ventral retinal axons along the medio-lateral tectal axis via
EphB/ephrin-B interaction. D, V, N and T represent dorsal, ventral, nasal and temporal;
M, L, R and C represent medial, lateral, rostral and caudal.

The mechanism of mapping the dorso-ventral retinal axis along the medio-lateral tectal
axis has been discovered more recently, again with work focusing on development. The
currently accepted view is that EphB/ephrin-B interactions regulate the medio-lateral
direction of interstitial branching within the tectum (Yates et al., 2001), a role
compatible with their expression patterns and combined attractive and repulsive
signalling (Hindges et al., 2002; McLaughlin et al., 2003b). It was the discovery of the
polarized expression of EphB molecules in the dorso-ventral axis of developing retina
that prompted the exploration of EphB and ephrin-B functioning (Holash and Pasquale,
1995). In chick and mouse, gradients of ephrin-B1 have since been detected in the
tectum and superior colliculus (SC) respectively (Braisted et al., 1997; Hindges et al.,
2002). In mouse, EphBs and ephrin-Bs are expressed in opposing gradients in both the
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retina and tectum, with axons expressing high levels of EphB (ventral) projecting to
targets with high levels of ephrin-B (medial), and vice versa, thus suggesting that their
signalling results in attraction (Figure 1.9, (Hindges et al., 2002).

However, the

behaviour of the interstitial branches shows both attraction and repulsion, with branches
lateral to their correct termination zone being attracted up the ephrin-B1 gradient,
whereas branches medial of their termination zone are repulsed laterally down the
ephrin-B1 gradient (McLaughlin et al., 2003b). Other studies have also shown that
bidirectional signalling between EphB/ephrin-Bs is required for appropriate guidance
(McLaughlin et al., 2003b).

In mouse, RGC axons form interstitial branches at

appropriate anterio-posterior positions that extend along the medio-lateral axis towards
their appropriate topographic target (Hindges et al., 2002). However, kinase-inactive
EphB2 mice show disrupted branch extensions resulting in lateral ectopic arbors,
indicating that guidance is dependent on forward signalling (Hindges et al., 2002).
Abnormal dorso-ventral projections are also observed in Xenopus laevis expressing a
truncated ephrin-B2 that lacks the cytoplasmic domain needed for reverse signalling
(Mann et al., 2002).

Furthermore, misexpression of cVAX and Tbx5, molecules

controlling expression of EphB and ephrin-B, in chick retina mapping defects along the
dorso-ventral axis of the tectum result (Schulte et al., 1999; Koshiba-Takeuchi et al.,
2000). Up to this point, the expression patterns of EphB/ephrin-B during optic nerve
regeneration had not been studied. One aim of this thesis was to examine both the
retinal and tectal expressions during optic nerve regeneration in the goldfish, an animal
with successful guidance.

The bifunctional role of ephrin-B1 can in essence explain medio-lateral guidance,
however the results do not rule out the possible involvement of other factors.
McLaughlin et al., (2003) suggests that the retinal EphB2 gradient and the tectal ephrinB1 lateral-medial gradient would set a critical range of ephrin-B1 detected by EphB2,
then via titrate signalling pathways, promote branch extension towards that optimal
concentration (McLaughlin et al., 2003b).

An interesting omission from recent

investigations however, has been the existence of the complementary gradients of EphB
and ephrin-B within the retina and tectum. Within the retina, EphB2 is expressed low
dorsal to high ventral, while ephrin-B1 and ephrin-B2 are expressed high dorsal to low
ventral. In the tectum EphB is low medial to high lateral, and ephrin-B is high medial
to low lateral (Braisted et al., 1997; Hindges et al., 2002). The reason for these counter
gradients is unknown. A possible explanation comes from the role of EphB/ephrin-B
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interactions in preventing cell intermingling to maintain separation of adjacent
populations (Mellitzer et al., 1999). Given a population of cells such as RGCs having a
mix of both receptors and ligands, it may be possible that these gradients and
interactions help to form a distinct identity where adjacent cells and thus axons are
known. In this way, the complementary gradients of EphB and ephrin-B within the
retina may set this critical range to project onto the tectum as McLaughlin et al., (2003)
proposed.

In addition to a role in axon guidance, studies in cortical and hippocampal neurons have
implicated EphB/ephrin-B interactions in the development and regulation of synaptic
connections due to their localisation on postsynaptic membranes (Torres et al., 1998).
Ephrin-B1 or ephrin-B2 binding to EphB2 receptors induces a direct interaction of
EphB2 with the NR1 subunit of the NMDA receptor (Dalva et al., 2000). The ephrin-Binduced association of EphBs with NR1 was found to be specific, as no interaction with
AMPA GluR1-3 receptors was detected (Dalva et al., 2000). Cultured cortical neurons
exposed to activated ephrin-B2-Fc treatment followed by glutamate stimulation also
resulted in a large increase in [Ca2+]i (Takasu et al., 2002). The increased Ca2+ influx
was through NMDA receptors and was due to phosphorylation of the NR2B subunit,
resulting in lengthening of the channel opening time. The outcome of increasing [Ca2+]i
was to regulate the expression of immediate early genes involved in synapse
development and/or function (Takasu et al., 2002). Up-regulated genes included c-fos,
a transcription factor that mediates cellular responses to extracellular stimuli (Takasu et
al., 2002). Ephrin-B2 also potentiated glutamate activation of two other genes, BDNF
and cpg15, molecules implicated in synapse development and/or function (Takasu et al.,
2002).

An additional tool to study EphB/ephrin-B in synaptic plasticity is genetically modified
mice.

Grunwald et al., (2001) showed that mice lacking EphB2 have normal

hippocampal synapse morphology, but display defects in synaptic plasticity.

The

apparently normal synapses are likely due to redundancy with coexpressed EphB1,
EphB3 or EphA4 (Henkemeyer et al., 2003). Also a lack of EphB2 impaired longlasting LTP, and completely extinguished LTD. (Henderson et al., 2001) Henderson et
al., (2001) showed that EphB2 knockout mice had reduced NMDA-mediated currents
and LTP potential at hippocampal CA1 and dentate gyrus synapses. Further confirming
the role of EphB in plasticity is observed in knockout mice of multiple EphB receptors.
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Henkemeyer et al., (2003) has shown that along with EphB2, EphB1 and EphB3,
double and triple mutant mice lacking these receptors in different combinations, are
involved in dendritic spine morphogenesis and synapse formation.

In culture, the

expression of AMPA-type and NMDA-type glutamate receptor subunits were
substantially reduced, as was receptor clustering (Henkemeyer et al., 2003). Through
the use of truncated mutants of EphB2, forward signalling has been found responsible
for normal dendritic spine formation.

The role of EphB/ephrin-Bs is therefore not limited to guidance, but extends to synaptic
remodelling processes such as LTP and LTD that are essential for the development and
regeneration of the visual system. Consequently, a further hypothesis tested in this
thesis is that EphB/ephrin-Bs could also play a (significant) role in refinement of the
retinotectal projection in goldfish.

1.44 Activity-Dependent Refinement
Following the coarse formation of the retinotectal projection by guidance cues, activitydependent mechanisms fine-tune RGC arbors to produce topographically precise
projections. The process of activity-dependent refinement was first suggested in 1949,
by the psychologist Donald. O. Hebb, who hypothesised that coordinated activity of a
presynaptic terminal and a postsynaptic neuron would strengthen the synaptic
connections between them. Hebb’s postulate, as it is known, implies that synaptic
terminals that are strengthened by correlated activity will be retained and/or sprout new
branches, whereas those that are persistently weakened by uncorrelated activity will
eventually lose their functional connection to the postsynaptic cell (Figure 1.10) (Hebb,
1949). For many years following, there remained a gap between those who viewed
development in terms of biochemical mechanisms (section 1.42 and 1.43) and those
who saw activity-dependent processes as the key to map formation (Ruthazer and Cline,
2004). In the last decade however, experiments have revealed that cooperation between
biochemical and activity-dependent mechanisms to be the rule rather than exception in
formation of CNS topography.
Central to the process of activity-dependent refinement is the Ca2+ permeable glutamate
receptor NMDA, although its involvement was not immediately discovered. Locally
correlated spontaneous activity in the retina, similar to that occurring in retinal waves,
was thought to drive the Hebbian-like change in synaptic strength that stabilises and
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strengthens synapses in the tectum. These retinal waves have been demonstrated in
developing mammals (Meister et al., 1991; Wong et al., 1993) and turtles (Sernagor and
Grzywacz, 1995), however such spontaneous retinal activity is not present during optic
nerve regeneration in goldfish (Kolls and Meyer, 2002). By inhibiting the correlated
retinal activity either by blocking the Na+ channels with tetrodotoxin (TTX) or
synchronising activity by stroboscopic illumination, refinement is prevented.

The

blocking of neuronal transmission via TTX injections into the eyes of developing chick

Correlated

Un-Correlated

Figure 1.10 Patterned activity arriving simultaneously sufficiently depolarises the
postsynaptic membrane and initiates events leading to synapse consolidation and
strengthening (modified from Purves et al., 2001).

(Kobayashi et al., 1990) zebrafish (Kaethner and Stuermer, 1994) or goldfish during
RGC axon regeneration (Meyer, 1983; Schmidt and Edwards, 1983; Olson and Meyer,
1991) results in normally organised retinotectal maps, but the multiunit receptive fields
were grossly enlarged. These observations demonstrated the involvement of at least
two cellular processes in the patterning of neuronal connections, a TTX-insensitive
process, responsible for gross topography, and a TTX-sensitive process responsible for
refined topography. In an imaginative experiment, axolotl Ambystoma mexicanum eyes
were transplanted into the orbits of the newt Taricha torosa, a species that naturally
synthesizes TTX (Harris et al., 1984). Although unable to generate action potentials,
the transplanted eyes formed topographically organised tectal projections (Harris et al.,
1984).

The involvement of activity-driven patterned activity has been shown in
Chapter 1 General Introduction

47

goldfish reared under stroboscopic illumination in which correlations of retinal inputs
are increased. In these animals, receptive fields are not refined (Schmidt and Eisele,
1985; Cook and Rankin, 1986; Schmidt and Buzzard, 1993). Once the role of patterned
neural activity had been determined, finding the mechanistic component followed soon
after.

Similar to those experiments with TTX, a range of other pharmacological agents where
applied to the tectum during optic nerve regeneration. However, the role of NMDA in
hippocampal LTP had been discovered earlier. Firstly in hippocampal slices, LTP was
blocked via the NMDA antagonist APV, and secondly when infusion of APV into the
hippocampus prevented spatial memory learning in rats (Bliss and Lomo, 1973;
Collingridge et al., 1983; Harris et al., 1984; Morris et al., 1986). Now with NMDAs
involvement in plasticity being firmly established, extending the observations to
activity-dependent refinement was the logical next step. This objective was achieved by
blocking NMDA receptor activity with antagonists in the tectum during optic nerve
regeneration, finding that retinotopic sharpening was prevented (Schmidt, 1990). As
another example, blocking the NMDA receptor prevented the segregation of eyespecific stripes induced by a third eye (Cline and Constantine-Paton, 1989; Simon et al.,
1992).

In the adult CNS, glutamatergic neurotransmission is generally AMPA-mediated,
reflecting the stability of connections.

Therefore during axon regeneration, it is

important that NMDA-mediated activity increases to surpass AMPA-mediated activity.
In the lizard C. ornatus, the NMDA NR1 subunit and NMDA-mediated activity
transiently increases through the period of map formation (Dunlop et al., 2003). As
introduced in Section 1.26, the subunit combination of NMDA determines biophysical
properties of the receptor, in particular the role of NR2B with its longer excitatory
postsynaptic currents. Following lesion in the adult rat visual cortex, enhancement of
LTP has been reported in nearby (2-3.2mm) tissue (Huemmeke et al., 2004). This
outcome is considered to be due to an up-regulation of NMDA receptors containing the
NR2B subunit, as the NR2B antagonist ifenprodil reduced LTP in a slice preparation
from lesioned rats (Huemmeke et al., 2004). In adult goldfish, neurons are continuously
added in both the retina and tectum, and compensated for by synapse shifting (Meyer,
1978; Raymond and Easter, 1983). During optic nerve regeneration, NMDA receptor
mRNA levels have been found to rise in the goldfish at the time when RGC axons are
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forming stable connections with their targets in the optic tectum (Hieber and Goldman,
1995). A further hypothesis of this thesis was that during optic nerve regeneration in
goldfish there is a functional switch from AMPA- to NMDA-mediated activity.

1.45 GABA Transmission
Although by definition not a component of activity-dependent refinement, GABA’s role
in inhibiting postsynaptic signalling means it is an important consideration during optic
nerve regeneration.

In Xenopus laevis tectal neurons, both blocking and elevating GABAA receptor activity
prevents receptive field refinement during development (Tao and Poo, 2005). The
matching of inhibitory and excitatory inputs onto tectal neurons, as seen in the mature
brain (Anderson et al., 2000; Zhang et al., 2003) was also impeded (Tao and Poo,
2005). Moreover, in owls subjected to prismatic displacement of the visual field,
GABA-mediated inhibition prevents appropriate plasticity during the initial phase of
adjustment (Zheng and Knudsen, 2001).

Changes in the expression patterns of GABAergic components have been examined
following disruption to the CNS. GAD levels in the visual cortex of adult cats with
binocular central retinal lesions have been shown to decrease, reflecting decreased intraand extracellular GABA (Arckens et al., 2000). The expression of GAT-1 and GAT-3
have been examined in the deafferented SC of the rat, in which it was found that
axotomy of the RGCs induced elevated immunoreactivity of the transporters in
astrocytic cells (Yan and Ribak, 1998). The expression of GABA, GAD-65 and GAD67 were also examined, but these were found not to alter. A final hypothesis examined
in this thesis is that in C. ornatus, the failure to maintain and thus consolidate the crude
topographic map would be related to inhibitory influences of GABAergic
neurotransmission, specifically on postsynaptic potentials. The goldfish however, with
its successful optic nerve regeneration, was expected to demonstrate appropriate levels
of inhibition so that postsynaptic signalling is not impeded.

1.5 Aims
The role of EphB/ephrin-B in mapping the dorso-ventral retinal axis across the tectal
medio-lateral axis has been well documented during development in Xenopus, mouse
and chick (Hindges et al., 2002; Mann et al., 2002; McLaughlin et al., 2003b).
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However, the expression patterns of EphB/ephrin-B during optic nerve regeneration
have yet to be studied. It is therefore an aim of this thesis to examine both the retinal
and tectal EphB/ephrin-B expressions during regeneration in the goldfish, an animal
where successful regeneration occurs. However, EphB/ephrin-B interactions are not
only indicative of guidance, with a role in synapse plasticity processes such as LTP now
well documented in the hippocampus.

In addition, EphB receptor function is

intertwined with the activity and functional modification of the NMDA receptor (Dalva
et al., 2000; Henderson et al., 2001; Takasu et al., 2002). In this thesis I therefore
aimed to determine whether EphB/ephrin-Bs play a (significant) role in refinement of
the retinotectal projection in goldfish within the optic tectum too. These studies are
presented in Chapter Two.

When considering activity-dependent refinement of retinotectal projections, the role of
the NMDA receptor is foremost, through its initiation of Ca2+-dependent pathways
involved in synapse formation and modification. Adult neurotransmission is however
dominated by AMPA-mediated activity, therefore re-expression, or up-regulation, of
NMDA-mediated activity is essential. Within the adult goldfish, both retinal and tectal
neurogenesis are occurring, resulting in the continual NDMA-dependent process of
synapse restructuring. A second aim of this thesis was to examine the functional
dominance of NMDA- and AMPA-mediated activity within the tectum of the goldfish
during regeneration. These results, presented in Chapter Three, will be compared to
previous work on the lizard C. ornatus where a partial switch in dominance occurs
while the lizard remains functionally blind.

With a failure in the lizard C. ornatus to consolidate the retinotectal projections that
initially form, a breakdown in functioning of activity-dependent was suspected. In the
final aim of this thesis, the involvement of GABAergic inhibition was examined and
compared in the goldfish and lizard models of optic nerve regeneration. These final
results are presented in Chapter Four.
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CHAPTER 2

The Role of EphB/ephrin-B in the Goldfish
During Optic Nerve Regeneration

This paper is currently in preparation for submission. An estimate of the relative
contribution of each co-author is provided:
Taylor, A.L (60%).,1 Rodger, J (7.5%).,1,2 Bartlett, C.A (7.5%).,1 Chen, P (5%).,1
Wallace, A.N (5%).,1 King, C.E (5%).,1 Dunlop, S.A (5%),
1,2

1,2

and Beazley, L.D (5%).

(2005). EphB/ephrin-B interactions are not required for restoration of topography

during optic nerve regeneration in goldfish.

Chapter 2 EphB/ephrin-B in Goldfish

51

EphB/ephrin-B interactions are not required for restoration of
topography during optic nerve regeneration in goldfish
A.L. Taylor1, J. Rodger 1,2, C.A. Bartlett1, P. Chen1, A.N. Wallace1, C.E. King1, S.A.
Dunlop 1,2 and L.D. Beazley 1,2.
1

School of Animal Biology and 2West Australian Institute for Medial Research, The

University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia.

Key words:
Running title: EphB/ephrin-B interactions during optic nerve regeneration

Number of pages: 24, Figures: 3

Author for correspondence:
Andrew Taylor
School of Animal Biology M092
The University of Western Australia
35 Stirling Highway
Crawley, WA 6009
Tel: 618 6488 1474
Fax: 618 6488 1029
Email: alt@cyllene.uwa.edu.au

Chapter 2 EphB/ephrin-B in Goldfish

52

2.1 Abstract
Axonal projections between brain regions are highly organised and are frequently
arranged topographically to more efficiently subserve function. One example is the
topographic projection of retinal ganglion cell (RGC) axons from the retina to the
primary visual centre, the optic tectum (homologue of the superior colliculus in
mammals). In the visual system, RGC axon guidance occurs primarily via gradients of
membrane-bound proteins: Eph receptor tyrosine kinases and their ligands, the ephrins.
In mammals and amphibians, gradients of EphB/ephrin-Bs are thought to guide axons
via attraction along the dorso-ventral retinal to medio-lateral tectal axes. In goldfish,
optic nerve regeneration is successful: by 4 weeks after optic nerve crush (early stage),
RGC axons have regenerated and reformed a crude topographic map, which is
subsequently refined (late stage: 2 months). Expression of EphB1, EphB2, ephrin-B1
and ephrin-B2 was examined immunohistochemically in the retina and tectum during
regeneration. Within the retina, EphB was transiently increased during the early stage,
and ephrin-B demonstrated an increased dorsal-ventral gradient at both stages. Within
the tectum, EphB expression are found to be stable, whereas ephrin-B was expressed
only on RGC axons. To test for a role of EphB and ephrin-B on guidance within the
optic tectum, signalling was disrupted via the continuous in vivo application of
exogenous EphB (EphB-Fc) or ephrin-B (ephrin-B-Fc) ectodomain into the
perimeningeal fluid above the tectum. In these experiments, application was continued
either for 2 weeks (early) or 6 weeks (late). Neither guidance nor receptive field sizes
for experimental animals were significantly different from normal. The results suggest
that EphB/ephrin-B interactions are not responsible for guiding RGC axons along the
medio-lateral tectal axis, a process possible involving EphA/ephrin-A or preordering
within the visual pathway prior to axon entry into the tectum.
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2.2 Introduction
Axonal projections between brain regions are highly organised and are frequently
arranged topographically for functional efficiency. One example is the topographic
projection of retinal ganglion cell (RGC) axons from the retina to the primary visual
centre, the optic tectum (homologue of the superior colliculus in mammals). The
mechanisms of mapping are thought to include molecular cues as well as anatomical
pre-ordering and activity-dependent mechanisms (O'Leary et al., 1999). However, one
of the main contributors is the combination of orthogonal gradients of membrane-bound
proteins, Eph receptor tyrosine kinases and their ligands, the ephrins, which guide RGC
axons to their correct locations within the tectum.

The Eph and ephrin proteins are separated into A and B sub-families with multiple
members in each sub-family. Interactions between A family receptors and ligands
cause repulsion of RGC axons: binding of an A ligand triggers phosphorylation of the
EphA receptor tyrosine kinase domain, resulting in cytoskeletal collapse and thus axon
repulsion (Kullander and Klein, 2002; McLaughlin et al., 2003a). The EphA/ephrin-A
system is involved in ordering the projection of the naso-temporal retinal axis across the
rostro-caudal tectal axis, with axons expressing high EphA repulsed from caudal tectum
by high ephrin-A levels (Flanagan and Vanderhaeghen, 1998). The mechanism of
mapping the dorso-ventral retinal axis along the medio-lateral tectal axis is less clear.
Knockout and loss of function studies have implicated the A subfamily, results
supported by the recent demonstration of interactions between the A ligands and B
Receptors (Gale et al., 1996; Himanen et al., 2004; Pasquale, 2004). However, the
more accepted view is that EphB/ephrin-B interactions regulate the direction of
branching within the tectum, a role compatible with their expression patterns and
combined attractive and repulsive signalling Hindges et al., 2002; McLaughlin et al.,
2003b).

In mouse, EphBs and ephrin-Bs are expressed in opposing gradients in both the retina
and tectum (Hindges et al., 2002). EphBs are expressed in a low dorsal to high ventral
gradient in the retina and a low medial to high lateral gradient in the tectum (Hindges et
al., 2002). Ephrin-Bs are expressed in a high dorsal to low ventral gradient in the retina
and a high medial to low lateral gradient in the tectum (Hindges et al., 2002). Axons
expressing high levels of EphB project to targets with high levels of ephrin-B, and vice
versa, thus suggesting that their signalling results in attraction.
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findings have shown that interactions between EphB/ephrin-Bs result in bidirectional
signalling and the outcome can be attraction or repulsion (McLaughlin et al., 2003b). In
addition to forward signalling by the receptor tyrosine kinase, the cytoplasmic domain
of ephrin-Bs causes reverse signalling (Hindges et al., 2002; Mann et al., 2002). Both
signalling directions are important in guidance: abnormal dorso-ventral projections are
observed in Kinase-inactive EphB2 mice (Hindges et al., 2002) and Xenopus tadpoles
expressing a truncated ephrin-B2 needed for reverse signalling (Mann et al., 2002). The
context-dependence of EphB-ephrin-B signalling is summarized by findings in mice
where forward signalling through EphB directs branch extensions medially towards
increasing levels of ephrin-B1 while axons medial to the same termination zone repel
branches laterally down the ephrin-B1 gradient towards the same termination zone
(McLaughlin et al., 2003b).

In addition to a role in axon guidance, studies in hippocampal neurons have implicated
EphB/ephrin-B interactions in the development and regulation of synaptic connections
(Torres et al., 1998). EphB2 binds to the NR1 subunit of the NMDA receptor (Dalva et
al., 2000) and phosphorylates the NR2B subunit. As a result, the channel opening time
is lengthened, increasing intracellular [Ca2+] and regulating the expression of immediate
early genes involved in synapse development and/or function (Takasu et al., 2002).
Electrophysiological recording of hippocampal slices from mice lacking the EphB2
receptor have shown reduced NMDA-mediated currents (Henderson et al., 2001) and
long-term synaptic plasticity (LTP and LTD) were impaired (Grunwald et al., 2001;
Henderson et al., 2001). Within the visual system, synaptic remodelling involving LTP
and LTD-like mechanisms is prolific during development and regeneration and is
responsible for refining the precision of topographic projections. For this reason, a role
for EphB/ephrin-Bs in synapse formation and strengthening through regulation of
NMDA receptor localization and function combined with the topographic information,
could play a significant role in refinement of the retinotectal projection.

Here we take advantage of the goldfish model of optic nerve regeneration to examine
the contributions of EphB/ephrin-B signalling to RGC axon guidance and activitydependent map refinement.

Following optic nerve crush in goldfish, RGC axons

regenerate back to appropriate tectal locations and form a crude topographic map within
a month. Activity-dependent mechanisms involving the NMDA receptor subsequently
refine the map resulting in precise retinotectal projections by 2-3 months (Cline and
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Constantine-Paton, 1989; Schmidt, 1990). The expression pattern within the retina was
found to indicate opposing gradients of EphBs and ephrin-Bs during regeneration, by
contrast, only weak but stable expression was found in the tectum. Consistent with low
expression levels, blocking EphB/ephrin-B signalling with recombinant fusion proteins
had minimal effect on guidance or refinement. In vitro studies of RGC axon outgrowth
from retina explants confirmed that EphBs and ephrin-Bs had no effect on the direction
of RGC growth, but suggested that they may play a role in fasciculation within the
visual pathway.
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2.3 Materials and Methods
2.31 Animals and Surgery
The procedures for maintaining goldfish and performing surgery have been described
previously (Rodger et al., 2000; Rodger et al., 2004). Briefly, goldfish 5-7cm in length
were purchased locally, maintained in gravel bottomed aerated tanks at 22oC and fed
daily. During surgery, goldfish were anaesthetized by immersion in 0.2% MS 222
(Sigma). The right eye was eased forward and connective tissue removed to expose the
optic nerve which was crushed with fine forceps (no. 5) until there was a visible
separation seen across the width of the nerve. The procedure severs all axons in the
optic nerve, whilst preserving the blood supply to the eye, as well as maintaining the
nerve sheath intact as a conduit for regenerating axons. Following recovery from
surgery, animals were returned to their tanks.

2.32 Tissue Preparation for Immunohistochemistry
Goldfish were terminally anaesthetised by immersion in 0.4% MS 222 and perfused
transcardially with 0.9% saline following by 4% paraformaldehyde. Brains and eyes
were removed and postfixed in 4% paraformaldehyde overnight, and stored in 15%
sucrose in phosphate buffered saline (PBS) at 4oC. Brains were sectioned with a cryomicrotome at a thickness of 16μm in the coronal plane to expose the medio-lateral axis,
whilst eyes were sectioned sagittally at 20μm to expose the dorso-ventral axis. Sections
were collected directly onto superfrost slides (Menzel-Glaser) and stored at –70oC.

2.33 Immunohistochemistry
Immunohistochemistry was used to localise and quantify Eph receptors B1 and B2
(Santa Cruz Biotechnology, USA), and the ephrin ligands B1 and B2 (Santa Cruz
Biotechnology, USA) within the retina and optic tectum.
Frozen sections were allowed to dry for 2 hours at room temperature prior to staining.
Sections underwent enzymatic digestion with proteinase K (1:5000, Promega) at 37oC
for 10 mins. After incubation, sections were rinsed in 0.1M glycine for 10 mins to
prevent further digestion. Sections were then incubated in 0.2% PBS Triton, 0.3% H2O2
and 10% normal horse serum (NHS). For retina sections, it was necessary to block
endogenous biotin using a blocking system (Dako). Primary antibody was applied at a
dilution of 1:250 in PBS and incubated on sections overnight at 4oC. After incubation,
sections were rinsed with PBS, and incubated in Link antibody (biotinylated anti-mouse,
anti-rabbit and anti-goat immunoglobulins; LSAB+ kit, DAKO Corporation, USA) at a
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dilution of 1:3 in PBS for 2 hours at room temperature. Sections were further rinsed in
PBS and incubated in peroxidase conjugated streptavidin (DAKO LSAB+ kit, DAKO
corporation, USA) diluted 1:3 with PBS for 0.5 hours at room temperature. Sections
were rinsed in PBS and peroxidase activity was visualised using 3-3’-diaminobenzidine
(DAB; Pierce). Sections were then dehydrated through a series of alcohols, xylene and
mounted in DePex. Controls lacking primary antibody were negative (data not shown).

2.34 Analysis
Retina: To quantify ephrin-B1 and ephrin-B2 immunoreactivity, images were captured
using a JVC video camera attached to an Olympus light microscope. Image Pro Plus
software was used to determine levels of immunoreactivity in RGCs across the dorsoventral retinal axis (King et al., 2003). Analysis was confined to RGCs, identified by
their large cross-sectional soma area and characteristic morphology. Only sections
encompassing the optic disk were measured to ensure optimal assessment of graded
expression along the dorso-ventral axis (n=3 sections per retina; 1000x magnification).
Intracellular immunoreactivity was quantified in all RGCs within four 100μm long strips
located in far-dorsal, central-dorsal, central-ventral and far-ventral retina. To control for
variation between sections, densitometry measurements were normalized against
background labelling (light values; L) within a 50x50μm2 area in the inner nuclear layer:
Normalized value = (raw value–L)/L. Every RGC measurement was normalized against
values taken from the same section.

Tectum: Immunoreactivity for EphB1 and EphB2 was localised to cell bodies in the
retinorecipient layer of the tectum, the stratum fibrosum et griseum superficiale (s.f.g.s.).
Sections were examined at 1000x magnification using light microscopy with an eyepiece
containing a counting grid measuring 100 x 100μm2. Cells overlapping the upper and
left borders were not counted to prevent double counting (Coggeshall and Lekan, 1996).
Immunoreactivity for ephrin-B1 and ephrin-B2 was not detected in tectal cells or
processes, but was strictly localised to the axons of regenerating RGCs in the stratum
opticum (s.o.) and s.f.g.s. Intensity of immunoreactivity across the medio-lateral axis
was assessed qualitatively.
2.35 Tectal Injections
Fish received injections of 200ng of EphB-Fc, ephrin-B-Fc or Fc only as a control
(R+D Systems) in 10μl of PBS.

Based on previous studies, we estimated the
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recombinant proteins to block Eph/ephrin signalling for up to 48 hours (Rodger et al.,
2004). Therefore, injections of EphB-Fc, ephrin-B-Fc and Fc controls were performed
at 48 hour intervals for 2-6 weeks starting 2 weeks after optic nerve crush, coinciding
with the arrival in the tectum of regenerating RGC axons. Anaesthetised fish were
placed in a support and a 30 gauge needle was used to pierce the skull above the left
(experimental) tectum. The small aperture generated by the first injection was used for
repeat injections. Injected fish were maintained in Holtfreter’s solution (60mM NaCl,
6.7mM KCl, 0.3mM CaCl2, 2.3mM NaHCO3; pH 7.2) to prevent infection and promote
healing.

2.36 Protein Pull-Down
To identify the endogenous EphB and ephrin-B that were targeted by the recombinant
proteins, pull down assays were performed using an anti-histidine antibody. Goldfish
(n=3) were sacrificed 4 weeks following optic nerve crush, with experimental tectum
dissected fresh and homogenized in protein lysis buffer (0.05M Tris pH 7.5, 0.5mM
EDTA, 150mM NaCl, 1% TritonX100 and protease cocktail (Roche)).

100μg of

homogenate was incubated with 400ng of recombinant EphB-Fc ephrin-B-Fc on ice for
1 hour. 2mg of anti-poly histidine (Sigma) was added for 1 hour, followed by 30ml of
Trueblot mouse beads overnight at 4oC. Beads were washed 3x10 minutes in protein
extraction buffer, boiled with 10μl of Laemmli protein loading dye, separated by SDSPAGE and blotted onto PVDF membrane. Membranes were blocked in non-fat milk
and incubated overnight in primary antibody.

Signal was developed using the

appropriate secondary antibody and ECL advance for chemiluminescence.

2.37 In vivo Electrophysiological Recording
Goldfish were anaesthetised in 0.2% MS222 and the gills perfused with water whilst a
circle of skull above the experimental tectum was removed using scalpel blade. The
tectum was photographed using a digital camera (Olympus DP11) attached to a stereo
microscope (Olympus SZH10). A standard 10x10 grid was superimposed over the
photograph to determine electrode placement. Fish were placed in a small container
filled with Holtfreter’s solution with MS222 (1:20000) at the centre of a translucent
hemisphere (40 cm in diameter) displaying circumferential and radial coordinates. The
position of the fish was adjusted to centre the experimental eye on the apex of the
hemisphere as assessed by reflection of the optic disk. Multiunit spike activity was
recorded via a tungsten electrode (9-11 megohms resistance; World Precision
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Instruments, Inc, USA) inserted in the superficial layers of the optic tectum.
Recordings involve both pre- and post-synaptic components (Kolls and Meyer, 2002).
The signal was amplified, filtered (low pass 10kHz, high pass 100Hz and a 50Hz notch:
Neurolog, Digitimer, UK), displayed on a digital oscilloscope (Tektronix, TD2 210) and
relayed to a loudspeaker. The location of maximal response and the extent of receptive
fields (circumferential and radial axes) were assessed using a stimulus moved slowly
across the visual field. Fish were excluded from further analysis if no responses were
elicited in the experimental tectum despite strong responses via the left (nonexperimental) eye to the right (non-experimental) tectum.

2.38 Analysis of Electrophysiological Maps
Maps of the retinal projection onto the tectum are shown according to standard
conventions (Meyer, 1977). Placement of recording electrode results in an orderly
distribution of tectal points, therefore the distribution of points in the retina displays the
extent of topographic order or disorder. To reveal disorder in the naso-temporal retinal
to rostro-caudal tectal projection, tectal points are joined in rows following the mediolateral axis.

The corresponding retinal rows reveal points that project abnormally

rostrally (nasal to the row) or caudally (temporal to the row). Similarly, to reveal
disorder in the dorso-ventral retinal to medio-lateral tectal projection, tectal points are
joined in rows following the naso-temporal axis. The corresponding retinal rows reveal
points that project abnormally laterally (dorsal to the row) or medially (ventral to the
row).

To analyse the extent of disorder, tectal recording loci and visual field projections were
overlain by a Cartesian grid, aligning the midpoint of dorsal tectum with the
corresponding visual field location. Visual basic and Excel were used to allocate x and
y coordinates expressed as % total tectal dimensions (to control for small inter-fish
variations).

Overall extent of topography: The difference between the x and y coordinates for each
tectal locus (xt,yt) and the visual response location (xv, yv) allowed analysis of order
across the horizontal (naso-temporal retina to rostro-caudal tectum: 1/average Abs(xt xv)) and vertical (dorso-ventral retina to medio-lateral tectum: 1/average Abs(yt – yv)
axes separately, where Abs is the absolute value. In addition overall topographic order
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is calculated, as shown by the equation: Order = 1/average (Abs(xt - xv) + Abs(yt - yv)).
High values indicate normal, and low values abnormal, topography.

Receptive field dimensions: Sizes for the circumferential (normalised for radial
position) and radial axes were compared between experimental and control fish using
students T-tests (excel, Microsoft). Symmetry was assessed as the ratio between the
circumference and radius.

RT-97 expression: RT-97 is a monoclonal antibody used for the identification of
regenerating axons, labelling polyphosphorylated epitopes on neurofilaments. Sections
(n=3 per animal) were examined at a final magnification of 200x. Within the s.f.g.s. of
the experimental tectum, the depth of the RGC axon input was measured at four
equidistant locations from far rostral to far caudal (termed positions 1-4). To control for
variations in size between fish, at each location, the depth of the RGC axon input was
expressed as a percentage of tectal thickness (from the pial surface to the stratum
periventriculare).

Data were analysed using ANOVA (Statview) and P values

calculated using the Bonferroni/Dunn post-hoc test.
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2.4 Results
Here, we investigated the role of EphB/ephrin-B interaction on establishing topography
across the medio-lateral tectal axis from axons originating from the dorso-ventral retinal
axis. Graded expression patterns of EphB and ephrin-B, while present in the retina,
were absent from the tectum throughout optic nerve regeneration. Furthermore, when
the signalling between receptor and ligand was disrupted via injections of fusion
proteins (EphB-Fc and ephrin-B-Fc) throughout regeneration, no effect was observed to
topography or receptive field sizes compared to control injected fish.

2.41 EphB and Ephrin-B Expression in the Retina
We measured EphB1 and ephrin-B2 levels in RGC across the whole retina via
immunohistochemistry. Normal fish were examined, as well as fish at 2 weeks, 1
month and 3 months post optic nerve crush. EphB1 was minimal in normal fish but
expression increased following optic nerve crush (Figure 1a). By 2 weeks post crush
and through to 1 month, strong expression was detected uniformly across the dorsoventral axis and significantly increased compared to normal (p<0.05). From 1 month
through to 3 months however, EphB1 expression across the retina gradually decreased,
before being comparative to normal values. Expression of ephrin-B2 was not detected
in normal fish but was induced following optic nerve crush (Figure 1b). Expression at 2
weeks was relative to normal but was most prominent at 1 month and 3 months,
displaying a significant high dorsal to low ventral gradient (p<0.05).

2.42 EphB and Ephrin-B Expression in the Tectum
Expression patterns of EphB and ephrin-B were examined within the s.f.g.s. layer of the
optic tectum in normal goldfish and during regeneration at 2 weeks, 1 month and 3
months following optic nerve crush.

Expression of both EphB1 and EphB2 was

detected in a minority of cells within the s.f.g.s. Numbers of immunopositive cells were
uniform by distribution across the medio-lateral axis and remained stable throughout
regeneration (Figure 2a). Ephrin-B1 immunoreactivity was not detected in normal fish,
but became apparent in the s.o. and s.f.g.s. at 1 and 3 months (Figure 2b). Expression
was low medial to high lateral, opposite to previous findings in chick and mouse
(Braisted et al., 1997; Hindges et al., 2002), thus suggesting that the gradient originated
in the retina and was not associated with tectal cells. Double labelling with the neuronal
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marker RT97, confirmed that tectal expression of ephrin-B1 was restricted to
regenerating RGC axons.
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Figure 1 Retinal expression of EphB1 and ephrin-B2 through optic nerve
regeneration. (A) Following the optic nerve crush, EphB1 expression increases
significantly across the whole retina, but subsequently decreases as regeneration
progresses. (B) Although not initially expressed in a gradient at 2 weeks, ephrin-B1
becomes steeply graded later in regeneration being expressed high dorsal to low ventral.
Values are +SD.
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Figure 2 Tectal expression of EphB1/B2 and ephrin-B1. (A) Although both EphB1
and EphB2 were expressed within the tectum, no change was observed throughout
regeneration (p>0.05). (B) Ephrin-B1 was expressed in a low medial to high lateral
gradient at 1 and 3 months, although when double stained with RT-97, was found to be
on regenerating axons, not processes. Values are +SD.

2.43 Protein Pull-Down
For both ephrin-B and EphB, no interaction were observed, or between A and B
families. This is reflective of the lack of tectal EphB and ephrin-B as shown through
minimal immunoreactivity.

2.44 In vivo Electrophysiological Mapping of Visual Projection Following
Disruption of EphB/ephrin-B Interaction
In these experiments, injections extended for either 2 weeks (2 weeks post crush to 4
week post crush; control n=6, EphB-Fc n=6, ephrin-B-Fc n=6) or 6 weeks (2 weeks post
crush to 2 months post crush; control n=6, EphB-Fc n=3, ephrin-B-Fc n=4). The effect
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on topography and receptive field size was recorded at both time points, referred to as
early (1 month) and late (2 months).

Properties of visually evoked responses: Responses recorded from the retinotectal
projection in normal goldfish were robust and reliable at all tectal locations. At the early
time point (1 month), responses tended to be weak and unreliable, particularly from
caudal and lateral tectum, presumably due to the timing of reinnervation. Responses
were akin to normal at 2 months.

Topographic order and receptive field sizes: In vivo electrophysiology was used to map
the retinotectal projection for topographic order, with guidance error relates to distances
between tectal electrode positions and RGC axon origins. High values indicate normal
topography, while low values abnormal. Receptive field sizes are a representation of
the large arbors that initially form during regeneration, and are subsequently refined.
The magnification factors throughout the tectum have been shown to be consistent
throughout regeneration, representing uniform distribution of RGCs within the retina
(Rodger et al., 2004).

At the early stage of regeneration (1 month), guidance was found not to be significantly
different between groups (p>0.05, Figure 3a). Guidance error for early stage control,
EphB and ephrin-B were 1.03+0.75, 0.96+0.75 and 1.58+0.87 respectively (mean+SD).
For receptive field sizes, at 1 month, the average circumferential and radial axes sizes
were similar between groups; control rad 11.16+3.98 cir 13.85+3.90, EphB rad
12.03+3.95 cir 17.63+8.26, ephrin-B rad 13.47+5.92 cir 14.51+5.86. Overall receptive
field sizes are represented in Figure 3c.

By the late stage (2 months), maps were well ordered, presumably via activitydependent mechanisms (Cline and Constantine-Paton, 1989; Schmidt, 1990), but again
no difference between control and experimental groups was observed (p>0.05, Figure
3b). Guidance errors for this late stage for control, EphB and ephrin-B were 1.85+1.01,
1.66+1.01 and 1.91+1.12 respectively. Receptive field sizes at 2 months had refined
dramatically, however the circumferential axis (which represents guidance along the
rostro-caudal axis) was markedly larger, although not significantly different from
controls (p>0.05); control rad 4.29+0.91 cir 8.18+2.95, EphB rad 4.05+0.53 cir
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11.17+6.33, ephrin-B rad 4.56+0.10 cir 10.27+3.37. Overall receptive field sizes are
represented in Figure 3c.
Retina

A

Ventral

Control-Fc
Nasal

EphB-Fc

ephrin-B-Fc

Temporal
Dorsal

17

24
19

20
15
6 11

12

14
9 1
4

1

5

1
1
5
8
12
17

1
4
9
14
19
24

1
6
11 Optic tectum
15
Lateral
20
Caudal

8

Rostral
Medial

B

Control-Fc

EphB-Fc

ephrin-B-Fc

16
11
6
1

21
16
11
6
1

16
11
6
1

1
6
11
16
21

1
6
11
16

1
6
11
16

Receptive Field Dimensions

C
25

Degrees

20
15
1 month
2 month

10
5
0
Control

EphB-Fc

ephrin-B-Fc

Figure 3. In vivo electrophysiological mapping of visual projection following
disruption of EphB/ephrin-B interaction. Two-dimensional representation of the
projection from the retina to the tectum in control, EphB-Fc and ephrin-B-Fc fish. (A)
Maps of the retinotectal projection at the early stage, and (B) at the late stage of
regeneration. (C) Receptive field sizes for early and late stages. Values are +SD.
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2.5 Discussion
Guidance of RGC axons within the optic tectum during regeneration is controlled
primarily via the interactions between Eph receptor tyrosine kinases and their ephrin
ligands. Here however, due to the expression of EphB/ephrin-B being found to be
restricted to the retina, their involvement in medio-lateral tectal guidance appears
limited.

As topography is restored along this axis, even when EphB/ephrin-B

interaction is disrupted during regeneration, other factors such as a greater role for
EphA/ephrin-A guidance, or axon pre-ordering prior to tectal entry, may take place.

2.51 Retinal and Tectal EphB/ephrin-B During Optic Nerve Regeneration in
Goldfish
The role of EphB and ephrin-B in axon guidance of goldfish is limited, and thus unlike
its developmental role of controlling guidance of dorso-ventral retinal axons along the
medio-lateral tectal axis as seen functionally in chick, mouse and Xenopus (Hindges et
al., 2002; Mann et al., 2002; McLaughlin et al., 2003b). However, the role of these
molecules in guidance during regeneration had previously not been documented, and
was examined here for the first time in goldfish. Patterns of retinal expression of EphB
and ephrin-B were found to support previous developmental findings. EphB increases
in expression across the retina, although in a constant pattern during initial guidance,
while ephrin-B increased expression such that a high dorsal to low ventral gradient was
present.

The gradient expressed by ephrin-B was however formed only later in

regeneration, and was not present during the first stage of axon guidance. Although the
appearance of the gradient coincides with the period of activity-dependent refinement, it
is not suggested that the gradient functions in this process as expression is already
increased by 2 weeks. In terms of the tectum, since no up-regulation in expression of
either EphB or ephrin-B was found during regeneration, it is difficult to conclude that
EphB/ephrin-B plays a dominant role in guidance of RGC axons along the medio-lateral
axis. The expression of EphB and ephrin-B has not always been found to be graded
however. In the wallaby (Macropus eugenii) during development, neither receptor
(EphB1 and B2) nor ligand (ephrin-B1, -B2 and -B3) are expressed in a dorso-ventral
gradient in RGCs, while similarly no medio-lateral gradient of ephrins was found in the
SC (Vidovic and Marotte, 2003). Their expression patterns, polarised EphB2 in outer
neuroblast layer, suggest a function in retinal development over that of mapping across
the medio-lateral axis (Vidovic and Marotte, 2003). Furthermore, in the leopard frog,
Rana utricularia, tectal EphB is expressed parallel to that of ephrin-A along the anterioChapter 2 EphB/ephrin-B in Goldfish
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posterior axis, while ephrin-B was expressed only along the dorsal midline (Scalia and
Feldheim, 2005). A similar case of expression along the inappropriate axis is observed
in the zebrafish tectum, in which ephrin-B2 is restricted to the posterior portion (Wagle
et al., 2004). The finding suggests that both the A- and B-family are involved in
guidance along the rostro-caudal tectal axis, and possibly the medio-lateral axis, or other
cues, such as wnt-ryk, may map this orthogonal axis (Schmitt et al., 2006). Therefore in
the goldfish, a greater role for EphA/ephrin-A is suggested is mapping both tectal axes.

2.52 Functional Role of EphB/ephrin-B in Setting Up Topography
Functionally, blocking the EphB/ephrin-B interaction during optic nerve regeneration
was not found to produce significant guidance errors along the medio-lateral axis. The
validity of the injections has been tested previously, where blocking the interaction
between receptor and ligand has been shown to last for our injection interval of 48 hours
(Rodger et al., 2004). Furthermore, blocking the EphA/ephrin-A interaction during
optic nerve regeneration in goldfish via a comparable injection procedure and related
fusion proteins resulted in abnormal topography (Rodger et al., 2004). Although the
greatest errors were detected along the rostro-caudal axis, axons projecting along the
medio-lateral axis had a weak tendency to project abnormally laterally, further adding
support to the link between EphA/ephrin-A and medio-lateral guidance (Rodger et al.,
2004).

There is strong evidence that EphBs and ephrin-Bs are involved in LTP in the
hippocampus, where they interact with NMDA receptors to modify Ca2+ influx upon
activation (Dalva et al., 2000; Grunwald et al., 2001; Takasu et al., 2002). Therefore it
was hypothesised that by blocking the EphB/ephrin-B interaction, refinement of
receptive fields may be impeded resulting in abnormally large diameters. However,
receptive field sizes were not found to be affected, rejecting the possibility of an
EphB/NMDA interaction with plasticity enhancing properties.

Refinement of the

circumferential axis (rostro-caudal) of the receptive fields however was greatly lacking
in late stage animals, although sizes were comparable between control and experimental
fishes for this axis. This study was however the first looking at this interaction during
regeneration, and with such limited expression of both receptor and ligand in the
goldfish, it is too early to conclude this interaction will not take place in animals which
show greater expression and dependence on EphB and ephrin-B during development.
Also, with the recent finding that ephrin-B, not only EphB, influences LTP in mice via
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reverse signalling, there is now a greater scope for this event being detected in the
tectum (Grunwald et al., 2004).

2.53 Preordering of Axons Prior to Tectal Re-innervation
In addition to the action of molecular cues, pre-ordering mechanisms contribute to the
ordering of the medio-lateral tectal projection during development, particularly in early
vertebrates. In this axis, axons are ordered along the length of the nerve, thus requiring
only limited searching once target areas are reached (Springer and Mednick, 1985).
Pre-ordering within the visual system is observed to a greater degree in Anamniotes
(Easter et al., 1981; Reh et al., 1983; Fraley and Sharma, 1984; Springer and Mednick,
1985) than in Amniotes (Aebersold et al., 1981; Torrealba et al., 1982; Voigt et al.,
1983; Naito, 1989; Reese and Baker, 1993). Dorsal and ventral axons show greater
order than nasal and temporal ones, and as a result show different patterns when
entering target sites. In the quokka wallaby, dorsal and ventral axons rotate positions
half way along nerve, thus entering the optic tract as separate streams (Chelvanayagam
et al., 1998). Similarly in goldfish and Xenopus, dorsal and ventral RGC axons are
separated into the lateral and dorsal brachia respectively (Becker and Cook, 1988). As a
result, axons enter the tectum/SC without the need for widespread searching
(Chelvanayagam et al., 1998). Correct choice of brachia during regeneration would
facilitate setting up the medio-lateral distribution of axons, and reduce reliance on
EphB/ephrin-B guidance.

In support of this possibility during regeneration in the

goldfish, intraretinal labelling with the anterograde tracer DiI (1,1`-didodecyl 3,3,3`,3`tetramethyl-indocarbocyanine perchlorate) has shown that choice of brachium by RGC
axons is non-random, although degraded compared to normal control (Bernhardt, 1989).
Therefore in goldfish, there appears to be a slight degree of pre-ordering prior to
entering the tectum via the appropriate medial and lateral brachium, perhaps sufficient
for EphA/ephrin-A to then guide axons over the rostral-caudal axis and establish gross
topography.

What controls axon choice into the medial and lateral brachia is unknown, although a
function exists for the counter gradients of retinal EphB/ephrin-B. This role of counter
gradients would hold true for goldfish, where both receptor and ligand are up-regulated
in the retina, and through fibre-fibre interactions along the nerve may determine brachia
choice. Fibre-fibre interactions may also play a guidance role within the tectum, with
this aspect warranting further examination.
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2.54 Conclusion
Our results show that manipulating the EphB/ephrin-B interaction has no discernable
effect on establishing topography along the medio-lateral tectal axis in goldfish during
optic nerve regeneration. Furthermore, the expression of both receptor and ligand is
restricted to the retina, with neither being present in the tectum. We conclude that the
successful restoration of the topographic map during regeneration in the goldfish is not
dependent of EphB/ephrin-B involvement. Such mechanisms of pre-ordering of the
axons into the medial and lateral brachia prior to entering the tectum, along with rostrocaudal guidance via EphA/ephrin-A may be sufficient for this process.
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CHAPTER 3
The balance of NMDA- and AMPA/kainate receptormediated activity in normal adult goldfish and during
optic nerve regeneration

This work has been published with the following reference. An estimate of the relative
contribution of each co-author is provided:
Taylor AL (70%), Rodger J (10%), Stirling RV (5%), Beazley LD (5%), Dunlop SA
(10%). (2005). The balance of NMDA- and AMPA/kainate receptor-mediated activity
in normal adult goldfish and during optic nerve regeneration. Exp Neurol. 195(2):391-9.
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3.1 ABSTRACT
Retinotectal topography is established during development and relies on the
sequential recruitment of glutamate receptors within postsynaptic tectal cells. NMDA
receptors underpin plastic changes at early stages when retinal ganglion cell (RGC)
terminal arbors are widespread and topography is coarse; AMPA/kainate receptors
mediate fast secure neurotransmission characteristic of mature circuits once topography
is refined. Here we have examined the relative contributions of these receptors to
visually evoked activity in normal adult goldfish, in which retinotectal topography is
constantly adjusted to compensate for the continual neurogenesis and the addition of
new RGC arbors. Furthermore, we examined animals at two stages of optic nerve
regeneration. In the first, RGC arbors are widespread and receptive fields large
resulting in coarse topography; in the second, RGC arbors are pruned to reduce
receptive fields leading to refined topography. Antagonists were applied to the tectum
during multiunit recording of post-synaptic responses. Normal goldfish have low levels
of NMDA receptor-mediated activity and high levels of AMPA/kainate. When coarse
topography has been restored, NMDA receptor-mediated activity is increased and that
of AMPA/kainate decreased. Once topography has been refined, the balance of NMDA
and AMPA/kainate receptor- mediated activity returns to normal. The data suggest that
glutamatergic neurotransmission in normal adult goldfish is dual with NMDA receptors
fine-tuning topography and AMPA receptors allowing stable synaptic function.
Furthermore, the normal operation of both receptors allows a response to injury in
which the balance can be transiently reversed to restore topography and vision.
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3.2 INTRODUCTION
Within the vertebrate visual system, excitatory neurotransmission is
glutamatergic (Cahill and Menaker, 1987; Kemp and Sillito, 1982; Langdon and
Freeman, 1986; van Deusen and Meyer, 1990). During development, the N-methyl-Daspartate (NMDA) glutamate receptor is involved in the establishment and fine-tuning
of topography (Bear et al., 1990; Cline and Constantine-Paton, 1990; Debski et al.,
1991; Hahm et al., 1991; Hofer and Constantine-Paton, 1994; Simon et al., 1992).
Silent synapses are converted to functional ones (Durand and Konnerth, 1996; Isaac et
al., 1997; Liao et al., 1995) as appropriately located connections are strengthened and
retained while inappropriately located ones are weakened and removed. Integral to this
sequence is the activation of AMPA receptors and the onset of fast synaptic
neurotransmission characteristic of mature circuits (Chen and Regehr, 2000; Gasparini
et al., 2000; Lin and Constantine-Paton, 1998; Renger et al., 2001; Watkins and Evans,
1981). Development of topography is thus characterized by a “switch” from NMDA to
AMPA receptor-mediated activity.
In

the

adult

mammalian

retinocollicular

projection,

glutamatergic

neurotransmission is purely AMPA receptor-mediated and reflects the stability of
topography which results from retinal and collicular neurogenesis being complete
during embryonic life (Johns et al., 1979; Walsh and Polley, 1985; Young, 1985). The
correlation is also seen in a reptile, the lizard Ctenophorus ornatus (Beazley et al.,
1998; Dunlop et al., 2003). By contrast, in normal adult fish, neurons continue to be
added to the eye and optic tectum throughout life but in disparate patterns (Meyer,
1978; Raymond and Easter, 1983; Raymond et al., 1983). As a consequence, synapses
continually shift to maintain topography (Easter and Stuermer, 1984; Fraser and Hunt,
1986; Stuermer, 1984). However, it has yet to be determined whether visually evoked
activity is purely AMPA receptor-mediated, as in mammals and C. ornatus, or both
NMDA and AMPA receptor-mediated to reflect the presence of shifting as well as
stable synapses.
In addition to establishing topography during development, NMDA and AMPA
receptors must presumably be involved in restoring topography in adults after, for
example, injury to the optic nerve. In mammals, optic nerve regeneration is abortive
(Grafstein and Ingoglia, 1982; Muchnick and Hibbard, 1980; Stichel et al., 1999).
However, in C. ornatus, RGC axons regenerate to the optic tectum and restore a coarse
functional map characterized by only a few topographically correct points (Stirling et
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al., 1999). Nevertheless, the map is transient and all order breaks down with the result
that blindness persists via the experimental eye (Beazley et al., 1997; Dunlop et al.,
2000; Stirling et al., 1999). We have recently shown that the inability to restore
topography during optic nerve regeneration in lizard is associated with an imbalance in
glutamate receptor-mediated activity. The normal developmental “switch” from NMDA
to AMPA receptor-mediated activity is not recapitulated; rather, NMDA receptormediated activity becomes elevated and remains so in the face of continued AMPAmediated activity (Dunlop et al., 2003).
By contrast, in fish, optic nerve regeneration is successful with a rapid
restoration of topography. However, although the initial map is topographically correct,
receptive fields are enlarged compared to normal as a result of abnormally widespread
terminal arbors (Meyer, 1983a; Olson and Meyer, 1991; Schmidt and Edwards, 1983).
Topography subsequently refines by a reduction in receptive field sizes as terminal
arbors are pruned. Topographic refinement during optic nerve regeneration is dependent
on the NMDA receptor (Eisele and Schmidt, 1988; Schmidt, 1990; Schmidt and
Edwards, 1983). However, the balance of NMDA and AMPA receptor mediatedactivity required to restore and refine topography has yet to be determined. .
Our first aim was to determine whether both NMDA and AMPA receptormediated activity were present in normal adult goldfish and, if so, to evaluate their
relative contributions. The second was to determine whether the balance of NMDA and
AMPA receptor-mediated changed during restoration and refinement of topography.
We assessed the extent of NMDA and AMPA receptor-mediated activity
electrophysiologically by applying specific antagonists during multiunit recording of
visually elicited responses (Dunlop et al., 2003; Stirling et al., 1998).

3.3 METHODS
3.31 Animals
Adult goldfish (Carassius auratus), 4.5-6cm in length were purchased locally and kept
in gravel-bottomed tanks containing aerated tap water at 22+2oC. All experimental
procedures conformed to the National Health & Medical Research Council (Australia)
Guidelines for the Care and the Use of Experimental Animals and were approved by the
Animal Ethics Committee of The University of Western Australia.

3.32 Optic Nerve Crush
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Surgical anaesthesia was by immersion in MS222 (0.4%). The right eye was deflected
forward and the optic nerve crushed intra-orbitally with watchmaker’s forceps. The
procedure severs all RGC axons but leaves the nerve sheath intact as a conduit for
regeneration (Dunlop et al., 2002).

Animals recover normal balance and feeding

behaviour within 10-15 minutes.

3.33 Electrophysiology
All animals were assessed electrophysiologically. Accurate mapping of the retinotectal
projection and measurement of receptive field sizes was accomplished by eye-in-water
recording in vivo (Rodger et al., 2004). The contribution of NMDA and AMPA/kainate
receptor-mediated activity was assessed using in vitro preparations which allowed
application of pharmacological agents to the tectum without systemic uptake (Stirling et
al., 1998; Stirling et al., 1999).

3.34 Topographic Mapping and Receptive Field Sizes
Previous studies in goldfish have shown that the time-course of optic nerve regeneration
varies. Coarse topography with enlarged receptive fields has been observed at 4-6
weeks and map refinement at 9-12 weeks (Kolls and Meyer, 2002; Meyer, 1983b; Olson
and Meyer, 1991) versus reports of map refinement at 5 weeks (Schmidt and Edwards,
1983; Schmidt and Eisele, 1985). Pilot data in our laboratory suggested that coarse
topography with enlarged receptive fields was restored by one month with refinement
by 3 months. We confirmed this time course using animals at 1 (n=6) and 3 months
(n=6) and compared our data to normal animals (n=6).

Surgical anaesthesia was by immersion in Eugenol (0.01%); a small circle of skull,
approximately 2 mm in diameter, was removed with iridial scissors to expose the
tectum. During the mapping procedure, fish were maintained under light anaesthesia
(0.001% eugenol in Holtfreter solution: 3.5g NaCl, 0.05g KCl, 0.0033g CaCl2, 0.2g
NaHCO2 per litre of distilled H2O) (Meyer, 1977; Rodger et al., 2004).

Animals were placed in a small anaesthetic-filled hemisphere at the centre of a large
translucent hemisphere (40 cm in diameter) displaying circumferential and radial
coordinates. The position of the fish was adjusted to centre the experimental eye on the
apex of the hemisphere as assessed by reflection of the optic disk. A tungsten
microelectrode (9-11 megohms resistance), lowered into the retino-recipient layers of
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the left (experimental) tectum, was used to record extracellular multiunit responses. The
electrode was positioned serially at the intersections of a grid projected onto dorsal
tectum. Responses were amplified, displayed on an oscilloscope and stored using
MacLab. The location of maximal response and the extent of receptive fields (radial and
circumferential axes) were assessed using the edge of a small black rectangle moved
slowly across the visual field. To normalise for apparent decreasing circumference at
the periphery of the visual field, circumference was multiplied by its average radial
coordinate to obtain a true value. At the conclusion of mapping, fish were terminally
anaesthetised (Eugenol; 0.1%).

3.35 Pharmacology
The contribution of NMDA and AMPA/kainate receptor-mediated activity was
determined in normal animals (n=6) and at 1 (n=7) and 3 (n=6) months after optic nerve
crush. Terminally anaesthetised animals (MS222; 0.4% immersion) were decapitated
and the forebrain removed as described previously (Stirling et al., 1998; Stirling et al.,
1999). Hemisected eyes with optic nerves and mid-brain attached were dissected in cold
oxygenated fish Ringer’s solution (NaCl 124mM, KCl 5.1mM, NaHCO3 17mM,
NaH2PO4 03mM, Mg2SO4 10.9mM, CaCl2 1.6mM, D-Glucose 5.6mM; bubbled with
95% 02 5%CO2) (Kumar and Faber, 1999).

The in vitro brain preparation was placed in a recording chamber containing Ringer’s
solution and divided by a wall of dental wax. The eyes and mid-brain were placed on
either side of the partition at the level of diencephalon. The compartments were sealed
with vaseline extruded from a syringe allowing each to be perfused separately
(4ml/min).

Efficiency of the seal between compartments was confirmed both by

checking the degree of electrical continuity between the compartments and the
containment of vital dye.

Multiunit responses elicited by a light source (white flashing diode, 250ms, 1Hz) were
recorded from the retino-recipient layers of the dorsal tectum using the Neurolog
System (Digitimer Limited), visualized and collected digitally using Chart (version
4.2.3, PowerLab, AD Instruments). As previously reported in goldfish, frogs and lizard,
multiunit responses are postsynaptic most likely arising from the dendrites of tectal
neurons and/or interneurons (Grant and Lettvin, 1991; Kolls and Meyer, 2002;
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Schmidt, 1979; Stirling et al., 1999; Vanegas et al., 1974a; Vanegas et al., 1974b)
Postsynaptic recordings allowed us to distinguish between presynaptic response latency
and postsynaptic response duration. At the start of each recording session, response
latency and duration were measured in Ringer’s solution. Latency was measured from
recording sites at the rostromedial tectal pole to minimise any confounding effects due
to wide-searching regenerate axons and the extent of their remyelination (Hartlieb and
Stuermer, 1989; Murray, 1982; Schmidt et al., 1988). Response duration was measured
at multiple recording sites across the dorsal tectal surface. Since NMDA receptor
kinetics are markedly slower than those for AMPA/kainate, NMDA receptor-mediated
responses have a longer duration than those mediated by AMPA/kainate (Dingledine et
al., 1999; Ozawa et al., 1998; Wu et al., 1996). Response duration was therefore used to
give an indirect indication of whether multiunit responses were predominantly NMDA
or AMPA/kainate receptor-mediated.

The following pharmacological agents were then added to the brain compartment: 5mM
cobalt chloride to replace calcium chloride and confirm that visually evoked responses
were post-synaptic (Dunlop et al., 2003; van Deusen and Meyer, 1990), kynurenate
(Sigma 2mM) as a general antagonist of glutamatergic responses (Ganong et al., 1983;
Perkins and Stone, 1982), APV (2-amino-5-phosphonovaleric acid; Sigma, 200 μM) to
abolish NMDA- or DNQX (6,7-dinitroquinoxalone-2,3-dione; Sigma, 25 μM) to
abolish AMPA/kainate receptor-mediated activity (Davies and Watkins, 1982; Honore
et al., 1988; Lin and Constantine-Paton, 1998; Malenka and Nicoll, 1999; McBain and
Mayer, 1994; McLennan, 1983; van Deusen and Meyer, 1990; Wu et al., 1996). For
each application of a pharmacological agent, re-establishment of base-line responses
following wash-out in Ringer’s solution confirmed that the pharmacological agents
caused the activity changes. One and a half hours was often necessary to restore
suitable responses before addition of a further pharmacological agent. The effect of
APV and DNQX on visually elicited responses was classified as complete, partial or no
abolition. Application of either antagonist that resulted in a partial block indicated that
visually evoked activity was driven by both glutamatergic receptors; such responses
were allocated equally to both NMDA- and AMPA/kainate-mediated responses.

Pilot recordings were initially made in which we attempted to apply DNQX and APV
sequentially to the same recording position. “Double” recordings were made in normal
fish (2 fish/ 2 recordings: denoted as 2/2) and once a coarse map had been restored
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(3/3) and after it had been refined (1/1). The pilot data indicated a range of responses
from AMPA/kainate-mediated but not NMDA-mediated activity in normal goldfish to
both NMDA and AMPA/kainate, NMDA and no AMPA/kainate and AMPA/kainate
and no NMDA during regeneration. However, over the long duration of the double
recordings (3-4 hours), we became aware of electrode drift and a decline in
responsiveness which made the effects of the agents difficult to classify thereby
precluding an assessment of whether NMDA and/or AMPA/kainate were active at the
same location. To gain sufficient reliable data, we therefore adopted an approach
whereby we recorded in one antagonist followed by washout and then moved to
another location before applying another antagonist chosen randomly.

3.36 Statistical Analysis
Response durations and latency were compared using one-tailed t-tests. The proportion
of responses blocked by APV or DNQX was compared using a significance of
difference for proportions test (Watkins et al., 2003).

3.4 RESULTS
3.41 Topography
In normal animals, topography was characterised by small receptive fields
(circumference: 4.05 + 1.78o; radius: 4.18 + 1.44o; Figs. 1, 2). By one month after optic
nerve crush, a coarse but topographically correct map was restored with receptive fields
that were approximately double normal values (circumference: 9.13 + 0.46o; radius: 8.0
+ 0.86o; p<0.05; Figs. 1, 2). By three months, topography had refined; that is, receptive
field sizes had declined to normal values (circumference: 4.40 + 0.92o; radius: 3.91 +
0.67 o; p>0.05; Figs. 1, 2).

3.42 Pharmacology
The antagonistic effect of cobalt (4 fish/9 recordings: denoted as 4/9) and kynurenate
(6/20) was consistently observed confirming that visually evoked activity was postsynaptic and glutamatergic (Fig. 3). Response latency in Ringer’s solution was
81.8+48.0 msec in normal fish (5/13), 62.9+21.9 msec when a coarse map had been
restored (7/12) and 63.0+12.7 msec after its refinement (5/5). No significant differences
were seen between groups (p>0.05).
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Response duration in Ringer’s solution was measured in normal animals (4/18), when
coarse topography had been restored (4/11) and after its refinement (4/16; Fig. 4). In
normal fish, response duration was 72.8+14.9 msec; values increased significantly
(p<0.05) to 117.7+38.6 msec when coarse topography had been restored and declined
to normal levels (81.3+17.9 msec; p>0.05) after refinement (Fig. 4). The increase in
response duration when coarse topography had been restored and its subsequent decline
after refinement indirectly suggested a transient elevation in the contribution of NMDA
receptor-mediated activity during optic nerve regeneration.

We tested the supposition of a changing balance of NMDA and AMPA/kainate
receptor-mediated activity further by recording visually elicited responses after addition
of the specific antagonists DNQX or APV to the Ringer’s solution. Recordings were
made in normal animals (DNQX: 4/5; APV: 5/7) and during optic nerve regeneration
when coarse topography had been restored (DNQX: 7/11; APV: 6/9) and after its
refinement (DNQX: 6/13; APV: 6/13). In normal animals, responses in Ringer’s
solution were robust and reliable, that is, they followed diode stimulation and did not
fatigue or fail. One out of nine recordings resulted in partial block. DNQX blocked
responses in a significantly higher proportion of cases (83.0%) than did APV (17.0%; z
= -1.6663, p<0.05, Fig. 5) suggesting that visually elicited responses are predominantly
AMPA/kainate-mediated but with some NMDA-mediated activity.

At the stage that coarse topography had been restored, sufficient responses in Ringer’s
solution were recorded for quantitative analysis although they were often difficult to
elicit, tending to fatigue or fail. Two out of 13 recordings resulted in partial block.
DNQX and APV blocked responses in approximately equal numbers of cases (DNQX:
50.0%; APV: 50.0%; z = 0, p>0.5) indicating similar levels of AMPA/kainate and
NMDA receptor-mediated activity.

However, compared to normal, a significantly

higher proportion of responses were NMDA receptor-mediated and a significantly
lower proportion were AMPA/kainate (NMDA: z = -1.5978, p<0.05; AMPA/kainate: z
= 1.5978, p<0.05). After topography had refined, responses returned to normal, being
robust and reliable. Three out of 12 recordings showed partial block. Furthermore, the
balance of NMDA and AMPA/kainate receptor-mediated responses did not differ from
normal (NMDA: z = -0.6652, p>0.05; AMPA/kainate: z = 0.6652, p>0.05).
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3.5 DISCUSSION
The main findings of this study are that visually evoked responses in normal adult
goldfish are dual being predominantly AMPA/kainate receptor-mediated but with some
NMDA receptor-mediated activity. The balance of NMDA and AMPA receptormediated activity then reverses as coarse topography is restored during optic nerve
regeneration. Once topography has refined, the balance of NMDA and AMPA/kainate
receptor-mediated activity reverts to normal.

Our finding that response latency did not differ between groups was initially surprising
since it has been shown that newly regenerated axons in the optic nerve are largely
unmyelinated at 1 month with partial recovery by 3 months and that regenerate axons
often take circuitous routes, especially within caudal tectum (Hartlieb and Stuermer,
1989; Murray and Edwards, 1982; Schmidt et al., 1988). However, the majority of
unmyelinated profiles in the optic nerve are likely to be supernumerary sprouts which
do not extend to the tectum and therefore would not contribute to visually evoked
activity (Dunlop, 2003). The similarity of our latency recordings in normal and
regenerate animals presumably reflects our selection of a rostromedial recording
location which was designed to avoid as far as possible RGC axons which searched
widely, in particular across caudal tectum, to reach their topographic location.

Our evidence for the differing contributions of NMDA versus AMPA/kainate receptor
mediated-activity both in normal adult goldfish and during optic nerve regeneration
comes from sampling large populations of RGC arbors during postsynaptic multiunit
recordings. In normal animals and at both stages of regeneration, partial block in either
antagonist indicated the presence of simultaneous NMDA and AMPA/kainate
mediated-activity at some locations. Further studies using single unit recordings will be
necessary to determine the extent to which individual dendritic arbors rely on NMDA
and/or AMPA/kainate receptors (Yen et al., 1995).

The results supports our hypothesis that in normal adult goldfish, the existence of some
NMDA receptor-mediated activity facilitates synaptic shifting as the visual system
continues to grow throughout adult life (Easter and Stuermer, 1984; Stuermer, 1984).
During early development, the NMDA receptor is critical for detecting correlated firing
from convergent RGC input and fine-tuning topography (Bear et al., 1990; Feldman et
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al., 1990; Hahm et al., 1991; Hickmott and Constantine-Paton, 1993; Hofer et al., 1994;
Li et al., 1994; Lin and Constantine-Paton, 1998; Simon et al., 1992; Yen et al., 1995).
The roles for NMDA receptors in reducing neurite motility, pruning RGC axonal arbors
and stabilising synaptic contacts that have been identified during early development
(Cline and Constantine-Paton, 1990; Debski et al., 1991; Rajan et al., 1999; Ruthazer et
al., 2003; Schmidt et al., 2000) presumably continue throughout adulthood.

Nevertheless, despite the presence of NMDA receptor-mediated activity, visually
evoked responses in normal adult goldfish are predominantly AMPA/kainate receptormediated. Such AMPA/kainate-receptor mediated activity presumably underpins the
fast and secure neurotransmission that occurs in mature circuits and is necessary for
normal function. Goldfish are thus able to operate both NMDA and AMPA/kainate
receptors simultaneously whereas, in mammals and C. ornatus, neurotransmission is
purely AMPA/kainate receptor-mediated (Chen and Regehr, 2000; Dunlop et al., 2003;
Gasparini et al., 2000; Lin and Constantine-Paton, 1998; Renger et al., 2001; Watkins,
1981).

NMDA receptor-mediated activity has been shown to be instrumental in refining
topography since blocking the receptor results in the persistence of enlarged receptive
fields both during optic nerve regeneration in goldfish and following compression of
topography after half-collicular ablation in the developing hamster (Razak et al., 2003;
Schmidt, 1990). Here, we have extended the findings by directly demonstrating an
increase in the contribution of NMDA receptor-mediated activity when coarse
topography is restored. Elevated levels of NMDA receptor-mediated activity must be
instrumental in pruning inappropriately located synapses and stabilizing appropriately
located ones as adjustments are made during restoration and refinement of topography
(Cline and Constantine-Paton, 1990; Debski et al., 1991; Rajan et al., 1999; Ruthazer et
al., 2003; Schmidt, 1990; Schmidt and Buzzard, 1990). Furthermore, we show that
there is a concomitant decrease in AMPA/kainate receptor-mediated activity when
coarse topography has been restored. Taken together, the data in goldfish suggest a
“switching” in the predominance of each receptor. The situation differs from that in C.
ornatus in which “switching” does not occur and in which topography fails to be
restored (Dunlop et al., 2003).
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In addition to the differing contributions of NMDA and AMPA/kainate receptors,
goldfish and lizard have, respectively, high and low amounts of topographic order
which would presumably provide different templates on which the receptors could act.
It has been shown that both NMDA and AMPA/kainate receptors are present in
immature “silent”, and therefore non-functional, synapses and that their responsiveness
depends on glutamate release profiles (Gasparini et al., 2000; Renger et al., 2001). In
goldfish, high, fast profiles presumably occur when coarse topography has been
restored since sufficient RGC terminal arbors would be correctly located to allow the
detection of correlated visually evoked activity. The high levels of correlated activity
would be strong enough to trigger sufficient NMDA receptor activation to allow
refinement as well as the recruitment of AMPA/kainate receptors, synaptic maturation
and return of vision. By contrast, in lizard, the small number of topographically correct
points presumably results in only asynchronous visually evoked activity reaching the
optic tectum that is too weak to drive the progressive recruitment of NMDA and
AMPA/kainate-mediated activity (Dunlop et al., 2003; Stirling et al., 1999). As a result
topography breaks down and blindness persists.

Once topography has refined, we show in goldfish that NMDA receptor-mediated
function returns to normal levels. However, despite functional topography being refined
by 3 months (Meyer, 1982; Meyer, 1983a; Meyer, 1983b; Olson and Meyer, 1991;
Olson and Meyer, 1994; Schmidt, 1985; Schmidt and Edwards, 1983), anatomical
techniques reveal RGC terminal arbors that remain abnormally widespread for up 6
months. Such abnormally located connections must be functionally silent and are
eventually removed by 1 year (Hartlieb and Stuermer, 1989; Meyer, 1980; Meyer and
Kageyama, 1999; Meyer et al., 1985). Two distinct sets of RGC terminal arbors must
therefore require structural re-arrangement in the long term: those that are anatomically
more widespread than normal and all regenerate arbors which must be shifted to
accommodate newly generated RGC axons so as to maintain topography. Presumably,
the return to normal levels of NMDA receptor-mediated function is sufficient to allow
both populations to be sculpted simultaneously.

In conclusion, dual NMDA/AMPA receptor-mediated neurotransmission in goldfish
appears to provide a starting point which can be readily switched to effect plastic
changes necessary to restore topography during optic nerve regeneration. The situation
contrasts with C. ornatus in which glutamatergic neurotransmission is purely AMPA
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receptor-mediated and optic nerve regeneration is dysfunctional (Stirling et al., 1999;
Dunlop et al., 2003). Persistent visual stimulation in Xenopus tadpoles has been shown
to increase NMDA receptor currents while decreasing AMPA receptor-mediated
synaptic drive (Aizenman et al., 2004). We have recently shown that enhancing neural
activity by training C. ornatus on a visual task during optic nerve regeneration restores
a normal balance of glutamatergic neurotransmission as well as topography and, most
crucially, vision (Beazley et al., 2003). The implication is that, in mammals with purely
AMPA receptor-mediated activity, strategies to enhance appropriate patterns of activity
may be required to restore topography.
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3.8 FIGURES

Figure 1. Retinotectal maps in normal goldfish (left panel) and during optic nerve
regeneration when coarse topography is restored by 1 month and refined by 3 months.
The grid of recording positions within the optic tectum (rectangle) is represented as five
rows (arrows) with equally spaced dots. Numbers represent the first recording position
in each row and arrowheads the last. Corresponding receptive fields (circles) within the
retina (dotted curved line) are indicated by numbers joined by arrows. Receptive field
sizes are drawn to scale. D, V, N and T represent dorsal, ventral, nasal and temporal; R,
C, M and L represent rostral, caudal, medial and lateral.

Figure 2. Radial (gray) and circumferential (white) receptive field sizes in normal
animals and during optic nerve regeneration when coarse topography is restored and
refined. Error bars represent standard deviation.
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Figure 3. Representative recordings in normal animals to diode off signals (arrows) in
normal Ringer (top row) and after addition of pharmacological agents (bottom row)
showing examples of complete block of responses.

Figure 4. Representative recordings showing response duration (msec) to off signals
(arrows) in normal animals (left trace) and during optic nerve regeneration when coarse
topography is restored (centre trace) and refined (right trace). * indicates significantly
different from normal.

Figure 5. The proportion of responses that were NMDA (black) or AMPA/kainate
(white) receptor-mediated in normal animals and when coarse topography has been
restored and refined. The proportion of responses that were both NMDA and
AMPA/kainate-mediated are shown in grey. * indicates significantly different from
normal.
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CHAPTER FOUR

GABAergic Inhibition During Optic Nerve
Regeneration in Goldfish and Lizard
Ctenophorus ornatus

This work has been submitted under the following reference.
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(5%), Dunlop SA (7.5%). GABAergic inhibition disrupts topography during
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4.1 ABSTRACT
Following optic nerve injury in goldfish, Carassius auratus, and lizard (Ctenophorus
ornatus), retinal ganglion cell (RGC) axons regenerate to the visual centres. In goldfish,
topography is restored spontaneously with return of vision but, in lizard topography is
only restored following visual training, an effect partially mediated by reduced tectal
GABAergic inhibition. Here we examined the involvement of GABAergic inhibition
during optic nerve regeneration in goldfish and extended our previous findings in lizard.
Levels of functional GABAergic inhibition were assessed by applying the GABAA
receptor antagonist bicuculline and the GABA transporter antagonist tiagabine during
electrophysiological recording of tectal post-synaptic visually evoked responses. Tectal
GABAA

receptor

and

GABA

transporter

expression

was

quantified

immunohistochemically. In normal animals, GABAergic inhibition was minimal in
goldfish but high in lizards. During optic nerve regeneration in goldfish, levels remained
unchanged as topography was restored but chronic infusion of GABA disrupted
topography. By contrast, during optic nerve regeneration in untrained lizards which
lacked topography, GABAergic inhibition showed dramatic and sustained increases.
Taken together, our data implicate the inhibitory neurotransmitter GABA in the
restoration of topographic connections with high levels disrupting topography and low
levels permitting it.

Key words:

GABAergic inhibition, optic nerve, regeneration, topography, refinement

Running title: GABAergic inhibition and optic nerve regeneration
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4.2 INTRODUCTION
There is extensive evidence in fish, amphibia, reptiles and mammals that excitatory
retinotectal / retinocollicular neurotransmission is glutamatergic being driven by
NMDA and AMPA receptors (1-7) and that inhibition is GABAergic (2, 8, 9). An
appropriate balance between excitatory and inhibitory neurotransmission is vital both
for establishment of functional circuitry during CNS development and for its
maintenance in the adults. Although in many CNS regions glutamatergic excitatory
inputs develop early and GABA mediates excitatory input somewhat before the onset of
hyperpolarizing GABA-mediated inhibition (10), the establishment of inhibitory
circuitry is thought to balance excitation and prevent excitotoxic damage (9, 11). The
balance remains critical in adults since even small decreases in GABAergic inhibition
result in seizures both in animal models and in neurological disease (12-14). In addition,
the role of GABA in maintaining overall stability is evident when decreases in
GABAergic inhibition unmask NMDA-mediated synaptic plasticity in a normal adult
models such as long term potentiation (LTP) (15-17), plasticity of ocular dominance
columns (18, 19) and auditory space maps (20).

Less is known about the balance of excitatory and inhibitory neurotransmission in adults
after CNS neurotrauma. Following spinal cord injury in mammals, expression of
glutamic acid decarboxylase (GAD67), a GABA synthesising enzyme, increases and
remains elevated, presumably limiting glutamate-mediated excitotoxic damage to
surviving neurons (21-25). By contrast, within the less complex circuitry of the
deafferented rodent superior colliculus, microarray and immunohistochemical analysis
revealed that GABA levels remain unchanged while glutamate concentrations are
decreased (26, 27). However, increases in the GABA transporters GAT-1 and GAT-3
presumably toned down GABAergic inhibition.

Compared to mammalian CNS neurotrauma in which regeneration fails, comparative
studies in non-mammalian vertebrates allow elucidation of factors that underpin
successful CNS repair, a favoured model being optic nerve regeneration (28, 29). In
goldfish, the majority of severed RGC axons rapidly regrow to visual brain centres
within 1-2 weeks (30, 31). By 1 month, topographically correct connections are
reinstated but multiunit receptive fields are enlarged and overlapping compared to
normal animals resulting in “coarse” topography. Subsequently, topography is “refined”
by a reduction in receptive field sizes, with normal vision being returned by 2-3 months
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(5, 32-36). A different scenario is seen within the reptiles in which optic nerve
regeneration is less successful (37-42). In the lizard Ctenophorus ornatus, RGC axons
reach the visual brain centres by 1-2 months, form robust projections between 5-7
months but fail to restore a topographic map with the result that animals remain blind
via the experimental eye, even in the long term (37, 39).

The role of excitatory and inhibitory neurotransmission in optic nerve regeneration has
received only limited attention. We have recently shown in normal goldfish that,
although glutamatergic neurotransmission is predominantly AMPA-mediated, there is
some NMDA-mediated function presumably reflecting the continual shifting of
synapses that occurs as newly generated RGC axons are integrated into the retinotectal
map (43, 44).

Furthermore, during optic nerve regeneration, there is a transient

switching in favour of NMDA receptor-mediated function at the time that coarse
topography is restored (36), a change reflected by a shift in the balance of AMPA and
NMDA receptor expression (45, 46). The NMDA receptor is instrumental in receptive
field refinement since blocking its function maintains enlarged receptive fields but does
not disrupt overall topographic order (5, 32-36). By contrast, in normal lizard,
glutamatergic neurotransmission is purely AMPA-mediated, reflecting the cessation of
retinal neurogenesis early in life and therefore a stable topographic map (47). However,
switching towards NMDA-mediated neurotransmission during optic nerve regeneration
in lizard is defective (47). Similar to the sequelae of spinal cord injury in mammals (24,
25), GABAergic inhibition is upregulated suggesting an imbalance between excitatory
and inhibitory neurotransmission during optic nerve regeneration (48). Indeed, we have
recently shown that manipulating levels of neural activity by training lizards on a visual
task during optic nerve regeneration decreases levels of GABAergic inhibition at the
same time as restoring topography and useful vision (48).

Taken together, the data provide evidence for a link between elevated GABAergic
inhibition and lack of function after injury whether in lizard, in which regeneration
occurs but is dysfunctional, or in mammals in which regeneration fails. However, the
opposite, that is, evidence for low levels of GABAergic inhibition being associated with
successful regeneration, is lacking. The degree of functional GABAergic inhibition
during optic nerve regeneration in goldfish and extended our findings in lizard;
quantitative immunohistochemical analysis was also undertaken. Animals were
examined at stages after RGC axons have regenerated to the optic tectum. We show in
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goldfish that levels of GABAergic inhibition are low and remain unchanged during
restoration of topography and return of vision.

The corollary to the finding that decreased inhibition is associated with restoration of
topography is that increased inhibition will disturb it. Pilot studies in lizard aimed at
reducing GABAergic inhibition via bicuculline infusion in vivo over were unsuccessful
due to extreme thickness of skull, overlying cortex and large sinus, which precluded
access to the optic tectum. We therefore took advantage of the accessibility of the optic
tectum in goldfish to undertake this experiment.

We show that chronic infusion of

GABA in goldfish disrupts topography. By contrast, levels of inhibition in normal lizard
are higher than in goldfish and show dramatic and sustained increases in untrained
lizards which lack topography. Results have been presented in abstract form (49).

4.3 MATERIALS AND METHODS
4.31 Animals and anaesthesia
Procedures for maintaining animals and performing optic nerve crushes on goldfish and
C. ornatus have been described previously (goldfish: (50) lizard: (37, 39)). Briefly,
goldfish 7-9cm in length were purchased locally, kept in gravel-bottomed aerated tanks
at 22+2oC and fed daily. During surgery, goldfish were anaesthetized by immersion in
0.2% MS 222; terminal anaesthesia was with 0.4% MS222. Adult C. ornatus were
collected in the Perth region under licence from Conservation and Land Management.
Lizards were maintained at 22 + 2oC and provided the opportunity to bask on rocks
heated to 25-30oC by heat lamps illuminated for 14 hours per day. Lizards were fed
mealworms twice weekly and provided with water. Surgical anaesthesia was with
inhalation of halothane along with cooling to minimise bleeding; terminal anaesthesia
was with sodium brietal (18 mg/kg body weight, i.p; Eli Lilly Co., Indianapolis, IN.)

4.32 Optic nerve crush
In goldfish, the right eye was deflected forward and connective tissue removed to expose
the optic nerve. In lizards, the left optic nerve was exposed via a cut in the dorsal skin
overlying the orbit. Optic nerves were crushed extracranially with fine forceps (no. 5)
until there was a visible and clear separation seen across the width of the nerve. The
skin was re-apposed and sealed with cyanoacrylate. The crush procedure severs all
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RGC axons while preserving the blood supply to the eye, as well as maintaining the
nerve sheath intact to act as a conduit for regenerating axons (37, 39). Animals were
examined at early and late stages of optic nerve regeneration. In goldfish the stages
correspond to 1 month when a coarse topographic map with enlarged receptive fields has
been restored (early phase) and 3 months once topography has been refined (late phase)
(5, 32, 34-36, 51). A longer time-course is observed in lizard (39, 47) and we examined
animals at 5-7 months (here termed the early phase) and at 1yr + (late phase).

4.33 Minipump implantation in goldfish
Osmotic minipumps (model 1002, 100μl, 2 weeks; Alzet Corp, CA) and Brain Infusion
Kit 1 (Alzet corp, CA) were loaded (experimental: loading concentration 8M GABA
(working concentration 0.02M GABA) in sterile Holtfreter’s; control: sterile
Holtfreter’s), assembled as per manufacturer’s instructions and implanted at 2 weeks
post crush i.e. when RGC axons have first reached the optic tectum but before they have
established topography. Goldfish were anaethetised, the skin overlying the dorsal skull
removed with a No. 11 scalpel and a small hole made with a 28 gauge needle. To ensure
immediate onset of inhibition, a small injection (10μl: experimental – GABA, 2M in
sterile Holtfreter’s; control - sterile Holtfreter’s) was made into the intracranial fluid
above the surface of the optic tectum. The cannula was inserted so as to lie above the
dorsal surface of the left optic tectum and attached to the skull by dental acrylic. The
minipump was positioned just anterior to the dorsal fin and parallel to the body using
catheter tubing cut to 15-20mm depending on fish length. Fish were exposed for two
weeks and assessed at 1 month after optic nerve crush when optic axons would normally
have restored a coarse topographic map (36).

Volumes delivered over the 2 week exposure period were calculated by weighing
minipumps before and after filling to determine starting volumes. At the end of 2 weeks,
remaining fluid was removed and subtracted from the starting volume. Pumps delivered
an average of 4.18+0.76 μl/day, exposing the tectum to a GABA concentration of
13.8+3.6mM.

4.34 Pharmacology - In vitro electrophysiological recording
For C. ornatus, an in vitro “eye and brainstem” preparation was used as previously
described (47, 48, 52). The in vitro technique was successfully adapted for goldfish and
was similar to that used for explanted goldfish tecta with intact optic brachia for which
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response properties matched those recorded in vivo (53). Briefly, animals were
terminally anaesthetised, cooled, decapitated and heads transferred to a bath containing
an appropriate cold Ringer solution [goldfish: NaCl 124mM, KCl 5.1mM, MgSO4
0.9mM, D-Glucose 5.6mM, CaCl2 1.6mM and NaHCO3 17mM, pH 7.2; (54); lizard:
NaCl 126mM, KCl 3mM, NaHCO3 24mM, NaH2PO4 0.72mM, MgSO4.7H2O 1.2mM,
CaCl2 1.8mM and D-Glucose 10mM, pH 7.2; (55) and bubbled with carbogen (5% CO2,
95% O2)]. The eyes, optic nerves and brains were dissected, the brain decerebrated and
the eyes hemisected, removing the cornea, lens and vitreous. The preparation was
placed in a divided recording chamber with the eyes and midbrain on either side. The
two compartments were perfused separately with cooled oxygenated Ringer. Patency of
the seal was confirmed by a lack of electrical connectivity between the compartments.

Multiunit tectal responses to a light source (yellow flashing diode, 250 ms, 1Hz) were
recorded using the Neurolog System (Digitimer Limited), then visualised using Chart for
Windows (v 4.2.3, PowerLab AD Instruments). As has been demonstrated previously,
such responses were considered to be post-synaptic (36, 47, 56-60). For both goldfish
and lizard, responses to diode flashes were recorded from normal animals (n = 5) and
those at early (n = 5) and late (n = 5) stages of regeneration. Responses were recorded in
oxygenated Ringer solution prior to application of bicuculline (40μM, Sigma), a
GABAA receptor antagonist or tiagabine (30μM, Sigma), a selective inhibitor of the
GABA transporter GAT-1 (61) to the brain compartment. For each individual recording,
re-establishment of baseline responses following washout in Ringer confirmed that
changed activity levels were due to exposure to the pharmacological agents, rather than
to any instability of the preparation (47). In some instances, between 1 and 1.5h was
necessary to restore suitable baseline responses before testing or re-testing a
pharmacological agent. Recovery after bicuculline application was consistently observed
and up to 3 recording cycles (Ringer, bicuculline, Ringer) were made in each animal in
all groups. Tiagabine was irreversible, at least over 1.5h, and was tested only at the end
of an experiment for one animal in each group thus precluding quantitative analysis.
Consistently successful recordings from the optic tectum contralateral to the non
experimental eye at 3-4h intervals throughout the experiments confirmed the viability of
the preparation.

The degree of inhibition was assessed by examining changes in responsiveness to diode
flashes when the Ringer in the tectal compartment was replaced with either bicuculline
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or tiagabine. For bicuculline, the percentage increase or decrease in response amplitude
and duration was measured using Chart for Windows (v. 4.2.3, Peak Parameters add-on)
in normal animals and those at both stages of optic nerve regeneration. If functional
GABAergic synapses were present, addition of bicuculline to block the GABAA
receptors and lower inhibition would result in increased responsiveness; i.e. neural
activity would be unmasked. Similarly, addition of tiagabine to block GABA
transporters, thus allowing GABA to accumulate in the synaptic cleft, would result in
decreased responsiveness. In other words, elevation of responsiveness in bicuculline, or
depression in tiagabine, would both indicate significant GABAergic input; conversely,
limited changes would indicate minimal inhibitory input.

4.35 Retinotectal mapping
Two weeks following minipump implantation, fish were anaesthetised and the
visuotectal projection mapped using an eye-in-water protocol while perfusing the gills
with Holtfreters’ throughout the experiment (62). Animals with control (n = 6) and
GABA (n = 7) minipumps were mapped as well as normal animals (n = 3). The
minipump and a circle of skull above the tectum was removed using a No. 11 scalpel
blade and the tectum photographed using a digital camera (Olympus DP11) attached to
a stereo microscope (Olympus SZH10). A standard 10x10 grid was superimposed over
the photograph to determine electrode placement. Fish were placed in a small
Holtfreters’ + MS222 (1:20000)-filled hemisphere at the centre of a translucent
hemisphere (40 cm in diameter) displaying circumferential and radial coordinates. The
position of the fish was adjusted to centre the experimental eye on the apex of the
hemisphere as assessed by reflection of the optic disk using an ophthalmoscope. Multiunit spike activity was recorded via a tungsten electrode (9-11 megohms resistance;
World Precision Instruments, Inc, USA) inserted in the superficial retino-recipient
layers of the optic tectum.

As previously reported in goldfish, frogs and lizard,

multiunit responses are postsynaptic, most likely arising from the dendrites of tectal
neurons and/or interneurons (56-60, 63). The signal was amplified, filtered (low pass
10kHz, high pass 100Hz and a 50Hz notch: Neurolog, Digitimer, UK), displayed on a
digital oscilloscope (Tektronix, TD2 210) and relayed to a loudspeaker. The location of
maximal response and the extent of receptive fields (circumferential and radial axes)
were assessed using the edge of a small black rectangle moved slowly across the visual
field. Responses were amplified, displayed on an oscilloscope and stored using MacLab.
Fish were excluded from further analysis if no responses were elicited in the
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experimental tectum despite strong responses via the left (non-experimental) eye to the
right (non-experimental) tectum.

For lizards, retino-tectal maps for normal, and untrained and trained animals at the late
stage of regeneration (n = 5 for each group) were available from previous experiments
(47, 48, 59) as well as other from other unpublished series. The instability of many
responses during optic nerve regeneration precluded analysis of receptive field sizes
(47, 59). Briefly, untrained lizards were those in which a topographic map was not
restored after optic nerve regeneration. Visual training in lizards was undertaken by
presenting prey (mealworms) to the experimental eye (left; 40-50 presentations per
session, 3 sessions per animal per week) (48). The retinotectal map was assessed using
an in vitro recording preparation (52, 59).

4.36 Analysis of retinotectal maps
Maps of the retinal projection onto the tectum are shown according to standard
conventions (62). An orderly distribution of tectal points is imposed by the
experimenter’s control of electrode placement and therefore the distribution of points in
the retina displays the extent of topographic order or disorder. The degree of order was
quantified as described previously (64). In goldfish, the lack of changing magnification
factors allowed us to use Cartesian grids to compare tectal recording positions with
receptive field location. The degree of topographic order was expressed as an order
factor: values closest to 1 represented the most order; values greater than 1 indicated
disorder. In lizard, however, magnification factors change due to the fovea (65) and
points were therefore compared directly from the retinotectal maps.

4.37 Western Blots
Terminally anaesthetised normal animals (n = 2 goldfish and 2 lizards) were decapitated
and the brain removed on ice. Proteins were extracted by adding protein lysis buffer
(100μl: 0.05M Tris-HCl pH7.5, 50mM EDTA pH8.0, 1% Triton-X, 0.05M NaF, 1mM
Orthavanidate, 1mg/ml Pepstatin, Roche, and 1 Protease cocktail tablet, Roche) to the
tissue followed by incubation on ice (10 min) and homogenization.

After further

incubation on ice (30 mins), the remaining tissue was dissolved by further
homogenization. Samples were centrifuged (14,000 rpm, 30 mins, 4oC), the supernatant
removed to a cold eppendorf and protein concentration determined (Bradford BIORAD
assay).

Protein lysate (25μg) was loaded and separated by 10% SDS-PAGE and
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transferred onto PVDF membrane using a wet transfer blot (Bio-rad, California, USA)
overnight at 10V. The membrane was incubated in blocking solution (5% non-fat milk
powder in Tris buffered saline with 0.01% Tween) for 1 hour. Goldfish membranes
were incubated in primary antibody diluted in blocking solution (GABAAR 1:100; GAT1 1:100; GAT-3 1:100) at room temperature for 1 hour with agitation; lizard membranes
were incubated at 4oC overnight. Membranes were washed in blocking solution for
3x10 mins, followed by incubation for 2 hours in secondary antibody (GABA: ∝goatHRP 1:10000, Chemicon; GAT-1 and -3: ∝rabbit-HRP 1:25000, Amersham) diluted in
blocking solution. Following 5x5 min washes in blocking solution, signal was detected
by chemiluminescence (ECL-Plus: Amersham Pharmacia Biotech, New Jersey, USA).

4.38 Immunohistochemistry
Goldfish and lizards were perfused transcardially with saline (0.65%) followed by
paraformaldehyde (4%, pH 7.4). Brains were removed and postfixed in 4%
paraformaldehyde overnight, and stored in 15% sucrose in phosphate buffered saline
(PBS) at 4oC. Brains were cryo-sectioned at 16μm in the horizontal plane for goldfish
and sagittally for lizards and collected directly onto superfrost slides (Menzel-Glaser)
and stored at –70oC.

Frozen sections were allowed to dry for 2 hours at room temperature prior to staining.
Pre-treatment of tissue was necessary for GABAAR, GAT-1 and GAT-3; for GABAAR,
sections were subjected to enzymatic digestion with proteinase K (10mg/ml; 1:5000
goldfish, 1:1000 lizard; Promega) at 37oC for 10 minutes; GAT-1 and GAT-3 sections
were incubated in 1% SDS for 20 minutes. For all antibodies, sections were incubated
in PBS with 0.2% tritonX100 for 10 mins and endogenous peroxidases inhibited in 0.3%
H2O2 for 10 mins. Sections were then incubated in blocking serum (10% normal horse
serum, 0.01% tween20 in PBS) for 0.5 hours. Primary antibody was applied in PBS
(GABAAR 1:100; Research Diagnostics Inc, USA; GAT-1 1:50, GAT-3 1:100;
Chemicon Temecula, USA) and sections incubated overnight at 4oC. After incubation,
the sections were further rinsed with PBS and incubated in Link antibody (GABAAR;
biotinylated anti-mouse, anti-rabbit and anti-goat IgG, DAKO Corporation, USA; GAT1 and GAT-3; biotinylated link anti-mouse and anti-rabbit IgG, DAKO Corporation,
USA) at a dilution of 1:3 in PBS for 2 hours at room temperature. Sections were
incubated in streptavidin peroxidase conjugated (DAKO corporation, USA; DAKO
LSAB+ kit) diluted 1:3 with PBS for 0.5 hours at room temperature. Peroxidase activity
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was visualised by incubation of sections in 3-3’-diaminobenzidine (DAB; Pierce) diluted
1:10 with stable peroxidase buffer solution (Pierce) at room temperature. Sections were
dehydrated through graded alcohols, cleared in xylene and mounted in DePex. Controls,
which involved replacing the primary antibody with PBS, were negative.

4.39 Immunohistochemical analysis
For each species, normal animals (n = 5) and those at early (n = 5) and late (n = 5) stages
of regeneration were used. Sections (n = 5 for each animal) spanning the mediolateral
extent of the tectum were examined at 1000x using light microscopy with an eyepiece
graticule (100μm x 100μm) and sampling at rostral, mid and caudal locations.
Quantification of GABAAR immunoreactivity involved counting positively stained cell
bodies in the retinorecipient layer of the superficial tectum, the stratum fibrosum et
griseum superficiale (sfgs). Cells overlapping the upper and left borders of the grid were
excluded to avoid double counting (66).

For GAT-1 and GAT-3, intensity of

immunoreactivity within the sfgs was measured using Optimas software. Intensity values
for each tectal section were normalised by reference to the cortex. Analysis for both the
cell counts and intensity of immunoreactivity revealed no differences (p<0.05) across
the mediolateral or rostro-caudal tectal extents and so values were averaged per animal.

4.310 Statistical analysis
Electrophysiological and immunohistochemical data for animals at the early and late
stages of optic nerve regeneration were compared to those in normal animals using twosample 1-tailed t-tests (Microsoft Excel), with a confidence interval of 95%. The
degree of topographic order was analysed using 1-tailed t-tests in goldfish (StatisiXL)
and regression analysis in lizard, with a confidence interval of 95%.

4.4 RESULTS
4.41 Pharmacology
In normal goldfish, responses in Ringer were robust and reliable, being driven
repeatably by diode flashes (Figs. 1Ai, Ci) and had a latency of 88 + 23 ms and a
duration of 114 + 12 ms. At both the early and late stages of regeneration, responses in
Ringer were also consistently robust and reliable (Figs. 1Aii, Cii). In addition, response
latency and duration did not differ significantly from normal animals (early: latency 63
+ 8; duration 102 + 16; late: latency 63 + 6 ms; duration 92 + 15; p>0.05).
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Figures 1B and D show the same responses as in Figures 1A and C but immediately
following exposure to bicuculline (Fig. 1B) and tiagabine (Fig. 1D). Bicuculline did not
noticeably change responsiveness in either normal or regenerate goldfish (Figs. 1Bi,
Bii). As expected, tiagabine irreversibly suppressed responses supporting the finding
that inhibition in goldfish is GABAergic (Figs. 1Di, Dii). In normal animals, exposure
to bicuculline resulted in only slight increases in both response amplitude and response
duration compared to Ringer, (amplitude: 5.6 + 16.2%; Fig. 1E; duration: 4.0 + 6%; Fig.
1F). Similarly, bicuculline increased response amplitude and response duration only
minimally at both the early and late stages of optic nerve regeneration (amplitude: early
13.7 + 9.6%, late 2.2 + 11.7%, Fig. 1E; duration: early 4 + 8%, late 8 + 12%, Fig. 1F).
Furthermore, there were no significant differences between the percentage increases in
response amplitude and response duration observed in normal animals compared to
those at both the early or late stages of optic nerve regeneration (p> 0.05).

In normal lizards, responses in Ringer were robust and reliable being driven repeatably
by diode flashes (Figs. 1Gi, Ii) with a latency of 69 + 9 ms and a duration of 75 + 14 ms.
As previously reported (47, 59), compared to normal lizards and in contrast to goldfish,
many responses during regeneration were weaker and difficult to drive with diode
flashes, fatigued more readily and were inappropriately located. Nevertheless, both
trained and untrained animals had responses that were robust and did not fatigue but
which were also inappropriately located. However, at both the early and late stages,
response latency and duration did not differ significantly from normal animals (early:
latency 85 + 10; duration: 80 + 9; late: latency 67 + 6 ms; duration 92 + 14; p> 0.05).

The responses in Figures 1H and 1J are the same as those in Figures 1G and 1I
immediately after exposure to bicuculline and tiagabine in lizard. Compared to goldfish,
higher levels of inhibition were observed in the lizard. In normal animals and during
regeneration, bicuculline increased (Figs. 1Hi, ii) and tiagabine decreased
responsiveness (Figs. 1Ji, ii). In contrast to goldfish, in normal lizards, bicuculline
increased response amplitude compared to Ringer (21 + 17%, p <0.05; Fig. 1K.). In
addition, during both the early and late stages of regeneration, bicuculline significantly
increased response amplitude compared to Ringer (early: 64 + 41%: late 67 + 38;
p<0.05; Fig. 1K). Response duration was also increased significantly by bicuculline but
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only at the late stage (normal: 47 + 40; early: 51 + 28; p>0.05; late: 164 + 32; p<0.05;
Fig. 1L).

4.42 Topography
In goldfish and lizard, topographic order in normal animals was as previously reported
(59, 64). Normal goldfish had an order factor of 1.50+0.50, while normal lizard had
significant order (r2=0.86, p<0.01) (Fig. 2A, D). In goldfish, chronic exposure to GABA
resulted in responses that were weaker and which tended to habituate readily in
comparison to responses recorded after vehicle exposure. The situation in goldfish
mirrored that in lizard for which responses have been previously reported to be weak
and to habituate readily in untrained animals but are robust and do not habituate after
visual training (48, 59).
In goldfish, GABA did not alter receptive field sizes (GABA: 14.35 + 4.18o; vehicle:
14.00 + 0.6o p>0.05). However, GABA disrupted topography compared to vehicleexposed controls (GABA: order factor 2.96 + 1.12; vehicle: order factor 1.50 + .031;
p<0.05; Figs. 2B, C). The situation in goldfish mirrored than in lizard in which
topography is lacking in untrained animals but restored by visual training (untrained: no
significant order r2=0.004, p>0.05); trained: significant order r2=0.56, p<0.01; Figs. 2E,
F). In vehicle-exposed goldfish, minor disruptions to topography may have resulted
either from the minipump implant procedure and/or from the vehicle itself.
Furthermore, in one GABA- and one vehicle-exposed goldfish, the region subjacent to
the minipump canula in caudo-medial tectum was unresponsive, presumably due to
localised damage (not shown).

4.43 Immunohistochemistry
Antibody specificity was similar in goldfish and lizard with single bands at
approximately 52 kDa for GABAAR and 70 kDa for GAT-1 and GAT-3 (Fig. 3 insets).
Immunohistochemical staining profiles were similar in both species for both normal
animals and during regeneration: GABAAR revealed immunopositive cells and
processes within the sfgs (Figs. 3Ai, Aii, Ci, Cii) while GAT-1 and GAT-3 both
revealed immunopositive cell processes only (GAT-1: Figs. 3Bi, Bii, Di, Dii; GAT-3:
not shown).
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Quantitative analysis in both species supported the electrophysiological data. In
goldfish, compared to normal animals, neither the number of GABAAR immunopositive
cells nor the intensity of GAT-1 or GAT-3 immunoreactivity changed at either the early
or late stages of regeneration (p>0.05; Figs. 3Aiii, Biii; GAT-3 data not shown). In
lizard, the number of GABAAR positive cells increased significantly compared to
normal animals by three-fold during the early stage (p<0.05), a change that persisted at
the late stage (p<0.05; Fig. 3Ciii). GAT-1 expression was also upregulated compared to
normal animals at the early stage (p<0.01) but returned to normal by the late stage
(p>0.05; Fig. 3Diii). However, GAT-3 expression did not change significantly during
regeneration in either species (p>0.05; data not shown).

4.5 DISCUSSION
The major finding of this study is that GABAergic inhibition, as detected functionally
and anatomically within the optic tectum, is at relatively low levels in normal goldfish
and remains unchanged throughout successful optic nerve regeneration. In contrast to
goldfish, GABAergic inhibition in lizard is greater normally and becomes even more
elevated during dysfunctional regeneration. While reduced GABAergic inhibition is
associated with improved topography (48), we show here that chronic exposure to
GABA in goldfish disrupts topography.

4.51 Factors involved in topographic map formation
During optic nerve regeneration in goldfish, RGC axons regain the tectum and restore a
coarse map with topographically correct but enlarged receptive fields. Topography
returns if animals are kept in the dark to prevent visual input, maintained in strobe
illumination to synchronise activity or even exposed to tetrodotoxin to eliminate sodium
channel-mediated action potentials

(33, 67). The data imply that excitatory

neurotransmission during normal visual stimulation is not required to restore the initial
coarse topographic map. By contrast, our data suggest a role for inhibition which is low
in goldfish and trained lizards which restore topography but high in untrained lizards
which lack topography. The supposition is supported by our finding goldfish that
experimentally elevated GABA levels disrupted topography.

The mechanism(s) whereby GABA might influence topographic order per se is(are)
unknown. However, one possibility is via signalling pathways that are known to affect
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cytoskeletal motility and structural plasticity. For example, gephyrin clusters GABAA
receptors and both molecules interact with the tubulin binding protein GABARAP as
well as actin, possibly leading to axon terminal remodelling as topography is established
(68-71). Further studies will be necessary to determine whether chronically elevated
GABA levels in goldfish, or naturally occurring ones in untrained lizards, influence the
cytoskeleton of regenerating axons.

A further possibility is that GABA may interact with the Eph receptors, their ephrin
ligands and polysialyated NCAM, axon guidance molecules which are known to be
functionally involved in restoring topography during optic nerve regeneration in
goldfish and lizard (64, 72). Our supposition is supported by studies of the developing
neuromuscular junction in which blocking GABA receptors to slow spontaneous
activity decreases expression of both EphA4 and polysialylated NCAM resulting in
axon pathfinding errors and disrupted topography (73). The concept that
neurotransmitter systems interact with axon guidance molecules is not new. NMDA
and Eph receptors are co-located at the synapse and Eph receptors have been found to
influence NMDA receptor activity suggesting that their interactions are also part of the
signalling cascade involved in remodelling synaptic circuitry and establishing
topographic connections (74-77).

Although excitatory neurotransmission does not appear to be directly involved in
establishing coarse topographic order during optic nerve regeneration in goldfish, it is
involved in refinement since NMDA receptors are clearly instrumental in reducing the
initially enlarged multiunit receptive fields to produce precise topographic order (5, 3235). Similarly, throughout early development, GABA is involved in sculpting
topographic maps from more widespread connections during, for example, the
convergence of multimodal sensory maps in the superior colliculus (78) and the
establishment of tonotopic maps within the lateral superior olive (79). Also, patch clamp
recording has shown that GABA is involved in finetuning individual receptive fields
during early development of retinotectal connections in Xenopus; either increasing or
decreasing GABAA receptor activity impeded receptive field refinement (80). We were
therefore surprised by our finding that multiunit receptive fields were not reduced by
elevated GABA levels during optic nerve regeneration in goldfish. The implication is
that the NMDA-mediated mechanism for receptive field refinement during regeneration
(5, 34, 36, 81) was not influenced by chronic exposure to GABA. In agreement with our
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findings, although GABAergic inhibition suppresses adjustment of the auditory space
map induced by prismatic displacement of the visual maps, it appears to do so
independently of NMDA receptor-mediated activity (20).

Although our observations showed that chronic exposure to GABA during regeneration
in goldfish disrupted topography, the breakdown was not complete suggesting that other
factors are involved. A variety of molecules including transcription factors, neural cell
adhesion molecules and growth factors have been implicated in the formation of
topographic connections during development and may also play a role during optic
nerve regeneration (72, 82-85). In particular, the EphA receptors and their ephrin-A
ligands have been functionally implicated during the development of topography (86,
87). In addition, we have shown that EphAs and ephrin-As are up-regulated during optic
nerve regeneration in goldfish and that disrupting EphA/ephrin-A interactions in vivo
also disrupts topography (50, 64, 88, 89).

4.52 The balance between excitatory and inhibitory neurotransmission and the
formation of topographic maps
In normal goldfish, visually elicited responses are consistently robust suggesting strong
excitatory drive, a feature that we have also previously reported in normal lizard (47).
However, the balance of AMPA and NMDA receptor function that contributes to
excitatory

drive

differs

between

the

two

species.

In

goldfish,

excitatory

neurotransmission is dual with a predominance of AMPA receptor-mediated function
but some NMDA mediated activity whereas in lizard, excitation is purely AMPA
mediated (36, 47). The different patterns appear to have distinct consequences during
optic nerve regeneration. In goldfish, existing low levels of NMDA receptor-mediated
activity are transiently increased as topography is restored and then decline to normal
levels once refinement has occurred (36). In lizard, although NMDA receptor function
does become elevated it does so in the face of continued AMPA receptor-mediated
function. Thus the transient “switching” in NMDA and AMPA receptor function seen in
goldfish is defective in lizard and associated not only with a lack of topographic order,
but also the associated reduced visual stimulation of tectal connections (47) .

In addition to distinct patterns of excitatory neurotransmission, levels of inhibition also
differ between the two species. Application of bicuculline in goldfish resulted in only
minimal changes in response duration and amplitude both in normal animals and during
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regeneration. By contrast, in lizard, bicuculline revealed significant changes in
responsiveness in normal animals with the changes being more marked during optic
nerve regeneration. In other words, inhibition is low in goldfish and remains so during
regeneration but is higher in lizard and becomes even more pronounced during
regeneration.

The interplay between excitation and inhibition is critical during the development of
synaptic circuitry with NMDA, AMPA and GABA acting in concert to shape functional
connections (90-92). For example, normal glutamatergic NMDA receptor function is
essential for the subsequent maturation of excitatory as well as inhibitory
neurotransmission. Application of the agonist NMDA results in a decrease in the
efficacy of NMDA receptor function while receptor numbers remain stable (1). Smaller
than normal excitatory receptor currents and evoked potentials have a number of
consequences. First, the development of AMPA currents is suppressed with a resulting
long lasting synaptic depression that stalls glutaminergic synaptogenesis (6). Second,
the progression of inhibitory GABAergic neurotransmission is accelerated compared to
normal (11). Together, these two factors result in low levels of activity and a
suppression of function. Third, there is a lower probability of synapse stabilisation for a
given amount of correlated activity; in other words, lowered NMDA receptor activation
results in a more stringent threshold for detecting correlated firing thus decreasing the
likelihood of forming topographic connections (93).

Taken together, the evidence suggests that if excitatory neurotransmission is defective,
then long lasting depression will occur, inhibitory neurotransmission will predominate
and topographic connections cannot be formed. By analogy, the evidence in goldfish
suggests that NMDA receptor activation during unimpeded optic nerve regeneration is
sufficient to ensure robust AMPA mediated excitatory neurotransmission (5) and
therefore, as we have shown here, to prevent an inappropriate degree of GABAergic
inhibition and allow topographic connections to form. However, we also show that this
normal progression of events can be interrupted by chronic exposure to excess GABA
with a resulting disruption of topography.

The evidence in lizard suggests a different sequence of events. The excitatory drive
during the early phase of optic nerve regeneration is low with responses being difficult
to elicit and readily habituating (47). Low levels of NMDA receptor activation then
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result in an inability to restore pure AMPA mediated activity, leading to long lasting
depression (6, 10, 47) and, as we have shown here, inappropriately high levels of
GABAergic neurotransmission that presumably further limit the possibility of
appropriate excitation and map formation.

The corollary of decreased visually-driven activity resulting in reduced transmission,
and therefore loss of visual function as seen in lizard, is that increased drive will
improve tectal stimulus detection and thus facilitate the sequence of events needed for
plasticity. Recent studies in free swimming Xenopus tadpoles have shown that visual
stimulation results in the promotion of two parameters that are crucial for normal
retinotectal circuit function. Visual stimulation increased tectal dendritic arbour growth
and intrinsic excitability with the result that tectal neurons were better able to detect
visual stimuli (94-96). Further support for the effect of visual activity in improving
visual function comes from our recent study using task-specific visual training in lizard
(48). Compared to untrained lizards which were blind via the experimental eye, training
on a visual task reinstated a normal balance of excitatory and inhibitory
neurotransmission and crucially restored visually elicited feeding behaviour as well as
retinotectal topography.

The lack of topography, and therefore useful function, in lizard is shared by mammals in
rare examples of assisted but limited optic nerve regeneration (97, 98). The findings
suggest that once sufficient numbers of RGC axons can be triggered to reinnervate the
superior colliculus in mammals, visual training and/or, as our data suggest here,
pharmacological intervention to limit GABAergic inhibition, may be an essential
prerequisite to ensure sufficient NMDA receptor activation from the outset. A normal
sequelae of events would then lead to an appropriate balance of excitatory and
inhibitory synaptic maturation, return of topography and therefore useful function.
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4.7 FIGURES

Figure 1A-L. In normal animals and during optic nerve regeneration, levels of
GABAergic inhibition were low in goldfish but high in lizard.

A-D, G-J:

Representative responses to diode flash for normal (i) goldfish and lizard and during
optic nerve regeneration (ii). Responses are shown first in Ringer (A, G, C, I) and then
the same response after exposure to bicuculline (B, H) or tiagabine (D, J). In goldfish,
bicuculline did not markedly change responsiveness either in normal animals (compare
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Ai with Bi) or during regeneration (compare Aii with Bii); tiagabine reduced
responsiveness in normal animals (compare Ci with Di) and during optic nerve
regeneration (compare Cii with Dii) confirming GABAeric inhibition. In normal lizards,
bicuculline and tiagabine induced some changes with responsiveness being increased in
bicuculline (compare Gi with Hi) and decreased in tiagabine (compare Ii with Ji).
However, during optic nerve regeneration, responsiveness increased markedly in
bicuculline (compare Gii with Hii) and decreased in tiagabine (compare Iii with Jii).
Quantitative analysis in goldfish showed that the percentage increases (mean + s.e) in
response amplitude (E) and duration (F) upon exposure to bicuculline following Ringer
were low in normal animals and did not change significantly (p>0.05) during
regeneration. By contrast, in lizard, percentage increases in response amplitude upon
exposure to bicuculline were high and even more marked during regeneration (K);
response duration also increased during the late phase of regeneration (L). * denotes
significant difference (p<0.05) compared to normal.
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Figure 2A-F. Retinotecal maps in goldfish (A-C) and lizard (D-F) in normal animals
(A,D), following minipump implantation in goldfish (vehicle – Holtfreter’s: B; GABA:
C) and in lizards that were visually trained (E) or untrained (F). Numbers in the tectal
outlines depict electrode recording positions imposed as a grid by the experimenter;
numbers in the retinal outline (part circle) indicate corresponding receptive fields.
Adjacent recording positions and corresponding receptive fields are joined by lines. In
normal fish and lizard, the visuotectal projection is highly ordered with the temporonasal retinal axis projecting rostro-caudally across the tectum and the ventro-dorsal
retinal axis projecting medio-laterally. In goldfish, chronic infusion of vehicle had a
minor effect (B), possibly due also to the surgical procedure and/or the vehicle while
GABA disrupted topography as indicated by inappropriately located receptive fields
(C). In lizard, we confirmed our previous findings that animals lacking visual
stimulation during optic nerve regeneration had highly disordered projections (E)
whereas those trained on a visual task had a largely topographic map (F). Receptive
field locations in E and F indicate that are joined by lines indicate responses that were
robust did not fatigue; such points were largely topographic in trained animals (E) but
lacked topographic order in untrained animals (F). Receptive fileds not joined by lines
were weak, habituated readily and inappropriately located. Note: for direct comparison
between the two species, the visuotectal projection in goldfish was transposed to a
retinotectal one. Large black circle is optic disc (goldfish and lizard); small black circle
is fovea (lizard).
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Figure 3A-D. GABAAR and GAT-1 protein expression (GAT-3 data not shown).
Western blots (insets) show single bands in both species at approximately 52kD for
GABAAR and 70kD for GAT-1 and GAT-3. Immunohistochemical staining of the sfgs
in mid-optic tectum is shown in goldfish (A, B) and lizard (C, D). Both cells and
processes are immunopositive for GABAAR (goldfish normal: Ai, regenerate; Aii;
lizard normal Ci; regenerate Cii) whereas only cell processes are immunopositive for
GAT-1 (goldfish normal Bi, regenerate Bii; lizard normal Di, regenerate Dii) Scale bar:
50 μm. In goldfish, quantitative analysis GABAAR immunopositive cell counts (Aiii)
and GAT-1 immunoreactivity of processes (Aiii) showed no significant changes
(p>0.05) at the early and late stages of optic nerve regeneration compared to normal
animals. By contrast, in lizard, GABAAR immunopositive cell counts increased
significantly (p>0.05) during regeneration compared to normal animals (Ciii *); GAT-1
expression was significantly increased (p>0.05) in the early stage of optic nerve
regeneration compared to normal animals (Diii *). Scale bar: 50μm.
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Research into the different stages and periods of optic nerve regeneration, conducted on
a variety of species, continues to decipher the variety of signalling pathways and
processes involved, and in doing so has highlighted complexity rather than simplicity.
The studies in this thesis used two species of non-mammalian vertebrates with varying
capacities for optic nerve regeneration to examine the mechanisms involved in axon
guidance along the dorso-ventral tectal axis and the role of correct neurotransmitter
balance in re-establishment of functioning topographic connections.

5.1 The Role of EphB and ephrin-B during Optic Nerve Regeneration
The role of EphB and ephrin-B in axon guidance during development is well established
in controlling guidance of dorso-ventral RGC axons along the medio-lateral tectal axis
as seen in chick, mouse, Xenopus laevis and the leopard frog Rana utricularia (Hindges
et al., 2002; Mann et al., 2002; McLaughlin et al., 2003b; Scalia and Feldheim, 2005).
However, the role of these molecules in guidance during optic nerve regeneration had
previously not been documented, and was examined here for the first time in goldfish.
The extent of EphB/ephrin-B’s involvement is restricted to retinal protein expression, as
neither classes of molecule are expressed in the tectum.

Confirming the non-

involvement of EphB/ephrin-B, blocking their interaction failed to inhibit guidance
across the medio-lateral axis or influence refinement.

The ability of goldfish to

successfully restore vision without these molecules raises questions of their relevance
for optic nerve regeneration. It is important therefore to consider the role of axon
guidance along this tectal axis in establishing crude topography.

5.11 Preordering of Axons Prior to Tectal Re-innervation
As medio-lateral tectal guidance appears to play a limited role in setting up topography,
the contribution of other mechanisms needs to be considered. At the forefront of these
is pre-ordering of regenerating RGC axons along the nerve and at their entry into the
tectum, where the function of Eph/ephrin and other cues begins.

Pre-ordering

mechanisms have been shown to contribute to the ordering of the medio-lateral tectal
projection during development. In this axis, axons are ordered along the length of the
nerve, thus requiring only limited searching once target areas are reached (Springer and
Mednick, 1985). Pre-ordering within the visual system is observed to a greater degree
in Anamniotes (Easter et al., 1981; Reh et al., 1983; Fraley and Sharma, 1984; Springer
and Mednick, 1985) than in Amniotes (Naito, 1986, 1989; Reese and Baker, 1993). In
the quokka wallaby, dorsal and ventral axons rotate positions half way along the nerve,
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thus entering the optic tract as separate streams (Chelvanayagam et al., 1998).
Similarly in goldfish and Xenopus laevis, dorsal and ventral RGC axons are separated
into the lateral and medial brachia respectively (Becker and Cook, 1988). As a result,
axons enter the tectum/SC without the need for widespread searching (Chelvanayagam
et al., 1998). However, during regeneration in goldfish, axons from either region enter
either brachium, with approximately 20-50% of axons choosing the incorrect brachium
compared to less than 1% in normal animals (Stuermer and Easter, 1984; Becker and
Cook, 1987).

Throughout regeneration, the proportion of inappropriately located

collaterals in the optic nerve is reduced, where by 42-70 days post-crush it is reduced to
25% (Becker and Cook, 1987). It must be noted however, the study used retrograde
labelling with horseradish peroxidase (HRP) from the brachium, so regenerating axons
which have a collateral branch in the wrong brachium, despite having an axon in the
correct brachium, will be labelled as being incorrectly guided (Bernhardt, 1989). By
contrast, when RGC axons are labelled via intraretinal application of the anterograde
tracer DiI, brachial choice was found to be non-random throughout regeneration, but
nevertheless degraded compared to normal control (Bernhardt, 1989).

So in goldfish, there appears to be a slight degree of pre-ordering prior to entering the
tectum via the appropriate medial and lateral brachium, perhaps sufficient for
EphA/ephrin-A to then guide axons across the rostral-caudal axis and establish gross
topography. During optic nerve regeneration in Xenopus laevis however, ordering into
the medial or lateral brachium is severely reduced, with axons from all parts of the
retina becoming gathered into the medial brachium as they approached the tectum
(Taylor and Gaze, 1985). Therefore, further guidance may be required within the
tectum along this axis, implying a greater role for EphB/ephrin-B in Xenopus laevis
than goldfish.

What controls axon choice into the medial or lateral brachium is

unknown, although EphB/ephrin-B interactions may be involved, as for choice at the
chiasm (see Section 5.12). During regeneration in the goldfish, both EphB and ephrinB are up-regulated in the retina, although the purpose of the co-gradients is not known.
It is therefore possible, that their function may facilitate fiber-fiber interactions,
particularly when axons are choosing either the medial or lateral brachium. In support
is the localization of EphB within the optic nerve and along the posterior edge of the
optic tract during development of the frog Rana utricularia (Scalia and Feldheim,
2005).
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5.12 Relative Contributions of EphA/ephrin-A in Establishing Topography
There is strong evidence that guidance of the primary RGC axon serves to manoeuvre
the axon in the vicinity of its target, followed by guidance of the interstitial branches
that are critical in setting up ordered connection (Yates et al., 2001). Through the
EphB/ephrin-B interactions, the interstitial branches are attracted or repulsed to their
correct termination zone along the dorso-ventral axis (McLaughlin et al., 2003b).
However in goldfish, it appears that guidance of the primary axon via EphA/ephrin-A,
combined with a small degree of pre-ordering, is sufficient to set up appropriate rough
topography across both axes.

As presented here, blocking the EphB/ephrin-B

interaction during optic nerve regeneration in the goldfish had no affect on topography
along either the rostro-caudal or medio-lateral axis.

Furthermore, blocking the

EphA/ephrin-A interaction during optic nerve regeneration in goldfish, via injections of
fusion proteins or phospho-inositol phospholipase-C (PIPLC), which cleaves GPI linked
proteins, resulted in abnormal topography not only across the rostro-caudal axis but also
the medio-lateral one (Rodger et al., 2004). Although greater errors were detected
along the rostro-caudal axis, axons projecting along the medio-lateral axis had a weak
tendency to project abnormally laterally (Rodger et al., 2004). Further controversy over
the role of EphB/ephrin-B between species comes from the expression of EphB/ephrinB in zebrafish and the frog R. utricularia (Wagle et al., 2004; Scalia and Feldheim,
2005). In zebrafish, ephrin-B2 is restricted posteriorly along the rostro-caudal tectal
axis, with a function similar to ephrin-A5 in repelling axons from caudal tectum (Wagle
et al., 2004). While in R. utricularia during early development, the B-family are
expressed in parallel to ephrin-A within the optic tectum along the anterior-posterior
axis (Scalia and Feldheim, 2005). It remains unclear whether both the A- and B-family
act synergistically to map this axis, or both axes as appears to be the case in goldfish
during optic nerve regeneration, or whether another molecular component is responsible
for this orthogonal axis.

5.13 The Missing Role at the Chiasm
EphB/ephrin-B interactions have been shown to regulate axon guidance at the optic
chiasm, however their role appears limited to guiding the ipsilateral projection in
animals with binocular vision (Nakagawa et al., 2000). In Xenopus laevis, the direct
ipsilateral projection develops during metamorphosis from the ventro-temporal retina,
with ephrin-B2 being expressed at the chiasm of metamorphosing but not in
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premetamorphic animals (Nakagawa et al., 2000).

When ephrin-B is expressed

prematurely in the embryonic chiasm, EphB-expressing RGC axons are misrouted
ipsilaterally (Nakagawa et al., 2000). In mouse embryos, ephrin-B2 is expressed on
radial glia cells at the chiasm in a pattern that correlates with the chronological
development of the ipsilateral projection, while inhibiting ephrin-B2 activity prevents
formation of this projection (Williams et al., 2003). Of the receptors of ephrin-B2,
EphB1 appears the most likely receptor as EphB1 null mutant mice have a strong
reduction in their ipsilateral projection that project atypically to the contralateral tectum
(Williams et al., 2003). Although goldfish posses a minor ipsilateral projection, they
are generally considered as lacking binocular vision as this projection is so weak
(Springer and Landreth, 1977; Springer and Gaffney, 1981), therefore their utilisation of
EphB/ephrin-B in axon guidance would not be expected to the same extent as
amphibians or mammals (and possibly reptiles) (Vanegas and Ito, 1983). Due to this,
goldfish may have lost the gene responsible for such expression, or likely it was linked
with those involved in establishing the ipsilateral projection. During regeneration in the
goldfish however, EphB1 was found to be up-regulated in the retina although it remains
unclear what purpose this serves in axon guidance, possibly in guiding axons across the
retina, or fasciculation in the nerve layer.

5.14 Guidance Molecules and Their Interaction with Neurotransmission
There is considerable evidence that guidance cues are involved not only in activityindependent processes, but also in what were originally thought to be strictly activitydependent processes. In mammals, EphBs and ephrin-Bs have been implicated in
synaptic plasticity, with recent experiments demonstrating a direct interaction between
guidance cues and activity-dependent mechanisms: EphB/ephrin-B interactions can
directly regulate the function, structure and subcellular localisation of NMDA receptors
in the hippocampus (Dalva et al., 2000; Grunwald et al., 2001; Takasu et al., 2002). It
was thus hypothesized that EphB and ephrin-B guidance cues regulate the membrane
localisation and function of excitatory neurotransmitter receptors in the tectum. During
visual system development, ephrin-B1 gradients have been detected in the tectum and
SC of chick and mouse respectively (Braisted et al., 1997; Hindges et al., 2002), while
both EphB and ephrin-B have been localized within the mouse SC (Hindges et al.,
2002).

Consequently plasticity, in particular activity-dependent refinement of the

retinotectal projection, may be enhanced via an EphB/NMDA interaction. Activitydependent refinement is well known to be mediated by the NMDA receptor, as proven
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via NMDA antagonists, though the downstream involvement of EphB would have gone
unnoticed.

This study was the first to examine the effect on plasticity within the optic tectum
following EphB blockage. In goldfish during optic nerve regeneration however, such
an interaction cannot be assessed due to the EphB receptors not being expressed within
the tectum. Although studies on EphB/NMDA largely focus on the hippocampus where
EphB is located postsynaptically (Buchert et al., 1999), it has yet to be shown that such
a location is essential. In fact, the EphB/NMDA interaction, while occurring at the cell
membrane, requires only the extracellular domain of EphB, not the intracellular kinase
domain (Dalva et al., 2000; Henderson et al., 2001). LTP at the hippocampal mossy
fibres occurs pre-synaptically as an increased probability of neurotransmitter release
(Zalutsky and Nicoll, 1990; Weisskopf and Nicoll, 1995).

This form of AMPA

receptor-dependent LTP does however require postsynaptic EphB, since interfering
with its binding with the PDZ-domain protein GRIP (glutamate receptor interacting
protein) reduces the LTP potential (Contractor et al., 2002).

A similar effect is

observed following extracellular application of soluble ephrin-B, indicating that transsynaptic interactions between postsynaptic EphB and presynaptic ephrin-B are
important for the induction of mossy fibre LTP (Contractor et al., 2002).

The above examples do not provide evidence for a role for pre-synaptic EphB during
LTP, however NMDA receptors are known to be presynaptically located. Presynaptic
NMDA has been localised in the rat neocortex (Charton et al., 1999), and shown to
modulate neurotransmitter release in the cerebellum, spinal cord and entorhinal cortex
(MacDermott et al., 1999).

NMDA receptors are also located presynaptically on

parallel fibres synapsing on Purkinje cells in the cerebellum (Casado et al., 2000),
importantly, LTD induced at this location is suppressed by the NMDA receptor
antagonist APV acting presynaptically (Casado et al., 2002). Another form of LTD,
timing-dependent LTD in the neocortex, requires presynaptic NMDA activity, but not
postsynaptic Ca2+ influx (Sjostrom et al., 2003). Importantly, a form of associative LTP
in the lateral nucleus of the amygdala depends on presynaptic NMDA receptors for its
induction.

Application of the NMDA antagonist AP5 prevented LTP, while it

developed despite holding the postsynaptic cell hyperpolarised, when intracellular Ca2+
was chelated, or when postsynaptic NMDA receptors were blocked by intracellular
dialysis with the NMDA open channel blocker, MK-801 (Humeau et al., 2003).
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Therefore, a case exists for presynaptic NMDA-dependent plasticity, although a role
alongside for EphB needs further examination.

From our results presented here

however, we must still conclude that NMDA alone is largely responsible for refinement.
The involvement of NMDA-mediated activity during optic nerve regeneration has been
examined here, with results presented in Chapter 3 and discussed in Section 5.2

More recent investigations using the mouse hippocampus has found a system that
differs from the reported rat EphB/NMDA interaction. An inverted Eph/ephrin system
has been shown in the mouse hippocampal CA3-CA1 neurons, where ephrin-Bs are
predominantly postsynaptic, unlike the rat hippocampus where EphB predominates
(Grunwald et al., 2004).

More importantly however, a postsynaptic ephrin-B

interaction with EphA4 is required for synaptic plasticity. In hippocampal slices with
genetic ablations of ephrin-B2 or ephrin-B3, there are defects in LTP and LTD. EphA4/-

mice show normal synaptic transmission and NMDA receptor component, however

there is a marked decrease in LTP (Grunwald et al., 2004). Importantly however, in
mice with a truncated form of the EphA4 cytoplasmic domain, LTP is not disrupted
(Grunwald et al., 2004). Therefore, reverse signaling through ephrin-B is required for
LTP while EphA4 simply acts as the messenger. Furthermore, the plasticity seen
through the bi-directional EphB/ephrin-B system can act conversely at different
synapses (Grunwald et al., 2004). No change in synapse specialization or NR1 subunit
numbers was seen, as in EphB2 knockout rats, suggesting changes are solely due to
interactions and not due to changes in gene expression (Grunwald et al., 2001;
Grunwald et al., 2004).

In the hippocampus, in which the previous studies have focused, there is a high degree
of plasticity through LTP and LTD for learning and memory. However LTP-like
processes are not restricted to the hippocampus and have been initiated via tetanic
stimulation in the optic tectum and SC of a variety of animals. LTP has been induced
following titanic stimulation in the tectum of both the goldfish and lizard (unpub
observation, Taylor and Chen) during optic nerve regeneration, (Schmidt, 1990). Both
LTP and LTD have been recorded in the SC of developing rats following titanic
stimulation, and in the suprachiasmatic nucleus of adult rats in vitro (Nishikawa et al.,
1995). In the suprachiasmatic nucleus, postsynaptic potentials were blocked by the
AMPA antagonist CNQX but not by the NMDA antagonist APV. However LTP was
suppressed only by APV, thus showing the typical NMDA receptor recruitment
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underlying LTP (Nisikawa et al., 1998). Whether these LTP-like processes in the optic
tectum and SC of lizards, rats and other animals would be affected in EphB knockout
animals as seen in rat hippocampus is unknown, but with both EphB and ephrin-B
modifying the properties of NMDA responses it remains a possibility (Grunwald et al.,
2001; Henderson et al., 2001). Such an interaction would dramatically increase the
importance of these receptors and ligands, as their involvement would now span the
length of optic nerve regeneration, from activity-independent guidance through activitydependent refinement.

5.15 Summary
Guidance along the medio-lateral tectal axis during optic nerve regeneration in goldfish
does not appear to involve EphB/ephrin-B, but may occur through a combination of
axon pre-ordering and EphA/ephrin-A interactions. I propose the following model:
Firstly, regenerating axons are preordered to a degree prior to entering the tectum by the
medial and lateral brachia, therefore reducing the need for widespread searching along
this axis. Following this phase, EphA/ephrin-A interactions extend the axons over the
tectum from rostral to caudal, completing guidance and setting up coarse topography. A
role for EphB (and ephrin-B) modifying the response properties of the NMDA receptor
to enhance plasticity during refinement is highly unlikely, but cannot be ruled out in
other species for either development and regeneration.

5.2 The Switching of NMDA- and AMPA-Mediated Activity in Goldfish
The signalling pathways involved in receptor trafficking, from synaptogenesis with
endocytosis and exocytosis of receptors from the plasma membrane, followed by the
induction of postsynaptic activity, are now becoming well understood. This aspect has
been studied extensively in both development and adult plasticity within the
hippocampus.

However, the model of optic nerve regeneration, in which all

connections in the tectum are re-established with varying degrees of success, has been
largely neglected. As a result, there is a large gap in this field. My work has begun to
address this issue by investigating the glutamate receptors NMDA and AMPA during
optic nerve regeneration in the goldfish. Considered below is the role of activity on
trafficking, and the outcome this has on receptor expression and functional involvement.
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5.21 Expression Levels vs. Recruitment
It was originally thought that in adult goldfish, co-expression of NMDA- and
AMPA/kainate-mediated activity may provide a starting point for the change in
functional dominance during optic nerve regeneration. However, as seen in lizard, even
when glutamatergic transmission is solely AMPA/kainate driven, the re-expression and
up-regulation of NMDA can occur, though to a much lesser degree (Dunlop et al.,
2003). This is an important observation when considering CNS regeneration in adult
mammals, in which transmission is solely AMPA/kainate driven, although NMDA is
present but largely silent, and gives hope of similar receptor plasticity when successful
axonal regeneration is achieved. As a result, the original concept that the co-presence of
both functioning receptors prior to regeneration be necessary, is largely rejected.
Goldfish do however show a larger degree of receptor plasticity compared to lizard.
What then are the triggers responsible for increasing NMDA-mediated activity and the
subsequent return to AMPA/kainate-driven transmission? Before examining this aspect,
consideration is needed of the induction of initial synapse formation, and the
downstream signalling that results in the insertion of NMDA receptors into the plasma
membrane.

5.22 Synapse Formation and the Initial Insertion of NMDA
Unlike those involved in the neuromuscular junction, the mechanisms governing CNS
synapse formation and the signalling molecules involved have until recently been
poorly understood. Synapse formation is accompanied by a coordinated development of
pre- and postsynaptic molecular and structural specialisations, events requiring
anterograde and retrograde signalling. The selective formation of synapses depends of
recognition molecules on the neuronal surface (Serafini, 1999; Shapiro and Colman,
1999).

Physical contact between the pre- and postsynaptic membrane adhesion

molecules, β-neurexin and neuroligin (NL-1), form intracellular junctions, and initiates
intracellular protein-protein interaction cascades (reviewed in Goda and Davis, 2003;
Scheiffele, 2003; Yamagata et al., 2003). This interaction leads to the recruitment of
proteins of the transmitter release machinery presynaptically, and of signal transduction
proteins postsynaptically with a scaffolding and assembly function that recruit ion
channels (eg K+-channels), neurotransmitter receptors (NMDA and AMPA) and other
signal transduction proteins (Chih et al., 2005). Of those scaffolding proteins, PSD-95
(postsynaptic density protein, 95kDa) directly binds, and can cluster, the NMDA
receptor (and K+ channels) at the postsynaptic membrane (Kim et al., 1995). PSD-95
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contains three PDZ domains. The first and second PDZ domains localise NMDA
receptors and K+ channels to synapses, the third binds to neuroligins (Kim and Sheng,
2004). This description of NMDA receptor insertion into the postsynaptic membrane is
generally applied only to development and formation/plasticity of dendritic spines.
Equally such events may be extended to the adult optic tectum during optic nerve
regeneration in animals that show successful regeneration to the point of
synaptogenesis, such as goldfish, Xenopus laevis and C. ornatus. The above interaction
identifies how the adult brain is capable of utilising developmental signalling, resulting
in successful synapse formation with receptor insertion.

5.23 Control of Receptor Trafficking at Synapses
After the initial stabilisation of synaptic contact, further signalling events are required
for subsequent differentiation of synaptic specialisation. The critical trafficking of
glutamate receptors to and from synaptic sites involves a complex series of events
including receptor assembly, trafficking through secretory compartments, membrane
insertion and endocytic cycling. While these events have generally been attributed as
crucial processes regulating AMPA-type receptors during synaptic plasticity, a similar
trafficking of NMDA is now being discovered, and found to be largely dependent on
activity.

The period of synaptogenesis has been shown to be important for initiating the up
regulation of NMDA RNA’s during optic nerve regeneration in goldfish (Hieber and
Goldman, 1995). The up-regulation of NMDA receptor RNA in RGC at synaptogenesis
occurs only following the activation of postsynaptic NMDA receptors, since application
of NMDA antagonists block the up-regulation, suggesting the role of a retrograde
messenger (Hieber and Goldman, 1995). Synaptic NMDA receptors are localised to
postsynaptic densities (PSD) where they are structurally organised in large
macromolecular signalling complexes comprising scaffolding and adaptor proteins,
which physically link the receptors to the cellular cytoskeleton (Carroll and Zukin,
2002). Until recently, NMDA receptors were considered immobile receptors, tightly
anchored to the postsynaptic membrane. However, a series of studies has revealed that
NMDA receptors cycle rapidly into and out of synapses, and that regulated trafficking
of NMDA receptors can effectively modify the number and composition of synaptic
NMDA receptors (reviewed in Carroll and Zukin, 2002; Wenthold et al., 2003; Nong et
al., 2004). Changes in postsynaptic NMDA receptors could be brought about by a wide
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variety of mechanisms operating at different levels: transcriptional, post-translational,
intracellular trafficking, or a combination of these. It is however receptor synthesis, or
more specifically subunit synthesis, which is the first step in determining receptor
availability, with NMDA receptors being assembled in the endoplasmic reticulum (ER)
(Perez-Otano and Ehlers, 2005). The trafficking from the ER firstly involves the Golgi
apparatus, then onto the plasma membrane, diffusion within the membrane and finally
retention at synapses. NMDA receptors undergo rapid insertion into and removal from
the neuronal plasma membrane through exocytosis and endocytosis, with this process
regulated by synaptic activation and changes in synaptic activity (Carroll and Zukin,
2002). The insertion of NMDA receptors into the membrane is controlled by PKC
which triggers the rapid insertion of receptor-containing vesicles via SNAP-receptor
(SNARE)-dependent exocytosis (Lan et al., 2001). The potential target of PKC is
SNAP-25, which is phosphorylated in an activity-dependent manner (Lan et al., 2001).
Activity controls not only NMDA receptors exocytosis, but also endocytosis from the
plasma

membrane.

Low-frequency

stimulation

promotes

NMDA

receptor

downregulation and simultaneously stimulates the association of NMDA receptors with
the Clathrin adaptor AP-2 (Montgomery and Madison, 2002; Nong et al., 2003).
Clathrin is the major constituent of coated vesicles formed during endocytosis of
materials at the surface of cells, therefore a downregulation of NMDA receptors may be
mediated by clathrin-dependent endocytosis (Perez-Otano and Ehlers, 2005).

Information is lacking on changes in the subunit composition of NMDA receptors
within the optic tectum during optic nerve regeneration, but have been reported during
periods of induced plasticity in the adult brain. Subunit composition is crucial as
different EPSPs are produced when NR2A or NR2B are the prominent subunit. NR2B,
which is present during development, produces greater EPSP through lengthened open
times of the channel, while NR2A, which becomes dominant after the critical period of
plasticity in development, is associated with fast transmission due to its faster decay
kinetics (Watanabe et al., 1992; Williams et al., 1993). Importantly, the incorporation
of NMDA receptors into synapses follows different rules depending on subunit
composition (Perez-Otano and Ehlers, 2005). Synaptic insertion of NR2B-containing
receptors occurs regardless of ligand binding or synaptic activity, however the transition
from NR2B to NR2A is triggered via visual activity, as dark rearing has been shown to
delay the transfer to fast potentials (Carmignoto and Vicini, 1992).
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Interpreting this finding in the context of optic nerve regeneration is difficult, as there is
no sudden induction of visual activity, rather a gradual succession as synapses form and
mature. Therefore, there may only be a very short period with NR2B, or none at all,
before permanently switching to NR2A.

Activity also alters the expression of

scaffolding proteins that provide synaptic anchors for receptors, such as PSD-95, which
binds NR2A subunits (Townsend et al., 2003). Levels of PSD-95 are regulated during
development, but rapidly increase within the visual pathway as activity becomes
enhanced (Townsend et al., 2003).

Also initiated is the development of AMPA

receptors. Focal lesions in the visual cortex of rats initiates a period of increased
neuroplasticity in the surrounding tissue where there is a reduction of the NR2A/NR2B
ratio to favour NR2B (Rumpel et al., 2000). This different ratio however did not elicit
changes in EPSPs, with it suggested the new ratio being subthreshold (Rumpel et al.,
2000). Single and repeated electroconvulsive shock to the dentate gyrus and CA1
hippocampal regions of the rat brain increases mRNA for both NR2A and NR2B, with
NR2B remaining elevated after 24 hours but returning to baseline by 48 hours (Watkins
et al., 1998).

These findings indicate that visual experience can drive the synthesis of new NMDA
receptors and their insertion into synaptic sites, and support a role for NMDA-receptor
subunit modification and redistribution in experience-dependent synaptic plasticity.
This phenomenon is crucial when considering the re-expression of NMDA-receptors
and their subunit composition during optic nerve regeneration, especially with
differences between goldfish and lizard observed in terms of visual activity.

The

difference may originate in morphological difference, with goldfish lacking eyelids and
therefore receiving continued visual stimulation throughout optic nerve regeneration,
whereas lizards have a tendency to close their eye when presented with a visual
stimulus. However, the excitatory drive during optic nerve regeneration of goldfish and
lizard is noticeably different between these animals. Visually driven responses recorded
within the optic tectum of lizards are extremely hard to elicit and fatigue rapidly during
regeneration, compared to goldfish at the same stage which are strong and repeatable
(Beazley et al., 2003; Taylor et al., 2005). Therefore, NMDA trafficking in response to
activity is expected to differ in these animals, as they represent different levels of
activity.
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5.24 Homeostasis Processes
The changes observed in receptor involvement in the optic tectum during regeneration
are not focal but global, and as a result may be affected by the phenomenon of synaptic
scaling or homeostatic plasticity. This concept refers to long-lasting changes in both
AMPA- and NMDA-receptor postsynaptic currents in response to persistent changes in
overall levels of activity (Perez-Otano and Ehlers, 2004). This is however, interpreted
as a mechanism to maintain synaptic homeostasis by preserving optimal firing rates in
the face of changing synaptic input (Turrigiano and Nelson, 2000; Renart et al., 2003;
Royer and Pare, 2003). For example, activity blockage by NMDA receptor antagonists
induces as increase in NMDA receptor clustering at synapses in cultured hippocampal
neurons, whereas spontaneous activity decreases synaptic clustering (Rao and Craig,
1997). Also, blockade of rat visual cortex neurons with TTX results in a concomitant
increase in both AMPA- and NMDA-mediated currents through changes in the number
of postsynaptic receptors (Watt et al., 2000).

Equally, chronic application of the

NMDA receptor agonist NMDA to the optic tectum of the frog during regeneration
results in decreased receptor responsiveness (Debski et al., 1991). During optic nerve
regeneration there is an initial general decrease in visual stimulation, as connections are
only briefly formed and receptive fields largely divergent. Although in conflict with the
idea of activity increasing receptor expression, such a process may modify the
expression of NMDA, with the increase observed in goldfish a possible result of
decreased activity. This homeostasis idea would hold true in an adult system where
stability is the key, but its involvement is unlikely in a process like optic nerve
regeneration, requiring large changes in receptor expression. In the lizard however,
where activity appears to be blocked, the scaled up glutamate-mediated transmission
resembles a homeostasis response, with this addressed in greater detail below in section
5.33.

At the completion of activity-dependent refinement, there is a decrease in NMDAmediated activity and an increase in AMPA-mediated transmission. Is this switch also
dependent on activity, and if so is it a homeostasis response or Hebbian LTP? By
simply considering the decrease in NMDA-mediated activity, this constitutes a
homeostasis response where increased postsynaptic NMDA currents decrease the
expression of NMDA.

However, the decrease in NMDA receptor involvement is

countered by increasing AMPA-mediated transmission.

Although LTP is

experimentally shown as the long-term strengthening of connections generally over a
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period of an hour, LTP occurs naturally and can last from hours to days, months, and
years.

Because of this feature, the changes in NMDA- and AMPA-mediated

transmission may take place in a LTP-like manner. Increasing Ca2+ influx through
NMDA receptors must enhance the activity of existing AMPA receptors, while also
facilitating the insertion of new AMPA receptors into the postsynaptic membrane
(Malenka et al., 1989; Esteban, 2003).

This process is fundamentally activity-

dependent refinement, although the strengthening of synapses following correlated
activity involves the eventual loss of NMDA receptors and recruitment of AMPA
receptors. This is the most plausible explanation, as requires a pathway dependent only
on Ca2+ levels, thus directly linked with NMDA receptor expression. The decreasing
NMDA receptors may be associated with the down regulation of proteins/transcription
factors associated with synapse maturation, induction of activity similar to eye opening
during development, through AMPA receptor activation in a feedback loop, or
increased postsynaptic firing rates and strengths.

5.25 Spontaneous Activity
During development, locally correlated spontaneous retinal waves are thought to drive
activity-dependent refinement involved in establishing topography (Wong et al., 1998),
however such waves have not been recorded during regeneration in goldfish (Kolls and
Meyer, 2002). In fact, abolishing retinal spontaneous activity with TTX has no effect on
tectal activity during regeneration, but does in adults and following regeneration (Kolls
and Meyer, 2002). Kolls and Meyer suggests this feature of regeneration may occur
since there has already been a significant reduction in retinal activity at this stage,
perhaps via morphological changes in the RGCs (Northmore, 1987), or through a lack
of tectal drive due to reduced convergence of axons (Kolls and Meyer, 2002). In
accordance with this concept, refinement has been shown to take place without visually
stimulated activity, occurring in the dark and without correlated visual input (Cook and
Becker, 1990; Olson and Meyer, 1991).

These observations raise questions about the role of spontaneous (non-visually-driven)
tectal activity during activity-mediated refinement of topography. Intense correlated
bursting activity has been recorded in neighbouring tectal neurons during regeneration
following blockage of visual activity with TTX (Kolls and Meyer, 2000).

Such

postsynaptic activity may lower the threshold required for NMDA receptor firing
through visual stimulation, without the need of previous visually driven depolarisation
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through AMPA receptors (Kolls and Meyer, 2000). If this bursting activity is however
correlated with visual activity, perhaps even being regulated by it, then surely this
activity would contribute to Hebbian mechanisms of refinement (Kolls and Meyer,
2000). It has been observed that a greater degree of spontaneous bursting occurs in the
goldfish tectum compared to that in lizard, which is largely burst free, although this
bursting is without blocking visual activity (pers. obs. Taylor).

At all stages of

regeneration in the goldfish, in vitro tectal recordings illustrate spontaneous activity, in
the order of 1 every 30-100secs. If spontaneous bursting functions to prime activitydependent refinement through activity potentiation, then surely the goldfish must be
better suited for this process than lizard.

While the exact nature and function of

spontaneous activity in activity-dependent mechanisms remains unclear, it clearly
deserves further examination.

5.26 Summary
Glutamate transmission in adult goldfish has dual NMDA- and AMPA/kainite-mediated
activity, although AMPA/kainite is predominant.

The increase in involvement of

NMDA-mediated transmission during the period of activity-dependent refinement
consolidates the role of this receptor in synapse plasticity. What triggers specifically
NMDA-mediated activity to increase involvement is still largely unresolved, although
as the factors governing receptor trafficking during development and synaptic plasticity
become better understood, these can be applied to the period of plasticity associated
with regenerating axons.

Activity is now appearing to play a significant role in

determining receptor insertion and removal from the plasma membrane, be it a result of
maintaining currents or modifying them. Understanding these signalling pathways is
crucial, as such intervention may be needed for successful regeneration in mammalian
models of CNS repair.

5.3 The Cause and Effect of High GABAergic Inhibition in C. ornatus
The goldfish and lizard C. ornatus provide the opportunity for comparative examination
of stages of optic nerve regeneration with different levels of success. In particular, the
period of activity-dependent refinement, which is completed successfully in goldfish,
but ultimately fails in the lizard after an initial attempt. Activity-dependent refinement
is largely achieved through glutamatergic pathways, primarily the NMDA and AMPA
receptors, however examined here was the role of GABAergic inhibitory transmission,
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analysed due to its capability to block, and therefore prevent, the postsynaptic signalling
required for refinement.

5.31 Negative Impact of GABAergic Inhibition on Regenerative Capacity
It has been documented that the breakdown of regeneration in the lizard C. ornatus
coincides with a failure in activity-dependent refinement (Beazley et al., 1997; Dunlop
et al., 2000).

Such a breakdown could result from dysfunctional glutamatergic

transmission, however as both NMDA- and AMPA-mediated activity are present
through this period, this seems unlikely (Dunlop et al., 2003). The inhibitory nature of
GABAergic transmission on postsynaptic currents makes this an attractive candidate,
and as a result was examined and compared between goldfish and lizards, with a
number of striking results being found.

During the period of activity-dependent

refinement, there is a prominence of GABAergic neurotransmission seen through
elevated GABAA receptors and electrophysiological recordings, whereas in goldfish a
normal level of inhibition exists. Also during this period in the lizard glutamatergic
excitation increases, seen through increased response amplitude following bicuculline
application and NMDA and AMPA/kainate receptor expression (Dunlop et al., 2003).
Importantly, when high levels of GABAergic transmission are replicated in the goldfish
during regeneration topographic order was significantly disrupted, although receptive
field sizes were not affected. Therefore, it is concluded that the increased inhibition in
the lizard may be a cause of the failure to consolidate on the crude topographic map by
preventing the postsynaptic firing needed for Hebbian processes.

Furthermore,

overcoming this inhibition may open the door for excitatory transmission to drive the
consolidation of retinotectal connections so crucial for regeneration.

The negative impact of GABAergic transmission on regeneration and plasticity has
been previously studied in a number of differing forms. In spinally transected cats,
blocking GABAergic inhibition via the antagonist bicuculline has been shown to
improve locomotion performance (Robinson and Goldberger, 1986), while decreased
GABAergic inhibition and increased glutamatergic excitation is needed for cortical
reorganisation controlled by LTP-like mechanisms (Dykes, 1997).

GABAergic

inhibitory inputs have also been shown to prevent LTP in the rat SC (Shibata et al.,
1990; Hirai and Okada, 1993). In addition, LTP is induced in the superficial grey layer
of the rat SC only when the GABA antagonist picrotoxin or GAD antagonist
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methoxypyridoxine are administered prior to tetanic optic nerve stimulation (Shibata et
al., 1990; Hirai and Okada, 1993).

5.32 Overcoming GABAergic Inhibition
Recently it has been shown that visual training on a task in C. ornatus improves the
outcome of regeneration (Beazley et al., 2003). In this case, animals are presented with
prey in the visual field of the experimental eye, or prey is tracked from the visual field
of the unoperated eye into the visual field of the experimental eye. This method
increases visually driven activity in the experimental eye in a way comparable to the
treatment received through physiotherapy. Trained lizards show greater topography at
one year compared to untrained, but importantly, it is the observation that GABAergic
inhibition has been suppressed from being over expressed that is of greatest interest as
this underlies the mechanistic change associated with success (Beazley et al., 2003).
Glutamatergic excitation is no longer concealed by high inhibition, thus the activity
received by tectal cells can drive Hebbian refinement. These observations in lizards are
supported by studies in mammals. In spinally transected adult cats, a reduction in the
involvement of glycinergic inhibition has been observed in the spinal cord when step
training has been administered (de Leon et al., 1999). In these cats, injections of the
glycine antagonist strychnine increases the performance from limited locomotion to
weight-bearing stepping in their hindlimbs (de Leon et al., 1999). However in cats that
have been trained to step, full weight-bearing stepping occurred while injections of
strychnine had no effect, suggesting a decrease in the glycinergic inhibitory pathway (de
Leon et al., 1999). Furthermore, an increase in neuronal activity has been shown to
induce changes in excitation that appears beneficial. When free-swimming Xenopus
laevis are exposed to increased visual stimulation, the excitability of optic tectum
neurons changes in a manner that reflects increased detection of visual stimulus
(Aizenman et al., 2003). The overall excitability was maintained however through
decreasing the activity of Ca2+-permeable AMPA receptors (Aizenman et al., 2003).
Such training and pharmacological intervention experiments provide a means to reduce
inhibition that is preventive of successful regeneration, while also increasing excitation
that is supportive of successful regeneration.

5.33 Comparative Examination of Goldfish and Lizard
With increased neuronal activity through stimulation providing a means of correctly
balancing levels of inhibition and excitation, the reasoning behind the high levels of
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GABAergic inhibition in the lizard compared to stable levels in goldfish still remains
unresolved. Therefore, what differences between the two species exists, and are they
distinguished as being a problem(s) within regeneration or intrinsic to the animals itself.

If we firstly consider regeneration, an obvious difference between the two species is the
time course of regeneration. In goldfish axons initially reach the tectum within 2 weeks
and by 4 weeks have covered the tectum and formed the crude map, whereas in lizard it
is 1-2 months before axons reach the tectum. During this period the tectum is devoid of
visually-driven synaptic activity, raising the question of what long-term effect this may
have on neurotransmission. Studies on visual deprivation indicate a resultant decrease
in inhibitory function (Benevento et al., 1995).

Adult monkeys with monocular

deprivation have reduced immunoreactivity for GABA and GAD within neurons of the
visual cortex (Hendry and Carder, 1992). In the visual cortex of dark-reared rats, there
is an increase in excitatory potentials, presumably due to modified inhibitory
mechanisms (Bakkum et al., 1991; Benevento et al., 1992). A similar change in
glutamatergic and GABAergic transmission occurs in the cat visual cortex following
binocular retinal lesion (Massie et al., 2003). Within the non-deprived and sensorydeprived region of the visual cortex 1-2 months post-lesion, extracellular GABA
concentrations were increased in the non-deprived area (Massie et al., 2003). However,
the increase in glutamate during this period is seen to surpass the rise in inhibition, and
thus LTP-like mechanisms are still suggested to operate (Massie et al., 2003). The data
from these studies therefore suggest that reduced visual drive of tectal neurons is not the
cause of the increased inhibition observed in the lizard.

This conclusion raises the notion that it may be excitation that initially changes,
followed by inhibition in a manner to maintain electrical homeostasis. This role of
inhibition to balance with excitation has been well documented from developmental
events.

During development of the rat superior colliculus, GABAergic inhibition

develops due to maturation of visual connections and thus NMDA-mediated activity
(Shi et al., 1997; Aamodt et al., 2000). In this case, inhibition may be regulated to
control early developmental excitation and thus prevent an over-balance that could
result in seizures (Chagnac-Amitai and Connors, 1989; Shi et al., 1997; Aamodt et al.,
2000). Therefore in the lizard, glutamatergic excitation appears to be responding to
reduced stimulation of tectal neurons, subsequently resulting in a rise of GABAergic
inhibition.
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Another significant difference between goldfish and lizard, which follows a similar path
as that previously mentioned, is a simple morphological variation with possible
important

consequences

(introduced

Section

5.23).

Normally

functioning

neurotransmission needed for refinement occurs with correlated visually-driven activity,
an essential part of Hebbian refinement. However, lizards often close their eyes during
regeneration when presented with a stimulus, thus impacting on retinal activity, while
goldfish lacking eyelids have continuous visually-driven activity. This response of
lizards may be a simple behavioural response, but may also refer to the discomfort
experienced by their distorted vision. The fact that increasing visual activity by training
on a visual task improves the final outcome further supports the importance of pattern
visual activity (Beazley et al., 2003). During development, retinal activity that drives
refinement takes the form of spontaneous retinal waves, similar to those seen in
mammals (Meister et al., 1991; Wong et al., 1993). However, such spontaneous retinal
activity is absent from adult goldfish during activity-dependent refinement, further
exemplifying the importance of visually-driven activity (Kolls and Meyer, 2002).
Again this lack of tectal activity, be it visually or spontaneously driven, may underlie
the changes observed in glutamatergic excitation, and therefore also GABAergic
inhibition.

5.34 Summary
In lizard, breakdown of activity-dependent refinement appears to be the result of
elevated levels of GABAergic inhibition. Such an increase may be the consequence of
increasing glutamatergic excitation, with GABAergic inhibition reacting in a
homeostatic response. The increase in glutamatergic excitation appears to be the result
of decreased tectal activity. Importantly, training on a visual task and pharmacological
intervention have been shown to overcome or suppress such inhibition, with this
providing improved regenerative success.

5.4 Thesis Summary
The findings of this thesis have provided further insight into the functioning of activityindependent and –dependent processes during regeneration in goldfish and the lizard C.
ornatus. In goldfish, it was hypothesised that axon guidance along the medio-lateral
tectal axis occurs through the guidance molecules EphB/ephrin-B. This possibility was
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disproven, with it suggested that guidance may occur instead through preordering of
axons prior to entering the tectum via the appropriate medial and lateral brachium, and
then EphA/ephrin-A guiding axons over the rostral-caudal axis and setting up gross
topography. The lack of involvement of EphB/ephrin-B also precluded the possibility
of an EphB/NMDA interaction potentiating NMDA currents. This places glutamatergic
excitation at the core of activity-dependent refinement, consolidated the involvement of
NMDA-mediated transmission during this period, and AMPA-mediated transmission
during normal adult transmission.

However, as the factors controlling receptor

trafficking during development and synaptic plasticity become better known, these may
be applied to changes in receptor-mediated activity seen during plasticity associated
with regeneration. However, whereas glutamatergic excitation can drive refinement,
GABAergic inhibition is capable of preventing it. Through elevated levels in the lizard,
GABAergic inhibition appears to suppress activity-dependent refinement, although this
response may be to increasing glutamatergic excitation and inadvertently result in the
failure of regeneration that is observed. Overcoming such inhibition through methods
such as visual training or pharmacological intervention provides means of increases the
success of regeneration.
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