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Abstract

In vivo anatomical studies were performed with the aim of clarifying the cellular and
subcellular distribution and the developmental pattern of expression of brain-derived
neurotrophic factor (BDNF), neurotrophin-4 (NT-4), neurotrophin-3 (NT-3) and their
receptors, trkB and trkC in the rat visual pathway. BDNF and trkB proteins were
expressed in developmentally regulated patterns in most visual centres including the
lateral geniculate nucleus (LGN), superior colliculus (SC), and the visual cortex. With
some exceptions, BDNF and trkB mRNA expression patterns in visual centres were
similar to those of their proteins; however in some visual centres, BDNF mRNA
expression was not detected, but BDNF protein was restricted to neuropil. The
expression of NT-4, NT-3 and trkC mRNAs was limited to neurons in the SC and visual
cortex. By pre-embedding electron microscopy, BDNF was predominantly located in
retinal terminals and trkB at the apposing postsynaptic densities and associated with
axonal and dendrite microtubules. BDNF and trkB proteins, their mRNAs and NT-4
mRNA (but not NT-3 or trkC) were present in developing and adult retinal ganglion
cells (RGCs). Retinal explant cultures were used to study the effects of neurotrophins
on developing and regenerating RGC axons. BDNF and NT-4, but not NT-3 protein,
significantly increased the outgrowth (number and length) of regenerating RGC axons
and RGC axons at E l5, and to a lesser extent at later embryonic stages. BDNF and NT4, but not NT-3 protein, increased the intensity of (3-III tubulin, F-actin and GAP-43
immunoreaction product in RGC axons and growth cones. Treatment with TrkB-IgG
arrested RGC axon outgrowth, induced growth cone collapse and resulted in the loss of
F-actin in the P-domain of RGC axonal growth cones. The expression pattern of trkB
and BDNF mRNAs during development and in adulthood and the effects of BDNF in
vitro suggest that BDNF plays important roles in visual system maturation and
maintenance. The lack of neurotrophin expression in some retinorecipient centres but
the localisation of BDNF protein in retinal terminals suggests that BDNF anterogradely
transported from RGCs may exert important effects on their central targets.
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Tyrosine kinase receptor B
Tyrosine kinase receptor B immunoglobulin G
Tyrosine kinase receptor C
Ventral lateral geniculate nucleus
Ventral lateral geniculate nucleus, pars lateralis
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CHAPTER 1
Introduction
Vision is a complex phenomenon involving not only the eye, but also the visual
pathways connecting the eye to various visual centres in the brain. Indeed, the retinal
ganglion cells (RGCs) of the retina form the essential link between the eye and the brain,
conveying visual information transduced from photoreceptor cells for further processing in
higher centres. Much attention has been given various aspects of the adult and developing
visual pathway. The neurotrophin family of factors has been identified as integral to the
development of the vertebrate visual system. This study focuses on the distribution and
expression patterns of the neurotrophins in the rat visual centres and some of their possible
roles in vitro. The retina, RGCs and their visual centres in the brain, which collectively
form the primary visual pathway of the rat are described in Section 1.1. Section 1.2
outlines the development of the rat visual pathway, and the value of the visual pathway as
a model for these studies is described in Section 1.3. The neurotrophins and their trk
receptors are reviewed in Section 1.4 and the current knowledge of the roles and effects of
the neurotrophins in the visual system of the rat reviewed in Section 1.5.

1.1

Anatomy of the primary visual system of the rat

(i)

Organisation of the mature retina

The retina is the innermost of 3 layers that form the wall of the eyeball: the sclera,
choroid and the retina. The sclera is the outer coat, is thick and tough and protects the
delicate inner structures. It is opaque in the larger posterior portion, and transparent in
the smaller anterior section, the cornea. The middle vascular coat, the choroid provides
nutrients to the ocular tissues, and also incorporates the muscular tissue involved in the
processes of pupil constriction and enlargement and accommodation. The lens is
suspended from the inner surface of the ciliary body, by slender fibres that make up the
suspensory ligaments. The iris is a continuous segment of the ciliary body and divides
the anterior segment of the eye into 2 unequal parts, the anterior and posterior chambers,
which are filled with transparent aqueous humour. The 2 chambers that are connected
by the opening of the iris, the pupil, can be reduced or expanded through the contraction
of constrictor or dilator muscles. The iris regulates in this way the amount of light
entering the eye. The healthy and mature neural retina is a highly organised,
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Com posite drawings o f retinal neurons, their layer distribution and
synaptic zones.

to optic nerve

F ig. 1.1. D raw ing o f the vertebrate retina taken from P olyak (1941).
Fig. 1.2. Highly schem atic diagram illustrating the organisation o f the vertebrate retina.
A bbreviations: RPE, retinal pigm ent epith eliu m layer; O N L , outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; 1PL, inner plexiform layer;
G C L , ganglion cell layer. C, cone p h o to rec ep to r cell; R, rod p ho torec ep to r cell; B, bipolar
cell; A, am acrine cell; IP, interplexiform cell; G, retinal g an aglion cell.

multilayered structure composed of 6 broad categories of retinal neurons: the
photoreceptor cells, bipolar cells, horizontal cells, amacrine cells, interplexiform cells
and RGCs (Figs. 1.1, 1.2). Most of the cell types have been characterised, anatomically,
physiologically and functionally. Retinal cells are packed into 3 well-defined layers that
are separated by 2 synaptic regions (Polyak, 1941; Boycott & Wassel, 1991). All visual
responses in the retina and elsewhere in the brain are initiated by the photoreceptors.
Photoreceptor cells transmit stimulus information through bipolar cells, and optionally
through amacrine cells, to reach RGCs that transform the graded information received into
spike discharge that can be communicated to the rest of the brain. The photoreceptor cells
lie in the outermost retinal layer adjacent to the retinal pigment epithelium, a cellular
lining that separates the retina from the blood capillaries of the choroid. The innermost
retinal layer, the ganglion cell layer (GCL) is closest to the vitreous; an inner limiting
membrane separates the optic nerve layer from the vitreous. The GCL is formed by the
RGCs and their axons, which bundle together to form the optic nerve, which project to
the visual centres of the brain. Displaced amacrine cells are also found in the GCL
layer. Between the photoreceptor and the GCL lie two cellular strata referred to as the
inner nuclear layer (INL), and the outer nuclear layer (ONL). The INL contains the cell
bodies of horizontal, bipolar, interplexiform and amacrine neurons and the glial Muller
cells, which span the retina from the inner limiting membrane through the outer nuclear
layer. The ONL contains the cell bodies of photoreceptors cells. Synaptic contacts also
occur in defined layers of the retina. RGC dendrites make, contact with bipolar and
amacrine cells, which also interact with each other in the neuropil known as the inner
plexiform layer (IPL). The outer plexiform layer (OPL) lies between the ONL and INL
and contains synapses formed between pedcles of photoreceptors and the dendrites of
bipolar cells and horizontal cells. The interplexiform cells, like amacrine cells, are both
pre and postsynaptic to other neurons. Their processes make synaptic contact with
horizontal and bipolar cells in the INL. Bipolar cells feed visual information to the INL
where their axons make synaptic contact with the dendrites of RGCs and the processes
of amacrine cells. The horizontal and amacrine cells modulate visual information
transmitted from the photoreceptor cells through bipolar cells to RGCs.

(ii)

Classification of retinal ganglion cells

Using the Golgi staining techniques on wholemount adult rat retina, Perry (1979) produced
a thorough study documenting the RGCs in the adult rat and identified 3 major classes of
RGCs type I, II and III. Of all the cells described in the retina, type I cells, previously
described as ‘giant’ ganglion cells (Bunt, 1976) have the largest cell bodies with a mean
diameter of 20jim and the thickest axons. The type I RGCs share close homology to the a
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cells described by Boycott & Wassle (1974) in the cat retina and are more or less
uniformly distributed across the retina. Type II cell have medium-sized cell bodies with a
mean diameter of 13.5pm. They generally have smaller dendritic fields (mean 150pm)
compared with type I cells (mean of 312pm) and type III cells (mean of 339pm). Type
II cells are similar in morphology to the rare 5 cells of the cat (Boycott & Wassle, 1974)
and are concentrated at the area centralis. Type in RGCs are characterised by their small
cell body (mean 12.1pm) and thin axons. These cells are comparable to the y cells
described by Boycott & Wassle (1974) in the cat retina, which like type E RGCs are
concentrated at the area centralis. Axonless cells (~10pm in diameter) in the GCL of the
rat retina initially classified as type IV cells were later identified as displaced amacrine
cells (Perry & Walker, 1980; Perry, 1981) which represent up to 50% of cells of all in
the GCL of the rat (Perry, 1979,1981).

(iii)

The optic pathway of the adult rat

Virtually all RGCs project to the superior colliculus (SC) (Linden & Perry, 1983a, but
see Ni & Dreher, 1981). In the rat, the retinal input to other visual centres is principally
via collateral branches of retinocollicular axons in the optic tract (Linden &, Perry, 1983).
RGC axons converge on the optic disc to leave the eye as the optic nerve. The optic nerve
perforates the sclera and runs caudally to unite with the optic nerve of the contralateral side
to form the optic chiasm where approximately 90% of the axons cross over to the optic
tract on the opposite side. Dorsal to the caudal optic chiasm lies the suprachiasmatic
nucleus of the anterior hypothalamus, which receives a bilateral projection from collateral
branches of RGC axons in the optic tract (Rodieck, 1979). The optic tract passes beneath
the hippocampal fimbria then sweeps around the cerebral peduncle. Collateral branches of
RGCs axons in the optic tract enter the LGN ventrolaterally and travel through the nucleus
tangential to the surface; within the LGN the fibres terminate in a precise retinotopic
pattern (Nagata & Hayashi, 1984). From the lateral surface of the dorsal LGN (dLGN),
retinal axons of the optic tract continue dorsomedially over the surface of the thalamus to
form the brachium of the superior colliculus. Collateral branches extend from the brachium
and terminate in the pretectal nuclei. RGC axons of the brachium travel to and terminate in
the superficial layers of the SC (Lund et al., 1969). RGC axons also innervate accessory
optic nuclei (Hayhow et al, 1960).

At this point it is important to mention a significant difference between the pigmented and
albino rat. Most studies examining various aspects of the mature and developing rat visual
system have used the albino rat as I have in the present study, in the full knowledge that
part of the ipsilateral projection from the eye cross in the optic chiasm in the albino rat.
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In other words, albino rats have a larger crossed pathway compared with pigmented rats
(Lund, 1965), but for the purpose of this study this larger crossed projection is not
important. This abnormality of the visual pathway is not exclusive to the rat: similar
abnormal projections have been documented in several albino animals including the
guinea pig (Creel & Giolli 1972), the cat (Guillery & Kaas, 1971) and the ferret
(Guillery, 1971). As the degree of pigment in the retinal epithelium is closely related to
the severity of the projection error in albinos (Sanderson et al., 1974; LaVail et al.,
1978) it has been suggested that the ‘misprojection’ may result from: an absence or low
levels of activity of tyrosinase (LaVail et al., 1978) whose expression is regulated by the
mutated albino gene (review, Searle, 1990) or abnormalities in melanin synthesis
(Strongin & Guillery, 1981).

(iv)

Primary retinorecipient centres of the adult rat

One of the major differences between primates and carnivores and rodents is that the
targets of RGC axons in primates and carnivores are the LGN and SC, whereas in the
rat the primary visual target is the SC, which receives virtually all RGC axons (Linden
& Perry, 1983a).
(a)

The superior colliculus (SC)

The SC lies at the dorsal surface of the midbrain and participates in visuomotor
integration and in facilitating shifts in gaze (Dean & Redgrave, 1984). The SC is also
involved in the avoidance reaction and approach behaviour. Lesions in the SC result in
deficits in awareness, orientation and behavioural deficits but do not impair visual
acuity (Cowey et al., 1982; Heywood & Cowey, 1987; Midgley et al., 1988; Carman &
Schneider, 1992). The SC is composed of 7 alternatively fibrous and cellular layers
from dorsal to ventral. They are (1) zonal layer (2) superficial grey (3) optic layer (4)
intermediate grey layer (5) intermediate white layer (6) deep grey layer (7) deep white
layer. The SC can also be broadly seperated into two zones. A superficial zone (zonale,
superficial gray and optic layers), which receives afferents from the eye and other visual
centres, and a deep zone (intermediate gray intermediate white, deep gray deep white
layers), which receives major afferents predominantly from the somatosensory and
auditory systems (Stein, 1981).

In the rat, axons that arise in the contralateral eye provide the main input to the
superficial layers of the SC (Linden & Perry, 1983a). Retinal axons enter the SC in the
optic layer traverse the SC in the optic layer then run vertically to the surface and
terminate in the superficial gray; some also terminate in the optic layer. A small number of
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RGC afferents innervate the zonale layer; there is also a direct retinal input to cells in
the intermediate layer (Beckstead & Frankfurter, 1983). The superficial gray layer also
receives cortical projections that terminate sparsely in the deeper portions of the
superficial gray layer (Takahashi, 1985). The superficial layers of the SC also receives
afferents from the ventral LGN (vLGN) (Brauer & Schober, 1982; Taylor et al., 1986)
the parabigeminal nucleus (Linden & Perry, 1983) the pretectum (Taylor et al., 1986)
and other subcortical nuclei (review, Sefton & Dreher, 1995). The major targets of SC
efferents include the dLGN, vLGN, lateral posterior nucleus, and the pretectum (Linden
& Perry, 1983a; Lieberman et al., 1985; Taylor et al., 1986). RGC axons activate cells
in the superficial gray and optic layers (Lund, 1972), most of which are responsive to
moving targets. Activated neurons in the superficial SC project to intermediate and deep
layers. Two major efferent pathways arise from the deeper layers, one projects to the
ipsilateral spinal cord the other predominantly innervates contralateral gaze centres in
the midbrain and pons concerned with orientating reactions (Bickford & Hall 1989).
Cells involved in ‘avoidance and approach behaviour’ are distributed in the intermediate
layers and project through the contralateral predorsal bundle, to initiate shifts in gaze
(Bickford & Hall 1989; Redgrave, 1986). Cells in the deeper layers project to a variety
of regions in the brainstem and spinal cord involved in orientating the eyes, head and
limbs (Weber et al., 1979).

-Neurons o f the superior colliculus
Using the Golgi staining technique, Langer & Lund (1974) made a thorough study of
the morphological characteristics and layer distribution of neurons in the superficial
layers of the SC according to the orientation of their dendritic field. The groups of
neurons include the horizontal cells, vertical cells and stellate cells. Marginal cells,
piriform cells, and narrow field vertical cells, pyramidal cells and wide field vertical
cells fall into the 3 main classes of SC neurons. The zonale layer is composed of sparsely
packed small cells (including marginal cells, horizontal cells, and piriform cells); these
cells are also found in the superficial grey layer but are more densely packed. Marginal
cells and horizontal cells lie parallel to the surface in the zonale layer. Neurons in the SC
are contain a variety of molecules including gamma-aminobutyric acid (GABA)
(Ottersen & Storm-Mathisen, 1984a, b), calbindin (Schmidt-Kastner et al., 1992),
parvalbumin (Illing et al., 1990) and substance P (Miguel-Hidaldo et al., 1991).
At the ultrastructural level, myelinated axons are present throughout the superficial gray
layer and become commoner deeper in the layer. The optic layer is characterised by
bundles of myelinated axons (Lund, 1969). Small retinal terminals (Colonnier &
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Guillery, 1964; Liberman & Webster, 1974) present in the superficial SC are -lp m in
diameter and contain round vesicles and mitochondria and form Gray’s type 1 synaptic
junction (Gray, 1969; Peters et al., 1991) on the dendrites of retinorecipient neurons
(Lund, 1969; Taylor et al., 1986). Retinal terminals and account for -60% of the total
number of terminals in the optic layers (Lund, 1969).

(b)

The dorsal lateral geniculate nucleus (dLGN)

The dLGN lies in the dorsolateral portion of the caudal thalamus (review, Garey et al.,
1991) and relays visual information to the visual cortex and is thought to play a major
role in visual perception. Although subject to great species variations, the dLGN is one
of the most distinctive nuclei of the mammalian thalamus. The cat and monkey have
sizeable binocular visual fields and have a clearly laminated dLGN, which reflects and
underlies the segregation of the projections from the two eyes. However in the rat and
squirrel, which have small binocular fields, the LGN lacks the visible cellular
lamination seen in the cat and monkey (Kaas et al., 1972). There is however a
‘concealed’ lamination in the rodent dLGN, which is expressed as a zone of exclusively
ipsilateral input (Kaas et al., 1972).

In addition to retinocolliculi branches and the afferents from other visual centres
(Brauer et al., 1988; Taylor, 1986; Mackay-Sim et al., 1983) the dLGN receives
projections from brainstem nuclei (review Sefton & Dreher, 1995). dLGN axons
predominantly or exclusively project to the ipsilateral visual cortex and receives a large
reciprocal projection from small pyramidal cells in layer VI of primary visual cortex
(review Sefton & Dreher, 1995). Projection neurons in the dLGN also project to the
thalamic reticular nucleus (TRN), via collateral branches of the axons, which travel to
the cerebral cortex (Ohara & Lieberman, 1981,1985).

Neurons of the LGN fall into 2 broad classes, projection neurons and intrageniculate
intemeurons.

-Projection neurons
Some of the characteristics of projection neurons (=geniculocortical relay or
thalamocortical relay cells) have been revealed using the Golgi technique (Grossman et
al., 1973). They generally have round somata and multipolar dendritic arborisations
with 3-8 primary dendrites (rat, Grossman et al., 1973; Webster & Rowe, 1984; Werner
& Brauer, 1984; monkey, Saini & Garey, 1981; Garey & Saini, 1981; Leuba & Garey,
1984;). Projection neurons generally have somata between 15-25tim (Grossman et al.,
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1973). They have ‘tufted’ or clustered dendritic arborisations, with smooth primary
dendrites, but clusters of excrescences at primary dendritic branching points. They
contain glutamate (Johnson & Burkhalter, 1992; Montero, 1994) and are assumed to be
excitatory glutamatergic neurons.

-Intrageniculate intemeurons
LGN intemeurons represent approximately 20% of the total number of dLGN neurons
and are generally smaller (6-12pm) than projection neurons (Lieberman, 1972, 1973b;
Grossman et al., 1973; Gabbott et al., 1985, 1986b, 1988). They have few (2-4) long
and thick dendrites that rarely branch, but have complex appendages (Grossman et al.,
1973). Intrageniculate intemeurons in the rat dLGN first described by Golgi methods as
small cells with few dendrites branching sparsely and characterised by complex
dendritic appendages (Grossman et al., 1973) were revealed by EM to be unusual cells
with presumptive dendritic appendages, corresponded to axon-like process filled with
discoidal synaptic vesicles, which make and receive synaptic contacts predominantly in
areas of glomerular neuropil (Lieberman, 1973 and see below). These unique cells are
referred to as cells with presynaptic dendrites (PSD) cells (Lieberman, 1972, 1973;
Lieberman, & Webster, 1974) These cells are glutamate decarboxylase (GAD), and
GABA positive and are therefore GABAergic (Ohara et al., 1983; Gabbott et al., 1994).
PSD cells are the minority neuronal cell type in the LGN, but often lie close to the cell
bodies of projection neurons (Lieberman, 1973), are postsynaptic to retinal terminals
and to F-boutons (see below).

-Synaptic organisation o f the dLGN
Several groups have documented the ultrastructural characterisation of retinal terminals
in the LGN and SC. /found Large Pale (RLP) was used by Guillery (1971) to describe
retinal terminals and is still widely used. The term Petinal-bouton, (R-bouton) as
described and used by Lieberman (1973a) and Lieberman & Webster (1974) is
comparable to RLP, and is used in place of RLP to describe retinal terminals in this
study. R-boutons the largest terminals in the dLGN (1.5-3pm in diameter, in the rat),
have pale/lucent mitochondria with dilated and irregular cristae. They contain round,
clear synaptic vesicles, form asymmetric synaptic specialisations with LGN dendrites
and/or dendritic appendages, and are never post-synaptic to other profiles (Lieberman &
Webster 1974; Campbell & Lieberman, 1985; So et al., 1985). R-boutons are thought to
be excitatory and contain glutamate or some other excitatory amino acid (Mize &
Butler, 1996). In addition, the neuropeptide Substance P is present in a subpopulation
R-boutons in the superficial portion of the rabbit LGN (Brecha et al., 1987).
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P-boutons arise from the dendrites (and very rarely from the of perikarya) of PSD cells,
as or as part of complex dendritic appendages described by Lieberman (1973a, b) and
Grossman et al. (1973) and form symmetrical synaptic junctions with projection cell
dendrites and the dendrites of other PSD cells and are postsynaptic to R-boutons and Fboutons, see below. P-boutons are largely found within synaptic glomeruli (Lieberman
& Webster, 1972, see below). F-boutons derive mainly from thalamic reticular neurons
and synapse on the dendrites and perikayra of projection cells (Ohara et al., 1980). They
have a less-well defined postsynaptic density compared with the densities found at the
synaptic junction of P-boutons. F-boutons are filled with flattened synaptic vesicles and
electron dense mitochondria, and form symmetrical synaptic junctions with the
dendrites of projection neurons and PSD cells (Lieberman & Webster, 1974). F-boutons
are comparatively infrequent in synaptic glomeruli by comparison with P-boutons. SRboutons (Lieberman et al., 1973) derive mainly from ipsilateral layer VI visual cortical
neurons and contact dendrites of projection neurons (Lieberman & Webster, 1974).
These boutons are small, contain spherical synaptic vesicles and electron dense
mitochondria and make Gray type I contacts with the dendrites of projection neurons in
extraglomerular areas (Lund & Cunningham, 1972; Lieberman & Webster, 1974;
Taylor, 1986).
-The synaptic glomerulus
The triadic synapse (Szentagothai 1963, 1966) or triplet synapse (Lieberman &
Webster, 1974) is a consistent feature of complex or glomerular neuropil of thalamic
relay nuclei (Lieberman, 1974) and of the OPN (Campbell & Lieberman, 1985). The
triplet synapse is composed of an R-bouton, P-bouton and a relay cell dendrite. The Pbouton is the intermediate profile in the triplet synapse as it receives synaptic input from
the R-bouton and makes synaptic contact with a projection neuron dendrite, which also
receives direct synaptic input from the same R-bouton.

The glomerulus has been viewed as a major compartamental subunit or filter of retinogeniculate transmission (Lieberman & Webster, 1974). It is a characteristic synaptic
arrangement involving an R-bouton with associated dendrites, and other axon terminals,
the ensemble ensheathed or partially enclosed by glial processes. This complex structure
optimises the chance for an individual terminal to form multiple synaptic contacts and
provides an ideal environment for modulation of synaptic input. The synaptic
arrangement consists of an R-bouton, which synapses onto the dendrite or dendritic
appendages of one (perhaps sometimes more than one) glutamatergic projection neuron
and onto the P-boutons of one or more GABA-containing intemeurons. The dendrites of
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both types of LGN neuron respond by generating excitatory postsynaptic potentials. The
intemeuron also has inhibitory dendro-dendritic synapses onto the relay neuron. Thus
the excitation of the intemeuron by retinal input activates these output synapses,
producing GABA mediated inhibition of the relay neuron. These ‘triplet’ synapses
(Lieberman 1972; 1974; Campbell & Lieberman, 1985) are responsible for among other
things an excitatory—inhibitory sequence mediated by a feed-forward pathway entirely
distinct from the excitatory—inhibitory sequence mediated by the “intemeurons” of the
TRN; these GABAergic neurons also deliver an inhibitory input to geniculate projection
neurons, but via a feeback pathway that involves input to the TRN neurons via
collaterals of thalamocortical projection neurons.

(c)

The ventral lateral geniculate nucleus (vLGN)

In contrast to the dLGN, which is derived from the dorsal thalamus, the vLGN is
located in the ventral thalamus and is separated from the dLGN by the IGL. Like the
dLGN, the vLGN is primarily innervated by contralateral collateral branches of
retinocollicular axons. However, one of the most striking differences is the absence of a
projection to the cortex (Schober et al., 1976). The vLGN can be subdivided
cytoarchitecturally into 2 regions, the pars lateralis (vLGN-1), the outer cellular region
and the pars medialis (vLGN-m) the inner cellular region. The segregation of the lateral
and medial aspect in the rat reflects the functional segregation of afferent and efferent
projections. The vLGN-1 contain cells that respond to visual stimuli (Hale & Sefton,
1978) and receives direct retinal input (Hickey & Spear, 1976). The rat vLGN-1 is
involved in brightness discrimination (Horel, 1968; Legg & Cowey, 1977a, b) and
relays visual information to a variety of visual and non-visual subcortical nuclei
involved in visually guided and associated behaviours (Cosenza & Moore, 1984). The
vLGN-1 also receives input from layer V pyramidal neurons in ipsilateral visual cortex
(Sefton et al., 1981) the ipsilateral SC (Taylor & Lieberman, 1987) and neurons of the
ipsilateral OPN (Cosenza & Moore, 1984). Non-retinorecipient neurons including
neurons in the midbrain reticular formation and the dorsal raphe nucleus have also been
identified as possible sources of input to the rat vLGN (Sefton & Dreher, 1995).
Approximately 80-90% of vLGN-1 neurons (Brauer & Schober, 1984) project to the
ipsilateral SC (Brauer & Schober, 1982; Taylor & Lieberman, 1987; Ribak & Peters,
1975). vLGN-1 neurons also project to several subcortical nuclei including the OPN and
the nucleus of the optic tract (Ribak & Peters, 1975; Schober, 1983) and the accessory
optic nuclei (Ribak & Peters, 1975). The vLGN-m receives a small projection from the
retina (Hickey & Spear, 1976; Taylor, 1986) and is sparsely innervated by cortical
neurons in the ipsilateral primary visual cortex (Takahashi, 1985). Very little is known
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about the rat vLGN-m, but in the cat vLGN-m, and the monkey pregeniculate nucleus a
population of cells respond to saccadic eye movements (Magnin & Putkonen, 1978;
Magnin & Fuchs, 1977) which suggested a role of the vLGN-m in visuomotor
processing.

Golgi-impregnation studies of the rat vLGN revealed two principal cell categories
composed of several defined subtypes (Stelzner et al., 1976; Brauer et al., 1984)
projection neurons and intemeurons (Mounty et al., 1977). Golgi-impregnated
projection neurons (-60% of the vLGN neurons) (Werner & Brauer, 1984) have
multipolar morphologies but vary in soma size, shape and arbor morphology (Mounty et
al., 1977).

The majority of the remaining neurons in the vLGN are relatively

homogeneous and generally have bipolar morphologies (Gabbott & Bacon, 1994).
These neurons are thought to be PSD cells (Taylor, 1986) like those described in the
dLGN (Lieberman, 1973) and are immunoreactive for the biosynthetic enzyme for
GABA, glutamate decarboxylase (GAD) (Ohara et al., 1983) and GABA itself (Gabbott
& Bacon, 1994). Apart from the largest somata receiving terminals containing flattened
synaptic vesicles (Stelzner et al., 1976), ultrastructurally the vLGN is similar to the
published accounts of the dLGN (Lieberman et al., 1973,1974).

(d)

The intergeniculate leaflet

The intergeniculate leaflet (IGL) is a distinct subdivision of the LGN (Hickey & Spear,
1976; Moore & Card, 1994) and participates in the regulation of circadian rhythms
through its projections to the suprachiasmatic nucleus of the anterior hypothalamus
(Pickard et al., 1987; Pickard, 1994). The IGL is interposed between the dLGN and
vLGN and is composed of myelinated axons mnning in a rostrocaudal direction, a sheet
of neurons and a sparse neruopil. The IGL receives bilateral input from a distinct set of
RGCs (Hickey & Spear, 1976). Neurons in the IGL are immunoreactive for a variety of
molecules including GAD, GABA, enkephalin and neuropeptide Y. IGL projection
neurons also project to various visual centres (Moore et al., 2000).

The IGL also

receives input from the dorsal raphe and the locus coeruelus (Moore & Card, 1994).
The synaptic organisation of the IGL is fairly similar to that described in the dLGN
(Taylor, 1986; Moore & Card, 1994).

(e)

The pretectum

The pretectum is a group of distinct nuclei (Scalia, 1972) that lie at the rostral extent of the
midbrain bordering the thalamus. The pretectum is composed of the OPN, the nucleus of
the optic tract, and the anterior, posterior pretectal and the medial pretectal nuclei. From
23

the work of Toga & Collins (1981) it has been estimated that -13% of RGC axons
terminate in the contralateral pretectum. With the exception of the anterior pretectal
nucleus, the pretectal nuclei receive direct retinal input. The main nuclei, their connections
and roles in the rat visual system are briefly reviewed.

-The olivary pretectal nucleus (OPN)
The OPN lies ventral to the brachium of the SC and is the primary visual centre for the
pupillary light reflex pathway (Clarke & Ikeda, 1981). The OPN receives direct bilateral
retinal input (Campbell & Lieberman, 1985), which interacts with a proportion of
neurons in the OPN that possess “luminance detection” properties, and whose firing rate
linearly correlates the level of illumination presented on the retina (Clarke & Ikeda,
1981). The pupillary light reflex is mediated by RGCs that respond to overall changes in
brightness and project to the pretectal area. OPN projection neurons project bilaterally
to the preganglionic parasympathetic neurons in the Edinger-Westphal nucleus, which
subsequently supplies the pupillary sphincter and ciliary muscle of the eye thereby
inducing the pupillary light reflex. Rostrally, the OPN forms an olive-shaped core
region with few neurons and crossing axons, and caudally it forms a shell which
contains a dense network of axons and neurons merges with the nucleus of the optic
tract. Like the LGN, the OPN contains 2 major classes of neurons, GAD
immunoreactive intemeurons (Campbell & Lieberman, 1984, 1985) and glutamate
containing projection neurons which project to subcortical nuclei including the IGL, the
vLGN Edinger-Westphal nucleus and the intermediate grey layer of the SC (Klooster et
al., 1995). Retinal axons constitute between 36-45% of all terminals in the OPN
(Campbell & Lieberman, 1985), and like the LGN a subpopulation are immunoreactive
for Substance P (Klooster et al., 2000). The complex ultrastructural organisation of the
OPN has been documented (Campbell & Lieberman, 1982,1985). OPN triplet synapses
(Review; Campbell & Lieberman, 1985) are similar to triplet synapses previously
described in the thalamus by Lieberman & Webster (1974).

-The nucleus o f the optic tract
The nucleus of the optic tract is located adjacent to dorsal terminal nucleus of the
accessory visual system in the midbrain. The neurons of the nucleus of the optic tract are
innervated by contralaterally projecting RGC axons (Scalia, 1972; Perry & Cowey, 1979),
vLGN axons (Ribak & Peters, 1975), fibres from the accessory optic system (Giolli et al.,
1992) the ipsilateral SC and the visual cortex (Takahashi, 1985). Neurons of the nucleus of
the optic tract project to several visual centres including the vLGN, the OPN, the dorsal
terminal nucleus of the accessory optic system (review, Sefton & Dreher, 1995). Neurons
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of the nucleus of the optic tract respond to large targets moving forward along a
horizontal plane (Cazin et al., 1980a) and have been implicated as playing a role in the
generation of the horizontal nystagmus in the rat (Cazin et al., 1980b; Reber et al., 1991).

-The posterior, medial and anterior pretectal nuclei
The posterior pretectal nucleus lies medial to the nucleus of the optic tract in rostral the SC.
The medial pretectal nucleus lies at the rostral extremity of the pretectum. Both nuclei
receive direct retinal input but the functional roles of its neurons remains to be established.
The anterior pretectal nucleus, the most rostral nucleus of the pretectum, lies medial to the
lateral posterior thalamic nucleus is not directly innervated by RGC afferents (Scalia &
Arango, 1979; Rees & Roberts, 1993).
(f)

Accessory optic system

The accessory optic nuclei (the medial, dorsal and lateral terminal nuclei; review, Sefton
& Dreher, 1995) is innervated by small numbers of retino-collicular collaterals which
branch out from the optic tract. The accessory nuclei are thought to play a role in the
vestibuloocular and optokinetic nystagmus (Giolli et al., 1992) via its reciprocal
connections with other visual nuclei including the nucleus of the optic tract (Blanks et
al., 1982; Giolli et al., 1992).

1.2

Development of the rat visual pathway

The first-bom neurons in the retina are RGCs, followed by the amacrine cells and cone
photoreceptor cells, then bipolar cells and rod photoreceptor cells (review, Sidman et al.,
1961; Walsh et al., 1983; Polley et al., 1989). At very precise times in development,
RGCs detach from the place of birth (surface of the ventricular zone) (Maslim et al., 1986)
and migrate towards the GCL to their final destiny (Morest, 1970). These post-mitotic cells
are now determined to a distinct cell fate. Further important developmental processes
are necessary to create a mature retina. RGCs develop dendrites that branch out profusely
and their neurites contact the prospective synaptic targets, which are later refined by
competition-dependent programmed cell death. As the cells mature they begin expressing
characteristic differentiated properties, acquire enzymes for neurotransmitter synthesis, and
develop exocytotic mechanisms for neurotransmitter release (review, Robinson, 1991).

(0

Genesis of retinal ganglion cells

The retina, like other regions of the vertebrate CNS derives from the neural tube. In the
rat the neural tube invaginates to form 2 optic vesicles at the head of the embryo by E12
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(Kuwabara & Wiedman, 1974). The optic vesicles subsequently invaginate to form an
optic cup. The neuroepithelium forms the wall of the optic cup, the cells (neuroblasts)
within the neuroepithelium differentiate into the entire retina cells and the external layer,
the pigment epithelium. RGCs are generated between E14 and E22 in a central to
peripheral wave. RGC genesis begins in the dorsocentral retina then spreads to cover the
entire retina by E16. RGC genesis peaks at E16/E17 and by E20 the genesis of RGCs is
distinctly confined to the ventral periphery of the embryonic retina. Non-alpha RGCs
that project ipsilaterally are generated at E14, contralaterally projecting non-alpha cells
are generated over a relatively transient period beginning at E14 to ~E17. Alpha cells
that project ipsilaterally are also generated over a similar time frame. With the exception
of the few RGCs generated at E l 9, genesis of the population of RGCs with uncrossed
axons is almost complete by E l 8, approximately 2 days before the completion of the
generation of contralaterally projecting RGCs (Reese & Colello,

1992). The

morphological differentiation of RGCs has been described in 3 stages; a stage of axonal
growth and migration; a stage of active growth of dendritic trees and an extended stage of
passive interstitial growth (review, Wingate et al., 1996). The differentiation of the major
classes of RGC occurs in the 2nd of these stages (Maslim et al., 1986), indeed the relative
size of the RGC dendritic tree and the pattern of its branches (the two main identifiers of
cell class) emerge while the dendrites are actively growing and before they have received
substantial synaptic input (Maslim et al., 1986).
In the optic nerve of the albino rat, the maximum number of RGC axons (~ 242,000) is
found at the time of birth in the albino (Sefton & Lam, 1982), which exceeds adult
values by approximately 3- fold (Crespo et al., 1985). The number of RGCs drops
dramatically during the first postnatal week (Jefferey & Perry, 1981; Dreher et al.,
1983) and by postnatal day (P) 10 (P10) the number of neurons in the GCL
approximates adult values (Perry et al., 1983; Dreher et al., 1983; Crespo et al., 1985).
Although cell death is observed in the GCL for about 2 weeks, it has been reported that
the majority of cells in the GCL that die in development do so within 5 days from their
genesis independently of their birth, (Galli-Resta & Esini, 1996). During the period of
retinal development when cell death occurs, the GCL begins to change from a sheet of
roughly uniform density, to a surface showing the local specialisation of areas of high
cell density, such as the area centralis.

(ii)

Genesis of neurons in the primary retinorecipient centres of the rat

Neurons of the SC and LGN are generated over approximately the same period that
RGCs are generated.
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(a)

The superior colliculus

In the rat, SC neurons are generated between E12 and E l 8 (Bruckner et al., 1976;
Altman & Bayer, 1981; Mustari et al., 1979) the majority of which are bom on E13,
(22%) and E14 (30%). Large multipolar cells located deep in the SC are generated first
on E12, followed by an overlap of cells of various sizes generated between E13-E16
which are followed by smaller cells (including marginal cells) generated in the
superficial layers at E16 and E17 (Mustari 1976; Mustari et al., 1979).

(b)

The lateral geniculate nucleus

The LGN is generated between E12 and E16 (Bruckner et al., 1976; Lund & Mustari,
1977; McAllister & Dling-Das, 1977; Altman & Bayer, 1979) the majority (-60%) of
which are bom on E14. The LGN has a caudal (older) to rostral (younger) genesis
gradient. Older cells lie near the dorsal surface and younger cells in the anterior region.
As in other visual centres, neurons in the LGN that are over produced and/or misproject
are eliminated during naturally occurring cell death. The spatial distribution of cell loss
has been described in the rodent (Heumann & Rabinowitcz, 1980) and the approximate
losses have been estimated at 25-40%.
(lii)

Innervation of superior colliculus and lateral geniculate nucleus

The central optic pathway develops rapidly. The first RGC axons reach and have
crossed the midline at E l 5 to form the optic chiasm. Axons from these neurons reach
their targets in the contralateral dLGN by -E16 and the superficial layers of the SC by
-E16.5 and continue to receive RGC afferents to approximately P0-P1 (Bunt et al.,
1983; Lund and Bunt, 1976). Establishment of theadult pattern of innervation of the SC
and dLGN occurs during the period of RGCelimination

(O’Leary et al., 1986), an

observation that suggested that the survival of RGCs and the pruning of processes
which have projected inappropriately (So et al., 1990) is partly dependent upon trophic
support from their targets, and those that do not receive adequate trophic support
undergo programmed cell death (Carpenter et al., 1986; Ma et al., 1998).

(a)

The superior colliculus

By E16/E17 RGC axons have grown across the SC (Lund & Bunt, 1976). RGC fibres
are first identified on the contralateral tectal plate of the superior colliculus on E16.5.
The contralateral projection is broad and covers the entire rostrocaudal and mediolateral
extent of the SC. The uncrossed projection is not detected in the SC until E l 8 (Lund &
Bunt, 1976). RGC axons from the temporal retina project to the anterior SC whereas
nasal RGC axons project to the posterior SC (Nagata & Hayushi, 1984). Ventrally and
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dorsally located RGCs establish a similar projection along the mediolateral axis of the
SC. RAGs, ELF-1 and slits ligands and their receptors Eph and Robos (roundabout)
have been identified as important elements involved in the guidance of the retinotectal
projection (Drecher et al., 1997; Monschau et al., 1997; Kidd et al., 1998a; Brose et al.,
1999; Erskine et al., 2000). During development the retinotectal pathway is broadly
distributed in the SC, then retracts to its normal adult-like pattern (Land & Lund, 1979).
In the developing rat, the retinal projections from both eyes initially overlap in the
superficial layers of the SC, inappropriately distributed axons (mostly uncrossed axons)
eventually retract and are eliminated during the first 10 postnatal days (Land & Lund,
1979). As the number of RGC axons stabilises (at ~P5) the onset of rapid morphological
development of dendritic complexity and synapses in the rat SC occurs (Lund & Lund,
1972). Dendritic and synaptic development in the SC accelerates at about the end of the
first postnatal week, and again at the time of eye opening (Lund & Lund, 1971a). The
innervation of other retinorecipient nuclei occurs secondary to the innervation of the SC
for example the suprachiasmatic nucleus of the hypothalamus receives RGC axons as
late as P5.

(b)

The lateral geniculate nucleus

At E15/E16 the RGC axons have grown beyond the geniculate rudiment, which at this
stage is a thin superficial layer of cells (Lund et al., 1974). The earliest RGC axons pass
over the dLGN rather than through it (Bunt et al, 1983) and by E19 the first
terminations in the ipsilateral LGN are present. At P5 RGC axons stabilise and the onset
of rapid morphological development of dendritic complexity and synapses in the rat dLGN
preceeds (Pamavelas et al., 1977a, b; Aggelopoulos et al., 1989). Adult patterns of the
ipsilateral retinal projection to the albino rat dLGN are established between P7 and P I 2
(Manford et al., 1984) followed by the proliferation and elaboration of terminals at
~P12, (Lund & Lund, 1972).

(iv)

Developmentallv regulated loss of RGC axons

The first phase of retinofugal wiring is independent of electrical activity and attains only
a gross degree of precision (Simon & O’Leary, 1992). This is characterised by the
presence of transient projections to the inappropriate side of the brain and to
topographically inappropriate regions of retinorecipient centres (Land & Lund, 1979;
review, So et al., 1990) and to many visual thalamic areas. This crude topographic
organisation is refined in later postnatal development in an activity dependent manner
(Shatz, 1996). It has also been shown that the activity of NMD A receptors and nitric oxide
synthase are necessary for the preferential elimination of inappropriately ipsilaterally
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projecting RGC axons (Simon et al., 1992; Wu et al., 1994; Ernst et al., 1999). Indeed two
different mechanisms are thought to act in parallel during the phase of naturally occurring
cell death in the retinotectal system. The first to control the numbers of RGCs that will
survive past the developmental death period and the second, to select which cells will be
eliminated through electrical activity and competition for factors (Fawcett et al., 1984;
Simon et al., 1992).

1.3

The visual pathway- models for CNS development and
regeneration: in vivo and in vitro and systems

The rat visual system has provided widely used models for studies of CNS development
and regeneration (Smalheiser, 1981; So & Aguayo, 1985; Bird, 1985, 1986, 1989;
Villegaz-Perez et al., 1988; Vidal-Sanz et al., 1991; Wizemann & Bahr, 1998; Bahr &
Eschweiler, 1993; Berry et al., 1998; Campbell et al., 1999). The retina is compact,
relatively isolated and experimentally accessible, with specific and well-defined
functions. Furthermore, like DRGs (Orr & Smith, 1988) the retina is one of the few
adult CNS regions that can be maintained in vitro for long periods of time (Smalheiser,
1981; Bahr & Eshweiler, 1993). Finally, it has a single, output pathway, the optic nerve,
which in rodents is probably entirely unidirectional.

The retina lines the back of the eye, and can be easily detected and removed intact. It
has a well-defined highly ordered anatomical organisation and contains relatively few
classes of cells.

The RGCs have the advantage that they are accessible for

morphological and functional studies. For example, the cell body of the RGCs can be
reproducibly subjected to pharmacological treatment by intraocular injection and can be
readily located for histological examination. RGC axons (the only axonal output from
the retina) which constitute the optic nerve, runs for most of their length in a separate
physical compartment from the cell bodies and hence can be sampled or subjected to
various

experimental

manipulations

(crushing,

transections)

and

assessed,

independently of the cell bodies. The properties of glial cells surrounding the optic
axons can likewise be independently studied in an excised length of optic nerve. Finally
the terminal fields of the optic axons, being confined to relatively circumscribed regions
of the brain, can be separately studied, sampled or experimentally perturbed; moreover,
the functional status of the terminal can be assayed by electrophysical or behavioural
tests. These are some of the features that make the visual pathway especially suitable for
in vivo studies on possible correlation of events occurring in different parts of the
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developing or regenerating CNS. Few regions of the CNS have been as extensively used
for in vitro studies as the retina. The ability of neural retina to survive in vitro for long
periods of time under various experimental conditions, make it an attractive model for
examining many aspects RGC development and of mature RGCs and other retinal cells
following injury. In vitro studies using retina therefore provide a uesful method of
studying developing and mature RGCs and their neurites in an isolated environment
closer to the in vivo situation as explants (Bahr et al., 1988; Bahr & Eschweiler, 1993);
or without the added complications of the surrounding cells under various degrees of
purity (Johnson et al., 1988; Meyer-Franke et al., 1995) by dissociated cell cultures.
Dissociated cell cultures provide the most versatile culture systems whereby individual
cells can be easily and accurately examined (e.g. for survival) and experimentally
perturbed (Jiang et al., 1995; Jiang & Smith, 1993, 1995; Meyer-Franke et al., 1995). A
critical limitation of explant cultures is that they do not allow direct evaluation of
neuronal survival without time consuming histological procedures. Explant cultures are
however useful in discerning RGC outgrowth response and examining the various
molecules that may be transported along axons which are associated with outgrowth and
their response to exogenously administered factors including the neurotrophins in
conditions closer to in vivo situation. They can also be co-cultured with pieces of CNS
tissue to examine target preferences and target innervation (Bird 1985, 1989;
Wizenmann & Bahr 1998). Despite its drawbacks, retinal explant cultures provide a
useful method of isolating and examining the effects of neurotrophins under controlled
conditions.

1.4

Neurotrophins and their tyrosine kinase receptors

(!)

The neurotrophin family

Neurotrophins are a family of small (~13KDa), soluble endogenous proteins that were
originally identified by their ability to promote the survival of developing neurons. In
mammals, the members of the neurotrophin family include nerve growth factor (NGF)
(Levi-Montalcini & Angeletti, 1968, Thoenen & Barde,

1980), brain-derived

neurotrophic factor (BDNF) (Barde et al., 1982; Liebrock et al., 1989); neurotrophin-3
(NT-3) (Hohn et al., 1990, Maisonpierre et al., 1990a; Rosenthal et al., 1991); and
neurotrophin-4 (NT-4) (Berkermier et al., 1991; Ip et al., 1992). The neurotrophins
demonstrate more than 50% amino acid sequence homology. The regions of sequence
similarity and variation are clustered indicating probable sections of structural and
functional importance (Robinson et al., 1996; review, Ibanez et al., 1998). They exhibit
partially overlapping but distinct patterns of signal activation, spatial distribution and
target diversity of neuronal cell types (Emfors et al., 1990a; Merlio et al., 1992;
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Ringstedt et al., 1993). The biological functions of the neurotrophins are mediated
through ligand-induced activation of two classes of transmembrane receptors, the
tyrosine kinase receptors (trks) (Kaplan et al., 1991; Cordon-Cardo et al., 1991;
Lambelle et al., 1991) and a smaller receptor, p75 (Radeke et al., 1987; Chao, 1994),
which are described in Section (v).

NGF, the prototypic neurotrophin, defines the properties and functions of this class of
growth factors.

NGF was discovered nearly 50 years ago by Levi-Montalcini &

Hamburger (1951) as a diffusible substance (secreted from mouse sarcoma) capable of
inducing neurite outgrowth in explants of sympathetic and sensory ganglia (LeviMontalcini, 1987; review, Aloe, 1999). Levi-Montalcini’s classic experimental work on
manipulating the availability of NGF to developing neurons in vivo clearly showed that
sympathetic and some sensory neurons require a supply of NGF to survive when they
are innervating their targets. These findings together with the demonstration that NGF
is synthesised in target fields of NGF-dependent neurons in proportion to their target
innervation density (Korsching and Thoenen, 1983a; Heumann et al., 1984; Harper and
Davies, 1990) during development and that NGF is conveyed from these tissues to the
cell bodies of the innervating neurons by rapid axonal transport (Hendry et al., 1974;
Korching & Thoenen, 1983b), formed the basis of the “neurotrophic theory”. The
neurotrophic theory provides an explanation for the influence of neuronal target field,
on the size of the populations of neurons that innervate them (Purves, 1988; Oppenheim
et al., 1991; Thoenen and Barde, 1980).
The effects of the neurotrophins on cell survival have turned out to be more complex
than originally thought. For example, some neurons switch their survival requirements
from one set of neurotrophins to another during development (reviews, Buchman &
Davies, 1993; Davies, 1997a, b), and several neurotrophins may be involved in
regulating the survival of populations of neurons at one time (Alderson et al., 1990). In
addition to their well-described survival promoting activity, it is now widely accepted
that these proteins also influence the proliferation, and differentiation of neuron
progenitor cells and regulate several differentiated traits of neurons throughout life. In
some instance, neurotrophins exert their effects rapidly at growth cones as promoters of
axon growth and branching (Cohen-Cory & Fraser, 1995; McAllister et al., 1997). They
influence the patterning and stability of synaptic contacts (Cabelli et al., 1995; Wang et
al., 1995; Causing et al., 1997) and influence the expression of specific neuropeptides
(Carnahan & Nawa, 1995; Nawa et al., 1993, 1994). Neurotrophins also act as synaptic
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modulators (reviews Bothwell, 1995; Schuman, 1999) and modulate activity-dependent
plasticity in the visual cortex (Maffei et al., 1992 Cabelli et al., 1997).

(ii)

Production of the neurotrophins

The neurotrophins are initially synthesised as precursors containing an amino terminal
propeptide of -100 amino acid residues, which in the case of NGF (and probably for the
other neurotrophins) is necessary for the production of the properly folded protein
(Suter et al., 1991). Propeptides are subsequently processed by proteolysis by furin
and/or other members of the pro-hormone convertases (Sediah et al., 1996; Sediah &
Chretien, 1999), to release mature or biologically active neurotrophins consisting of
approximately 120 amino acid residues. Neurons use numerous methods for
incorporating these factors including target derived acquisition (neurotrophin derivation
from its target tissue, neuronal or non-neuronal), paracrine acquisition (neurotrophin
derivation from neighbouring neurons and other cells); or autocrine acquisition
(neurotrophin derivation from itself).
(iii)

Neurotrophin structure

McDonald and colleagues (1991) revealed the crystal structure of mouse NGF; NGF
has a novel tertiary fold dominated by two elongated P-strands, each comprising 118
residues. The core of NGF is formed by the anti-parallel P-strands, with the cystine knot
motif (a clustering of 3 disulphide bridges) at one end and three hairpin-loops at the
other (Leibrock et al.1989). The other neurotrophins adopt a similar fold and dimer
arrangement (Robinson et al., 1996). The residues located in the NGF core are
extremely well conserved between different neurotrophins compared with the more
variable exposed “loop” region. The neurotrophins show substantial residue
conservation between species as well as a number of variable regions (Ullrich et al.,
1983; Leibrock et al., 1989; Gotz & Schartl, 1994). The conserved regions are believed
to contribute directly to receptor interactions or maintaining 3D structures. The
conservation of the primary sequences between members of the neurotrophin family
during evolution and their structural similarities suggested that small changes in the
primary structure might alter their neuronal specificity.
(iv)

The neurotrophins

(a)

NGF

In the periphery, the tissue sources of NGF (and other neurotrophins) are typically non
neuronal cells while in the CNS they are synthesised predominantly by neurons
(Thoenen, 1995). The effects of neutralising antibodies on CNS neuron, is far less
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dramatic than in the PNS. In vivo, application of NGF blocking antibodies impedes
embryonic

sensory

or

sympathetic

development,

and

application

of excess

neurotrophins prevents neuronal cell death in embryonic chick and neonatal rodent
(Hamburger & Yip, 1984; Levi-Montalcini, 1987). The availability of NGF protein and
antibodies demonstrated that NGF is not limited to a survival function during
development e.g. by manipulating NGF availability to NGF responsive neurons
neuropeptide phenotype and levels can be altered (Goedert et al., 1984; Jiang & Smith,
1995). Furthermore, the shrinkage, loss of function and the death of basal forebrain
cholinergic neurons following axotomy can be prevented by the administration of NGF
(Hefti, 1987).
Northern and dot blot analysis of CNS tissue demonstrated that NGF mRNA expression
is limited to a few areas. The highest levels are found in the developing and adult
hippocampus and dentate gyrus granule cell (Ip et al., 1993). NGF hybridised cells are
found in the developing and adult forebrain, in the hippocampal pyramidal cells, in the
striatum and hypothalamus. NGF signals through the high affinity trk receptor, trkA.
Trigeminal neurons express both NGF and trkA (Jacobs & Miler, 1999), which
suggested that they are capable of incorporating NGF by autocrine acquisition or
produce and release NGF for their neighbouring cells. A similar finding is reported in a
subpopulation of rat DRGs (Miranada et al., 1995; Acheson et al., 1995). NGF
homozygous knockout (-/-) mice and TrkA-/- mice lack behavioural responses to
noxious stimuli, with profound cell loss in sensory and sympathetic ganglia and cellular
deficits in DRGs (Crowley et al., 1994; Smeyne et al., 1994), deficits that are consistent
with in vivo and in vitro roles of NGF.
(b)

BDNF

The molecular cloning of BDNF (Leibrock et al., 1989) revealed its structural similarity
to NGF and the purification of BDNF (Barde et al., 1982) extended the generality of the
neurotrophin theory to a second neurotrophin. Hofer & Barde, (1982, 1988) showed that
BDNF promoted the survival of subsets of embryonic neurons in vitro and prevented
loss of these neurons in vivo when administered to embryos during the period of
naturally occurring cell death. Among the neurotrophins BDNF has been shown to act
on the broadest range of neurons, including RGCs (Johnson et al., 1988; Cohen et al.,
1994; Meyer-Franke et al., 1995) motor neurons (Li et al., 1994) and basal forebrain
neurons (Alderson et al., 1990). BDNF mRNA is most abundant in adult brain with
strongest expression in the adult rat hippocampus and pyramidal neurons of the cerebral
cortex. Relatively weak BDNF mRNA is found in embryonic brain (first detected in
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mouse brain at E11/E12) but increases during postnatal development (Friedman et al.,
1991). Higher levels of BDNF mRNA in the adult brain, implies its importance as a
maintenance factor of mature neurons, and as a target derived survival factor for
developing neurons. BDNF mRNA is also found in peripheral tissues such as the heart
and lungs. Discrepancies between BDNF mRNA expression and protein distribution
have been suggested as evidence for anterograde and/or retrograde transport of BDNF
protein (Conner et al., 1997).

The roles of BDNF are varied. BDNF induces the expression of the intermediate early
gene c-fos in hippocampal neurons (Ip et al., 1993). BDNF also increases the expression
of somatostatin and neuropeptide Y in cultured cortical neurons (Nawa et al., 1993) and
alters dendritic morphology (Ventimiglia et al., 1995) and axonal morphology (Patel &
McNamara, 1995; Cohen-Cory, 1999). BDNF also acts as a synaptic modulator of
various CNS neurons (Lessmann, 1998). BDNF signals through the high affinity trk
receptor, trkB (Klein et al., 1990c) (see Section v). TrkB mRNA is expressed very early
in mouse development, in extensive areas of the forebrain, caudal midbrain, hindbrain
and spinal cord (Klein et al., 1989). In the adult brain trkB protein is generally found in
the same places as BDNF protein (Klein et al., 1989,1990a; Masana et al., 1993; Yan et
al., 1997a, b; Conner et al., 1997). BDNF-/- mice display lower levels than normal of
neuropeptide Y, parvalbumin and calbindin (Jones et al., 1994; Pozzo-Miller, 1999),
they have severe deficits in co-ordination and balance with early postnatal death (Jones
et al., 1994; Emfors et al., 1994). TrkB-/- mice show a more severe phenotype than
BDNF-/- mice (Emfors et al., 1994; Jones et al., 1994). TrkB-/- mice show extensive
neuronal loss in facial motor nuclei and the spinal cord, and loss of cells in the
trigeminal and dorsal root ganglias (Klein et al., 1993) demonstrate poor feeding
behaviour and die by P I. Differences between BDNF-/- and trkB-/- suggested that
BDNF, may show redundancy of function with other neurotrophins.
(c)

NT-3

Using homology cloning techniques rather than protein purification, an additional
member of the neurotrophin family was identified, termed NT-3. In the rat, the onset of
the embryonic expression of NT-3 coincides with the onset of neurogenesis (~E11-E12)
(Maisonpierre et al., 1990b). NT-3 mRNA is the most highly expressed neurotrophin in
embryonic CNS during cell proliferation, migration and precursor differentiation and at
birth (Emfors et al., 1990a,b; Lauterbom et al., 1994; Vigers et al., 2000) but decreases
dramatically with the maturation (Maisonpierre et al., 1990; Vigers et al., 2000). NT-3
promotes the survival, proliferation and neurite outgrowth of cultured neural crest
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derived progenitor cells and is neurotrophic for DRGs and nodose, trigeminal ganglia,
and has been shown to have subtle effects on the morphology of Purkinje cells
(Lindholm et al., 1997). Compared with other neurotrophins in the brain NT-3 mRNA
shows the most restricted neurotrophin distribution (Emfors et al., 1990a, b). NT-3 is
expressed in the hippocampus, amygdala and cerebellum (Schecterson et al., 1992;
Vigers et al., 2000). The presence of NT-3 in limbic structures (Vigers et al., 2000)
suggests that it may have important functions in complex behaviours such as memory,
learning and social and emotional behaviours. NT-3 has also been shown to have both
rapid and long-term effects on synaptic strength (Schuman, 1999). TrkC, the high
affinity receptor for NT-3 (Kliein et al., 1990c), is expressed in developing mouse brain,
spinal cord DRGs, in aidult thalamus, cortex, hippocampus, and in the cerebellum (Altar
et al., 1994; Muragaki et al., 1995). CNS neurons, to continue a common theme, appear
grossly normal in NT-3-/- and trkC-/- mice (Jones et al., 1994; Emfors et al., 1994;
Vigers et al., 2000). However, there is significant loss of peripheral sensory and
sympathetic neurons (Emfors et al., 1994). These animals exhibit abnormal movement
and posture, show reduced size on P4 and usually die by 3 weeks of age (Klein et al.,
1994; Emfors et al., 1994; Tessarollo et al., 1993; Silos-Santiago et al., 1997).
Overexpression of truncated trkC in transgenic mouse models results in a phenotype
similar to that observed in trkC-/- or NT-3 -/- mice.

(d)

Neurotrophin-4/5

NT-4 was first isolated from Xenopus ovaries and viper DNA from conserved regions of
NGF, BDNF and NT-3 (Hallbook et al., 1991). The equivalent mammalian NT-4 gene
was isolated using a unique sequence from Xenopus NT-4 by Ip et al. (1992). Using a
different approach, Berkemeir and coworkers (1991) isolated the same gene in the
mammal and called the gene NT-5. All 3 isolated counterparts were shown to have
functional similarities. To denote the mammalian counterpart of Xenopus NT-4 some
groups use the terminology NT-4/5, whilst other used NT-5. Here, NT-4 will be used to
denote mammalian NT-4. NT-4 enhances the survival of neonatal mouse striatal
neurons (Ardelt et al., 1994) and pontocerebellar neurons (Rabacchi et al., 1999). In
slice culture, the development of apical and basal dendrites of neurons from visual
cortex layer 5 and 6 are responsive to NT-4 (McAllister et al., 1995). In vivo, NT-4
delays neuronal death following axotomy (Berkemeier et al., 1991; Ip et al., 1992; Klein
et al., 1990b, 1992). Detailed studies of the distribution of NT-4 were initially hampered
by the apparently low levels of NT-4 mRNA. However, using a sensitive RNase
protection assay to quantify NT-4 levels, Timmusk and colleagues (1993) revealed NT4 expression in a wide range of tissues from embryonic and adult rats, including lung,
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kidney, muscle, brain and the spinal cord. In the nervous system NT-4 mRNA levels
are highest in the brain at E l 2/El 3, but decreases around birth and subsequently
increases during postnatal development (Salin et al., 1997). NT-4 is most highly
expressed in the cerebral cortex and brainstem (Timmusk et al., 1993).

NT-4 also binds to the high affinity receptor trkB (Klein et al., 1992). TrkB expression
far exceeds that of NT-4. Overlapping activities of NT-4 and BDNF in vitro and in vivo
have been demonstrated in several CNS cells (Ibanez, 1996). However, differential
biological effects of these two neurotrophins have also been shown, suggesting that
BDNF and NT-4 utilise partially distinct trkB binding epitopes (Klein et al., 1992,
1990b; Ip et al., 1993; Ryden et al., 1995; Windisch et al., 1995).

NT-4-/- and BDNF-/- mice exhibit contrasting phenotypes. Whereas NT-4-/- mice are
long lived, show no neurological defects, are fertile and show mild sensory deficits (Liu
et al., 1995; Conover et al., 1995), BDNF-/- mice die during early postnatal stages with
more severe neuronal deficits and behavioural symptoms (Emfors et al., 1994; Jones et
al., 1994). Double BDNF-/- and NT-4-/- mice do not show additive effects on neuronal
populations (Conover et al., 1995; Liu et al., 1995). TrkB-/- mice are much more
severely affected than NT-4-/- mice are. The different phenotypes of BDNF and NT-4
mutants suggested that endogenous NT-4 and BDNF might have diverse functions in
vivo. These phenotypic disparities are thought to result partly from the different
expression patterns of the BDNF and NT-4 gene, and the unique biological activities of
BDNF and NT-4 proteins in vivo. Interactions with subtly different residues of the trkB
receptor (Urfer et al., 1995; Windshich et al., 1995), hence the likely activation of
different yet specific and distinct downstream signalling cascades are thought to
contribute to some of their unique biological activities. Indeed, the trkB-Shc signalling
pathway is more crucial for NT-4 signalling than for BDNF (Fan et al., 2000).

(e)

Neurotrophin-6 and neurotrophin-7

A sixth neurotrophin was isolated from the platyfish (Xiphohourus maculatus and
Xiphohorus helleri) and designated NT-6 (Gotz et al., 1994). NT-6 has only been found
in the platyfish and is structurally most closely related to NGF. However, NT-6 contains
an additional feature not shared by all the known neurotrophins, an insertion of 22
amino acids in the core region. The lack of conservation of the core region during
evolution is suggested to result in inability of NT-6 to support the survival of chick
sympathetic and DRG neurons at similar concentrations of mouse NGF (Gotz et al.,
1994). NT-6 activates trkA but its distribution remains largely unknown. Using PCR
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with primers selected from 2 highly conserved regions of platyfish NT-6, Lai and
colleagues (1998) cloned a novel neurotrophin from carp (Carpio cyprinus). This
neurotrophin, named neurotrophin-7 (NT-7) showed about 66% amino acid homology
to platyfish NGF, and possessed structural characteristics common to all neurotrophins,
such as the presence of 6 conserved cystine residues and flanking conserved sequences
of the core. NT-7 activates trkA but not trkB or trkC and promotes the survival and
neurite outgrowth of chick DRGs in vitro. Northern blot analysis showed NT-7 was
predominantly expressed in peripheral tissues with weak expression detected in the
brain.

-Summary
The molecular cloning and purification of the neurotrophins have changed many of the
ideas that restricted the roles of the neurotrophins to more than survival factors in
neuronal development. For example, Northern blotting and in situ hybridisation studies
revealed that BDNF and NT-3 mRNA are expressed earlier in the developing nervous
system than would be expected for factors whose sole function is to promote the
survival of neurons when they are innervating their targets (Maisonpierre et al., 1990).
Likewise, in situ hybridisation has shown that trkC mRNA is expressed from the
earliest stage of neural development (Tessarollo et al., 1993). Recent experimental
observations have demonstrated that selected sub-populations exhibit significant
changes in the sequential developmental requirements for specific neurotrophins and
early periods of neurotrophic independence (review, Davies at al., 1994). Expression of
NT-3 in some CNS regions (SC, cerebellum and hippocampus) is much higher during
development than in the adult (Maisonpierre et al., 1990). In contrast, BDNF mRNA
levels are higher in the adult than during development. Furthermore, some classes of
neurons show asymmetrical pattern of expression for both these neurotrophins, which
may suggest a more major role for NT-3 as a target derived factor during development
whereas BDNF may be more important in the maintenance and regulation of mature
neurons. In the developing peripheral nervous system the actions of these factors are
thought to be mediated by their retrograde transport from tissues to the cell body, and
NGF-/-, BDNF-/-, NT-3-/- and NT-4-/- mice show selective loss of mouse autonomic
and sensory neurons. However, the absence of gross neuronal loss in the brain of these
mice, and the persistence of BDNF expression in the mature nervous system suggested
that neurotrophins have other roles/functions in the CNS. Indeed it has been shown that
BDNF can rapidly modulate neurotransmitter release (Jovanovic et al., 2000;
Numakawa et al., 2000), postsynaptic ion fluxes and neuronal firing rates (Kafitz et al.,
1999; Itami et al., 2000). The temporal and spatial characteristic of these effects are
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consistent with local actions of BDNF rather than with signalling mediated by long
distance retrograde transport, yet there is data indicating the anterograde and retrograde
transport of these proteins are prerequisite for long term maintenance of neurons. Such
conflicting evidence illustrates the overwhelming complexity of the roles and effects of
the neurotrophins in the developing and mature CNS.

(V)

Neurotrophin receptors

(a)

The trk receptors

The understanding of neurotrophin action has been greatly improved by the
identification of the trk family of cell surface tyrosine kinases as signal transducing
neurotrophin receptors (Cordon-Cardo et al., 1991; Kaplan et al., 1991a, b; Lambelle et
al., 1991). The first member of the trk family was initially identified as being identical
to the proto-oncogene product (pl40trk), a receptor protein kinase originally isolated
from a human colon carcinoma (Martin-Zanca et al., 1986, 1989; Hampstead et al.,
1991). This receptor, termed trk A was later identified as a signal transducing receptor
for NGF (Kaplan et al 1991a, b). Two other trk receptors designated trkB (Klein et al.,
1989, 1990b; Middlemas et al., 1991) and trkC (Lambelle et al., 1991) were
subsequently identified. The trk receptors share significant homology and a
characteristic domain organisation in their extracellular portion. The first three domains
consist of a leucine-rich region (domain 2), flanked by 2 cystine-rich domains (domain
1 and 3). The fourth and fifth domains (Trk-d4 and Trk-d5) are immunoglobulin (Ig)like domains, which are followed by a 30 to 50 residue long linker connecting the
extracellular portion of the receptor to the transmembrane region (Schneider &
Schweiger, 1991) see Fig. 1.4. Trk-d5 is thought to be important for neurotrophin
binding specificity (Windisch et al., 1995; Ultsch et al., 1999). The intracellular domain
comprises a transmembrane domain, a typical kinase domain with a small insert, and a
short 15-residue C-terminus (see Fig. 1.4).

Equilibrium binding studies revealed that the neurotrophins bind to trk receptors with
specificity (and high affinity K 1/2 = 1 0 11), NGF being a preferred ligand to trkA, BDNF
and NT-4 to trkB and NT-3 for trkC (review, Dechant et al., 1993). NT-3 can also
activate TrkA and trkB but at much higher neurotrophin concentration than trkC (Klein
et al., 1990c; Soppet et al., 1991; Chao, 1992; Valenzuela et al., 1993; Meakin &
Shooter, 1992; Barbacid, 1994).
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S c h e m a tic r e p re s e n ta tio n o f th e s tru c tu re o f B D N F p ro te in a n d trk B
re c e p to r.

Fig.1.3. Partial structure of BDNF.
Arrow points to cleavage o f mature
BDNF from pro-BDNF. Heavy lines
represent disulphide bonds between
cysreine residues. Reidues 29-37,
43-48 and 92-98 form hairpin loops
which determine receptor-binding
among the neurotrophin family.

C ystine c lu s te r 1

C ystine c lu s te r 2

lgG1-G2 domains
Plasma membrane

She binding domain (Tyr-490)

Tyrosine kinase

Tyr-674 & Tyr-675

PLC binding site (Tyr-785) ------------------------ ►

Fig-1.4. Generic features o f the trk receptor.
Cystine clusters serve to stabalise the 3D
structure o f trk receptor, and IgG 1-lgG2
are important for neurotrophin binding
specifity. Phosphopeptide tyrosine(Tyr)-490
is located in the shc-binding domain and its
activation is required for trk signalling; the
Ras-MAPsignalling cascade is initiated at the
shc-binding domain. Tyr-674 and Tyr-675 o f
the catalytic domain are also important for
the transduction o f neurotrophin-mediated
trk activity. Tyr-785 is located at the carboxyl
terminus of the trk receptor and plays a role
in binding activated trk receptors to PLC.

(b)

The trk receptor variants

Molecular and biochemical studies revealed the presence of spliced variants of the trk
receptors. Alternative splicing of the trk receptor increases the complexity of the family
by giving rise to 2 known forms of trkA (Barker et al., 1993) at least 7 forms of trkB, 2
without functional kinase domains (Klein et al., 1990a; Middlemas et al., 1991) and 6
forms of trkC, 4 without a functional tyrosine kinase domain and 2 with small inserts in
the tyrosine kinase domain (Valenzuela et al., 1993), small inserts or truncations in the
trk receptor influences tyrosine kinase signalling (review, Barbacid et al., 1994). Of the
variant trk receptors the truncated isoforms of trkB and trkC are the most prevalent in
the mature rodent brain (Middlemas et al., 1991; Tsoulfas et al., 1993) and most studies
have focused on 2 truncated trkB receptors (trkB.Tl and trkB.T2). These truncated
receptors possess the same extracellular and transmembrane domains as trkB, but with
truncated intracellular domains. An important role of the truncated receptors was
suggested as trkB.Tl is 100% conserved among humans, felines and rodents (Klein et
al.,1990b, Middlemas et al., 1991; Shelton et al., 1995) and the different specificities of
the trkB.Tl trkB.T2 for BDNF and NT-4 (Strohmaier et al., 1996). Although initial
studies suggested that trkB.Tl is only expressed on non-neuronal cells (Tsoulfas et al.,
1993; Klein et al., 1990; Lindsay et al., 1994), later studies revealed high levels of
trkB.Tl expression in neurons including mature motor neurons, developing cerebellar
granule neurons (Armanini et al.,1995) and trigeminal neurons (Ninkina et al., 1996).
TrkB.T2 is primarily expressed in brain neurons (Armanini et al., 1995). In some
neurons both catalytic and truncated trk receptors have been identified (Eide et al.,
1996), suggesting that truncated receptors might mediate ligand capture or act as
molecular sponges (Dechant et al., 1994), to bind excess ligand and to provide a barrier
to neurotrophin diffusion (Biffo et al., 1995). In this way, released neurotrophins are
sequestered in manner that confines its actions to very localised areas. Truncated trk
receptors have been implicated in inactivating neurotrophin signalling by secluding the
catalytic receptor within non-functional heterodimer complexes (Middlemas et al.,
1991; Eide et al., 1996) and in the interaction, storage and release of neurotrophins
during development and following injury (McKeon et al., 1997). As the truncations
occur within the catalytic domain it was assumed that this rendered truncated trk
receptors non-functional, at least with respect to tyrosine kinase activity. Although
several groups found no evidence to support a ligand-dependent signalling role for
trkB.Tl or trkB.T2 (Biffo et al., 1995; Eide et al., 1996), Baxter et al. (1997) showed
that transfected cells lines expressing both trkB.Tl and trkB.T2, were able to mediate
ligand dependent signal transduction, via specific intracellular sequences that involved
protein kinases, but distinct from those used by the catalytic trkB receptor.
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(c)

Site o f neurotrophin action

Neurotrophin action has been extensively studied and 3 models have emerged regarding
their possible modes of transport and site of action. The first model suggests that target
derived neurotrophic factors following binding to their trk receptor are internalised by
receptor mediated endocytosis and are transported in vesicles from the nerve terminals
to the cell bodies. Upon arrival at the nucleus the neurotrophin receptors are activated
and initiate signal transduction pathways, suggesting that trk receptors are exclusively
activated within the cell body (Hendry & Crouch, 1993). The second is that
neurotrophins bind and activate receptors at the nerve terminals, which then interact
with and activate downstream mediators, suggesting that neurotrophins activate
receptors only at the nerve terminal. The third and most recent model is that receptors
are activated by neurotrophins at nerve terminals and initiate local signalling pathways,
and the activated trk receptor is internalised (Hosang & Shooter, 1987; Hempstead et
al., 1992; Kahle et al., 1994) and transported through the axon where alone or in the
ligand-receptor complex continues to activate downstream signal transduction pathways
en route to the cell body, (Johnson et al., 1987; Raivich et al., 1991).

Receptor

internalisation is generally thought to be a component of signal termination and receptor
recycling rather than a mechanism for modulating signal transduction (Sorkin &
Waters, 1993). However the possibility that trk receptor internalisation might be part of
a signalling pathway was bolstered by recent findings that trk receptors within vesicles
in PC 12 cells are phosphorylated (Grimes et al., 1996) and that receptor endocytosis
actually stimulates specific signalling molecules (Bartlett et al., 1998). Moreover these
findings were supported by Bhattacharyya et al. (1997) who showed that the response to
exogenously applied BDNF is extremely rapid, and that vesicles were associated with
phosphorylated-trks which propagated a retrograde signal through axons of sciatic nerve
of the adult rat. These findings suggest a complex method and process of neurotrophin
action from the initial binding to the trk receptor through to the activation of the
signalling modulators. Needless to say, all 3 methods of activation may be correct and
occur within a single cell, and may activate different signalling pathways, which may
account for the varied roles and cellular responses to the neurotrophins.

(d)

Trk receptor signalling

A large proportion of known cellular effects of the neurotrophins are mediated by
tyrosine kinase activity (review, Kaplan & Miller, 1997). Indeed, inhibition of tyrosine
activity with the fungal metabolite K252a, a specific inhibitor of the trk activity and
mutations affecting tyrosine kinase function block all known biological effects of the
neurotrophins (review, Heumann, 1994). Binding of homodimeric neurotrophins to trk
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receptors and receptor dimerisation initiates both local and long-distance neurotrophin
signalling. The trk receptors utilise a complex set of substrates and adapter proteins to
activate defined secondary signalling cascades that are required for neurotrophininduced gene transcription, neuronal differentiation, survival, and plasticity. Some of
the more defined pathways are described below.

Downstream neurotrophin action occurs in two intracellular stages (Schlessinger &
Ulrich, 1992). The first cytosolic events are initiated by autophosphorylation of the
tyrosine kinase within the ligand-receptor complex. Trk receptor subunits phosphorylate
each other on specific tyrosine residues (mutant receptors that lack or carry
modifications of one or more of the phosphorylation sites loose much if not all
functions, Schlessinger & Ulrich, 1992). Autophosphorylation at residues Y490 and
Y785 (Segal et al., 1996; Bhattacharyya et al., 1997) within the trk receptor reportedly
expose the binding sites on the trk receptor cytoplasmic tail. This exposure is required
for a number of signalling molecules that have sequence homology to a particular
binding domain of the src-proto-onocogene (SH2) domain (and often the SH3 domain)
to interact with and continue the signalling cascade (Schlessing, 1994). The activation
of signalling proteins rapidly leads to downstream activation of several important
regulatory proteins, including p21ras/ ERK (=mitogen activated protein kinase, MAPK),
protein kinase B (Akt), and ribosomal S6 kinase II. Other important cytosolic events,
including protein biosynthesis, increased Ca2+ from intracellular stores and PKC activity
also occur (review, Curtis & Finkbeiner, 1999), see Figure 1.5.
The second stage of neurophin signalling involves gene transcription within the nucleus
and is mediated partly by MAPK. MAPK is translocated to the nucleus following the
interaction of activated Ras and with the serine-threonine kinase Raf and sequential
activation of MEK and MAPK-ERK kinase. Ribosomal S6 kinase II and possibly other
activated regulated proteins stimulate specific response elements and induces the
transcription of early intermediate genes such as c-fos, c-jun and c-myc (Sheng et al.,
1990; Herdegen & Leah, 1998).

A second pathway emanates from the ras-MAPK

pathway and leads to the activation of a distinct enzyme, cyclic AMP response element
binding protein (CREB) kinase (Sheng et al., 1990, Ginty et al., 1994; Pizzorusso et al.,
2000). CREB kinase is translocated to the nucleus, where it phosphorylates the
transcription factor CREB regulatory gene expression (Hull & Treisman, 1995).
Phosphorylation of CREB on serine 133 in conjunction with other interacting molecules
(Ginty et al., 1994) is required to activate the transcription of specific genes within the
nucleus (Gonzales & Montminy, 1989; Ghosh & Greenberg, 1995; Bonni et al., 1995;
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Finkbeiner et al., 1997; Bonni & Greenberg, 1997). This stage of the signalling process
is generally thought to account for the most profound effects of the neurotrophins, such
as neuronal survival and neurite outgrowth.

Much attention has been focused on the effect of the neurotrophins on intracellular Ca

9 -1-

stores. Recent results using cultivated neurons suggest that neurotrophins can acutely
modulate Ca2+ levels in the cell body (Beminger et al., 1993; Li et al., 1998), which is
mediated by trkB-induced activation of phopholipase Cy (PLCy) (Zirrgiebel et al., 1995;
Li et al., 1998). CaM kinases have been identified as conveying Ca

9 -i-

signals to the

nucleus (Miller & Kennedy, 1986; Bitto et al., 1996; Shieh & Ghosh, 1999).
Interestingly, Ca2+ indirectly modulates the expression of the BDNF gene (Finkbeiner,
2000) through the activation of CaM kinase IV. CaM kinase IV activation leads to the
phosphorylation of a CREB/CBP complex (Bonni & Greenberg, 1997; Finkbeiner et al.,
1997; Tao et al., 1998), which by binding to the critical Ca2+ response element (CRE)
within the BDNF gene activates BDNF transcription. It has been suggested that this
pathway is likely to be involved in converting the acute effects of BDNF-induced trk
stimulation to biochemical and cellular changes. Other complicated pathways are
activated following trk autophosphorylation but are beyond the scope of this thesis and
despite the numerous studies on the effects of growth factors on development and cell
survival (Klein, 1994), the mechanisms by which the biochemical signalling pathways
are converted into functional changes remain poorly defined.
(e)

Neurotrophin— trk activation at the synapse

Studies attempting to elucidate some of the roles of the neurotrophins during the
development and in maturity have stimulated interest in the pharmacological properties
of these factors. Just as individual neurotransmitters are widely used in different parts of
the brain to subserve distinct functions, it now appears that BDNF has the potential to
play very diverse roles in the adult brain (Cabelli et al., 1997; Shumann, 1998;
McAllister et al., 1999).

Most of the physiological studies regarding the synaptic activity of the neurotrophins
have been examined in vitro. Recently, it has been demonstrated that neurotrophins are
able to elicit action potentials in hippocampus, cerebellum and cortical slices taken from
the postnatal rat (Kafitz et al., 1999). Kafitz and coworkers demonstrated that BDNF
and NT-4 were able to depolarise neurons as rapidly as glutamate even at a
concentration a thousand times less than glutamate when focally applied to the soma.
The rapidity of the depolarisation without the decline of action potentials and the
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washout of any soluble transducer molecules suggested against the involvement of
second messenger cascades in the rapid depolarisations. Furthermore, the rapid BDNFevoked depolarisations proceeded without detectable changes in Ca

94.

influx. The

combination of glutamate antagonist failed to reduce the inward current, and indicated
that glutamate did not significantly contribute to the neurotrophin evoked inward
current. The indirect action of BDNF on mediating the release of glutamate and other
neurotransmitters from neighbouring cells (which may have influenced the inward
current) was disputed, as tetrodotoxin (TTX) completely blocked action potential firing
and neurotransmitter release and had no effect on the BDNF-induced inward current.
The minimal concentration of BDNF used to initiate an action potential of BDNF
corresponded with the concentration of BDNF required to activate trkB receptors (Ip et
al., 1993; Lessmann et al., 1994; Suen et al., 1997) and was eliminated by K252a. TrkB
phosphorylation occurs in a range of 30 seconds (Kahle et al., 1994) whilst the initiation
of BDNF-evoked action potentials recorded by Kafitz and colleagues occurred in the
low millisecond range. It was therefore suggested that rapid effects of BDNF were
likely to occur through the direct interaction of trkB and an unidentified sodium
permeable channel insensitive to TTX. However, whether there is a direct interaction
between trkB receptor and the ‘unidentified sodium channel’ or whether adapter
molecules are involved has not been established. Several other groups have examined
the synaptic targeting and the postsynaptic roles of BDNF. BDNF has also been shown
regulate rapid excitatory transmission of dissociated hippocampal neurons (Lessmann et
al., 1994; Sherwood et al., 1999; Bolton et al, 2000). Jovanovic et al. (2000) recently
demonstrated the link between synapsin phosphorylation through trkB signalling
induced by presynaptic released BDNF and the MAP kinase activity. They
demonstrated

that

the

trkB—MAPK—synapsin

signalling

pathway

facilitates

neurotransmitter release in the presynaptic neuron; inhibition of MAPK activity
decreased synapsin phosphorylation and reduced the release of both glutamate and
GABA.

(£)

d 75-

the low affinity neurotrophin receptor

Neurotrophins also interact the p75 receptor (molecular weight, 75-80KDa) (Chao,
1994) which is a distinct member of the tumour necrosis factor/Fas/CD40 superfamily
(Rabizadeh et al., 1993). p75 is also known as the ‘low affinity’ neurotrophin receptor
as it binds NGF, NT-3, NT-4 and BDNF with similar association and dissociation rates
(Chao et al., 1986; Radeke et al., 1987; Rodriguez-Tebar et al., 1990, but see Ryden et
al., 1995). Although lacking a tyrosine kinase domain, or a defined signalling motif
within its cytoplasm, p75 contains a short tail of unknown function (Rabizahde et al.,
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1993), and is capable on its own of mediating responses to NGF (Meakin & Shooter,
1992).

Although the expression patterns of p75 is not examined in the present study the p75
has been implicated in important neurotrophin-mediated events, some of which are
briefly outlined. Using fibroblast and NIH 3T3 cells that differentially expressed p75
and trk receptors and peripheral sensory neurons, it was demonstrated that p75 can
collaborate with different trk receptors to influence ligand discrimination, increase the
affinity of neurotrophin ligand binding (Hempstead et al., 1991; Verdi et al., 1994) by
increasing the local concentration of neurotrophin around trk receptors, influence
intracellular transport and signal transduction (Cordon-Cardo et al., 1991; Ip et al.,
1993; Chao, 1994; Ryden et al., 1995; von Bartheld et al., 1996). In addition to
modulating the binding and function of trk receptors, p75 has distinct functions when
expressed in the absence of trk receptors.

NGF seems to be uniquely able to activate p75 causing the death of trkA negative
neurons during development, thus it is believed that NGF prevents programmed cell
death via its trk receptor signalling, but promotes it via p75 activation (Rabizadeh et al.,
1993; Bamji et al., 1998; Davey & Davies, 1998; Frade et al., 1998), but see CasacciaBonnefil et al. (1996) Ladiwala et al. (1998) reviewed in Dechant & Barde, (1997) and
Friedman & Green (1999). The activation of the transcription factor nuclear factor
kappa B (nNFicB) (Carter et al., 1996) and increased sphinogmyelin hydrolysis leading
to increased intracellular ceramide levels (Dowbrosky et al., 1994, 1995) and the
activation of c-Jun N-kinase (JNK) (Lemke & Chao, 1998) (see Fig. 1.5) have been
implicated in the trigger of the apoptotic cascade in many (review, Friedman & Green,
1999) but not all cells (see, Hamauoue et al., 1999).

p75 is expressed on all NGF responsive cells and is widely expressed during
developmental in the rodent (Yan & Johnson, 1988). In the CNS high levels of NGF
are found in the hippocampus, neocortex and olfactory bulb (Maisonpierre et al., 1990).
p75 -/- mice amongst other things exhibit smaller sensory ganglia (Sateil and Decker
1994) with reduced cutaneous innervation (Lee et al., 1992)

suggesting that p75

facilitates the development of sympathetic neurons.
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1.5

The neurotrophins and their effects during development and in
the adult visual system of the rat

Although a good deal is currently known about the roles of neurotrophic factors in cell
survival, much less is known about the roles of these factors (e.g.their sites of synthesis
and storage), in the developing visual system in vivo and their effects in vitro.

(i)

Neurotrophins in vivo

Until the past 5 years or so, the majority of information available regarding trk and
neurotrophin distribution was in the form of in situ hybridisation and Northern blot
analysis. Allendoerfer et al. (1994) used a novel technique to map the expression of
neurotrophins in the developing ferret visual system. The technique involved chemically
crosslinking trks to their corresponding iodinated neurotrophins isolated from
dissociated retina, Sc, LGN and visual cortex and run on SDS-PAGE gels. They
demonstrated changes in the developmental pattern of trk receptors and their cognate
neurotrophins, including the sharp decrease in trkB during the period of SC and dLGN
maturation.

The pitfall of these experiments is that chemical crosslinking the trk

receptor to endogenously extracted protein failed to demonstrate the cellular location of
neurotrophins and their receptors. In situ hybridisation identifies the neurons which
produce mRNA, but does not indicate if the neuron is currently synthesising the protein
in question or where in the neuron the protein is stored or transported. In the past 3
years few groups have looked at the distribution of endogenous BDNF protein mainly
from Western blot analysis. Moreover, few groups have examined neurotrophin and trk
immunoreactivity in regions other than the hippocampus and cerebral cortex (Conner et
al., 1997, Kawamoto et al., 1998). This is partially due to the limited amount of protein
thought to be present in the CNS and the difficulty of generating neurotrophin
antibodies that do not crossreact with other members of the neurotrophin family.
(a)

The retina

Contrary to the many studies on the chick (von Bartheld et al., 1996; Frade et al., 1997;
von Bartheld & Butowt, 2000; Karlsson & Hallbook, 1998) and ferret (Allendoerfer et
al., 1994) retina, a thorough study of the distribution of BDNF, NT-4, NT-3, trk proteins
and mRNA expression in rat retina remains to be established. BDNF has been identified
in the P0 and adult rat retina (Perez & Caminos, 1996) and has been shown to control
the development of the dopaminergic network in the IPL of the developing rat retina
(Cellerino et al., 1999). Administration of purified BDNF into the SC of neonatal
hamsters has shorterm effects in that it reduces the number of pyknotic RGCs 20 hours
after injection (Ma et al., 1998). Contrary to the suggested roles of BDNF on cell
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survival (Ma et al., 1997) the number of RGCs that survive beyond the period of normal
developmental RGC death is not affected until approximately 3 weeks after birth in
BDNF -/- mice (Cellerino et al., 1997). However, BDNF -/- mice have deficits in the
morphological development and their electrical properties (Rothe et al., 1996), their
axons are smaller in diameter and there are fewer myelinated axons in the optic nerve
but there was no reported shrinkage of cells in the GCL.

Recently, Isenmann et al. (1999) examined the longterm effects excess BDNF supplied
by a BDNF-adenovirus vector in the SC had on the naturally occurring elimination and
on the restriction of the ipsilateral RGC projection during postnatal development of the
rat. Overexpression of BDNF preserved the transient population of ipsilaterally
projecting RGCs to the SC, thus stabilising the erroneous topographic connections that
would have normally been eliminated during naturally occurring cell death. This
suggested that cellular sources of neurotrophins might/can protect or stabalise axons
from pruning during refinement, during the period of naturally occurring cell death. It
appears that though BDNF has a profound affect on naturally occurring cell death in the
CNS, its affect at least in the visual system is not reflected largely on the numbers of
surviving neurons.

In the adult rat, RGC axotomy results in the loss of approximately 90% of RGCs within
2 weeks of injury (Berkelaar et al., 1994). The intravitreal injection of BDNF delays the
death of axotomised RGCs (Mansour-Robaey et al., 1994; Klocker et al., 2000) and
enhances RGC axon outgrowth. However, not all RGCs can survive for long periods of
time after axotomy following BDNF treatment and although BDNF elicits a 8-fold
increase in the intraretinal branch length of RGC axons it does not support long distant
growth in vivo (Sawai et al., 1996). Following axotomy, BDNF administration increases
the expression of GAP-43 during the first week after axotomy. As BDNF stimulates the
branch length of injured RGCs, it was suggested that the transient increase of GAP-43
expression during this period might play a role in enhanced axonal branching (Fournier
et al., 1997).

Continued administration of NT-4 the reduces loss of RGCs following optic nerve
transection (Clarke et al., 1998) and increases the branch length of regenerating RGC
axons in vivo (Sawai et al., 1996) and protects RGCs from retinal ischemic injury
(Unoki et al., 1994).

However, the effects of neurotrophin injections in younger

animals are more transient than in adults. In adult rats, a single injection of BDNF
protects axotomised RGCs for at least a week (Mansour-Robaey et al., 1994) whereas in
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neonates NT-4 is effective in delaying the onset of RGC death and reducing the extent
of lesion-induced death after SC ablation for ~10-12 hours (Cui & Harvey 1994). NT-3
appears to have a limited effect on RGCs in vivo. NT-3 injections enhance GAP-43
mRNA expression in only a small population of RGCs (Kittlerova et al., 1994). NGF
mRNA has been demonstrated in the rat retina (Maisonpierre et al, 1990; Carmignoto et
al., 1991; Zanellato et al., 1993). Maffei and coworkers (1992) have shown that
intracortical administration of large amounts of NGF may prevent the loss of vision in
the deprived eye following longterm eye closure in neonatal rats. NGF application has
also been demonstrated to promote the survival of adult rat RGCs following optic nerve
axotomy in vivo (Carmignoto et al., 1989) and reduce programmed cell death induced
by a optic nerve lesion in the neonatal rat (Rabacchi et al., 1994). p75 has been
identified in the rodent retina and ferret retina (Yan & Johnson, 1988; Allendoerfer et al,
1994; Ugolini et al., 1995; Suzuki et al., 1998) and in the chick (Das et al., 1997; von
Bartheld et al., 1996b). In the chick it has been suggested that p75 acts as a shuttle for
the trafficking of neurotrophins from the retina to the terminals in the tectum (von
Bartheld et al., 1996b).
(b)

The primary retinorecipient centres

Molecules secreted by retinal targets have been considered to influence invading axons
and target in a number of ways. First they have been suggested to have a chemotropic
role, attracting axons and directing their growth to specific parts of the target. It has also
been suggested that they sustain the parent neuron once appropriate connections have
been made and influence morphology and synaptic physiology (Oppenheim, 1991;
McAlister et al., 1999; Davies, 2000).
In the ferret LGN and SC NGF, NT-3 and BDNF and their receptors are expressed,
however information in the rodent LGN is scanty. BDNF data is rather conflicting in the
rodent LGN. Some groups have reported BDNF mRNA expression (Schoups et al.,
1996) and protein (Furukawa et al., 1998; Kawamoto et al., 1998), others have shown
no evidence for either BDNF mRNA expression or BDNF protein in LGN neuronal
somata (Conner et al., 1997; Yan et al., 1997). NT-4 expression has not been described
in the rodent LGN. However, injections of NT-4 into the ferret visual cortex prevented
the shrinkage of LGN neurons that receive input from the deprived eye following
monocular visual deprivation (Riddle et al., 1995). TrkB protein has been reported in
the adult rodent LGN (Yan et al., 1997b). p75 and trkA have been identified in the LGN
(Rickman et al., 1992; Rickman & Brecha, 1995) and NGF mRNA has been
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demonstrated in the developing dLGN (Lauterbom et al., 1994), suggesting that NGF
may be a trophic factor for the RGCs that send collateral axon branches to the dLGN.

BDNF has been proposed as the target-derived neurotrophin for RGCs in several
studies. Several characteristics have made BDNF a particularly attractive candidate for
controlling the refinement of RGC projections. Its expression and release is controlled
by electrical activity (Blochl & Thoenen, 1996; Goodman et al., 1996; Herzog et al.,
1994; Karlsson & Hallbbok, 1998) and it is known to influence many aspects of RGC
development and regeneration in vivo (Cohen-Cory & Fraser, 1995; Sawai et al., 1996).
BDNF and NT-3 mRNA expression has been reported in the superficial layers of the SC
in the developing rat (Gall et al., 1992). Their expression corresponds with the
expression of trkB and trkC mRNA in the developing rat retina (Emfors et al., 1992).
BDNF is expressed in the RGC target tissue of the rodent (Friedman et al., 1991; Gall et
al., 1992) and the timing of RGC dependence on BDNF also coincides with the time of
initial RGC target innervation (Rodriguez-Tebar et al., 1989). The effect of BDNF on
RGC survival and outgrowth and is maximal during the period of arborisation in the
tectum and is mirrored by trkB expression in the rat (Emfors et al., 1992) chick
(Rodriguez et al., 1989) and Xenopus (Cohen-Cory & Fraser, 1994) retina. Most of the
work examining some of the roles of the neurotrophins on axonal arbor formation has
been carried out on the Xenopus (Cohen-Cory & Fraser, 1995; Cohen-Cory 1999).
Recently, it has been demonstrated in Xenopus that exogenous BDNF promotes axonal
arborisation by increasing branch length whereas neuronal activity aided the process of
axon branch stabilisation; both mechanisms were however thought to act together to
shape axon morphology (Cohen-Cory, 1999).

The pattern of BDNF protein distribution in the developing rat SC is not known and
data of BDNF protein distribution in the adult SC is scanty. The expression of NT-4
mRNA and the distribution of its protein have not been described in the rodent SC.
TrkB protein is distributed in the adult SC (Yan et al., 1997). p75 has been identified in
the SC (Rickman et al., 1992; Harvey, 1994).

(c)

The visual cortex

BDNF and trkB are found in the visual cortex. NT-3 and trkC are expressed in the
rodent visual cortex but their distribution patterns are conflicting and appear to depend
on the probing technique. A role of the neurotrophins during the development of the
mammalian visual cortex is indicated by the expression of the neurotrophin proteins
48

during the phase when geniculate afferents become segregated into eye-specific ocular
dominance columns (ODCs) within their termination zones in layer IV of the visual
cortex. This supposition was supported by the finding that the excess infusion of trkB
ligands into the cat visual cortex disrupted the formation of ODCs in the vicinity of the
infusion site. The roles of trkB ligands in ODC formation was partly elucidated as NGF,
NT-3 or a vehicle solution did not affect ODC formation (Cabelli et al., 1995).
Immunoadhesions or trk-IgG receptor bodies consist of the extracellular domain of rat
trk receptors fused to the Fc portion of an immunoglobulin These molecules have been
used to neutralise the activity of various neurotrophic factors by selectively binding to
the its cognate neurotrophin thus removing it from the milieu (Shelton et al., 1995).
Application of trkB-IgG fusion proteins into the visual cortex of normal mammals
prevented the segregation of LGN afferents into ODCs (Cabellli et al., 1997). The affect
was not induced by trkA-IgG or trkC-IgG injections suggesting that BDNF and NT-4induced trkB receptor signalling plays an important role in the segregation of LGN
afferents into ODCs and in activity dependent synaptic plasticity and may mediate the
stabilisation or growth of appropriate synaptic contacts in the mammalian visual cortex
(reveiew McAllister et al., 1999). BDNF has been suggested to act as a mediator of
synaptic plasticity, as its expression and release are induced by increases in neuronal
activity in various experimental models (Gall, 1992; Castren et al., 1993; Casponi et al.,
1999; Lein & Shatz, 2000). NT-4 protein has been briefly reported in the adult rat
cortex (Friedman et al., 1998).
(ii)

Neurotrophins in vitro

BDNF has been identified as a principal neurotrophic agent for RGCs as it has the
ability to support the survival and differentiation of embryonic (Johnson et al., 1986)
and adult RGCs in vitro (Thanos et al., 1989; Rodriguez-Tebar et al., 1989; Cohen et al.,
1994). Although RGCs dissociated from E17/E18 rat retinae respond to exogenous
BDNF (Castillo et al., 1994, Johnson et al., 1986) and other survival factors (MeyerFranke et al., 1995) in vitro, the response to these factors is not sustained for long
periods (Johnson et al., 1986). Furthermore, BDNF and NT-4 are suggested to support
the survival of only a fraction of developing RGCs in the rat (Meyer-Franke et al.,
1995). The neurotrophins are unlikely to involve phenotypic determination, because
RGC genesis has ceased by the day of birth (Reese & Colello, 1992) and RGCs are
thought to undergo fate determination immediately after their genesis (Waid &
McLoon, 1995). The differential effects of BDNF and NT-4 have been described in
early postnatal dissociated RGCs in vitro (Bosco & Linden, 1999). It was suggested that
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BDNF predominantly supported the polarised outgrowth of retinal neurites, whereas
NT-4 induced the formation of branched and symmetrical arbors.

Lesioned neonatal RGCs are critically dependent on BDNF for survival and
regeneration in vitro (Wiebel et al., 1995). Likewise, in the adult BDNF and NT-4 cause
a dose-dependent increase of RGC axon outgrowth from adult retinal explants (Cohen
et al., 1994).

These findings are parallel with in vivo investigations, where the

intravitreal administration of NT-4 temporarily delayed the loss of RGCs following
optic nerve transection (Clarke et al., 1998; Mansour-Robaey et al., 1994). Conflicting
data roles of and on the expression of NGF by RGCs still persist. Cohen and colleagues
(1994) reported that NGF has an insignificant increase on RGC survival and outgrowth
in vitro. In their study extending axons did not express trkA. However, Carmignoto and
coworkers (1989, 1991) demonstrated a trophic affect on axon outgrowth in vivo, and
the expression of trkA and p75 have been demonstrated in the rat GCL (Ugolini et al.,
1995). Whereas anti-NT-3 antisera reduced the numbers of RGCs in chick embryos in
vivo (Bovolenta et al., 1996), the effects if NT-3 in vitro appear minimal in rodent
RGCs. NT-3 leads to a statistically insignificant increase of axon outgrowth in vitro
(Sawai et al., 1996). The lack of RGC response to NT-3 is in accord with the studies by
Kittlerova (1994) who showed that only 5% of RGCs express trkC in vivo.
From the work reviewed, it is clear that the neurotrophins have varied roles in many
aspects of CNS development and in the adult. However, the pattern of neurotrophin
expression and distribution and subcellular localisation is conflicting and requires
clarifying.

1.6

Aims of the project

The studies described in this thesis were undertaken with the aim of increasing our
knowledge of the distribution and localisation of BDNF and its high affinity receptor
trkB and other members of the neurotrophin family and their trk receptors in the visual
system of the rat. Evidence of neurotrophin and trk receptors in the mammalian visual
system has been largely indirect, relying on Northern blot studies to identify trk receptor
transcripts to predict the distribution of their cognate neurotrophins. With the exception
of a few immunocytochemical studies of BDNF in the postnatal and adult brain, very
little is known about the distribution of the neurotrophins and trk receptors in the
postnatal and adult rat visual pathway. In addition to examining patterns of neurotrophin
and trk expression and distribution, pre-embedding ultrastructural studies were
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undertaken to establish the subcellular localisation of BDNF and trkB. Further studies,
using retinal explant techniques were performed to examine some of the effects
neurotrophins have on RGC axon outgrowth and the distribution of the developmentally
regulated protein Growth Associated Protein-43 (GAP-43) and of cytoskeletal proteins.
Electron microscopic studies of retinal explant cultures were performed in a search for
possible ultrastructural changes related to the treatment of explant cultures with
neurotrophin.

It was hoped that through increased knowledge of the distribution and subcellular
location of the neurotrophins and their trk receptors and by establishing their expression
patterns and relating these to the established chronology of the development of the rat
visual system, together with their effects in vitro, insights into the possible roles of
neurotrophins in the developing and adult visual system might be gained.
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CHAPTER 2

Materials and methods
2.1

Animals and surgical procedures

(i)

Animals

(a)

In vivo studies (Chapters 3, 4, and 5)

Sprague Dawley albino rats were obtained from Biological Services, University College
London. Adult female rats (at least 3 months old) were fed ad libitum with food pellets
and water and kept in a room with lighting consisting of a

12

-hour light/ 1 2 hour dark

cycle. Timed pregnant albino Sprague Dawley or Wistar rats were also obtained from
Biological Services, University College London. Embryonic day zero, (EO) was defined
as the plug date, the day of conception. PO was defined as the day of birth. For full
deatials of animal numbers used for each experiment see individual experimental
Chapters.

(b)

In vitro studies (Chapters 6 and 7)

-Embryonic retinal cultures
Timed pregnant albino Sprague Dawley or Wistar rats were obtained from the
Biological Services Unit, Medical Sciences, Queen Mary & Westfield College.
Embryonic day, (EO) was defined as the plug date. Animals were fed with food pellets
and water ad libitum and maintained at 20°C, under a 12-hour light/dark cycle. For full
deatials of animal numbers used for each experiment see individual experimental
Chapters.

-Adult retinal cultures
Female Sprague Dawley albino rats, at least 3 months old (body weight 250-350g) were
used throughout this study. They were fed with food pellets and water ad libitum and
maintained at 20°C, under a 12-hour light/dark cycle.
All animals were kept in standard polypropylene cages and cared for and handled in
accordance with the UK Animals Act.
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(ii)

Sterilisation of operating equipment

Surgical equipment was cleaned with 70% ethanol and then autoclaved at 121°C for 30
minutes.

(iii)

Intraorbital optic nerve crush

Female adult rats, which received an intraorbital optic nerve crush, were used to
examine the flow of neurotrophins in the optic nerve and for retinal explant cultures
(See Chapters 4, 6 and 7 for numbers of animals used for each experiment,). Female
adult rats (weighing between 250-350g) were placed in an anaesthetising drum and
lightly sedated with halothane (Mallinckrodt Veterinary). The sedated animal was
transferred to an operating mat with its left side facing up.

Deep anaesthesia was

maintained with a mixture of halothane gas/oxygen/nitrous oxide (4:2:1), delivered
through a cone covering the nose and mouth. Operations only proceeded after the
animals reached a level of deep unconsciousness, i.e. when the foot withdrawal reflex
and the blink reflex were absent. The following procedures were performed with the aid
of a dissecting microscope (Zeiss). Using iridectomy scissors, the extraocular
connective tissue and the muscles around the eyeball were sectioned apart from those
located on the nasal aspect of the eyeball. The Harderian gland was displaced and the
eye slightly pulled out of the socket to expose the posterior pole of the eye, and to
provide visual access to the optic nerve. Coarse dissection was used and close attention
was paid to avoid damaging blood vessels around the posterior pole of the eye. The
sheath around the optic nerve was pierced using a pair of fine forceps, which was then
inserted between the optic nerve and ophthalmic artery, which runs below the nerve to
avoid damaging the artery. The optic nerve was crushed 1-2 mm posterior to the optic
disc using straight forceps (no. 7, Swann-Morton). The crush was applied for 30
seconds. Following the optic nerve crush, the eye was eased back into the orbit and
rinsed with sterile water. The retinal blood supply was examined by inspecting the
vasculature of the iris (through the lens), which obtains its blood supply from the
ophthalmic artery. Using the anaesthetising and course dissection procedures described
above, complete optic nerve crushes were performed to separate the proximal and distal
regions of the optic nerve. Sham operations (dissection without optic nerve crush) and
the right eye (unoperated) were used as controls. The success rate of optic nerve crushes
was

8

out of

10

.
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(iv)

Unilateral eve enucleations

Adult rats (n=4) recieved a unilateral left eye enucleation under deep anaesthesia as
described by Campbell et al. (1985). Eye enucleations were performed by Dr. G.
Campbell. Animals which received an unilateral eye enucleation were used for the
electron microscopy study (See Chapter 5).

All reagents were obtained from Sigma unless otherwise stated

(v)

Protein injections (See Chapter 3)

Adult rats (n=3) were anaesthetised as described in section 2.1 (iii). The top of the head
was swabbed with 70% alcohol. The animal (n=l) was then positioned in a stereotactic
headholder (David Kopf Instruments) with the skull in a horizontal position. With the
aid of an operating microscope a parasagittal incision in the scalp was made with a
scalpel (no.22 blade, Swann-Morton) and the skull scraped free of fibrous fascia to
reveal the lamboid and bregma sutures. Using rat brain sterotacticic coordinates of
Paxinos & Watson (1986) a small window (measuring 0.5mm in diameter) was drilled
into the parietal bone (Bregma -4.52mm) with a dental drill (fine burr, no.4 round). A
small incision was made into the dura mater and using a glass micropipette-tipped 5pi
Hamilton micro-syringe, 0.5pl of lOmg/ml recombinant human BDNF (rhBDNF)
protein (Regeneron Pharmaceuticals, New York) was gently injected into the left
precommissural nucleus/fasciculus retroflexus of the thalamus. The micropipette was
left in place for a few minutes to prevent back diffusion, and then slowly withdrawn and
the incision closed with a 6/0-ethilon suture. The second animal (n=l) received a 0.5pl
injection of lOmg/ml rhBDNF protein into the left caudate putamen terminating in the
magnocellular preoptic area (Bregma 0.26mm). The injection and suturing procedures
were repeated in a third adult rat

(n=l), however, 0.5pl of 0.64mg/ml human

recombinant NT-4 protein (Regeneron Pharmaceuticals, New York) was injected into
the cerebellar cortex and the inferior olive (Bregma 10.21mm). The animals were
removed from the headholder marked for identification. Protein injection were
performed to test antibody specificity

(vi)

Postoperative care

Animals were left to recover in a warm recovery chamber before being returned to their
cages.
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(vii)
(a)

Fixation by perfusion
Fixative

4% paraformaldehyde in 0.1M phosphate buffered saline (PBS) was prepared by
dissolving 40g paraformaldehyde in

500ml distilled water (dH^O) at 60°C.

Paraformaldehyde precipitate was cleared by adding a few drops of 1M sodium
hydroxide. The fixative temperature was brought to room temperature (RT) and 250ml
0.4M phosphate buffer (PB) (10.49g sodium phosphate, 46g anhydrous sodium
phosphate in 11 (IH2 O) and 9g NaCl added, then volume made up to 11 with (IH2 O. The
fixative was filtered and the pH adjusted to 7.2 with 1M hydrochloric acid. 0.1M
phosphate buffer saline (PBS) was prepared by diluting 0.4M PB 1:3 with dH 2 0 and
dissolving 9g sodium chloride (NaCl) in 11 of 0.1M phosphate buffer. All reagents used
for PBS and fixative preparation were obtained from BDH.

(b)

Perfusion

Adult rats were deeply anaesthetised with Fluothane, followed by an intraperitoneal
(i.p) overdose (lml/kg) of Sagatal (Rhone-Merieux). Both the comeal reflex and
hindfoot withdrawal reflex were tested, and when absent the animal was pinned down
on a perfusion tray on its back with its limbs extended. The chest cavity was exposed
by cutting away the overlying skin and along the ventral and lateral walls of the ribcage.
The xiphistemum was held and the diaphragm cut to expose the heart and ascending
aorta. To give access to the heart, the anterior entire chest wall was quickly pulled back
and the ribcage reflected by traction on Spencer-Wells forceps clamped to the
xiphistemum. Blunt tipped forceps were used to grip the heart, and a perfusion cannula
(50 x 1mm) leading from a Watson-Marlow peristalic perfusion pump carefully inserted
into the left ventricle. The cannula tip was carefully pushed into the left ascending aorta
and held with the hand. An incision was made in the right atrium to allow drainage of
the circulating fluid. Rats were perfused with 200ml 0.1M PBS followed by 600ml 4%
paraformaldehyde in 0.1M PB at a flow rate of 15-20 rotations per minute (rpm).
Postnatal rats (P0-P18) were prepared and transcardially perfused as above with 0.1M
PB followed by 4% paraformaldehyde in 0.1M PBS at a flow rate of 1-5 rpm. Small
blunted needles (23-27 gauges, Sherwood Medical) were used in place of the perfusion
cannula. Following perfusion fixative the rats were decapitated. Brains were removed
and trimmed to include the portion between the rostral striatum and the extremity of the
inferior olive. Brains were cryoprotected in 30% sucrose buffer (30g sucrose in 100ml
0.1M PBS) at 4°C for 2 days.
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2.2

Preparation of digoxigenin labelled cRNA probes

(i)

Preparation of competent cells

1.5 % Luria Batami (LB) agar culture plates were prepared by dissolving 1.5g agar in
100ml LB. (LB medium: 5g sodium chloride, 5g Bacto®-trypton, 2.5g Bacto®-yeast
extract in 500ml ultra-pure water, UP.H 2 O). The LB/agar medium was autoclaved and
the temperature brought down to 37°C before applying ampicillin antibiotic (30pg per
ml of LB). 10ml liquid LB/agar antibiotic medium was poured into a sterile 90mm petri
dish (BDH) and allowed to solidify at RT. 100pl Epicurian Coli® SURE® competent
cells (Stratagene) were streaked onto the agar culture plates and the dishes left at RT
until the medium had been absorbed by the agar. Subsequently, the plates were inverted
and bacterial colonies of competent cells allowed to grow at 37°C for 15 hours. 25ml of
fresh LB medium was inoculated with a single bacterial colony and incubated at 37°C
for 15 hours in a shaking incubator at 200rpm (Haereus). 1ml of the culture (grown at
200rpm) was inoculated into 100ml of LB medium and allowed to grow in a 11 flask at
37°C for 3 hours or until the light absorbance at 600nm, (A600 ) reached 0.45-0.6.

From this point in the procedure, all centrifugations were performed at 4°C and all
glassware and pipettes chilled to (fC unless otherwise stated.

Following the 3 hour incubation, the cells (Epicurian Coli® SURE® competent cells)
were aliquoted into 50 ml Falcon tubes, chilled on ice for 2 hours then recovered by
centrifugation at 3.5K for 20 minutes. The cells were gently resuspended in 10ml icecold trituration buffer (30mM potassium acetate, lOmM calcium chloride (CaCh),
50mM manganese chloride lOOmM rubidium chloride, 15% glycerol, pH 6.5), chilled
on ice for 45 minutes, then centrifuged at 3K for 10 minutes. The cells were again
resuspended in 10ml ice-cold trituration buffer. Surplus competent cells not used for
transformation were aliquoted into cryogenic vials (BDH), snap-frozen in liquid
nitrogen and stored at *70°C.

(ii)

Transformation of competent cells

Fresh overnight competent cell culture media was prepared by inoculating 20ml of
freshly prepared LB medium with lOOpl of competent cells (re-suspended in trituration
buffer; see section 2.2 (i)). The cells were allowed to grow in a 50ml Falcon tube
overnight at 37°C in a shaking incubator. 100pl of the overnight competent cell culture
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was inoculated into 100ml of fresh LB medium and the cells allowed to grow in a 0.51
flask until the (A6 0 0 ) reached 0.4-0.6 (~4hrs).

The following steps were performed under aseptic conditions.
20ml of the overnight competent cell culture were transferred into disposable 50ml
Falcon tubes and cooled on ice for 10 minutes.

The cells were pelleted by

centrifugation at 4K for 10 minutes, and the supernatant decanted and discarded.
Excess medium was removed by inverting the tubes at RT for 15 minutes. The cells
were resuspended in 10ml ice-cold 0.1M CaCk stored on ice for 10 minutes, then
recovered by centrifugation at 3K for 10 minutes. The supernatant was removed and the
tubes inverted to dry the pellet. The pellet was resuspended in 2ml CaCL and 200pl
aliquoted into sterile Eppendorfs. Using a chilled pipette tip, 50ng of neurotrophin
plasmid DNA was applied to 200pl of resuspended competent cells. The contents were
gently but thoroughly mixed and stored on ice for 30 minutes. 2 additional Eppendorfs
were prepared with 200jxl resuspended competent cells but without plasmid DNA.
These were used for controls, and were processed alongside competent cells containing
plasmid DNA.

To allow plasmid DNA access into the Eppendorfs were directly

transferred into a water bath heated to 42°C for exactly 90 seconds, then chilled on ice
for 2 minutes. 800pl of the original overnight competent cell culture was placed into
each heat-treated Eppendorf and incubated at 37°C in a water bath for 45 minutes.

Full-length rat BDNF cDNA (1120bp), trkB kinase cDNA (2900bp) and trkC cDNA
(2711 bp) plasmids were individually sub-cloned into the Bluescript SK (+/-) plasmids.
Full- length rat NT-3 cDNA (~800bp) and NT-4 cDNA (667bp) were cloned into the
Bluescript plasmid pKS version. Regeneron Pharmaceuticals, New York, generously
provided all o f the plasmids used in this study.

(in)

Preparation of transformed colonies

An aliquot of 200pl of transformed cells incorporating plasmid DNA or control
samples, were plated onto the surface of 15ml of solidified 1% LB/agar with/without
ampicillin (see Table 2.2a). Using a sterile rod the medium was spread evenly across
the LB/agar culture plates. The dishes were left at RT until the medium had been
absorbed by the agar. Subsequently, the dishes were inverted and incubated in a culture
chamber at 37°C for -14 hours.

1% LB/agar was prepared by dissolving lg agar in
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100ml LB. For plates requiring ampicillin, lOOpl (lmg/ml) ampicillin was applied to
100ml LB/agar.

(iv)

Preparation of plasmid DNA overnight cultures

A single bacterial colony of each neurotrophin was carefully scooped from the agar and
inoculated into 20ml of sterile LB medium in 50ml disposable Falcon tubes. The tubes
were incubated under vigorous shaking at 37°C for 14 hours.
Table 2.2a. The bacterial growth of non-transformed and transformed cells on LB/Agar
culture plates.
CONTROLS
CaCl 2 treated competent cells
w ithout neurotrophin
plasmid D N A incorporation
(Non-transformed cells).

GROW TH

EXPERIM ENTAL
CaCl 2 treated competent cells with
neurotrophin plasmid DNA
incorporation (Transformed cells).

GROWTH

LB/agar culture plates
Without ampicillin

Random
bacterial
growth

LB/agar culture plates
Without ampicillin

Random
bacterial
growth

LB/agar culture plates
With ampicillin

No bacterial
growth

LB/agar culture plates
With ampicillin

Isolated
colonies of
bacteria

Control and transformed competent cell samples were prepared and 200 pL grown on the surface of 1.5% LB/agar culture plates
(with/without the antibiotic ampicillin), as described in 2.2(iii).

(v)

Plasmid DNA miniprep

A Qiaprep spin miniprep kit® (Qiagen, USA) was used to purify up to 20pg of high
copy DNA plasmid from 5ml of plasmid DNA overnight cultures. The procedure
consisted of 3 basic steps, (i) preparation and cleaning of bacterial lysate (ii) absorption
of DNA onto Qiaprep membrane (iii) washing and elution of plasmid DNA. Briefly,
5ml of the required plasmid DNA overnight cultures was spun down at 3K for 10
minutes in a 15ml Falcon tube, the supernatant discarded and the pellet air-dried for 5
minutes at RT.

The pelleted bacterial cells (containing plasmid DNA) were

resuspended in 250jil of buffer PI (Qiagen, USA) and transferred to a sterile Eppendorf.
The bacterial cells were lysed with 250|J,1 of buffer P2 (Qiagen, USA), the Eppendorfs
gently inverted 5-10 times and left to stand for a maximum of 5 minutes. The lysis
process was arrested and the solution neutralised by the addition of 350pl buffer N3
(Qiagen, USA). To prevent localised precipitation, the contents were mixed gently but
thoroughly. The Eppendorfs were centrifuged at 3K for 10 minutes and the supernatant
(plasmid DNA) decanted and collected in a Qiaprep spin column and attached collecting
tube (Qiagen, USA). The pellet (denatured proteins, chromosomal DNA and cellular
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debris) was discarded. The Qiaprep spin column and attached collecting tube were
centrifuged at 13K for 1 minute. The flow through was discarded, and the plasmid
DNA absorbed onto the Qiaprep spin column membrane, washed with 750pl of buffer
PE, and then centrifuged at 13K for 1 minute.

The PE buffer flow through was

discarded the column centrifuged for an additional 1 minute to remove residual PE
buffer and the Qiaprep column placed into a sterile Eppendorf tube.

To elute the

membrane bound plasmid DNA, 50pl of buffer EB was dispensed directly onto the
centre of the Qiaprep membrane and allowed to stand for 5 minutes. The Qiaprep spin
column and attached eppendorf was centrifuged at 13K for 1 minute. The eluted
solution contained 15-20pg purified neurotrophin plasmid DNA.

(vi)

Determination of plasmid DNA yields

The yield of plasmid DNA was determined by gel electrophoresis on a 0.8% tris-boric(di-sodium)-ethylenediaminetetraacetate, (TBE) agarose gel stained with ethidium
bromide. The 0.8% TBE agarose gel stained with ethidium bromide was prepared as
follows: 0.24g of electrophoresis grade agarose (Gibco) was boiled to 60°C in 30mls of
lx TBE, TBE. 10X TBE stock was prepared by dissolving 107.80g Tris; 55g boric acid;
7.44g ethylenediaminetetraacetate (EDTA) in UP-H 2 O to obtain a final volume of 11,
and diluted 1:10 with UP-H2 O to obtain the working concentration. Once the
temperature of the gel dropped to 40°C, 3pi ethidium bromide (lOmg/ml) was placed
into the liquid gel and mixed thoroughly. The gel electrophoresis apparatus (Horizon,
Life Technologies) was set up according to the manufacturer’s instructions and the gel
poured into the gel chamber. Once the gel solidified 150ml of lx TBE buffer
containinglOpl ethidium bromide (lOmg/ml) was poured over the gel.

2pl of each

plasmid DNA in 8pl of DNA loading buffer (0.5ml glycerol; lOOpl 10X TBE; lOOpl
bromophenol blue; 300pl UP-H2 O) was loaded into each well and 5pl of a lKDa
marker loaded into a single well. Gel electrophoresis was performed at 100V for 40
minutes at RT, and the bands analysed under UV light illumination (Spectrolinker).

(vii)

Analysis of transformation efficiency by enzyme digestion

To determine plasmid DNA transformation efficiency, lpl of each neurotrophin of
miniprep plasmid DNA was digested with lpl of both antisense and sense restriction
enzymes (Gibco) in 2pl of both antisense and sense ‘react’ buffers (Gibco) (Table 2.2b)
and 16pl of UP-H2 O. Plasmid DNA was digested at 37°C for 40 minutes. The reaction
was arrested by placing the Eppendorfs on ice for 5 minutes. 2pl of each digested
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plasmid DNA was mixed with 8pl DNA loading buffer, loaded and run on a 1% TBE
agarose gel (0.3g agarose in 30 ml lx TBE) alongside a lKDa ladder marker. 2 bands
of predicted sizes, (for each neurotrophin DNA sample) determined from neurotrophin
gene sequence maps (Regeneron Pharmaceuticals, New York) were checked against the
ladder marker.

(viii)

Linearisation, purification and extraction of plasmid DNA

Approximately 5pg (~10pl) of plasmid DNA was transferred into a sterile eppendorf
and linearised with

ljx l

of restriction enzyme in

50jli1

of react buffer® (Gibco) and 5p i

RNase A (Table 2.2b). The volume was made up to 500pl with UP-H 2 O. The contents
were gently centrifuged and incubated at 37°C for 2 hours. Plasmid linearisation was
stopped by placing the Eppendorfs on ice. 2pi of linearised samples were analysed by
gel electrophoresis on 0.8% TBE agarose gel as described above.

Complete

linearisation produced a single band of a predicted size. This was calculated by adding
the base pairs of the Bluescript SK +/- vector and the base pairs of the inserted
neurotrophin gene.
Table 2,2b. Enzymes and buffers used for the linearisation of plasmid DNA and for the
in vitro transcription of sense and antisense cRNA probes
Restriction
enzyme
BamHl

React buffer

RNA polymerase

3

T7

X hol

2

T3

NT-4 antisense

BamHl

3

T3

NT-4 sense

Hindi III

2

T7

NT-3 antisense

Ecorl

3

T3

NT-3 sense

Kpnl

4

T7

TrkB kinase antisense

Kpnl

4

T7

TrkB kinase sense

EcoRl

3

T3

Xhol

2

T3

BamHl

3

T7

Neurotrophin plasmid DNA
BDNF antisense
BDNF sense

TrkC kinase antisense
TrkC kinase

sense

Neurotrophin plasmid DNA was linearised with 2 units/pg restriction enzyme (column 2) in the presence of react buffer (column 3).
T3/T7 RNA polymerase (column 4) was applied to the in vitro transcription mixture (see section vii) to produce cRNA transcripts
from lp g DNA template.

To inactivate and remove enzymes, denature proteins and inhibit RNase activity and
purify linearised plasmid DNA, phenol/chloroform/isoamyl alcohol (25:24:1) extraction
was performed. A volume of 500pl phenol/chloroform/isoamyl alcohol was placed into
each Eppendorf containing linearised plasmid DNA.

The contents were mixed
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thoroughly then centrifuged at 13K for 4 minutes or until the organic layer (enzymes,
proteins etc.) and aqueous layer (plasmid DNA) were well separated. The aqueous layer
was transferred into a clean eppendorf and the organic layer discarded. The purification
procedure was repeated once.

To remove traces of phenol an equal volume of

chloroform was placed into the Eppendorf containing the newly separated aqueous
layer. The contents were thoroughly mixed and centrifuged at 14K for 4 minutes then
the aqueous layer transferred to a clean Eppendorf. The linearised plasmid DNA was
recovered by ethanol precipitation with 0.1 volume 3M sodium acetate and 1 volume
100% ethanol at -70°C for 2 hours. The linearised plasmid DNA was then pelleted by
centrifugation at 13K for 15 minutes washed with 70% ethanol then air-dried at RT for
20 minutes.
treated water

The pellet was resuspended in 13(xl of diethylpyrocarbonate (DEPC)
(DEPC-H 2 O). DEPC-H 2 O

was

prepared by adding 200pl

of

dimethyldicarbonate to 11 UP-H 2 O for 16 hours, then autoclaving at 121°C for 1 hour.
To determine the amount of DNA per pi, lp l of resuspended DNA was mixed with 9pl
DNA loading buffer and run alongside a lKDa ladder marker on a 0.8% TBE agarose
gel stained with ethidium bromide.

(ix)

cRNA labelling bv in vitro transcription

Digoxigenin-UTP labelled RNA transcripts were synthesised by the in vitro
transcription of lp g of linearised template DNA. The following were added to lp g of
template DNA on ice:
2pl lOx transcription buffer (Boehringer Mannheim)
2pll0x digoxigenin RNA labelling mixture (Boehringer Mannheim)
2pl RNA polymerase (T3 or T7) (Boehringer Mannheim), (see Table 2.2b)
lpl RNase inhibitor (Boehringer Mannheim)
The volume was totalled to 18pl with DEPC-H 2 O, the contents briefly vortexed and
spun down to the bottom of the Eppendorf.

In vitro transcription was allowed to

proceed at 37°C for 2 hours. Template DNA was then removed by the addition of 2pl
RNase free, DNase 1 (Boehringer Mannheim). The contents were mixed then incubated
at 37°C for 15 minutes. 2pl of 0.2M EDTA, pH 8.0 was placed into each Eppendorf to
arrest in vitro transcription and the labelled RNA transcripts (cRNA probe) allowed to
precipitate in 2.5pl 4M lithium chloride and 75pl of 100% ethanol (-20°C) at -70°C for
1 hour. The RNA transcripts were pelleted by centrifugation at 13K for 4 minutes, at
4°C, the supernatant removed and the pellet carefully washed with 50pl of ice-cold 70%
ethanol. The ethanol was removed with a chilled pipette and the pellet left to dry at
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room temperature for 1 hour. Once dry, the pelleted RNA transcripts were resuspended
in lOOpl DEPC-H 2 O containing lp l RNase inhibitor and incubated at 37°C for 30
minutes. The cRNA transcripts probes were chilled on ice, aliquoted and stored at 20°C.

(x)

Northern blotting - RNA gel electrophoresis

All equipment and reagents were treated and/or prepared with DEPC-H2 O to remove or
minimise possible RNase contamination. The gel electrophoresis tank was set up
according to manufacturer’s instructions and 30ml of 1.5% denaturing gel poured into
the gel chamber. The denaturing gel consisted of 0.45g electrophoresis grade agarose,
25.5mls DEPC-H 2 O, 1.53ml formaldehyde (BDH), 3.0 ml lOx 3-[N-morpholino]-2hydroxypropanesulfonic acid (MOPS) buffer, pH 7.0 (10X MOPS buffer was prepared
by combining 8.372g MOPS, 0.823g sodium acetate, 40ml UP-H2 O and 1ml 0.5M
EDTA and 20pl of DEPC). The volume was made up to 100ml, then autoclaved. One pi
of resuspended labelled cRNA transcripts was mixed with 14pl northern blot buffer
(750pl de-ionised formamide, 150pl lOx MOPS, 240pl de-ionised formaldehyde, lOOpl
UP-H 2 O, lOOpl glycerol O.lmg/ml bromophenol blue). The contents were mixed, boiled
for 5 minutes at 65°C then chilled on ice for 2 minutes. 150ml IX MOPS buffer was
poured over the solidified gel and each cRNA sample loaded into a single well. Gel
electrophoresis was performed at 50V for 2 hours. After the run, the gel was removed
and the transfer of cRNA from the gel onto a Hybond N+ nylon membrane (Amersham,
Life Technologies) performed according to Amersham’s RNA transfer instruction
manual. Subsequently, the apparatus was carefully dismantled and the membrane
marked for orientation. To remove adhering agarose gel, the membrane was gently
washed in 2x sodium tri-citrate, sodium chloride (SSC) prepared from a 20X stock
(175.3g sodium chloride, 88.2g sodium tri citrate in 11 DEPC- H2 O). The RNA was
fixed to the membrane by cross-linking under 1200pm ultra-violet light, (Spectrolinker)
for 1 minute, then washed in buffer 1 (lOOmM Tris (hydroxymethyl)-aminomethane
(tris)/150mM NaCl, pH7.5) for 15 minutes. To block non-specific binding sites,
membranes were incubated in a solution consisting of lg Boehringer blocking reagent
(Boehringer Mannheim), 0.5g bovine serum albumin, fraction V; Sigma in 100ml buffer
1, for 30 minutes. The solution was aspirated before anti-digoxigenin antibody
(sheep(fab2)fragment) tagged with alkaline phosphatase (Boehringer Mannheim), diluted
1:5000 in blocking solution was applied to the membrane.

The membrane was

incubated at RT for 3 hours at RT and the unbound antibody washed away, 2x 10
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minutes in buffer 1, then equilibrated in buffer 3 (lOOmM Tris, lOOmM sodium
chloride, 50mM magnesium sulphate hexahydrate) for 15 minutes. Membranes were
developed in 10ml buffer containing 345pi 5-bromo-4-chloro-3-indolyl phosphate
(BCIP), (Boehringer Mannheim) 35pl nitroblue tetrazolium (NBT), (Boehringer
Mannheim) and 6pi 2M levamisole. Membranes were transferred into dH20 to stop the
colour development.

(xi)

Dot blots

Dot blots were used to determine the approximate dilution ratio of the probes. Hybond
N+ membrane (Amersham) was cut to size using a clean scalpel blade and marked
lightly with dots to guide subsequent probe applications. Samples (2pl) of descending
probe concentrations were then applied to the membrane and left to dry at RT. The
membrane was then processed for digoxigenin-alkaline phophatase immunodetection as
described in section 2.2 (x).

2.3

In situ hybridisation using digoxigenin conjugated probes

(i)

Silanised slides

Double frosted glass slides (BDH) were washed in 10% Decon-90 for 12 hours,
followed by 3x15 minutes washes with tap water.

Slides were then washed for 5

minutes in dH20 , immersed in 37% hydrochloric acid in 95% ethanol for 15 minutes,
rinsed in dH20 for 2 minutes then autoclaved at 120°C. Once dry the slides were
treated with 6% silane-3-aminopropyl-triethoxy-silane in 100% acetone for 5 minutes.
The slides were subsequently washed 2x 2 minutes in 100% acetone followed by 2x 2
minutes in dH20 then air-dried at RT.

(ii)

Tissue preparation

(a)

Whole-mount retina

Postnatal and adult rats were placed in an anaesthetising drum and sedated with
Fluothane.

Rat pups were decapitated and adult rats were given an i.p. overdose

(lml/kg) of Sagatal. Eyes were enucleated, rinsed in 70% ethanol and an incision made
at the limbus-comea junction. Using iridectomy scissors, a cut was made along the
limbus, the cornea, lens, vitreous body removed and the retina within the eye cup fixed
by immersion in 4% paraformaldehyde in 0.1M phosphate buffer pH 7.2 at 4°C for 12lb hours. Once fixed, the sclera was removed and retinae processed as described in
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Section 2.3 (iii). 4% paraformaldehyde for in situ was prepared by dissolving lOg
paraformaldehyde in 200ml DEPC-H2 O on a hot plate until the temperature reached
60°C. 2 drops of 1M sodium hydroxide were added to clear paraformaldehyde
precipitate. The solution was allowed to cool to RT then 25ml lOx PBS (80g NaCl, 2g
potassium phosphate, 9.172g sodium phosphate, 2g potassium chloride in —11 DEPCH 2 O) added. The fixative volume was totalled to 250ml by adding ~25ml DEPC-H 2 O.

(b)

Retinal sections

Eyes were enucleated and the retina separated from its surrounding tissue as outlined
above. Once isolated the whole retina was placed in a plastic well, embedded in Tissuetek OCT compound (Miles Laboratories Inc.) and quickly frozen on dry ice. On some
occasions the enucleated eyeball was embedded in Tissue-tek and frozen on dry ice.
Tissues were routinely left an additional 2-5 minutes after the Tissue-tek OCT
compound had completely solidified.

(c)

Brain sections

Once anaesthetised as outlined above, embryos were decapitated and frozen as
described above. Rat pup skull sutures were cut with small scissors. The thin skull was
cut caudo-rostrally. The skull plates were folded back with forceps; the brain was
carefully scooped out with a narrow spatula, and placed in a plastic well filled with
Tissue-tek OCT compound. Brains were frozen on dry ice then left for an additional 3
minutes after the Tissue-tek OCT compound had completely solidified. Although bone
clippers (Fine Science Tools) were used to dissect adult rat skulls the dissection and
freezing process were identical to those used for postnatal preparations. The freezing
wells containing frozen tissue samples were wrapped in Nescofilm and stored at -20°C
until required for cutting.

(d)

Cryosectioning

To reduce section compression or chatter all tissues embedded in Tissue-Tek OCT
compound were allowed to equilibrate to the cutting temperature (-18°C) for 30-60
minutes before sectioning. Twenty pm thick retina and brain sections were cut on a
cryostat (Reichert-Jung) and directly thaw-mounted onto silanised slides. Sections were
briefly air-dried then fixed overnight at 4°C in 4% paraformaldehyde in 0.1M PB, pH
7.4.
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(iii)

Pretreatment of sections

Although whole-mount retinae were processed free floating in Eppendorfs, the in situ
hybridisation protocol was identical to that used for sections mounted and processed on
slides. Following overnight fixation, the sections were rinsed 2x 5 minutes in lx PBS,
(lOx stock, 80g sodium chloride; 2g potassium phosphate; 9.127g sodium phosphate; 2g
potassium chloride in 11 UP-H 2O), followed by a lx 2 minutes in lx PBS-T, (lx PBS
plus 0.1% Triton X-100). To increase probe access, sections were treated with 10pg/ml
proteinase K in PBS-T at RT for 10 minutes. Proteinase K activity was arrested by 2x 5
minutes washes in PBS-T + 2mg/ml glycine. Sections were then fixed in 4%
paraformaldehyde in 0.1M PB, pH 7.2 at 4°C for 20 minutes, washed 3x 5 minutes in
PBS, followed by 2x 10 minutes in DEPC-H 2 O. Sections were treated with 0.1M
hydrochloric acid for 10 minutes, briefly washed in DEPC-H 2 O then incubated in
0.25% acetic acid in 0.1M triethanolamine (BDH) for 20 minutes, then washed in
DEPC-H 2 O for 5 minutes. Prior to pre-hybridisation, the sections were dehydrated in an
ascending alcohol series:
5 minutes in 70% alcohol
5 minutes in 80% alcohol
5 minutes in 95% alcohol
5 minutes in 100% alcohol and air-dried at RT.
The dehydration step was omitted for free floating whole mount retina.

(iv)

Prehvbridisation

A grease pap pen (DAKO) was used to surround the sections to prevent the use of
excess pre-hybridisation and hybridisation solutions. Approximately 300pl of
prehybridisation solution was applied to each slide, which were placed in a humidified
incubation chamber and maintained at 37°C for 4 hours. Prehybridisation solution
> consisted of 30.5ml 50x Denhardts solution; 5ml 0.5M EDTA; 5mlTris-HCl, pH 7.6;
2.5ml lOmg/ml tRNA; 2mls 1M sodium chloride which were mixed and stored frozen
at '20°C in 1.5ml aliquots.

(v)

Hybridisation

Digoxigenin-labelled cRNA probes were thawed on ice and gently vortexed to ensure
complete mixing. The optimal dilution depended primarily on the titre of the probe and
varied between 1:300-1:500. Using sterile pipettes the prehybridisation solution was
removed and 300pl of freshly prepared pre-warmed hybridisation mix plus probe was
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immediately applied to each slide.

Slides were placed back into the humidified

incubation chamber and hybridisation allowed to proceed at 57°C (trkB kinase, NT-3
and trkC probes) or 60°C (BDNF, NT-4, probes) for 14-18 hours. The hybridisation
mix was prepared by combining 1.5ml de-ionised formamide (Fluka), 300pl lOx
Grundmix (2ml 1M Tris, 200pl 0.5M EDTA, 2ml 50x Denhardts, 2ml 25mg/ml tRNA,
lm l lOmg/ml poly-A-RNA in 2.8ml DEPC-H20 ), 199.8*11 5M NaCl; 600*il 50%
dextran sulphate; 150*il 2M DTT and 226.2(11 DEPC-H20 .

(vi)

Post-hybridisation washing and immunolabelling by digoxigenin

Hybridisation was arrested by transferring the slides into a slide holder containing pre
warmed (60°C) lx SSC for 5 minutes. Sections were washed at 60°C for 2x 30 minutes
in 0.2x SSC followed by 3x 1 hour washes in 0.2x SSC/50% formamide at 60°C.
Sections were equilibrated in 0.2x SSC at RT for 20 minutes, followed by a 30 minute
incubation in Buffer 1 (lOOmM Tris + 150mM NaCl).

In order to eliminate non

specific binding of the antibody, sections were incubated in 100ml buffer 1, consisting
of lg Boehringer blocking reagent, 0.5g bovine serum albumin, fraction V, termed
‘blocking solution’, at RT for 1 hour. Following the incubation period, excess blocking
solution was removed and alkaline phosphatase labelled sheep anti-digoxigenin
(F(ab)2)antibody diluted 1:1000 in the above solution applied. The sections were
incubated overnight at 4°C.

(vii)

Colour development

Prior to development, the digoxigenin antibody was removed and sections washed for
2x 10 minutes in buffer 1 then left to equilibrate in buffer 3 for 5 minutes. 500pl of
freshly prepared alkaline phosphatase substrate solution (45*il NBT + 35*il BCIP + lOjxl
0.5M levamisole in 10ml buffer 3) was applied to the sections, which were allowed to
develop in the dark at RT for 12-18 hours. Colour development was arrested by placing
the slides in buffer 4 (lOmM Tris + ImM EDTA, pH 8.0) for 2x 10 minutes. Sections
were then rinsed for 2x 5 minutes in distilled water, air-dried at RT, cleared in
Histoclear (Diagnostic National) then coverslipped with DPX mounting medium
(BDH).
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2.4

Preparation of materials for immunocytochemistry

(i)

Gelatinised slides

Gelatinising solution was prepared by dissolving 5g gelatin in 500ml distilled water at
50°C. The solution was cooled to RT and lg chromium potassium sulphate applied,
dissolved and filtered through Whatman no. 11 filter paper. Double-frosted glass slides
were cleaned by immersion in a solution of 95% ethanol and 2% glacial acetic acid for 5
minutes. The slides were dried at 60°C for 1 hour then placed into gelatinising solution
for 1 minute. Excess gelatinising solution was removed and the slides dried at 60°C for
15 hours.

(ii)

Immunocytochemistry using diaminobenzine as chromogen

A drop of Tissue-Tek OCT compound was placed on the specimen stage of the slidingfreezing microtome (Reichert, Austria). Dry ice pellets were placed in the surrounding
specimen tray to partially solidify the Tissue-Tek OCT compound and the trimmed
block of tissue quickly mounted on the Tissue-Tek OCT compound stub. Finely crushed
dry ice was placed around the specimen to aid freezing. When freezing was complete
the dry ice surrounding the specimen was removed. The freezing temperature was
maintained by the presence of dry ice in the specimen tray. Coronal brain sections were
cut at a nominal thickness of 60pm (P0 and P2) or 30pm (P5, P7, P10 and adult) and
collected (2-3 sections per well) in incubation wells (Coming), containing in 0.1M Tris
buffer (TB), pH 7.4 (13.22g Trizma HC1, 1.94g Trizma base in 11 dH20). Sections were
subsequently treated free floating in 0.25% Triton X-100 in 0.1M TBS (250pl Triton X100 plus 0.9g sodium chloride in 100ml TB) at 4°C for 1 hour. The 0.25% Triton X-100
solution was aspirated and briefly rinsed in 0.1M TBS. To eliminate the non-specificbinding of the antibody sections were bathed in a ‘blocking solution’ (see Table 2.4a)
for 30 minutes. The ‘blocking solution’ was aspirated, 250pl of antibody diluted in
‘blocking solution’ (See Table 2.4a) was applied to the sections, the incubation well lid
replaced and the sections incubated at 4°C for 2 days. Following the incubation period,
the antibody solution was aspirated and sections washed 4x 10 minutes in 0.1M TBS.
TBS was replaced with biotinylated goat-anti rabbit or biotinylated horse anti-mouse
(Vector Laboratories, Burlington, CA) diluted 1:200 in 0.1M TBS. The sections were
incubated at RT for 2 hours. Sections were subsequently washed 3x 10 minutes in 0.1M
TBS then processed with avidin-biotin complex, ABC reagent (Elite Kit, Vector
Laboratories, Burlington, CA) for 2 hours. After rinsing for 2x 10 minutes in 0.1M TB,
peroxidase labelling was visualised by incubating the sections in 0.1M TB containing
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0.04% diaminobenzidine (DAB); 0.06% nickel chloride (NiCl); 0.04% hydrogen
peroxidase, (H20 2) pH 7.6 (400pl 1% DAB; 125/xl 5% NiCl; 13pl H20 2 in 10ml TB).
The colour development was quenched in 0.1M TB, pH 7.6. The sections were washed
3x 5 minutes in 0.1M TB followed by a 1 minute rinse in dH20 , mounted on gelatinised
slides then left to dry overnight at RT.
Sections were dehydrated through an ascending alcohol series (50% 5 minutes; 70% 5
minutes; 95% 5 minutes;100% 5 minutes) cleared in histoclear then coverslipped with
DPX mounting medium.
Table 2.4a. Details of the neurotrophin antibodies used for immunocytochemical
analysis.
____________________________________________________________
Antibody

Source

Host

Blocking solution

Anti-BDNF
Anti-Trk B
Anti NT-4
Anti- BDNF

Santa Cruz
Santa Cruz
Santa Cruz

Rabbit
Rabbit
Rabbit

Dr. Q.Yan
(Amgen, USA)

Rabbit

2% BSA + 5%
normal goat serum in
0.1M TBS.
2% BSA in 0.1M
TBS

Rabbit

2% BSA + 5%
normal goat serum in
0.1M TBS

Dilution

Incubation
Deriod

Anti-V2

Dr. Furukawa
(Kifu
Pharmaceutical
University,
Japan)

Anti-BDNF
Anti-NT-4

Genentech

Guinea pig
Goat

Anti-Abl

Oncogene

Mouse

1:100

2 days at 4°C

1:100

2 days at 4°C

1:100

2 days at 4°C

2% BSA + 2% goat
serum or normal
rabbit serum.

1:200

2 days at 4°C

1% BSA +2%
normal horse serum
in 0.1M TBS

1:100

2-5 days at
4°C

Monoclonal or polyclonal antibodies were diluted in their respective blocking solution, applied to sections and incubated at 4°C for
2 days.

Cryostat sections were thaw-mounted onto gelatinised slides and were treated
identically to the free-floating sections processed for DAB immunocytochemistry.

(iii)

Immunofluorescence

Perfused-fixed tissues were placed in 30% sucrose buffer at 4°C for 2 days, then
embedded in Tissue-Tek OCT compound. Sections were cut at a thickness of 30pm on
a sliding freezing microtome and processed free-floating or cut at 15pm on a cryostat,
and thaw mounted and processed on gelatinised slides.

Sections were treated with,

0.1M TBS containing 0.25% Triton X-100, 2% BSA, 5% normal goat serum at RT for 1
hour.

Double labelling was performed by combining polyclonal and monoclonal

antibodies in 0.1M TBS containing 2% BSA. Sections were incubated at 4°C for 2
days, washed 3x 10 minutes in 0.1M TBS, followed by a 2 hour incubation in 0.1M
TBS

containing

1:1000

cyanone-3

tyramide

(Cy3)

and

1:100

sheep
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fluoroisothocyanate (FITC) at RT for 1 hour. Subsequently, sections were washed 2x 5
minutes in 0.1M TB and those processed on slide were coverslipped in DABCO
mounting medium (45ml glycerol, 5ml 0.1M PBS 1.25g 1,4 diabicylo (2,2,2) octane).
Sections processed free-floating were mounted on gelatinised slides, before being
coverslipped in DABCO mounting medium.
(iv)

Controls

The staining specificity of the commercial polyclonal antibodies were assessed by (i)
pre-absorption of the antibody with an excess (0.2pg/ml) of protein for 24 hours (ii)
omission of the primary antibody (iii) incubating the sections in normal rabbit serum.

(y)

Imaging and photography

Slections processed with DAB immunocytochemistry were analysed under bright field
optics and photographed using PanF 50 (Ilford) or TmaxlOO (Kodax) black and white
film or Ekatchrome 64T slide colour film (Kodak). Sections processed for
immunofluorescence were analysed under fluorescent light and photographs taken using
Tmax 3200 black and white film (Kodax) or Previa colour film (Fuji). Black and white
films were developed according to manufacturer’s instructions. Colour films were
developed at CPL, London

2.5

Western blot analysis

(0

Preparation of sodium dodecvl sulphate polyacrylamide gels

All equipment was sprayed with 70% alcohol, left to air dry then rinsed with UP-H 2 O
The mini-protean® II electrophoresis cell and casting stand (Biorad) were assembled
according to the manufacturer’s instructions and a 12% separating gel prepared by
combining 14ml 29.2% acrylamide/0.8% bis-acrylamide solution; 8.7ml Tris-HCl pH
8.8; 11.8ml UP-H20 ; 350pl 10% sodium dodecyl sulphate, SDS in a glass filtering flask
(Duran). The contents were thoroughly mixed then degassed at RT for 30 minutes,
using a water suction pump. Gel polymerisation was initiated by applying 116pl of
freshly

prepared

10%

ammonium

perisulphate

and

12|J,1

N ’N’N ’N-

Tetramethylethylenediamine (TEMED). The contents were gently but thoroughly mixed
and the gel cast between the glass plates as describe in the instruction manual. Using a
sterile glass pipette 1ml of UP-H20 was gently applied to overlay the gel.

When

polymerisation of the separating gel was almost complete a 4% stacking gel was
prepared by combining 1.33ml 29.2% acrylamide/0.8% bis-acrylamide solution; 1.3ml
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1M Tris-HCl pH 6.8; 7.3 ml UP-H20 ; lOOpl 10% SDS. The contents were mixed then
degassed. Before the application of 90pl 10% ammonium perisulphate and 9pi
TEMED, the water from the separating gel was removed using clean pieces of filter
paper. 2ml of the liquefied 4% gel was carefully pipetted over the solidified separating
gel and the well forming comb gently eased into place into the liquified stacking gel.
The gel was allowed to polymerise with the comb in place at RT for 1 hour, but was
topped up every 5 minutes for the first 15 minutes. Once set, the well forming comb
was gently eased out of the stacking gel, the gel clamp removed from the casting stand,
and connected to the inner cooling core which was then placed in the electrophoresis
chamber.

(ii)

Protein extraction from fresh tissue

Adult rats and pups were deeply sedated with Fluothane, followed by an overdose i.p
injection with Sagatal. Pups were deeply anaesthetised with Fluothane then decapitated.
Pup skull sutures were cut with small scissors. The skull plate was cut caudo-rostrally
along the longitudinal fissure. The skull plates were folded back with forceps, the
cranial nerves cut and the brain carefully scooped out with a narrow spatula, and placed
in a sterile hand-held homogeniser tube (Shearaton, USA), containing (1 ml per brain)
freshly prepared and chilled cell lysis buffer (500pl lm Tris-HCl pH 8.0; 300pl 5M
NaCl; 20pl 10% sodium azide; 500pl 20% Triton X-100; lOOpl 10% SDS; 5pl of
2mg/ml aprotonin-2; 575pi phenylmethylsulfonylfluoride; 8ml UP-H20 ). Brains were
manually homogenised using 25 strokes and allowed to chill on ice for 20 minutes.
Homogenates were vortexed for 10 seconds, aliquoted into sterile Eppendorfs and
centrifuged at 13K for 2 minutes at 4°C. The supernatants (protein) were transferred to
new Eppendorfs and centrifuged at 13K for 30 minutes. The supernatants were again
transferred to new Eppendorfs and centrifuged at 13K for a further 40 minutes.

(iii)

Protein reduction

Protein samples were placed under reducing conditions by diluting (1:1) with lx SDS
sample buffer (50pl 1M Tris-HCl pH 6.8; lOOpl 2-mercaptoethanol; 400pl 10% SDS;
200pl 0.5% bromophenol blue; 200pl glycerol; 50pl UP-H20). The samples were
thoroughly mixed, boiled at 95°C for 4 minutes, and then chilled on ice for 2 minutes.
50ng recombinant BDNF protein (Regeneron, USA) and peptide (Santa Cruz) were also
reduced (1:1) in 2x SDS sample buffer (500pl 1M Tris-HCl pH 6.8; lOOpl 2-
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mercaptoethanol; 400p,l 10% SDS; 200pl 0.5% bromophenol blue; 200pl glycerol; 50pl
UP-H 2 O). All samples were processed for electrophoresis together.

(iv)

Gel electrophoresis

500ml of chilled electrophoresis lx running buffer [(5x stock) 15.1g Tris base; 72g
glycine 50ml 10% SDS in 11 UP-H 2 O] was prepared and poured into the buffer
chambers. 20pl of each reduced sample was carefully loaded into a single well. In
addition, lOpl of a biotinylated molecular marker and IOjliI of a colour molecular
marker were loaded into separate wells. Proteins were separated by 12% SDS-PAGE at
a constant 200V and 120mA for 50 minutes. After electrophoresis, the power supply
and electrical leads were disconnected, and the apparatus dismantled.

(v)

Electroblotting

The gel was carefully separated from between the glass plates and placed into a sterile
petri dish containing chilled protein transfer buffer, PTB (25mM Tris; 192mM glycine;
20% v/v methanol Analar; pH 8.3), and left to equilibrate for 5 minutes. The mini
transblot cassette was assembled according to the instruction manual. Briefly, the
opened transfer cassette was placed into a sterile petri dish filled with PTB, a single
absorbent sponge pad was placed in the centre of the lower cassette (cathode), which
was then overlaid with 3 sheets of 3MM Whatman filter paper. The filter paper (cut to
the same size as the gel), the absorbent sponge pad and Hybond ECL nitrocellulose
membrane (Amersham, Life Sciences) were allowed to equilibrate in transfer buffer for
30 minutes during gel electrophoresis. The gel was carefully transferred onto the 3MM
filter paper and immediately over-layered with 3x 3MM filter paper. Another absorbent
sponge pad was placed on top of the 3MM filter paper. Special attention was taken so
as not to allow the gel to dry. The cassette was closed, the latch secured, and installed
into the mini-transblot cell. The procedure was repeated as 2 gels were always cast
together. The bio-ice cooling unit was placed into the buffer chamber and
approximately 400ml of PTB was used to fill the buffer chamber.

Proteins were

electrophoretically transferred from the gel to the nitrocellulose membrane at 100V and
250mA for 1 hour.

(vi)

Immunodetection of protein and controls

Following protein transfer, the apparatus was dismantled, the nitrocellulose membrane
removed and carefully placed in washing boats containing 50ml of lx Tris buffered
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saline, TBS (lOx stock TBS, 30.35g Tris; 80g NaCl; 0.2g KC1), containing 0.1%
Tween-20, TBS-T, (250|xl Tween-20 in 50ml of IX TBS). The membranes were gently
washed for 2x 1 minute, the TBS-T removed and the membranes blocked for 1 hour in
5% milk in TBS-T (5g of Marvel non-fat milk in 100ml TBS-T). The blocking solution
was removed and 12ml of anti-rabbit BDNF (Santa Cruz) diluted 1:1000 with TBS-T,
anti-BDNF (RAB) (1:1000) or anti-BDNF (1:100) (Oncogene) applied.
Pre-absorption controls were performed by:
(i)

Pre-absorbing 50ng primary antibody with 500ng rhBDNF protein in TBS-T at
4°C for 16 hours

(ii)

Pre-absorbing 50ng primary antibody with 500ng BDNF peptide in TBS-T at
4PC for 16 hours

The solutions were spun at 10K the supernatant collected and used to incubate the
membranes in place of the primary antibody. The membranes were incubated overnight
at 4°C, with gentle agitation. Subsequently, the membranes were thoroughly washed, 2x
5 minutes in TBS-T followed by 3x 10 minutes in TBS-T and the secondary antibody,
biotinylated goat-anti rabbit (Vector Laboratories, Burlington, CA), diluted 1:500 in
TBS-T and applied to the boats. The membranes were incubated at RT for 1.5 hours.
Prior to visualising the antibody using Vectastain® Elite ABC kit (Vector labs,
Burlington, CA.), the membranes were washed 4x 10 minutes in TBS-T. Membranes
were then incubated in 12ml of ABC solution (1:1000) at RT for 2 hours, washed in
TBS-T for 3x 10 minutes then the bands developed with 0.04% diaminobenzidine,
0.06% nickel chloride, 0.04% hydrogen peroxidase in lx TB, pH 7.6. Membranes were
transferred into 0.1M TB to stop the colour development.

2.6

Pre-embedding ultrastructural analysis

(i)

Fixation and tissue preparation

Adult rats were perfusion-fixed as described in section 2.1 (vi) with 600ml modified EM
fixative (4% paraformaldehyde plus ImM CaCh in 0.1M Millonigs buffer) or with
modified Kamvosky’s fixative (modified EM fixative plus 0.1% glutaraldehyde). 40g
paraformaldehyde was dissolved in 300ml (IH2O at 60°C. Once the precipitate had cleared
by adding drops of 1M NaOH, the fixative was cooled and 500ml 0.2M Millonigs buffer
(13.8g sodium dihydrogen orthophosphate, 3.85g NaOH and 5.38g glucose in 500ml
(IH2O) and 600JJ.1 of 1M CaCL added. The fixative solution was filtered, 2ml of 25%
glutaraldehyde applied and the volume made up to 11. Following fixation the animals were
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decapitated, the scalp opened and the skull carefully snipped away (caudorostrally) with
bone clippers. The cranial nerves were cut, the brains removed and trimmed into a block
containing the thalamus and midbrain. The block of brain was marked for orientation, then
attached to the cutting stage of a Vibroslice (Campden Instruments) with cyanoacrylate
adhesive (RS Components). Coronal slices of the whole brain were cut at 80-100|nm and
collected in serial order in 0.1M PB, pH 7.4. Selected sections were then transferred into
microwells containing 0.1M TBS, others sections were trimmed to isolate areas of interest.

(ii)

Pre-embedding

With the exception of (i) bathing the sections in various concentrations of Triton X-100
over a recorded period, sections were processed for anti-BDNF (Amgen) and TrkB
immunocytochemistry as outlined in Section 2.4 (ii). Following immunocytochemistry, the
sections were transferred into marked glass vials containing 0.1M PB, pH 7.4.

(iii)

Post-fixation with osmium tetroxide and block-staining with uranvl acetate

The phosphate buffer was removed and all the sections were flattened out and post-fixed in
their vials with 1% osmium tetroxide (Johnson Mathey) in 0.1M sodium phosphate buffer,
pH 7.4.

Post-fixation was performed for 45 minutes in the dark at 4°C with gentle

agitation. Subsequently, the osmium tetroxide solution was removed and the sections
rinsed 2x 10 minutes with 0.1M sodium acetate. Some sections were en-bloc stained with
2% aqueous uranyl acetate solution (Agar) in 0.1M sodium acetate at 4°C for 45 minutes
in the dark.

(iv)

The analysis of tissue using transmission electron microscopy

Following post fixation and/or block staining, the uranyl acetate was aspirated, the sections
rinsed in 0.1M sodium acetate for 1 hour at 4°C followed by CIH2 O, then dehydrated in an
ascending ethanol (Analar) series:
25% ethanol

(5 minutes)

50% ethanol (5 minutes)
70% ethanol (5 minutes)
90% ethanol (10 minutes)
100% ethanol (4x 10 minutes)
Afterwards, the sections were taken through 100% propylene oxide solution (BDH), 3x 10
minutes. Following the last change of propylene oxide the sections were bathed in a
propylene oxide: araldite resin mixture (1:1) for 1 hour at RT. Araldite resin was prepared
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by combining lOg dodecenyl succinic anhydride (Agar Scientific), lOg Araldite (Agar
Scientific) and 0.8g dibutylphthalate (Agar Scientific). Once mixed by stirring on a hot
plate at 50°C, 0.4ml benzyldimethylamine was applied. Following the incubation period,
the propylene oxide/araldite mixture was exchanged for 100% Araldite resin and the
sections equilibrated overnight at RT, with gentle agitation. The following day the resin
was removed and fresh resin applied 2x 1 hour. After the final resin exchange, the sections
were removed from the vials, then placed onto a single 6.5cm by 4.5cm transparent
Melinex sheet (ICI) (approximately 6 sections per sheet). The sections were lapped with
another Melinex sheet of the same size, then sandwiched between 2 thin glass sheets
(6.5cm by 4.5cm) and weighed down with a lead weight, (Campbell et al., 1988). The
sandwiched sections were allowed to polymerise at 60°C for 48 hours. After
polymerisation the top Melinex sheet was gently peeled from the other leaving the sections
firmly attached to the bottom sheet.
All tissue sectioning fo r transmission electron microscopy was kindly performed by Mr
Mark Turmaine and Mr Suhel Miah in the electron microscopy suite o f the Anatomy
Department at University College London.
With the aid of a dissecting microscope, a small section (approximately 2mm) was cut out
from the appropriate brain nuclei using a surgical scalpel, gauge 10. A speck of
cynaoacrylate adhesive was placed onto the centre of the flattened surface stump of a resin
stub, the appropriate brain nuclei firmly placed in the adhesive and left to dry at RT.
Ultrathin sections (80-100nm) were cut using a Reichert Jung ultramicrotome and
collected on formvar coated copper grids. Sections were examined and photographed using
a JEOL 1010 transmission electron microscope.

2.7

In vitro studies

(i)

Animals

Timed-pregnant albino Wistar rats were obtained, cared for and mated in the Biological
Services Unit of Queen Mary & Westfield College, described in Section 2.1 (i), and
optic nerve crushes were performed as outlined in Section 2.1 (iii).

(ii)

Substrate preparation

(a)

Sterility

Glassware was washed in phosphate-free tissue culture safe detergent (ICN-Flow) then
thoroughly washed in df^O before being sterilised by heat at 200°C for 2 hours. Pipette
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tips were autoclaved. Syringes (Becton Dickenson), needles (Becton Dickenson), and
petri dishes (Falcon and Coming) were supplied sterile from their respective
manufacturers and were disposed of after a single use. Culturing procedures were
carried out in a laminar flow hood (Haereus) under rigorous aseptic conditions. Before
culturing, the hood surfaces were swabbed with 70% ethanol, and when not in use
sterility was maintained by UV light. Glass coverslips (16mm 0 and 22mm x 22mm)
and Melinex sheets (both BDH) were treated with 1% acid alcohol in an ultrasonicator
(Branson B3) for 2 hours, then rinsed with sterile UP-H 2O 2x 10 minutes.

Glass

coverslips and Melinex sheets were maintained in 70% ethanol at 4°C until required for
coating. When required, glass coverslips and Melinex sheets were transferred into glass
petri dishes layered with sterile sheets of 3MM filter paper, autoclaved at 145°C for 45
minutes, cooled to RT then coated with poly-l-lysine/laminin.

(b)

Poly-l-lysineAaminin coating

Sterile glass coverslips or Melinex sheets were transferred to the culture dish and 300pl
of poly-l-lysine, (O.lmg/ml in Dulbeco’s modified essential medium, DMEM) (Gibco)
was applied to the surface (Bahr et al., 1988). The dishes were maintained in an
incubation chamber (Haereus) at 37°C with 5% CO 2 overnight. Subsequently, the polyl-lysine was aspirated and the surface rinsed 2x 5 minutes with 2ml sterile water. 500pl
of Engelbreth-Holm-Swarm mouse sarcoma laminin (Gibco) (20pg/ml; Bahr et al.,
1988) in Ham’s F12 was placed onto the poly-l-lysine coated surface and maintained at
37°C with 5% CO 2 for 3 hours. Before introducing the explant, the laminin was
aspirated and the surface rinsed lx 2 minutes with sterile Dulbeco’s PBS.

(iii)

Incubation medium

(a)

N2 serum-free chemically defined culture medium

Embryonic cultures were maintained in modified N2, chemically-defined, serum-free
medium (Bottenstein & Sato, 1979). N2 was prepared by combining stock solutions of
insulin, bovine serum albumin, fraction V, progesterone, putrescine, selenium and apotransferrin to DMEM (Gibco) (see Table 2.7a).

(b)

S4 serum fre e chemically defined culture medium

Adult cultures were maintained in modified S4, chemically defined-serum-free medium
(Needlam et al., 1987 and Bahr et al., 1988). Cholera toxin, endothelial mitogen and
transferrin were omitted. S4 medium was prepared from frozen stock solutions (see
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Table 2.7b). All media were sterile filtered through a nitrocellulose membrane with
0.22pm pores (Nalgene) and stored at 4°C for a maximum of 2 weeks. The medium was
changed 24 hours after explantation and on every third day thereafter.

(c)

Application o f neurotrophins and trk-lgG receptor body proteins

Recombinant human (rh) BDNF, NT-4 NT-3 and CNTF were provided by Regeneron
Pharmaceuticals, New York, USA. They were prepared as stock solutions according to
the manufacturers instructions and diluted in freshly prepared and sterile filtered N2 or
S4 medium immediately before culturing.

The concentrations of the factors used

ranged between 5-100ng/ml. Trk receptor bodies or trk-IgGs which recognise and bind
to BDNF protein were provided by Genentech, USA and were prepared in incubation
medium according to the manufacturer’s instructions.

(d)

Controls

For control cultures, the proteins were omitted from the medium.

(iv)

Embryonic retinal explants

Pregnant females were sacrificed by cervical dislocation under halothane anaesthesia at
the embryonic age required. The abdominal area was rigorously sprayed with 70%
ethanol, then opened to exposed the foetuses within the uterus. The uterus was removed
and placed into a 90mm dish filled with Hanks balanced salt solution (HBSS). The
foetuses were dissected out, decapitated and placed into a sterile petri dish filled with
Ham’s F I2 medium containing 10% heat-inactivated horse serum and 20mg/l
gentamicin sulphate.

To help maintain sterile dissection conditions, dishes and dissection forceps were
changed at each major dissection stage. With the aid of a dissecting microscope
(Nikon), the eyes were enucleated and placed into sterile Ham’s F12 nutrient medium,
supplemented with 20mg/l gentamicin sulphate. Using fine forceps and iridectomy
scissors the corneas were excised. The eyes were further dissected to remove the lens
and vitreous covering the GCL. The retina was separated from the sclera and gently
manoeuvred and whole mounted (GCL facing up), onto the surface of black
nitrocellulose filter paper, pore size 0.45pm (Sartorious).

The filter papers were

transferred to the stage of a tissue chopper (McIIwain), and cut in half through the optic
disc (Fig. 2.1a-d). Hemi-retinae attached to the filter paper, were placed (GCL facing
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Schematic diagram showing the paradigm o f wholemount retinal explant cultures
ON

1a

ON

Figure 2.1a-d . Eyes taken from culled embryos were enucleated (a, b) and dissected in F I2 medium.
The retina was seperated from its surrounding tissue and the vitreous removed. Two incisions
(arrows) were made at opposites sides o f the retina (c) which was subsequently flat-mounted (GCL
layer facing up) into black nitrocellulose filter (NCF) paper. The NCF paper was placed onto the stage
o f the tissue chopper then the retina cut in half through the optic disc (d).
Figure 2 .2 a -c . Enculeated eyes from culled adult animals which had recieved a pre-conditioning lesion 8 day
before (a) were dissected in HBSS. The retina was dissected out and tw o incisions (arrows) made
on opposite sides o f the retina (b). The retina was flat-mounted (GCL facing up) onto black NCF paper and
the virteous body carefully peeled away from the retina. The retina was cut into 6-8 pie shaped segments
centred at the optic disc (c). Arrow heads point to site o f optic nerve crush.
Embryonic and adult retinal segm ents were mounted (GCL facing d o w n ) onto poly-l-lysine/lam inin coated
glass coverslips or M elinex sheets and cultured in N 2 or S4 serum-free chem ically defined medium or
neurotrophin conditioned medium (see Chapter 2 section 2.7).
A bbreviations: LJens: ON optic nerve.

down), onto the surface of the poly-l-lysine/laminin glass the coverslip or Melinex
sheet. Once attached ~2ml of N2 chemically defined serum-free medium was carefully
added to each culture vessel. The vessels were maintained at 37°C under 5% CO2 , 95%
O 2 in a humidified incubator for 1-15 days in vitro.

(v)

Adult retinal explants

Adult retinal explants were prepared in much the same way as the embryonic explants.
However, to increase the yield and survival of RGCs in culture (Ford-Holvenski et al.,
1986; Bahr et al., 1988), an intraorbital optic nerve crush was performed 7-10 days
before explantation. Eight days after the optic nerve crush, the animals were given an
overdose i.p overdose (lml/kg) of Sagatal, when all reflexes were absent animals were
decapitated. Eyes ipsilateral to the crush were quickly removed and placed HBSS,
supplemented with 25mg/l gentamicin sulphate and 36mg/l sodium pyruvate and excess
extraocular tissue dissected away. A small incision was made at the limbus of the eye
with a surgical blade (no. 10, Swann-Morton). The lens, pupil, cornea and surrounding
tissue were cut away, leaving the sclera and the attached retina and vitreous body.
Using fine Vanna scissors, 2 clean cuts were made opposite each other from the
periphery towards the optic disc of the retina (terminating at approximately 1/2 way
from the optic disc). The retina was gently lifted away from the sclera and detached by
transecting the attached optic nerve at the optic disc. The retina and the attached
vitreous body were then transferred to a drop of fresh S4 medium and gently
manoeuvred (GCL facing up) onto the surface of black nitrocellulose filter paper. The
periphery of the retina was pushed down onto the filter paper to ensure complete
attachment. The nitrocellulose filter paper with the attached retina was removed from
the incubation medium and quickly transferred to a dry piece of nitrocellulose filter
paper, in order to absorb some of the medium from the retina and attached nitrocellulose
filter paper. The vitreous body was then quickly peeled away with fine forceps (no. 7,
Swann-Morton) and a small drop of medium was applied to the retina to prevent it from
dehydrating. The filter paper was transferred to the stage of the tissue chopper and 6-8
pie-shaped segments centred at the optic disc were cut (see Figure 2.2a-c). The retinae
and attached filter paper were quickly placed (RGC layer down) onto the moistened
Poly-l-lysine/laminin coated surface.

Once attached, 2-3ml of freshly prepared S4

medium or S4 with rh neurotrophin protein was added. The cultures were maintained at
37°C under 5% CO2 , 95% O2 in a humidified incubator.
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T able 2.7a. N2 supplements added to DMEM
N2 Supplem ent

Stock

Final concentration

Progesterone

20pg/ml

2xl0-8M

Sodium selenium

30jig/ml

3xi0-8M

Putrescine

0 .0 1M

lOOpM

Apo-transferrin

5 mg/ml

lOOpg/ml

Insulin

0.5mg/ml

5pg/ml

BSA

10%

1%

Preparation o f modified N2 serum free chemically-defined medium (Bottenstein & Sato 1979). Additional supplements were
prepared in stock solutions (column 2) and applied to Dulbeco’s Minimal Essential Media to obtain a final working concentration
(column 3).

Table 2.7b. S4 supplements added to DMEM
S4 Supplem ent

Stock (g/lOml)

Final concentration (g/L)

Sodium selenium

0.0043

0.00000043

Chromium chloride

0.00027

0.00000027

Copper sulphate

0.00025

0.00000025

Manganese sulphate

0.00015

0.00000015

Molybedium trioxide

0.00023

0.00000023

Zinc sulphate

0.00014

0.00000014

L-alanine

0.00029

0.0029

L-asparginine

0.036

0.0036

L-aspartic acid

0.04

0.004

L-glutamic acid

0.04

0.004

L-proline

0.08

0.08

Vitamin C

0.01

0.001

d-Biotin

0.024

0.000024

DL-a Lipotic acid

0.012

0.00012

Vitamin B12

0.0135

0.00135

Magnesium chloride

0.4

0.04

Linoleic acid

0.015

0.0015

Linolenic acid

0.01

0.001

Insulin

0.05

0.005

Putresecine

0.08

0.008

Bovine albumin serum

0.792

0.0792

HEPES

0357

3.57

Glucose

-

3.5

Preparation of modified S4 serum-free chemically defined medium (Needlam et al., 1988), Endothelial mitogen and cholera toxin
and transferrin were omitted. Additional supplements were prepared in stock solutions (column 2) and applied to Dulbeco’s
Minima] Essential Medium to obtain a final working concentration (column 3). HEPES, N-(2-hydroxyethyl)piperazine-N’(2ethanesulphonic acid)
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(vi)

Imaging throughout the incubation period

Minor processes emanating from the explants appeared sensitive to the lowest light
levels. Photo-damage to living neurites was therefore minimised by using neutral
density filters placed in the light path during analysis and photography. Cultures were
viewed using phase contrast optics and photographs were taken on the Nikon Diaphot
microscope.

(vii)

Immunocytochemistry

After the incubation period, explants were processed for immunocytochemistry with
antibodies to rat thy 1.1, an epitope located on the surface of RGCs (Bamsatble and
Drager, 1987) and heavy neurofilament-200 (NF-H), which recognises the 200kDa
neurofilament subunit. Anti-tujl antibody directed against the neuron specific type III
P-tubulin isoform (a gift from Dr.A. Frankfuter, University of Virginia, USA) and anti
growth associated protein-43, GAP-43 (a gift from Dr G. Wilkin, Imperial College,
London, UK) were used to identify developing and regenerating optic axons.
Rhodamine-conjugated phalloidin, which recognises filamentous actin, was used to map
F-actin elements in developing and adult optic neurites. Anti-trkB was used to examine
trkB protein in developing and regenerating retinal neurites.

(a)

Thy 1.1 immunofluorescence

Live cultures were routinely used for thy 1.1 localisation since prior fixation resulted in
a dramatic loss of thy 1.1 immunoreactive product. Cultures were incubated with antithy 1.1 (1:500) applied to the incubation medium overnight at 37°C under 5% CO 2 . The
cultures were rinsed in F12 + 5% horse serum for 10 minutes, followed by 3 washes
with F12. For fluorescent immunolabelling, live cultures were incubated with FITC
sheep anti-mouse antibody diluted 1:100 in F12 at 37°C for 1 hour. Cultures were then
washed 3 times in HBSS some were fixed with 4 % paraformaldehyde in 0.1M
phosphate buffer for 30 minutes followed by 2 washes in phosphate buffer.

(b)

Neurofilament or T u jl/ GFAP double immunofluorescence

For the labelling of axons with NF-200 or Tujl and neurites with T ujl, and glia
explants were fixed and permeabilised for 15 minutes with 100% methanol at -20°C,
rinsed in HBSS. Cultures were blocked in 0.1% BSA and 2% NGS and NRS in 0.1M
PBS, then incubated with a mixture of anti-NF-H or anti-Tujl and anti-GFAP (1:500) at
4°C for 24 hours. Following 3 washes in PBS, a mixture of FITC conjugated goat anti
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mouse antibodies and goat anti-rabbit Cy3 diluted 1:100 and 1:1000 respectively, was
used to visualise the primary antibodies. After final washes (2x 5 minutes) all cultures
were mounted in DABCO antifade medium and examined.
It was not possible to double stain cultures with NF-H and thy 1.1 as both antibodies
were mouse IgGs and polyclonal NF-H failed to produce adequate immunolabelling.

(c)

Tujl/ GAP-43 and Tuj-1/ trkB double immunofluorescence

Cultures were washed with FI 2 then fixed in 4% paraformaldehyde in 0.1M PBS at RT
for 30 minutes. Following fixation, the cultures were washed 2x 10 minutes with 0.1M
PBS then 2ml blocking solution (0.25% Triton X-100, 5% NGS, 2% BSA in 0.1M PBS)
applied for 1 hour.

Prior to antibody application (diluted 1:200 in 0.1M PBS) the

blocking solution was aspirated and double labelling of Tujl and GAP-43 and Tujl and
trkB performed by combing both antibodies in the appropriate blocking serum.
Cultures were incubated overnight at 4°C, washed 4x 5 minutes in 0.1M PBS, then
processed with goat anti-mouse FITC (1:100) and goat anti-rabbit Cy3 (1:1000) for 1
hour at room temperature. Cultures were subsequently washed 3x 5 minutes in 0.1M
PBS then coverslipped with 200pl DABCO.

(d)

Rhodamine-Phalloidin /Tujl double immunofluorescence

Cultures were fixed in 3% paraformaldehyde in 0.1M PBS containing 2mM CaCh and
2mM magnesium sulphate (PBS-CM at RT for 30 minutes). Following fixation, the
cultures were washed 3x 2 minutes with PBS-CM, then incubated in anti-Tujl in 0.1M
PBS-CM containing 0.02% Triton-XlOO overnight at 4°C. Cultures were subsequently
washed 3x 2 minutes with PBS-CM, then incubated in rhodamine-phalloidin (125ng/ml)
in the dark at RT for 1 hour. Subsequently, the cultures were thoroughly washed 5x 2
minutes in PBS-CM, incubated in goat anti-mouse FITC (1:100) for 1 hour at RT,
rinsed 2x 5 minutes in PBS-CM, then coverslipped with 200pl DABCO.

(e)

Visualisation o f Tujl, GAP-43 and trkB proteins with diaminobenzidine as
chromogen

Some cultures were processed to visualise Tujl or GAP-43 and trkB proteins using
DAB. Explant cultures were fixed in 4% paraformaldehyde at RT for 40 minutes,
rinsed 4x 5 minutes in PBS, treated with 0.25% triton X-100 PBS containing 1% BSA
and 1% normal horse serum (Tujl processing) or 1% BSA and 5% normal goat serum
for 30 minutes, then incubated with the appropriate antibody overnight at 4°C.
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Subsequently, cultures were washed several times with 0.1M PBS the treated with the
biotinylated horse anti-mouse (Tujl) or biotinylated goat anti-rabbit (GAP-43 and trkB)
secondary antibodies, diluted 1:200 for 2 hours at RT. Visualisation of the proteins was
performed using the ABC—DAB method as described in section 2.4

(f)

Controls

Controls were performed by substituting the primary antibodies with normal serum
(1:100) or by omitting the primary antibody.

(viii) Photography
Living cultures and fixed cultures (processed for immunohistochemistry using DAB as
a chromogen) were photographed under phase contrast optics or brightfield optics using
PanF50 or TmaxlOO black and white film and Ektchrome 64Tslide colour film.
Fluorescent images were photographed using Tmax 3200 black and white film and
Previa 1600 colour film.

2.8

Ultrastuctural analysis of retinal explant cultures

(il

Fixation of retinal explant cultures

Cultures grown on Melinex sheets were fixed in 6% glutaraldehyde in 0.1M sodium
cacodylate buffer (BDH), pH 7.4 at RT for 30 minutes. The fixative was prepared by
mixing 25ml 0.2M sodium cacodylate buffer with 12ml 25% glutaraldehyde, then
adjusting the volume to 50ml with dH20. Following glutaraldehyde fixation, the
cultures were rinsed 3x 2 minutes in 0.1M sodium cacodylate buffer. With the aid of a
dissecting microscope areas of interest were noted and the Melinex scored with a blade.
Cultures were fixed in 2% osmium tetroxide (TAAB) buffered in 0.1M sodium
cacodylate for 30 minutes and subsequently rinsed 2x 2 minutes in 0.1M sodium
cacodylate buffer, followed by a brief rinse in ctfLO.

(ii)

Dehydration and embedding

Cultures were dehydrated in an ascending ethanol series:
25% ethanol

(5 minutes)

50% ethanol

(5 minutes)

70% ethanol

(5 minutes)

90% ethanol

(5 minutes)

100% ethanol ( 2 x 5 minutes)
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The Melinex sheets were then transferred into disposable foil dishes (explant side facing
upwards) and saturated with propylene oxide 2x 10 minutes. Subsequently, the propylene
oxide was aspirated then replaced with a (1:1) mixture of propylene oxide and araldite
resin. Araldite resin was prepared by combining lOg dodecenyl succinic anhydride (Agar
Scientific), lOg araldite (Agar Scientific) and 0.8g dibutylphthalate (Agar Scientific). Once
mixed by placing in the oven at 60°C for 15 minutes, 0.4g benyldimethylamine was
applied. The cultures were incubated in the propylene oxide/araldite resin mixture for 1
hour at RT. Following the incubation period, the propylene oxide/araldite mixture was
exchanged for 100% araldite resin and the cultures allowed to equilibrate overnight at RT.
The resin was aspirated, ~3ml of fresh resin was re-applied and cultures were allowed to
polymerise at 60°C for 72 hours. After polymerisation the slabs of hardened resin were
detached from the foil dishes and the Melinex sheet peeled from the resin leaving the
cultures firmly embedded in the resin. With the aid of a dissecting microscope the
appropriate area was re-marked with a marker pen, and a small section (approximately
3.0mm) was trimmed out from the appropriate cultures area. A speck of cyanoacrylate
adhesive was placed onto the centre of the flattened surface stump of a resin stub, the
appropriate culture area (facing upwards) firmly placed on the adhesive and left to dry at
RT.

(iii)

Ultramicrotomv

Ultrathin sections (80-100nm) were cut through the thin layer of laminin (~2pm) using a
Reichert Ultracut microtome and collected on formvar coated copper grids and air-dried
atRT.
Mr Mark Turmaine kindly performed all tissue sectioning fo r transmission electron
microscopy in the electron microscopy suite in the Department o f Anatomy at University
College London.

(iv)

Section staining and transmission electron microscopy

Sections were stained with lead citrate (0.02-0.04g dissolved lead citrate in 1ml NaOH,
and the volume made up to 10ml with (IH2 O) then air-dried at RT. Sections were examined
and photographed using the JEOL 1010 transmission electron microscope.
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CHAPTER 3
Distribution and expression of the neurotrophins and their trk
receptors in the developing and adult rat visual system

3.1

Introduction

In contrast to the extensive studies describing the quantitative distribution of
neurotrophin mRNA in non-visual brain centres, very little is known at present about
the localisation, regulation and transport of the neurotrophin proteins in the rat visual
system. Accurate determination of neurotrophin protein distribution, and of sites of
storage and transport within the CNS is necessary to help aid the understanding of some
of their roles, including their physiological and pathological functions.
BDNF mRNA is the most broadly distributed neurotrophin in the adult mammalian
brain (Emfors et al., 1990b; Friedman et al, 1991; Conner et al., 1997), and has been
shown to play important roles both during development and in adulthood for a variety
of CNS neurons. Much is currently known about the roles of neurotrophins in cell
survival. Despite numerous studies describing the distribution of BDNF in the mature
hippocampus and cortex, at the time of pursuing this work little information was
available regarding the localisation of endogenous BDNF protein in other brain regions
and few detailed studies describing the localisation of endogenous BDNF protein, or
that of NT-4 and trkB in the developing and mature rat visual system were available.
One major reason for the lack of immunocytochemical data regarding the neurotrophins
is that they all share a 50-60% amino acid sequence homology. The published account
by Negro et al (1993), who generated a monoclonal antibody against NGF, clearly
illustrated the inherent difficulties of generating specific antibodies to highly conserved
proteins. At the time of starting this study, there were very few commercially available
antibodies raised against the mature BDNF protein, and no commercially available
BDNF antibodies, which had been fully characterised. However, during the course of
the study (to determine the distribution of BDNF protein within the rat visual system),
an affinity purified and fully characterised antibody raised exclusively against the
mature region of recombinant human (rh) BDNF, termed rabbit anti-BDNF (RAB) was
generated (Yan et al., 1997b). Three commercially available BDNF antibodies (obtained
before the generation of anti-BDNF (RAB), an antibody which recognises precursors of
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BDNF (Furukawa et al., 1998) and anti-BDNF (RAB), were all initially used to
determine the distribution of endogenous BDNF within the primary visual centres both
during postnatal development and in adulthood. Parallel studies were performed using
an anti-trkB antibody, which recognises the intracellular catalytic kinase domain of the
trkB protein receptor termed trkB, and a polyclonal NT-4 antibody. Non-radioactive in
situ hybridisation studies were undertaken using digoxigenin labelled cRNA probes to
map the expression of the neurotrophins and their high affinity receptors in the
developing and adult rat visual system.

The aim of the study was to perform a thorough study of the distribution of mature
BDNF, NT-4 and trkB proteins and to map the corresponding patterns of mRNA
expression, and to map the distribution of NT-3 and trkC mRNAs in the postnatal and
adult visual centres. It was hoped to correlate the distribution and expression of these
ligands and their receptors with the established chronology of visual system
development in the rat and to provide insight into the possible routes of neurotrophin
transport.

3.2

Summary of methods used

A full account of the materials and methods used in this study are given in Chapter 2
Sections 2.1 to 2.5. Briefly, to determine the distribution of BDNF, NT-4 and trkB
protein, animals (E15, n= 3; E17, n=4; PO, n= 7; P2 n=4; P5 n=4; P6, n=4; P7, n=6;
P10, n=3; P14, n=3; and adult, n= 4) were perfusion-fixed and sections processed for
BDNF, NT4 and trkB immunocytochemistry. Digoxigenin labelled cRNA probes
complementary to BDNF, NT-4, trkB, NT-3 and trkC transcripts were used to map
neurotrophin and receptor mRNA expression on sections taken from embryonic (E l5,
n= 5; E17 n= 6; E19 n=3) postnatal (PO, n=3; P2, n=2; P5 n=l; P7 n=3; P10 n=3; P14
n=2; P18 n=l) and adult (n=4) rats. Western blot analysis using P10 (n=2) and adult
(n=2) whole brain and in vivo recombinant protein injections (n=3) were performed to
determine the specificity of the commercial BDNF antibodies.

33

Results

This chapter describes the distribution of BDNF, NT-4 and trkB protein and their
mRNA expression and that of NT-3 and trkC mRNA in the developing, postnatal and
adult rat visual centres. The immunocytochemical discrepancies between anti-BDNF
(Santa Cruz), anti-V2 and anti-BDNF (RAB) antibodies are also reported.
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(i)

Specificity of the BDNF. NT-4 and trkB antibodies

(a)

Anti-BDNF antibody (RAB)

Anti-BDNF antibody (RAB), (Yan et al., 1997) is the most fully characterised, affinity
purified polyclonal BDNF antibody generated to date. Anti-BDNF antibody (RAB) was
generated exclusively against the mature/biologically active region of recombinant
human (rh) BDNF. Mature/biologically active BDNF is the portion of BDNF cleaved
from precursor BDNF, which interacts with trkB to induce a biological active effect. A
full account of anti-BDNF antibody (RAB) preparation, purification and full
characterisation has been published (Yan et al., 1997b).
(b)

Anti-V2 antibody

Anti-V2 polyclonal antibody produced by Furukawa et al., (1998) was raised against
synthetic peptide V2, (amino acids 40-49) a region unique to the BDNF protein
(Genebank). The preparation of the antibody, specificity by Western blot analysis and
immunocytochemistry has been reported (Furukawa et al., 1998; Fukumistsu et al.,
1998).

Both groups performed Western blot analysis using NGF, NT-3 and NT-4

antigen peptides and showed that anti-V2 antibody specifically recognised BDNF, but
not NGF and NT-3. Fresh protein extracted from adult rat hippocampus was also used
to assess anti-V2 antibody specificity (Furukawa et al., 1998; Fukumistsu et al., 1998).
A band with a molecular weight (MW) of 18KDa was detected, a size indicative of
neurotrophin precursor protein. In addition, COS7 cells were transfected with a BDNF
gene expression vector, and the COS7 cell lysate probed with anti-V2 antibody.
Western blot analysis of transfected COS7 cell lysate revealed that anti-V2 antibody
recognised protein bands of 30 and -33 KDa, the size of BDNF precursor proteins and
or its derivatives, but not the 14KDa band the size of mature BDNF (Furukawa et al.,
1998; Fukumistsu et al., 1998).

(c)

Commercially available BDNF antibodies

The less characterised commercially available antibodies were initially used in an
attempt to identify BDNF positive structures/regions in the retinorecipient nuclei and
associated visual centres of the rat.

The antibodies were obtained from Santa Cruz

Biotechnology Inc., Oncogene Inc, and Genentech Inc. The affinity purified rabbit
polyclonal BDNF antibody (Santa Cruz), the guinea pig polyclonal BDNF antibody
(Genentech) and the monoclonal BDNF (Ab-1) antibody (Oncogene), were all tested for
cross reactivity with other neurotrophins by their respective manufacturers. Anti-BDNF
antibody (Santa Cruz) was raised against the epitope corresponding to amino acids 128147 mapping at the carboxyl terminus of the mature form of BDNF of human origin
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(which is identical to the corresponding mouse sequence). BDNF (Ab-1) was generated
from mouse hybridoma elicited from a mouse immunised with full-length purified
human recombinant BDNF protein. The guinea pig polyclonal from Genentech was
raised against mature BDNF sequence of human recombinant protein. Two other rabbit
polyclonal antibodies were also used for this study. Anti-trkB, an affinity-purified
antibody was raised against a peptide corresponding to amino acids 794-808 at the
carboxyl terminus of the mouse TrkB gpl45. Anti-trkB antibody recognises the
intracellular catalytic kinase domain and has been characterised (Yan et al., 1997a). The
trkB antibody is widely used for immunohistochemistry (Rickman et al., 1992; Yan et
al., 1995; Quartu et al., 1997), Western blotting (Yan et al., 1997a), and
immunoprecipitation. NT-4 antibody (Santa Cruz Biotechnology) was raised against a
synthetic peptide. The epitope corresponded to amino acids 80-99 of the mature form
of the NT-4 domain of human origin. The NT-4 antibody has not been fully
characterised.
A series of positive control studies were performed on selected brain centres of normal
adult rat brain that have previously been identified to be immunoreactive for
endogenous BDNF (Wetmore et al., 1988; Yan et al., 1997b Conner et al., 1997). In
addition, selected populations of neurons in areas that lack or express little mRNA
and/or endogenous BDNF were used, and constituted the negative control group. This
study helped verify the specificity of the commercially available BDNF antibodies. The
positive control group included areas CA1, CA2 and CA3 of the hippocampus, the
cerebral cortex, and the amygdala. The negative control group incorporated the striatum
and the medial geniculate nucleus. Sections taken from P10 brain that included the
selected positive and negative control brain centres were also examined using the antiBDNF (Santa Cruz) and anti-BDNF (RAB) antibodies. The results are summarised in
Tables

3.1

and

3.2.

The

Santa

Cruz

antibody

produced

comparable

immunocytochemical results in both P10 and adult brain, as did anti-BDNF antibody
(RAB), therefore to reduce repetitiveness, the descriptions below are based on the
immunocytochemical data from adult animals.

(d)

Positive controls

-CA1, CA2, CA3 fields o f the hippocampus
The hippocampal neurons are a major site of BDNF mRNA expression. Anti-BDNF
antibody (RAB) labelled both the somata and fibres in the hippocampus. Occasionally,
a very lightly labelled soma in the stratum oriens of CA1 was observed. Slightly more
BDNF immunoreactive neurons were labelled in the stratum oriens of regions CA2 and
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CA3. Anti-BDNF antibody (RAB) produced very light BDNF immunoreactivity in the
occasional cell located in the pyramidal cell layer in CA1; however the intensity of the
labelling increased vividly from CA2 to CA3 respectively (Fig.3.2). Anti-BDNF
antibody (Santa Cruz) produced heavy immunoreactivity in the few scattered cells
distributed in the stratum oriens, as well as heavily labelled fibres in the stratum oriens
and stratum radiatum. Anti-BDNF antibody (Santa Cruz) produced extremely heavily
labelling in the densely packed pyramidal cells throughout the pyramidal cell layer from
CA1 to CA3 (Fig.3.1). Heavily labelled fibres were observed extending through the
stratum radiatum.
-Amygdala
Numerous nuclei of the amygdaloid body were moderately to strongly labelled using
both antibodies. Anti-BDNF antibody (RAB) labelled a moderate number of neurons in
the basolateral amygdala nucleus, anterior (BLA) (Figs.3.4a, b and c). These moderately
labelled cells contained diffuse BDNF immunoreaction product throughout the
cytoplasm, which extended a short distance into the cell processes. In contrast, the
central amygdala nucleus was devoid of immunoreactive somata, but contained a dense
network of heavily immunoreactive fibres and puncta (Figs.3.4a, b and c). Whilst a
moderate number of neurons in the BLA were labelled with anti-BDNF antibody (Santa
Cruz), both neurons and clusters of fibres were labelled in the central nucleus (Figs.3.3a
and b).
-Cerebral cortex
Anti-BDNF antibody (RAB) labelled neurons in specific layers of the cerebral cortex.
Layers IV and I were generally devoid of BDNF immunoreactivity. Layers 13 and III
contained few scattered neurons that were lightly labelled. The pyramidal cells in layer
V were moderately to heavily immunoreactive. The apical dendrites that traversed
through layer IV and into layer III were lightly immunoreactive (not illustrated). The
most robust BDNF immunoreactivity was observed in cells located in deep layer VI
adjacent to subcortical white matter (not illustrated). Anti-BDNF antibody (Santa Cruz)
produced labelling which showed only slight layer specificity. All layers contained cells
that were intensely labelled, however the most intense labelling was observed in
pyramidal cells of layer V, whose apical and lateral dendrites were strongly
immunoreactive.

87

(e)

Negative controls

-Striatum (caudate putamen) and the medial geniculate nucleus
Anti-BDNF antibody (Santa Cruz) moderately labelled many small neurons (Fig.3.5)
distributed throughout the rostral striatum. These neurons surrounded lightly
immunoreactive fibre bundles that traversed the striatum. In contrast, anti-BDNF
antibody (RAB) did not label cells or fibres in the striatum (Fig.3.6). Anti-BDNF
antibody (RAB) did not label fibres or cells in the dorsal or ventral medial geniculate
nucleus. However, a few cells in medial geniculate nucleus showed weak labelling in
their cytoplasm and proximal processes. Many scattered, moderate to heavily labelled
cells were observed in all the subdivisions of the medial geniculate nucleus following
anti-BDNF antibody (Santa Cruz) immunocytochemistry (not illustrated).

(f)

Anti-V2 antibody and other commercially available BDNF antibodies

Anti-V2 antibody produced identical immunoreactive patterns in the brain to that
reported by Furukawa et al. (1998) and the immunoreactivity was comparable to that
produced by anti-BDNF antibody (Santa Cruz) throughout the brain. Anti-V2 antibody
immunoreactivity is not further described in this study.
Anti-BDNF antibody (Ab-1, Oncogene) failed to produce any BDNF immunoreactivity
in any of the CNS regions examined, even at dilutions 100 fold more concentrated than
recommended. The BDNF, NT-3 and NT-4 antibodies obtained from Genetech
produced immunoreactivity that exclusively labelled glial cells. No immunoreactivity
could be attributed to neurons anywhere in the brain. Genentech antibodies were not
further used in this study.
(g)

In vivo: the specificity o f exogenously injected human rhBDNF protein

To further ascertain the specificity of anti-BDNF antibody (Santa Cruz) 0.5-lpl of
rhBDNF protein (lOmg/ml) was injected either into the left thalamus (n= 1) of an adult
rat or the left striatum (n= 1) of another animal. 0.5-lpl of rhNT-4 protein was injected
into the left cerebellum of another animal (n=l). Sections taken through the injection
region were probed with anti-BDNF (RAB), anti-BDNF (Santa Cruz), anti-BDNF (Ab1), and anti-NT-4 antibodies. BDNF immunoreactivity in the striatum and thalamus are
illustrated in Figures 3.7 to 3.10. The points of microsyringe insertion into the striatum
and thalamus were clearly visible. In control sections, no specific immunoreactivity was
observed. Striatum and thalamus sections processed with anti-BDNF antibody (Santa
Cruz) showed no or very little BDNF immunoreactivity surrounding the microsyringe
track and at the point of BDNF release (Figs.3.7, 3.9a and b). Anti-BDNF antibody
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(RAB) produced specific and very intense immunoreactivity surrounding the
microsyringe track and at the point of BDNF release in striatum and thalamus sections
(Fig.3.8, 3.10a and b). Anti-BDNF (Ab-1) antibody did not recognise exogenously
injected BDNF.

Anti-NT-4 antibody did not crossreact with exogenously injected

BDNF protein, and when rhNT-4 protein was injected into the cerebellum, the pattern
of immunoreactivity was similar to that produced by anti-BDNF antibody (Santa Cruz)
in that anti-NT-4 produced a very weak immunoreactive product at the injection site
(data not shown).

(h)

Western blot analysis

In an attempt to clarify the difference between anti-BDNF antibody (Santa Cruz), Ab-1
and anti-BDNF antibody (RAB) immunoreaction product in the rat brain, the
commercial antibodies were used to probe for exogenous and endogenous protein using
Western blot analysis. rhBDNF protein (O.lng, 20ng and 50ng per lane) was
electrophoresed on a 12% SDS-PAGE then transferred onto nylon membranes. The
membranes were then probed with anti-BDNF (Santa Cruz) (n= 4) and Ab-1 (n= 2)
antibodies. Anti-BDNF antibody (Santa Cruz) recognised rhBDNF protein in a dosedependent manner, i.e. increasing the concentration of the protein, increased the
intensity and width of the labelled band. More significantly, anti-BDNF antibody (Santa
Cruz) was able to recognise protein concentrations as low as O.lng (lowest
concentration examined) and detected a single immunoreactive band, with a MW of
14.5kDa, the size of biologically active BDNF protein. (Fig.3.11). Anti-BDNF (Ab-1)
and BDNF (Santa Cruz) antibodies were also used to probe for endogenous BDNF
protein extracted from adult and P10 whole brain. Anti-BDNF (Ab-1) failed to produce
any immunoreactive bands when probed against adult rat or P10 extracted (not
illustrated). Anti-BDNF (Santa Cruz) produced 4 moderately labelled bands, with MW
ranging between 14-50KDa. When compared with the MW markers, anti-BDNF
antibody (Santa Cruz) recognised bands of ~14.5-15KDa, 18-21KDa, 39KDa and
~50KDa (Fig.3.12). Although of a lower intensity, protein extracted from P10 whole
brain produced bands comparable to the molecular weight of proteins probed from adult
whole brain. (Fig.3.12). Omitting the primary antibody eliminated all immunoreactive
bands, as did antibody pre-absorption with recombinant protein (anti-BDNF antibody,
RAB) or the cognate BDNF peptide sequence (anti-BDNF antibody, Santa Cruz)
(Fig.3.13). In line with previous published data, the size of the heavier bands (>14K15KDa), and the fact that BDNF is capable of recognising and binding with mature
BDNF suggests that anti-BDNF antibody (Santa Cruz) does not exclusively recognise
the mature BDNF but also recognises BDNF precursors and/or cleaved portions of
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precursor BDNF. Anti-BDNF antibody (Santa Cruz) did not cross react with NT-3,
NT-4 or NGF. When anti-Ab-1 antibody was used to probe for various concentrations
of rhBDNF (0.1-100ng), the antibody failed to produce any immunoreactive bands (data
not shown). Anti-BDNF antibody (Ab-1) was also used to probe a dot blot of 200|Jg;
rhBDNF; a faint blot was detected (Fig.3.15) whereas anti-BDNF antibody (Santa Cruz)
produced an intensely immunoreactive dot (Fig.3.14). An immunoreactive dot blot was
absent in membranes blotted with TBS (control) (Fig.3.16). The characterisation study
demonstrated that anti-BDNF antibody (RAB) is most appropriate to study the
localisation of mature BDNF.
(ii)

Immunochemical and in situ hybridisation controls and the nomenclature of
brain nuclei

As a negative control for antisense cRNA digoxigenin-labelled probes, sections were
processed with sense digoxigenin-labelled probes alongside sections probed with
antisense digoxigenin-labelled probes. No signals were detected on sections probed with
sense digoxigenin-labelled probes. For immunocytochemistry controls, sections were
incubated without the primary antibody, or the antibody was preabsorbed with its
antigen, and all immunoreactivity was eliminated
With the exception of the term LGN (lateral geniculate nucleus) its subdivisions, the
NOT (nucleus of the optic tract) and OPN (olivary pretectal nucleus) the nomenclature
used in the following descriptions was taken from Paxinos & Watson (1988) Paxinos et
al. (1991,1999).
(iii)

Assessment of BDNF and NT-4 immunoreactivity. andneurotrophin

and trk

mRNA expression in the rat brain
Anti-BDNF antibody (RAB) revealed clear immunoreactivity that was confined to
various visual and non-visual nuclei. BDNF immunoreaction product was located to
select populations of cells, and was confined to neuronal somata, fibres, or neuropil. In
correlation with the labelling patterns in the normal adult rat brain described by Conner
et al (1997b), the labelling patterns of BDNF immunoreaction product in the visual
centres of the rat could be separated into 4 categories:
(i)

Coarse with distinctly defined individual fibres.

(ii)

Diffuse and finely punctate profiles.

(iii)

Heavy punctate i.e. noded processes that formed pericellularbaskets around cell
bodies.
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(iv)

Diffuse reaction product distributed throughout the perikayral cytoplasm and
proximal processes.

Anti-BDNF antibody (Santa Cruz) labelling appeared as a diffuse reaction product
distributed throughout the perikaryal cytoplasm, which routinely extended into proximal
and distal dendrites. Anti-BDNF antibody (Santa Cruz) is a useful antibody as it
demonstrates which neurons express precursor BDNF, BDNF derivatives, and mature
BDNF protein. However, anti-BDNF antibody (RAB) provides valuable information as
to

which

neurons

actively

transport,

utilise

or

store

mature

BDNF.

The

immunocytochemical data presented in this chapter focuses heavily on the distribution
and localisation of anti-BDNF antibody (RAB) immunoreaction product more than that
of anti-BDNF antibody (Santa Cruz). Descriptions of BDNF (BDNF antibody, Santa
Cruz) distribution and localisation are included where major differences or similarities
with the distribution and localisation of mature BDNF protein occur. Furthermore, to
reduce repetitiveness, only ages where marked changes in the levels or intensity of
immunoreactive fibres, neuropil or cells of neurotrophin proteins and trk receptor
proteins and their mRNA are illustrated. The NT-4 antibody (Santa Cruz) has not been
fully characterised. One cannot therefore rule out the possibility that it recognises NT-4
precursor(s) (as determined with the anti-BDNF antibody from Santa Cruz). For this
reason the immunoreactivity produced by the antibody is termed NT-4-like
immunoreactivity. NT-4-like immunoreactivity throughout the brain was low compared
with BDNF and was confined to select populations of neurons through development and
in adulthood. Regions in the postnatal brain that were heavily NT-4 immunoreactive
included neuropil in CA1-CA3 fields of the pyramidal layer and neurons in the stratum
orien layer of the hippocampus and medial geniculate nucleus. In the adult brain, the
pyramidal layer of the hippocampus, the paraventricular nucleus of the hypothalamus,
the supraoptic nucleus, the oculomotor nucleus, the red nucleus and the substantia nigra
showed NT-4-like immunoreactivity. NT-4 mRNA signals were detected in the
hippocampus, substantia nigra and the red nucleus.
As a way of assessing and grading the expression of positive cells in the visual centres,
hybridised and immunoreactive cells were compared with other visual and non-visual
cells with variable mRNA signals and immunoreaction product. Based on the
immunoreactivity and mRNA signal detected, a semi-quantitative comparison of
neurotrophin protein and receptor expression levels was determined, and ranged from
negative (-) to very heavy (+++++). The distribution of the neurotrophin and receptor
proteins and their mRNAs are summarised in Tables 3.1 to 3.15.
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(iv)

Distribution and localisation of BDNF protein and mRNA expression in the
primary visual centres of the developing and adult rat

(a)

BDNF protein and mRNA expression in the LGN and other thalamic nuclei

Anti-BDNF antibody (RAB) produced predominant fibre labelling in several thalamic
nuclei including the paraventricular thalamic nucleus and the anteroventral thalamic
nucleus at all the postnatal ages examined and in the adult. Very few areas in the
thalamus contained cells that were BDNF immunoreactive.

The distribution of BDNF protein (precursor and mature BDNF) in the LGN is
summarised in Table 3.3. There appeared to be a postnatal developmental increase in
the intensity and number of BDNF positive profiles in the dLGN and vLGN.
(Figs.3.17a, b, 3.18a, b, c and). Adult-like patterns of BDNF immunoreactivity were
observed at P10. In early postnatal development (PO, P2), only a slight diffuse and
finely punctate pattern of BDNF immunoreactivity was observed in the most external
portion of the dLGN (Fig.3.17a), a pattern that occurred through the rostrocaudal extent
of the nucleus. Weak BDNF immunoreaction product was associated with neuropil in
the most external portion of the vLGN-1, and extended from beneath the IGL, to the
level of the optic tract. Fibres were routinely observed in the vLGN medial to the optic
tract (Fig.3.17b). The vLGN-m lies adjacent to the superior thalamic radiation and
contained light and diffuse BDNF immunoreactive neuropil. The intensity of BDNF
immunoreactive neuropil in the LGN increased from PO to P7 and P10. At P7 and P10,
the patterns of BDNF immunoreactivity in the LGN differed quite considerably in a
rostrocaudal fashion (Figs.3.218a, b and c). BDNF immunoreactive neuropil was widely
distributed throughout the rostral LGN and a weak irregular sheet beneath the optic tract
observed in dLGN (Fig.3.18c). Approximately midway through the rostrocaudal extent
of the LGN, discrete patches in the most external portion of the dLGN contained a
combination of light and heavily labelled BDNF immunoreactive fibres and varicosities.
Moderately labelled varicosities were also observed in the medial and internal regions
of the dLGN. At the same level, both the medial and most external division of the
vLGN contained intensely labelled BDNF neuropil (Fig.3.18d). In caudal LGN, the
most intense BDNF immunoreactive neuropil was confined to the central portion of the
dLGN, whilst the medial and lateral portion of the dLGN was devoid of BDNF
immunoreactivity (Fig.3.18d). At P7 and P10 individual BDNF immunoreactive fibres
were more evident in caudal LGN. The most intense and widely distributed BDNF
immunoreactive neuropil and puncta was observed in the adult LGN (Figs.3.21 and
3.24). In the adult, the pattern and distribution of BDNF immunoreactivity in dorsal and
92

ventral divisions differed quite considerably (Figs.3.21a and 3.24a and b).

In the

dLGN, BDNF immunoreactivity appeared frequently as groups of punctate fibres-like
profiles (Figs.3.21b, d, 3.24a and d) or in some cases as varicose puncta resembling
boutons that often clustered around unlabelled cells (Fig.3.24e). The most robust BDNF
immunoreactivity in the dLGN was distributed in the most lateral portion of the external
division, beneath the optic tract a region where SC axons terminate. In this region
BDNF immunoreaction product formed an irregular sheet beneath the optic tract
(Figs.3.21a, b and 3.24a and b). Clusters of BDNF immunoreactive puncta and fibres
(Fig.3.24d) congregated at the dLGN border with the IGL, mainly in the external
division (Fig.3.21c, 3.24a and d). This differed from the vLGN-IGL border, where
clusters of BDNF immunoreactive fibres and varicosities were observed through the
lateromedial extent (Fig.3.24a and b). In the vLGN, bundles and individual BDNF
immunoreactive fibres (Fig.3.24c and e) coursed through the nucleus, producing a
striated appearance (Figs.3.21a 3.24a and b) a pattern first observed in the P10 vLGN.
The vLGN-m contained moderately BDNF immunoreactive fibres. The poorly
delineated IGL of PO, P2 and P5 animals, was generally devoid of BDNF
immunoreactivity. The IGL of mid-late postnatal animals in both rostral and caudal
LGN contained light to moderately labelled fibres and varicosities. In the adult, fibres
and irregular globules, with the appearance of terminals were observed in the IGL
(Fig.3.21c). BDNF immunoreactive somata were never detected in the LGN or IGL
with anti-BDNF (RAB). Omitting the antibody eliminated BDNF immunoreactivity
(Fig.3.23).
BDNF immunoreaction product (anti-BDNF antibody, Santa Cruz) was located
predominantly in neuronal somata and in their proximal dendrites in the postnatal
(Figs.3.43a, b and c) and adult (Figs.3.44a and b) LGN. Fibre bundles coursing through
the nucleus were also moderately immunoreactive. There appeared to be a postnatal
developmental increase followed by a late postnatal fall in the number and intensity of
BDNF positive neurons in adulthood (Figs.3.43a, b and c, 3.44a and b).

A few thalamic nuclei contained a moderate number of BDNF mRNA expressing
neurons. They included the parafasiculus nucleus, the paraventricular nucleus, the
medial geniculate nucleus, and the supragenicualte nucleus. Thalamic nuclei devoid of
BDNF mRNA expression included the thalamic reticular nucleus, the anterodorsal and
ventral posterior nucleus.

The distribution BDNF mRNA expression on the LGN is summarised in Table 3.4.
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BDNF mRNA expression was not detected in the dLGN, vLGN or the IGL of
embryonic, (E17 and E19), early (PO and P2), mid (P5, P7) late (P10, P14 and P18)
postnatal animals or in adult animals (Figs.3.19, 3.20 and 3.22).

(b)

BDNF protein in the SC and midbrain nuclei

Mature BDNF protein was distributed in many areas of the developing and adult
midbrain.

Strong immunoreactivity was located in the neurons of the red nucleus,

substantia nigra pars compacta, the pontine nucleus, the red nucleus, and the
mesencephalic trigeminal neurons, as well as neuropil labelling in the central gray area.

BDNF immunoreactivity in the SC of the postnatal and adult rat is summarised in Table
3.4.
Anti-BDNF antibody (RAB) produced a weak to moderately immunoreactive band
throughout the optic layer of the SC in the PO and P2 rat (Figs.3.25a).

High

magnification examination revealed a combination of lightly BDNF immunoreactive
varicosities and round weakly labelled somata (Fig.3.25b). Punctate and granular
profiles along the surface of these optic layer cells were observed (Fig.325c). In a few
sections, fibres in the zonale layer extending into superficial gray layer were observed
(Fig.3.25, insert). BDNF immunoreactive fibres extending from the superficial layers of
the SC into the optic layer were observed (Fig. 3.25d). A few lightly labelled neurons
located in the intermediate gray and the deeper layers were also observed. The most
prominent labelling observed in the early postnatal brain was located in the caudal
midbrain (Fig.3.26a and b). Intense BDNF immunoreactivity is seen in the collateral
fibres of the tectospinal tract, which innervate the tectotegmental and reticulotegmental
nuclei of the pons. At P5, BDNF immunoreactive neuropil was sparsely distributed in
the zonale layer and few horizontal and vertical cells were localised in the superficial
gray amongst sparingly distributed BDNF immunoreactive fibres. At P5, there was a
weak lamination of sparsely scattered BDNF immunoreactive neurons distributed
throughout the optic layer. Neurons in the optic layer were heterogeneously labelled;
some were lightly labelled a few strongly labelled. Neuronal soma morphology was
more distinct, the majority of neurons in the optic layer had their somata lying
horizontally roughly parallel to the surface of the SC with 2-3 processes that also
extended roughly parallel to the surface of the SC. Some neurons were round and small,
others had bipolar or triangular morphology. Punctate labelling and granular profiles
surrounding the soma of neurons in the superficial and optic layers were observed
(Figs.3.27a, b and c). At P5, neurons of the intermediate gray and intermediate white
layers were the most intensely labelled cells of the SC. Neurons labelled in the
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intermediate gray and intermediate white layers were large with star-like morphologies
and routinely extended 3-4 processes. Groups (5-10 neurons per group in a section) of
medium to large multipolar neurons were distributed in lateral intermediate white layer.
BDNF protein was distributed in the cytoplasm, and extending into their long processes.
BDNF immunoreactive neurons were also distributed in both central and lateral regions
of the deep white layer. These neurons had bipolar or star-like morphologies and were
moderately labelled. Although the distribution and the localisation of BDNF
immunoreactive neurons in the superficial gray, optic and intermediate layers at P7 was
comparable to that observed at P5, there was a slight increase in the number of labelled
neurons in these layers. BDNF immunoreactive neurons resembled mostly marginal
cells and horizontal cells (see Langer & Lund, 1974).

In the P10 SC, the labelling intensity and distribution of neurons in the superficial gray,
optic and intermediate layers were very similar to those observed at P5 and P7. Small
cells and immunoreactive processes were present in retinorecipient layers of the P10 SC
(Figs 3.30, 3.32a, b). In the zonale layer BDNF immunoreactive processes and small
cells were observed (Fig. 3.32b). Fibres were also detected in the superficial gray layers.
In the optic layer, a modest number of moderately immunoreactive neurons with
variable morphologies were observed (Fig.3.32c). In the intermediate gray and
intermediate white layers, large and strongly BDNF immunoreactive neurons were
observed (Figs.3.32c and d). A section taken through the adult midbrain and rostral SC
is illustrated in Figures 3.33a and b. Compared with postnatal animals, there was a large
decrease in the number and intensity of labelled neurons in all the layers of the adult
SC. A few weakly labelled neurons with round and triangular morphologies in the optic
(Fig.3.33c) and deeper layers were sparsely distributed in the adult SC. The defined
lamination of neurons observed in the postnatal optic layer was absent, as too were the
groups of BDNF immunoreactive neurons in the intermediate gray and intermediate
white layers. Interestingly, many light to moderate BDNF immunoreactive fibres
(Figs.3.33d, e and f) and punctate profiles akin to terminals (Fig.3.33g) were detected in
the zonale, superficial gray and optic layers, but were generally absent in the
intermediate

and

deep

layers.

Omitting

the

antibody

eliminated

BDNF

immunoreactivity.

Throughout postnatal development, BDNF immunoreaction product (BDNF antibody,
Santa Cruz) was located to many cells in superficial, intermediate and deep layers of the
SC. Few to a moderate number of neurons in the zonale were labelled. The superficial
gray layer contained many moderately to heavily labelled neurons. Densely packed and
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heavily labelled neurons in the optic layer were present throughout postnatal
development and vividly demarcated the optic layer. Neurons in the intermediate and
deep layers were the most intensely labelled. The most intense immunoreaction product
was observed at P10. A small decrease in immunoreactivity in the optic layer was
observed in the adult.

BDNF mRNA signals were detected in nearly all midbrain nuclei examined, including
the substantia nigra, red nucleus and central gray area.
BDNF mRNA expression in the SC of the postnatal and adult rat is summarised in
Table 3.4.
BDNF mRNA was not detected in the retinorecipient layers of the embryonic (not
illustrated) or PO SC (Fig.3.28). Neurons in the zonale were devoid of BDNF mRNA
throughout postnatal development and in the adult (not illustrated). BDNF mRNA
expression was generally located in the optic, intermediate and deep layers. BDNF
hybridised cells was detected in the optic layer at P5 (Fig.3.29) and at P10 (Figs.3.31a
and b). At P10, there was a slightly more defined lamination of weak to moderate
BDNF-expressing neurons in the optic layer and a few lightly labelled cells were
located at the ventral superficial gray border with the optic layer at P10. In the adult SC,
the BDNF mRNA signal was variable. BDNF mRNA signal was detected in cells
distributed in the optic layer (Fig.3.34) and sparsely distributed cells in the superficial
gray layer. Stronger signals were located to few cells scattered in the intermediate and
the deep layers (not illustrated).
(c)

BDNF protein and mRNA expression in the visual cortex

BDNF immunoreactivity in the visual cortex of the postnatal and adult rat is
summarised in Table 3.5.
BDNF immunoreactive neurons were not labelled in layer I of the primary and
secondary visual cortical plate during the postnatal ages examined or in the adult.
Layers II and III were grouped together as distinguishing between them in early
postnatal ages was difficult. In early postnatal development few to a moderate number
of neurons were labelled in layers II/III (Fig.3.36a and b). BDNF immunoreactivity was
confined to the cytoplasm and their proximal processes and varied from light to
moderate in mid and late postnatal and in adult animals (Figs.3.38a, b, 3.42b). Layer IV
was generally devoid of immunoreactive somata; however, a few punctate profiles
(Fig.3.38c) and varicose fibres were observed (Fig.3.42c). Of the postnatal ages
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examined, one of the most prominently group of labelled neurons was located in layer
VI at P7 and P10 (Figs.3.38a, e, f, and Fig.3.41a). At P7 and P10 layer V pyramidal
neurons were labelled in the cytoplasm and in their long basal dendrites, which often
extended into layers IV and II/III (Figs.3.38c, d and 3.41a). The basal dendrites of the
layer V pyramidal cells were often moderately labelled (Fig.3.42d). There was a fall in
the distribution and intensity of BDNF immunoreactive pyramidal neurons in layer V in
the adult (Figs.3.46a and d). Neurons located to deep layer VI, adjacent to the corpus
callosum produced the most intense BDNF immunoreactivity in the postnatal and adult
visual cortex (Figs.3.38a, f, 3.41b, 3.42a and e). These presumed corticothalamic
projection neurons had rounded cell bodies and were distributed along the interface with
the subcortical white matter.
The distribution pattern and the intensity of BDNF immunoreactivity (BDNF antibody,
Santa Cruz) remained more or less consistent through postnatal development into
adulthood.

The labelled neurons were located predominantly in layers V and VI.

Neurons in layers II/III were moderately to strongly labelled, whilst layer IV contained
some moderately labelled neurons. Scattered neurons in layer I were moderately
immunoreactive for BDNF (BDNF antibody, Santa Cruz) throughout development and
in the adult.

BDNF mRNA expression in the visual cortex of the postnatal and adult rat is
summarised in Table 3.6.
BDNF mRNA expression was not detected in cortical layer I during development or in
the adult. BDNF mRNA expression was not detected in the PO cortex. Signals were
detected later during postnatal development and in the adult (Figs.3.39a, b, c, 3.40a, b
and c). From P5 to adulthood, layers II/III contained sparse lightly hybridised cell,
whereas layer IV contained few lightly BDNF mRNA expressing neurons during
postnatal development. A few neurons expressed a barely detectable BDNF mRNA
signal in layer IV of the adult cortex. Layers V and VI were the most prominently
labelled during development and in the adult cortex.
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(v)

Distribution and localisation of NT-4 protein and mRNA expression in the
primary visual centres of the developing and adult rat

(a)

NT-4 protein and mRNA in the LGN and other thalamic nuclei

Thalamic nuclei containing moderately immunoreactive neurons included the ventral
posterolateral thalamic nucleus of the dorsal thalamus and the zona incerta, medial
geniculate nucleus of the ventral thalamus.

NT-4 protein in the LGN in the postnatal and adult rat is summarised in Table 3.6.
NT-4 immunoreactive neurons were not detected in the postnatal or adult LGN or the
IGL (not illustrated).

Only the ventrobasal complex, the medial geniculate nucleus and the substantia nigra of
the developing and adult thalamus expressed NT-4 mRNA.
NT-4 mRNA expression in the LGN is summarised in Table 3.6. Neurons in the
postnatal and adult LGN did not express detectable levels of NT-4 mRNA (Fig.3.45).
(b)

NT-4 protein and mRNA expression in the SC and midbrain nuclei

NT-4 protein in the SC of the postnatal and adult rat is summarised in Table 3.7. NT-4like immunoreactivity in the SC was first detected at P5, when a few immunoreactive
neurons were distributed in the superficial gray and optic layers. Of the few scattered
neurons in the optic layer, the majority were moderately labelled, with round/oval or
triangular morphologies (Fig.3.46). The most heavily labelled neurons were located in
lateral aspect of the intermediate layers (Figs.3.47 and 3.48). These NT-4-like
immunoreactive neurons routinely extended 2-3 prominent processes, which in turn
gave rise to 3-4 secondary processes. In the adult, the zonale and superficial gray layers
were devoid of NT-4-like immunoreactivity.

NT-4 mRNA expression in the SC of the postnatal and adult rat is summarised in Table
3.7. NT-4 mRNA was not detected in the superficial layers of the SC during postnatal
development or in adulthood. The few neurons that expressed moderate to high levels of
NT-4 mRNA were located in the deeper layers of the postnatal and adult SC.
(c)

NT-4 protein and mRNA expression in the visual cortex

NT-4 protein in the visual cortex of the postnatal and adult rat is summarised in Table
3.8. Although moderately immunoreactive, the most prominently labelled neurons in the
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visual cortex of developing rats were observed in layers II/III (Fig.3.49), V (Fig.3.50)
and VI at P10. Other layers were generally devoid of immunoreactivity. In the adult
visual cortex there appeared to be a slight shift in layer distribution, in that the few NT4 labelled neurons were located in layers V and III.

NT-4 mRNA expression in the visual cortex in the postnatal and adult rat is summarised
in Table 3.8. NT-4 mRNA signals were detected in a few neurons distributed in cortical
layers II/III to VI of the P7 rat, a pattern also observed in older postnatal animals and in
the adult visual cortex.

(v)

Distribution of trkB protein and mRNA expression in primary visual centres of
the developing rat

(a)

TrkB protein and mRNA expression in the LGN and other thalamic nuclei

TrkB immunoreactivity was observed in nearly all the thalamic nuclei of developing
and adult rat (Figs.3.52 and 3.54) Prominently immunoreactive thalamic nuclei included
the medial geniculate nucleus, the laterodorsal thalamic nucleus, the lateral posterior
thalamic nucleus, the thalamic reticular nucleus and the LGN.
TrkB protein and mRNA expression in the LGN is summarised in Table 3.9.
In the PO LGN, there was a clear difference in the distribution of trkB protein in the
dLGN and the vLGN (Figs.3.52a). Whereas trkB labelling was very weak in the dLGN,
extremely strong trkB immunoreactivity was located to a dense network of neuropil and
to few somata in the vLGN (Figs.3.52b and c). Most striking was the localisation of
trkB immunoreactivity to neuronal somata, and the loss of neuropil labelling at P5, a
pattern clearly illustrated at P7 (Figs.3.54a, b and c). Moderate in numbers, neurons
with rounded cell bodies in the P7 LGN extended 3-4 primary processes, which in turn
gave rise to several secondary processes (Fig.3.54b). A few neurons with bipolar somata
were present. The former neurons in the dLGN and vLGN had the basic morphology of
projection neurons and the latter of intrageniculate intemeurons. The pattern of
immunoreactivity in P10 LGN was similar to that observed at P7. However, there
appeared to be a slight increase in the intensity of cytoplasmic trkB immunoreactivity
and a loss of the intricate processes emanating from LGN somata in both dorsal and
ventral divisions. TrkB immunoreactive fibres coursing through the nucleus were often
detected. In the adult LGN both divisions contained trkB immunoreactive somata. There
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appeared to be however, a fall in the intensity of the reaction product compared with
P10 animals. TrkB immunoreactive fibres were also detected in the optic tract. There
was a slight postnatal increase in the number of trkB immunoreactive somata in the
IGL.

TrkB mRNA expression in the lateral geniculate nucleus is summarised in Table 3.9.
At PO, a weak trkB mRNA signal was detected in the LGN (Fig.3.51). From PO to P5
there appeared to be a slight increase in the intensity of the trkB mRNA signal in both
divisions of the LGN (Fig.3.53). Thereafter trkB signal remained fairly constant through
to adulthood. Only sparse cells in the IGL area (first detected at P7) expressed trkB
mRNA.

(b)

TrkB protein and mRNA expression in the in the SC and midbrain nuclei

The most intensely trkB immunoreactive areas in the adult midbrain included neurons
located in the substantia nigra, the red nucleus, central gray, deep mescenphalic nucleus
and the SC.
TrkB protein and mRNA expression in the SC of the postnatal and adult rat is
summarised in Table 3.10.
In the PO SC, the most prominently labelled neuropil and neurons were located in the
optic layer (Fig.3.55a, b and c) and deeper SC layers. The neurons in the optic layer had
varied morphologies (circular, triangular and bipolar) and generally extended 2-4
processes. Lightly to moderately immunoreactive neurons were scattered in the zonale
and superficial gray layers. Neurons in the intermediate and deeper layers were strongly
immunoreactive for trkB protein. The pattern of trkB immunoreactivity, and its
distribution in the P5 SC was similar to that observed in the P0/P2 SC. At P7 the lamina
of trkB immunoreactive somata was preserved. TrkB immunoreactive fibres were
observed in the zonale layer (Fig. 3.56b). A few moderate to strongly immunoreactive
neurons were distributed throughout the superficial gray layer, many of which had their
soma and processes extending along the horizontal plane of the SC (Fig.3.56c). Neurons
in the optic layer were labelled with variable degrees of intensity and showed variable
morphologies. The most heavily labelled neurons had round or bipolar somata with
processes that extended across the horizontal plane of the SC. Other commonly
immunoreactive neurons in the optic layer had round/oval somata with prominent
processes extending vertically towards the dorsal surface of the SC reminiscent of
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marginal cells and horizontal cells. The intensely immunoreactive cells distributed in
the optic layer persisted through to P10. However many more immunoreactive neurons
were also distributed throughout the superficial gray layer. In the adult SC, only a few
lightly to moderately immunoreactive neurons were distributed through the zonale,
superficial gray and optic layers. The most prominent trkB immunoreactivity was
located to neurons in the lateral intermediate gray layer and to the large multipolar
neurons located in the deep layers of the SC.

TrkB mRNA expression in the SC is summarised in Table 3.10.
Few to a moderate number of neurons in the retinorecipient layer of the SC expressed
moderate levels of trkB mRNA, many of which were distributed in the optic layer. At
PO trkB mRNA was not detected in the superficial layers. A weak hybridisation signal
was observed in the optic layer of the P5/P7 SC. At P10 the optic layer was demarcated
by light to moderate trkB expressing neurons. The moderate signal observed in the SC
at P14, and in adult animals was similar. The strongest trkB mRNA signal was observed
in cells located in the intermediate and deeper layers.
(c)

TrkB protein and mRNA expression in the visual cortex

TrkB protein in the developing and adult visual cortex is summarised in Table 3.11.
At PO strong trkB immunoreactivity was located to cells in the upper layer of layer IV
and layers V, II/III (Figs.3.57a, b and c). Few labelled neurons were observed in cortical
layer I. Dense immunoreaction product associated with neuropil in layers II/III, made
discriminating individual neurons difficult (Fig.3.57a). Few scattered neurons were
distributed in layer VI and moderate numbers of heavily labelled neurons in layer V
(Figs.3.57a and b). At P5 and P7 the cortical layers became more distinct and the dense
network of immunoreactive neuropil in layers II/III was absent. Layer I was generally
devoid of trkB-immunoreactive somata. Strong trkB immunoreactivity was located in
the cytoplasm and processes of neurons distributed through layers II/III, V and VI
(Figs.3.58, a, b and c). The most robust labelling was confined to the pyramidal cells
located in layer V, and their apical dendrites that extended through layer IV. At P10 the
most robust trkB immunoreactivity was located to neurons distributed in layer VI
(adjacent to the subcortical white matter), (Figs.3.59a and b), and to pyramidal cells
located in layer V.

This pattern of trkB distribution was maintained through to

adulthood (Fig.3.60a, b and c).
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TrkB mRNA expression in the developing and adult visual cortex is summarised in
Table 3.11.

At E15 to E19, trkB mRNA expression was observed in the superficial layers of the
cortex. The trkB signal increased slightly from E l 5 to P I 8. The neuronal distribution
and mRNA signal for trkB was similar in the postnatal and adult visual cortex. Neurons
in layer I did not express detectable levels of trkB mRNA. Neurons distributed in layers
V and VI were more prominently labelled during postnatal development and in
adulthood (Figs. 3.61a and b).
(vii)

NT-3 and trkC mRNA expression in the primary visual centres of the
developing and adult rat

(a)

NT-3 and TrkC mRNA expression in the LGN and other thalamic nuclei

Few areas of the thalamus expressed detectable levels of NT-3 and trkC mRNAs.
Neurons expressing moderate signals of trkC included the paraventricular thalamus, and
anterodorsal thalamic nucleus (dorsal thalamus) and the zona incerta (ventral thalamus).
NT-3 and trkC mRNA expression in the LGN of postnatal and adult rats is summarised
in Table 3.12. Neither NT-3 nor trkC mRNA expression were detected in the LGN of
postnatal or adult rat.
(b)

NT-3 and TrkC mRNA expression in the SC and midbrain nuclei

NT-3 mRNA expression was located to cells in the supramammillary nucleus, and the
substantia nigra, the inferior colliculus and central gray. TrkC expressing cells were
detected in the substantia nigra, the supramammillary nucleus, the raphe nucleus, and
the central gray.
NT-3 and JrkC mRNA expression in the SC is summarised in Table 3.13. During
postnatal development and in adulthood neither NT-3 nor trkC mRNA was detected in
the zonale, superficial gray or optic layers. NT-3 and trkC mRNA signals were present
in a few neurons scattered in the deep layers of the SC.

(c)

NT-3 and TrkC mRNA expression in the visual cortex

NT-3 and trkC mRNA expression in the visual cortex is summarised in Table 3.14.

NT-3 and trkC were not detected in the postnatal visual cortex. Weak NT-3 and trkC
mRNA signals above background levels were located to few scattered neurons
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distributed in layers II/III of the adult cortex. Neurons in layers IV-VI produced a weak
trkC signal. NT-3 mRNA was weakly expressed in layer II/III but was generally absent
in the deeper cortical layers.

(viii)

Neurotrophins and their trk receptors in the pretectum and associated visual
centres in the adult rat

Neurotrophin protein and receptor expression in the pretectum, the accessory and
associated visual centres in the adult rat is summarised in Table 3.15.

A section taken through the caudal thalamus encompassing the pretectum and LGN is
illustrated in Figure 3.62a. A few BDNF immunoreactive fibres were observed in the
optic tract entering the vLGN (Figs.3.65 and 3.66). A network of BDNF
immunoreactive fibres and fine puncta in the outer shell and at the border with the inner
core of the OPN was observed (Figs.3.62a, b and c). The appearance of BDNF
immunoreactive fibres interspersed with immunoreactive puncta closely resembles that
of the retinal termination in the OPN (Scalia & Arango, 1979). BDNF immunoreactive
fibres and puncta were also observed in the nucleus of the optic tract (Fig.3.62d). The
OPN and the nucleus of the optic tract were however devoid of BDNF and NT-4
immunoreactive somata and neurotrophin mRNA expression. Neurons in the OPN and
the nucleus of the optic tract expressed moderate levels of trkB mRNA, and their
somata were trkB immunoreactive (Figs. 3.63 and 3.64). The posterior and medial
pretectal nuclei also contained BDNF immunoreactive fibres. Neurons in the posterior
pretectal nucleus also contained a few BDNF and trkB immunoreactive somata and cells
that expressed BDNF mRNA (Figs.3.71a and b), NT-4, trkB and trkC mRNAs. TrkB
immunoreactive neurons were distributed in the medial pretectal nucleus (Fig.3.70).
NT-3 mRNA expression was not detected in the pretectum. The anterior pretectal
nucleus (which does not receive direct retinal input) contained few BDNF
immunoreactive fibres, and trkB mRNA expressing cells and immunoreactive somata
but was devoid of other neurotrophin mRNA expression. The accessory optic system
(the medial, lateral and dorsal terminal nuclei) receives only a small retinal input from
the ipsilateral retina. Although trkB was located in all 3 divisions, BDNF
immunoreactive neuropil was observed only in the lateral terminal nucleus and few in
the medial terminal nucleus (Figs.3.68a, b, c and 3.69a and b). Various centres
associated with visual nuclei expressed BDNF and trkB immunoreactive somata and/or
fibres and their respective mRNA transcripts. One of the most prominently labelled
visual associated centres was the lateral posterior nucleus, which is located in the lateral
dorsal thalamus (Figs.3.62a and b). Although devoid of BDNF immunoreactive somata
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and mRNA expressing cells the lateral posterior nucleus contained a dense plexus of
strongly BDNF immunoreactive neuropil and puncta. TrkB immunoreactive somata and
trkB mRNA expressing cells were also detected in the lateral posterior nucleus. The
Edinger-Westphal and the medial accessory oculomotor nucleus contained a few BDNF
immunoreactive fibres, somata and BDNF mRNA and NT-4 expressing neurons. Other
centres that were devoid of BDNF immunoreactive somata and mRNA, but contained
BDNF immunoreactive fibres, and trkB protein and mRNA-containing somata included
the suprachiasmatic nucleus of the anterior hypothalamus (Fig.3.67a and b). The
interpeduncular nucleus was also devoid of BDNF somata but contained BDNF
immunoreactive neuropil and trkB neurons. The parabigeminal nucleus lies adjacent to
the brachium of the inferior colliculus contained a few BDNF immunoreactive fibres
(Fig.3.72) and mRNA expressing neurons. The dorsal cap of Kooy located in the
inferior olive complex (plays a role in eye movement) contained BDNF, NT-3, trkB and
trkC mRNA expressing neurons and BDNF and trkB immunoreactive fibres and somata
(Figs.3.73a, b and c).
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Figures 3.1-3.6: Distribution of BDNF in the adult brain using the Santa Cruz and RAB
antibodies.

Figure 3.1. The Santa Cruz antibody labels neurons in pyramidal layer (pi) in areas CA1,
CA2 and CA3 of the hippocampus. Bar = 500pm

Figure 3.2. RAB antibody labels neurons in the pyramidal cell layer of CA2 and CA3 but
pyramidal layer neurons in the CA1 region are devoid of mature BDNF protein. Bar =
500pm.

Figures 3.3a and b. Coronal section through the adult amygdala. The Santa Cruz antibody
labels neurons in the basolateral amygdaloid nucleus, anterior (BLA) and fibres and
neurons in the central amygdaloid nucleus lateral (CeL). Fig.3.3b is an enlargement of the
central amygdala nucleus to the right of the label CeL showing heavily labelled fibre
bundles and neurons displaying variable immunoreactivity a, Bar = 500pm. b, Bar = 20pm

Figure 3.4a, b and c. Coronal section through the adult amygdala. The RAB antibody
labels neurons in the BLA and neuropil in the CeL as seen in higher magnification
photomicrograph in Fig.3.4b (CeL) and 3.4c (BLA). a, Bar = 500pm. B, bar = 20pm

Figures 3.5. Santa Cruz antibody labels many neurons in the striatum. Bar = 50pm.

Figure 3.6 With the RAB antibody, immunoreactive cell bodies are not seen in the striatum
when probed with anti-BDNF antibody (RAB). Bar = 50pm.

Abbreviation: opt, optic tract.

Figures 3.7-3.8: Injection of rhBDNF protein into the brain parenchyma of the adult rat.
Figure 3.7. Anti-BDNF antibody (Santa Cruz) fails to recognise rhBDNF protein injected
into the striatum. Arrow points to deepest part of injection site. Bar = 2.5mm

Figure 3.8. Anti-BDNF antibody (RAB) reveals strong immunoreaction product around the
injection site (arrow) in a close serial section. Bar = 2.5mm

Figures 3.9a and b. Anti-BDNF antibody (Santa Cruz) produces a weak immunoreaction
product at the site of exogenously injected rhBDNF protein into the thalamus, a, bar =
2.5mm. b, Bar = 100pm

Figure 3.10a and b. Anti-BDNF antibody (RAB) produces strong immunoreaction product
at the injection site, a, Bar = 2.5mm b, Bar = 100pm

Abbreviations: CuP, caudate putamen; fr, fasciculus retroflexus; Hi, hippocampus; ml,
medial lemniscus; VB, ventrobasal complex.

Figures 3.11-3.16: Characterisation of anti-BDNF antibody (Santa Cruz) by Western blot
analysis
Figure 3.11. Anti-BDNF antibody (Santa Cruz) recognises O.lng, 20ng and 50ng rhBDNF
protein separated by SDS-PAGE.

Figure 3.12. Western blot membrane: Analysis of endogenous protein extracted from adult
(lane 1) and P10 (lane 2) whole brain. Four immunoreactive bands are detected with
molecular weights of 14.5KDa, 18-21KDa, 30-35KDa and ~50KDa. The band at 14.5KDa
corresponds to the mature BDNF protein and the bands 18-20 and 30-35KDa correspond to
precursor forms of BDNF. The band at ~50KDa is of an unknown identity.

Figure 3.13. Western blot membrane: Analysis of endogenous protein extracted from adult
(lane 1) and P10 (lane 2) whole brain. Omitting the anti-BDNF antibody (Santa Cruz)
eliminates all immunoreactive bands.

Figures 3.14 to 3.16. Neurotrophin dot blots. Anti-BDNF antibody (Santa Cruz) recognises
immunoreactive lOng rhBDNF protein. Ab-1 antibody (Oncogene) produced only a slight
immunoreactive dot when probed for 200pg/ml rhBDNF proteins. Omitting anti-BDNF
antibody (Santa Cruz) eliminates the immunoreactivity of the dot blot.
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Figures 3.17-3.20: BDNF protein and mRNA in the P0 and P10 LGN (RAB antibody and
antisense BDNF probe

Figure 3.17a. BDNF protein is present in the most lateral aspect of the P0 dLGN and
vLGN (arrows). Bar = 500pm
Figure 3.17b. BDNF immunoreactive fibres (arrows) course through the geniculate nucleus
deep to the optic tract. Enlargement taken from another section, close to Fig.3.17. Bar =
20pm

Figure 3.18a-d. BDNF in the LGN of the P10 rat. Note the difference in the distribution of
BDNF protein at different BDNF immunoreactive neuropil in the outershell of the CPN.
Bar = 500pm
Figure 3.18c. Enlargement taken from Fig.3.18a. BDNF immunoreactive neurop:l is
present in the lateral aspect of the dLGN.
Figure 3.18d. Caudal LGN; BDNF is present in the central area of the dLGN and ir the
lateral aspect of the vLGN. Bar = 500pm. Note the difference in the distribution of BDNF
protein throughout the rostrocaudal areas of the dLGN and vLGN. a-d Bar = 500pm

Figures 3.19 and 3.20. In situ hybridisation with digoxigenin-labelled antisense cRNA
probe for BDNF. Cells showing strong hybridisation signals are present in medially located
nuclei but not LGN at P0 (Fig.3.19) or P10 (Fig.3.20). Bars = 500pm

Abbreviations: Hi, hippocampus; cp, cerebral peduncle; dLGN, dorsal lateral geniculate
nucleus; IGL, intergeniculate leaflet; LP lateral posterior nucleus, MGN, medial geniculate
nucleus, OPN, olivary pretectal nucleus; VB, ventrobasal complex; vLGN, ventral lateral
geniculate nucleus.

dLGN

dLGN

vLGN

dLGN

Figures 3.21-3.23: Distribution of BDNF protein (RAB antibody) and mRNA expression
in the adult LGN
Figure 3.21a, b. BDNF immunoreactive neuropil was present in both divisions of the LGN
with RAB antibody.
Immunoreactive neuropil is present as an irregular sheet like pattern (arrowheads) beneath
the optic tract and elsewhere as irregular patches, a, Bar = 200pm b, Bar = 10pm
Figure 3.21c. BDNF immunoreactive neuropil is also (varicose processes and terminal
boutons) present in the IGL. Bar = 10pm
Figure 3.21d and e. High magnification of BDNF immunoreactive neuropil (noded
processes and terminal boutons) in the dLGN and vLGN-1 respectively. Bar = 10pm

Figure 3.22. In situ hybridisation for BDNF mRNA in the adult LGN. There are no
hybridised cells. Compare with strong labelling in the hippocampus. Bar = 200pm

Figure 3.23. Coronal section through the adult diencephalon processed for
immunohistochemistry, but without the RAB antibody. Immunoreactivity is totally
abolished. Bar = 1mm

Abbreviations: dLGN, dorsal lateral geniculate nucleus; Hi, hippocampus; IGL,
Intergeniculate leaflet; vLGN, ventral lateral geniculate nucleus.

Figure 3.24: Distribution of BDNF immunoreactivitv in the adult LGN of the adult rat
(RAB) antibody.
Figures 3.24a and b. BDNF protein in the dLGN forms an irregular sheet like pattern
beneath the optic tract and in scattered patches elsewhere. BDNF is distributed throughout
the vLGN-1. In the dLGN, with the border of the IGL BDNF immunoreactive neuropil
extends from the most lateral aspect, to approximately midway to the medial division. In
the vLGN, at the border with the IGL BDNF immunoreactive neuropil extends from the
most lateral aspect of the vLGN-1 through the medial division, a, Bar = 1mm. b, Bar=
100pm
Figure 3.24c. Enlargements of the lateral part of the LGN at the level of the IGL. Note the
absence of immunoreactivity with the IGL and the heavy patches and punctate
immunoreactivity in the adjacent portion of the vLGN-1. Bar =10pm
Figure 3.24d. Enlargement of the dLGN showing BDNF immunoreactive fibres (arrows).
Bar = 20 pm
Figures 3.24e and f. Enlargements taken from Fig. 3.24a. Immunoreactive fibres some
with varicosities resembling boutons (terminals) surround unlabelled neuronal cell body
(arrows) in the dLGN (e) and in the v-LGN-1 are associated with heavily labelled profile
(f). Bars =10pm
Abbreviations: dLGN, dorsal LGN; eml, external medullary nucleus; IGL, Intergeniculate
leaflet; 1, vLGN pars lateralis LP, lateral posterior nucleus; m, vLGN pars medialis. OPN
olivary pretectal nucleus.
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Figures 3.25-3.29: BDNF protein (RAB antibody) and mRNA in the SC of the rat at PO
and P5

Figure 3.25a. Section through the PO SC. BDNF is prominent in neuropil of the optic layer
of the SC (op). The insert shows a BDNF immunoreactive fibre in the superficial grey layer
of the SC. Bar = 500pm
Figure 3.25b. Enlargement taken from Fig. 3.25a. Weakly immunoreactive neurons are
present in the optic layer of the PO SC. Bar = 10pm
Figure 3.25c. BDNF immunoreactive terminal-like profiles surround unlabelled neurons
(arrows) in the PO optic layer. Bar =20pm
Figure 3.25d. Beaded BDNF immunoreactive fibres coursing from the superficial gray
layer into the optic layer of the PO SC. Bar=20pm

Figure 3.26a and b. Enlargement of part of a. Section through the caudal SC of a P2 rat.
Strong BDNF immunoreactive neuropil, is present in the ventral tegmental nucleus of the
pons (two arrows) and the reticulotegmental nucleus of the pons (single arrow) and are
possibly components of the tectospinal tract. BDNF immunoreactive fibres appear to
extend between these nuclei (arrowheads). Bar = 1mm

Figures 3.27a, b and c. BDNF immunoreaction product is associated with neurons in the
optic layer of the SC at P5. Note the varicose fibres in b and c. Bars = 10pm

Figures 3.28. In situ hybridisation with a digoxigenin probe for BDNF mRNA of a section
through the rostral midbrain of a PO rat. No hybridisation signals are detectable in the SC.
BDNF hybridised cells are not present in the PO SC. Bar = 1mm

Figure 3.29. Coronal section through the P5 midbrain, processed for in situ hybridisation
with digoxigenin-labelled BDNF probe. BDNF hybridised cells are present in the
superficial and deep layers of the SC. Bar = 1mm
Abbreviations: Aq, aqueduct; Op, optic layer; R, red nucleus; SC, superior colliculus; SN,
substantia nigra; V, visual cortex.

3.27a

Figures 3.30-3.32: BDNF protein (RAB antibody) and mRNA in the P 10 SC
Figure 3.30. BDNF immunoreaction product is present in the optic layer and in the deeper
layers. Insert, BDNF immunoreactive neuron in the optic layer of the SC. Bar = 200pm

Figures 3.31a and b. BDNF hybridised cells are distributed in the optic layer and seen at
higher magnification in b. a, Bar = 500pm. b, Bar = 20pm

Figure 3.32a Immunoreactive processes in the zonale layer and superficial grey layers of
the SC. Bar = 20pm
Figure 3.32b. BDNF immunoreactive neurons are present in the optic layer. Bar = 10pm
Figure 3.32c and d. BDNF immunoreaction product (arrows) is present in the cytoplasm
and proximal dendrites of large neurons in the intermediate white layer. Bars = 10pm
Abbreviations: Z, zonale layer; Op, optic layer; InWh, intermediate white layer; CG,
central gray.

Figures 3.33-3.35: BDNF protein (RAB antibody) and mRNA in the adult rat SC (RA)
antibody)
Figure 3.33a. Section through the caudal thalamus (with the most rostral portion of the SC
present dorsally). BDNF is present in a variety of structures, including the substantia nign,
the central gray, the commissure of the superior colliculus (esc) and the subparafasciculis
nucleus, SPF. Bar = 100pm
Figure 3.33b. Neuropil of the superficial layers of the rostral SC is strongy
immunoreactive for BDNF. Note also the strong immunoreactivity in the posteri»r
commissure of the SC. Bar = 500pm
Figure 3.33c. Immunoreactive neurons (arrows) in the optic layer of the SC. Bar = 20pm
Figures 3.33d, e and f. BDNF immunoreactive fibres (arrowheads) in the zonale (d), tie
superficial gray (e) and optic layers (f) (arrowheads). Arrow in figure 3.33e points to wht
appears to be an unlabelled cell in close proximity to a BDNF immunoreactive axin
(arrowheads). Bars = 10pm
Figure 3.33g. BDNF immunoreactive terminals (e.g.arrow) in the optic layer. Bar = lOpn

Figure 3.34. Cells in the optic layer of the SC showing strong hybridisation signals br
BDNF mRNA. Bar = 20pm

Figure 3.35. Coronal section, serial to the section in 3.33a processed
immunohistochemistry but without BDNF antibody (RAB) Bar = 100pm

or

Abbreviations: esc, commissure of the superior colliculus, LGN, lateral genicuhte
nucleus; Op, optic layer; SuG, superficial gray layer of the superior colliculus; SPF

3.33a
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Figures 3.36-3.39: BDNF immunoreactivitv (RAB antibody) and mRNA expression in the
PO and P7 visual cortex.

Figure 3.36a and b. In the PO visual cortex, BDNF protein is present in presumptive
cortical layer V, part of which is enlarged in 3.36b. BDNF is associated with neuronal
somata (arrows) and with their long apical dendrites (arrowheads) a, Bar = 500pm. b, Bar =
10pm

Figure 3.37. Low magnification photomicrograph of caudal thalamus and overlying visual
cortex of the PO rat. In situ hybridisation with a digoxigenin probe for BDNF mRNA. No
hybridisation signals are detectable in the visual cortex. Bar = 1mm

Figure 3.38a-f. Coronal section through the P7 visual cortex, immunostained with RAB
antibody. BDNF protein is strongly labels corticothalamic neurons distributed in VI
(adjacent to the subcortical white matter) (cc). Scattered neurons cortical layer V, are also
labelled, neurons in layer n /n i are weakly labelled. Layer IV was generally devoid of
BDNF immunoreactive neurons. BDNF immunoreactivity is not present in layer I (3.38a).
Bar = 100pm
Figure 3.38b. BDNF immunoreactive neurons in layer n. Bar = 20pm
Figure 3.38c. Apical dendrites of layer V pyramidal neurons (arrowheads) coursing
through layer IV. Note the immunoreactive somata (e.g. arrow) in layer IV. Bar = 20pm
Figure 3.38d. Layer V pyramidal neurons displaying immunoreactive somata (e.g. arrow)
and apical dendrites (arrowheads). Bar = 20pm
Figure 3.38e. BDNF immunoreactive neurons in the upper extremity of layer VI. Bar =
20pm
Figure 3.38f. Strongly BDNF immunoreactive corticothalamic neurons distributed in layer
VI, adjacent to the subcortical white matter. Bar = 20pm

Figures 3.39a-c. Coronal section through the P7 visual cortex processed for in situ
hybridisation with a digoxigenin probe for BDNF mRNA. BDNF hybridisation signals are
seen in layers E /in, V and VI. Bar = 200pm. High magnification of BDNF hybridised
pyramidal neurons in cortical layer V, (b) and corticothalamic projection neurons in layer
VI (c). Bars = 20pm.
Abbreviations: cc, subcortical white matter—corpus callosum; LGN, lateral geniculate
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Figures 3.40-3.42: BDNF protein distribution and mRNA expression in the P10 and adit
visual cortex.

F igure 3.40a. Coronal section through the P10 visual cortex processed for in su
hybridisation with a digoxigenin probe for BDNF mRNA. Strong BDNF hybridisatin
signals are seen in layer V. Bar = 100pm
F igure 3.40b an d c. Enlargements of Fig. 3.40a showing BDNF hybridised cells in layes
V and VI respectively. Bars =20pm

F igure 3.41a an d b. Coronal sections through the P10 visual cortex immunostained wh
(RAB) antibody. The somata of layer V pyramidal neurons are strongly labelled and thir
apical dendrites moderately labelled (a). Bar =20pm
BDNF immunoreactive corticothalamic neurons in cortical layer VI of the visual cortex re
seen. Bar =20pm

F igure 3.42a-e. Section through the adult visual cortex immunostained with (RJ3
antibody). The dentate gyrus of the hippocampus (a) displays strong BDJF
immunoreactivity. The most prominently labelled neurons are seen in cortical layers T,
adjacent to the subcortical white matter overlying the corpus callosum (cc), neurons in laer
V and neurons in layer n/IH. A few BDNF immunoreactive neurons are seen in layer V.
Bar = 100pm
Figure 3.42b. Enlargement of BDNF immunoreactive neurons in layer E /m of the viaal
cortex taken from Fig.3.42a. Bar =20pm
Figure 3.42c. Enlargement of neurons in layer IV which taken from Fig.3.42a. Ligtly
immunoreactive fibres are present (arrowheads). Bar =20pm
Figure 3.42d. Pyramidal cells in layer V, some of which display heavy immunoreactiity
but others are only moderately immunoreactive for BDNF. Bar =20pm
Figure 3.42e. Corticothalamic neurons in layer VI display heavy immunoreactiity
Enlargement is taken from Fig.3.42a. Bar =20pm

A bbreviations: cc, subcortical white matter—corpus callosum; DG, dentate gyrus;Hi,
hippocampus
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Figures 3.43-3.44: BDNF (Santa Cruz antibody) in the P 10 and adult LGN.
Figures 3.43a-c. Section through the P10 LGN. BDNF immunoreactive neurons witi
bipolar and round soma in the dLGN (a), IGL (b) and vLGN (c), of a P10 animal. Note th
BDNF immunoreactive fibres in the IGL and vLGN (arrowheads). Broad arrow in b poiro
to IGL. Bars = 20pm
Figures 3.44a and b. Section through the adult LGN. Many neurons in dLGN and vLGR
display weak immunoreactivity. Bar = 200pm. Enlargement of BDNF immunoreactive
neurons (b) taken from Fig.3.44a. BDNF immunoreaction product is located in geniculae
somata (e.g. arrows), Bar = 20pm

Abbreviations: ar, acoustic radiation; dLGN, dorsal LGN; IGL, Intergeniculate leaflit;
vLGN, ventral LGN.

vLGN

Figures 3.45-3.50: NT-4 protein and NT-4 mRNA expression in the LGN, SC and visuil
cortex at various postnatal ages

Figure 3.45. Coronal section through the P14 caudal thalamus and rostral SC. Sectim
processed for in situ hybridisation with digoxigenin-labelled antisense cRNA probe for bC4. There are no NT-4 hybridised cells in the LGN. Compare with strong hybridised cells n
the ventrobasal complex of the thalamus (VB). Bar = 100pm

Figure 3.46 Sections showing part of the P5 SC immunostained with NT-4 antibody. NT-4
protein is seen in a few neurons distributed in the optic layer (lower half of figure) Bar=
20pm

Figures 3.47 and 3.48. Section showing part of the P5 SC immunostained with NT4
antibody. Large multipolar neurons in the P5 intermediate grey layer of the SC are strongly
immunoreactive for NT-4. Bars = 20pm

Figures 3.49 and 3.50. Section showing part of the P10 visual cortex immunostained wth
NT-4 antibody. NT-4 immunoreactivity is seen in neurons located in layer II/ni (3.49) aid
in pyramidal neurons in layer V (3.50). Bars = 20pm.

3.47

Figures 3.51-3.54: TrkB mRNA expression and protein distribution in the LGN of the PO
and P7 rat.

Figure 3.51. Photomicrograph showing part of the PO thalamus processed for in situ
hybridisation with digoxigenin-labelled antisense trkB probes. TrkB hybridisation signals
are seen in the dLGN and vLGN. An oblique section. Bar = 500pm

Figure 3.52a. Section through the PO diencephalon immunostained for trkB. Many
thalamic nuclei display strong trkB immunoreactivity including the ventrobasal complex
and parafasciculus nucleus. Neuropil in the vLGN shows strong trkB immunoreactivity. a,
Bar = 500pm. 3.52b and c show higher magnifications of neuropil in the dLGN (b) and
vLGN (c). Note also, the much lower immunoreactivity in the dLGN a and b compared
with the vLGN a and c. Bars = 20pm.

Figure 3.53. Photomicrograph showing part of the P7 LGN processed for in situ
hybridisation with digoxigenin-labelled antisense trkB probes. TrkB hybridisation signals
are seen in the dLGN and vLGN. Note that hybridisation signal is present in cells
throughout vLGN but trkB-expressing cells in dLGN are most prominent. Bars = 500pm

Figure 3.54a, b and c. Photomicrograph showing part of the P7 thalamus immunostained
with trkB protein. Note the lower levels of neuropil immunoreactivity in the dLGN within
which, are moderate numbers of trkB immunoreactive neurons seen at higher magnification
in Figure 3.54b. Neurons with bipolar and morphologies at the dLGN border with the LP
are illustrated in Figure 3.54c. In both cases note that trkB immunoreactivity extends far
into the dendrites of these presumptive projection neurons, a, bar = 500pm. b and c, Bars =
20pm.
Abbreviations: Hi, hippocampus; dLGN, dorsal lateral geniculate nucleus; LP lateral
posterior nucleus; PF, parafasciculus nucleus; VB, ventrobasal complex of the thalamus;
vLGN, ventral lateral geniculate nucleus.
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Figures 3.55-3.56: TrkB immunoreactivity SC at PO and P7
Figures 3.55a, b and c. TrkB immunoreactive neuropil and somata are present in the optic
layer of the PO SC, seen at high magnification in 3.55b and c. a, Bar = 500pm. b and c Bars
= 20pm

Figure 3.56a. TrkB immunoreactive neurons distributed across the entire mediolateral
extent of the optic layer of the SC at P7 (arrowheads). Bar = 500pm

Figure 3.56b-f. TrkB immunoreactive neurons, somata (arrows) and fibres (arrowheads) in
the zonale (3.56b) and in the superficial gray layer (lower portion of 3.56b, in c, d) and in
the optic layers (mid-lower portion of c, and in f) at P7. Bars = 50pm
Abbreviation: Op, optic layer.

Figures 3.57-5.61. Visual cortex of PO. P7, P10 and adult animals probed with anti-trkB
antibody and trkB antisense probes
Figures 3.57a, b and c. Coronal section of the PO visual cortex, shown at low
magnification in 3.57a trkB immunoreactive neurons are distributed in layers VI (Figure
3.57b) and II (Figure 3.57c), and. a, Bar = 1mm. b and c, Bars = 20pm

Figures 3.58. Coronal section through the P7 visual cortex immunostained for trkB. The
distribution of TrkB immunoreactive neurons in the visual cortex of the P7 rat. Bar
=500pm
Figures 3.58a, b, c. TrkB immunoreactive neurons are in layers VI, IV and V respectively.
Note the strong immunoreactive corticothalamic neuron located in layer VI adjacent to the
subcortical white matter labelled cc and also the strongly immunoreactive neurons in the
upper portion of layer (a) Layer V pyramidal cells and their apical dendrites are alsc
strongly labelled (c). The apical dendrites of layer V pyramidal neuron are seen in layer IV
(the middle portion of b). A few small cells in layer IV are labelled. Neurons in lower layei
IB (upper portion of b) are strongly immunoreactive. Bars =20pm

Figures 3.59a. Coronal section through the P10 visual cortex immunostained for TrkB
Note the trkB immunoreactive neurons are seen in the infragranular layer, note especiall;
the very strong trkB immunoreactive corticothalamic neuronal somata located deep in laye
V I , adjacent to the subcortical white matter shown at a higher magnification in b. a, Bar =
500pm. b, Bar = 20pm

Figures 3.60a. Coronal section through the adult visual cortex immunostained for trkE.
Strong trkB immunoreactive neurons are seen in layers II, V and VI. Only a few scatterel
trkB immunoreactive cells are seen in Layers 1 and IV. Enlargements of layer trk3
immunoreactive pyramidal neurons and layer VI corticothalamic neurons seen in Fig.3.0
are shown in b and c, respectively, a, Bar = 250pm b and c Bars =20pm

Figures 3.61a and b. Part of a coronal section of adult visual cortex layer VI (3.61a) ard
layer V (b) probed with digoxigenin-labelled trkB probe. Strong trkB hybridised cells ae
seen in layers VI (adjacent to the subcortical white matter labelled cc) and V. Tie
localisation of the trkB hybridisation signals correspond with the location of trlB
immunoreactive somata in layers VI and V, see Figs.3.60b and c. Bars =20pm
Abbreviation: cc, corpus callosum.

j
_
fc v i# * # —
, v *

3.59a?

tt a *

^
*

- - ■,

v * * m

'•;;* •
••
' <% • • * %
•* • *»
\ .
* «• *
• * \
’

b

»■'♦
>

f

-_ .- ^~

***"*».

•i *4
^
•S -ft ,
* 4
. \
>■ •
* .
r *• %<%\
4
•*-> «
* k A
• *
* .
• ^
’
» .
,i »
i
4
«.
i-‘
**
* »

it•
i

A

-«
^ «

* ? ' * ' '*
-if* * * * - J f ,
* v. *
^\
-<* *
*

••
^
* « • - %>-

P#i

4

*- >

mmH

^ ,W»«- >

I-

'

' V * *J 4 *

I t. . - . ' "

*

-

—•

Figures 3.62-3.66: BDNF and trkB proteins in the pretectum, LP and nucleus of optic tract
of the adult rat.
Figure 3.62a. Coronal section through the caudal diencephalon, immunostained for BDNF,
using RAB antibody. BDNF immunoreaction product is present in the LP, OPN, substantia
nigra (SN) and in the subparafasciulus nucleus (SFN). Bar = 2mm
Figure 3.62b. Enlargement of a portion of the LP and OPN, taken from another serial
section close to Fig. 6.21a. The neuropil of the LP shows strong BDNF immunoreactivity.
Note also the OPN, which contains and is surrounded by BDNF immunoreactive neuropil.
Bar = 1mm
Figure 3.62c. BDNF immunoreactive fibres (arrow) course in the outershell of the OPN,
demarcated from the inner core by the dashed line. Broad arrow points to BDNF
immunoreactive aggregate in the inner core of the OPN. Bar = 50pm
Figure 3.62d. BDNF immunoreactive puncta and varicose fibres (arrows), in the nucleus of
the optic tract. Bar = 50pm

Figures 3.63 and 3.64. Many trkB immunoreactive neurons are seen in the OPN (3.63) and
nucleus of the optic tract (3.64). Bars = 20pm

Figures 3.65 and 3.66. BDNF immunoreactive fibres (arrows) and puncta in the vLGN.
Bars = 20pm
Abbreviations: APT, anterior pretectal nucleus; dLGN, dorsal lateral geniculate nucleus:
IGL, Intergeniculate leaflet; LP, lateral posterior nucleus; OPN, olivary pretectal nucleus.
vLGN, ventral lateral geniculate nucleus.
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Figures 3.67-3.73: BDNF (RAB antibody) and trkB proteins and BDNF and trkB mRNA
expression in accessory visual centres and associated nuclei of adult rats.
Figures 3.67a and b. Coronal section showing BDNF immunoreactive neuropil (3.67a)
and trkB immunoreactive neuropil somata in the suprachiasmatic nucleus (SCh) (b). A few
trkB positive fibres are seen in the optic chiasm (ox) (arrowheads) in b. a, Bar = 500pm. b,
Bar = 20pm

Figures 3.68a and b. Coronal section showing BDNF immunoreactive neuropil in the
lateral terminal nucleus of the accessory optic system at low (a) and higher magnification
(b). a, Bar = 100pm. b, Bar = 20pm
Figure 3.68c. Coronal section showing trkB immunoreactive neurons and neuropil in the
lateral terminal nucleus of the accessory optic system Bars = 20pm
Figures 3.69a. Neuropil of the medial terminal nucleus of the accessory optic system
shows BDNF immunoreactivity. Bar = 20pm
Figure 3.69b Coronal section through the medial terminal nucleus of the accessory optic
system shows trkB immunoreactive neurons. Bar = 20pm

Figure 3.70. Coronal section showing part of the medial pretectal nucleus. A few large
trkB immunoreactive neurons are seen. Bar = 20pm

Figure 3.71a and b. Coronal section through the caudal diencephalon and rostral midbrain
showing part of the pretectum. Section processed for in situ hybridisation using
digoxigenin-labelled antisense BDNF probes. A few BDNF hybridised cells (single and
double arrows) are present are seen in the posterior pretectal nucleus (PPT), and are shown
at a higher magnification in b. a, Bar = 100pm. b, Bar = 20pm
Figure 3.72. Coronal section showing part of the parabigeminal nucleus immunostained for
BDNF (RAB antibody). BDNF immunoreactive fibres are seen. Bar =20pm

Figures 3.73a. Oblique coronal section through the inferior olive immunostained with
BDNF (RAB). Neuropil of the dorsal cap of Kooy (IOK) showing strong BDNF
immunoreactivity. Bar = 200pm
Figures 3.73b and 3.73c. Coronal sections through the inferior olive, showing part of the
inferior olive. Sections processed for in situ hybridisation with using digoxigenin-labelled
BDNF and trkB. BDNF (b) and trkB (c) hybridised cells are seen in the IOK. Bars =
200pm
Abbreviations: 3V, third ventricle; f, fomix; ox, optic chiasm, SO, supraoptic nucleus of
the hypothalamus.
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Table 3.1 Positive and negative controls: Distribution of BDNF immunoreactivity in
selected regions of the normal adult rat brain

Control group

A dult CNS region

RAB antibody

BDNF antibody
(Santa Cruz)

Positive control

CA1 field of
hippocampus,
Pyramidal layer

-

4+++++

Positive control

CA2 field of
hippocampus,
Pyramidal layer

3/4 ++++

4 +++++

Positive control

CA3 field of
hippocampus,
Pyramidal layer

3 ++++

4 +++++

Positive control

Cerebral cortex

3 +++

4 +++++

Positive control

Amygdala nucleus,
Anterior basolateral
part

3 +++/++++

3 ++++

Positive control

Amygdala nucleus,
central

F

3 +++

Negative control

Striatum

-

3 +++/++++

Negative control

Medial geniculate
nucleus

-

3++

Abbreviations; - none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells. F, fibre
labelling.

T able 3.3. Distribution of BDNF protein and BDNF mRNA the postnatal and adult LGN of
the rat

LATERAL GENICULATE NUCLEUS
BDNF

Age

D orsal lateral geniculate
nucleus

Intergeniculate leaflet

Ventral lateral geniculate
nucleus

PO

-

F++
V++

PO

F+
V+
F++
V+
F++
V+
F+++
V+++
F+++
V+++
F++++
V+++/++++
1++

F++
V++
F++
V++
F++
V+++
-

V+
F+
V+
F++
V+
F++++
V+++/++++
2/3++

P2

1+

-

3+

P5

3/4+/++

2++

3+++

P7

3/4+++

2++

3++

P10

2++
F+++
2++
F++

3++++
F+++
2/3++

PO

3/4++++
F+++
2/3++
F++
-

-

-

P5

-

-

-

P7

-

-

-

P10

-

-

-

P14

-

-

-

Adult

-

-

-

P2
M ature
BD N F

P5
P7

(RAB
antibody)

P10
Adult

V+
-

P repro/

m ature
BD N F
(Santa
Cruz
antibody)

Adult

BDNF
mRNA

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number of cells; 4, densely packed cells; F, fibre
labelling; V, varicosities.

T ab le 3.4. Distribution of BDNF proteins and BDNF mRNA in the post-natal and adult rat
SC.

SUPERIOR COLLICULUS
BDNF

Zonale

Superficial
grey

Optic layer

Intermediate
grey & white

Deep
grey & white

PO

F+

F+

V
F+
1+
Y+
1+

3/4+++/++++

PO

1+

1+

4/3++/+++
F+
1/2+
F+++
2/3+/++

3++++/++++
+
3++++

Adult

1+
F+
F+++

1+
V+
1+
F+
1++
F++
1++
F+
F+++

1+
F/V
2+++
F/V++
3/4++++

2++

P2

1+
F/V+/++
1+
F/V++
2/3++/+++

P2

1+

4++

mature

P5

2+

BD N F
(Santa Cruz
antibody)

P7

M ature
BDNF

Age

P5
P7

(RAB
aintibody)

P10

2++
3++++
3++++
3++++

1+

1+

4++

4++

2/3++++

4++

4++

4+++

2/3++

2/3++

2/3++

2+

4+++

4+++

3+++

3+++

P10

2++

4+++

4++++

3+++

3+++

Adult

3+++
F+++
-

3+++

2++/+++

1++

PO

2++
F++
-

-

1+

2+

P5

-

-

1/2++

2/3++

3++

P7

-

1+

2++

1+

2++

P10

-

1+

3+++

2/3++

2+++

Adult

-

1/2+

2+++/++++

2++/++++

2+++

Prepro/

BDNF
mRNA

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells; F, fibre
labelling; V, varicosities.

TTable 3.5. Distribution of BDNF protein and BDNF mRNA in the visual cortex of the
postnatal and adult rat

VISUAL CORTEX
BDNF

Age

L ayer

I

M ature
BDNF
CRAB
antibody)

L ayers

L a y er

L a ye r

L a yer

IV

V

VI

-

3++

2++

PO

-

II &III
N/C

P2

-

1/2++

-

3++

2+/++

P5

-

2++

-

3++

2++

P7

-

2/3+++

3+++

3/4++++

P10

-

3+++

1+
V+
-/1+

3++++

3/4++++

2++

v+
■71+

2++

3++++

4+

1+

Adult

-

PO

N/C

N/C

V+
3+

P2

2+++

3/4++++

3++

4+++

4++++

P5

1+++

3/4+++

3++

4++++

4++++

P7

1+++

3/4+++

3++

4++++

4++++

P10

2+++

3+++

3++

4++++

3/4+++

Adult

1+++

3/4+++

3+++

4++++

3+++

1+

1+

Prepro/

m ature
BD N F
(Santa
Cruz
antibody)

F++

BDNF
mRNA

PO

-

2+

P5

-

1+

-

3++

2/3++

P7

-

1+

1+

3+++

3/4++++

P10

-

1+

3+

4++++

4++++

Adult

-

2+++

-

3/4+++

4++++

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells; F, fibre
labelling; V, varicosities; N/C, not clear.

Table 3.6. Distribution of NT-4 protein and mRNA in the LGN of the postnatal and adult
rat

LATERAL GENICULATE NUCLEUS
NT-4

Age

Intergeniculate leaflet

Ventral
lateral geniculate
nucleus

-

“

•

•

•

•

•

-

•

•

-

-

•

“

Dorsal
lateral geniculate
nucleus

PO
P5
NT-4
protein

P7
P10
Adult

-

PO
P5
*
NT-4
mRNA

“

P7
“
P10
“
P14
Adult

'

'

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+-++++ extremely heavy staining.

Table 3.7. Distribution of NT-4 protein and mRNA in the postnatal and adult SC

SUPERIOR COLLICULUS

N T -4

A ge

Z o n a le

Superficial
grey

O p tic la y e r

Interm ediate
grey & w h ite

D ee p
grey & w h ite

-

-

-

-

-

-

-

2+

2+++

2+++

-

-

-

-

-

-

-

-

-

-

-

-

2/3+++

2+++

2+++

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

PO
P5
NT-4
protein

P7
P10
Adult
PO
P5

NT-4
mRNA

-

P7

1+++

P10

1+++

P18

2++

Adult

2+++

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number of cells; 4, densely packed cells.

Table 3.8. Distribution of NT-4 protein and mRNA in the visual cortex of postnatal and
adult rat

VISUAL CORTEX

NT-4

Age

Layer
I

Layers
II &III

Layer
IV

Layer
V

Layer
VI

1+

1+

2+++

3+++

PO
P2
P5
NT-4
protein

P7
P10

2++
Adult

3++

.

2/3++

1+

2++

2++

2++

2++

2++

2++

2+++

2/3+++

3++

2++

3++

3++

PO
P2
P5
NT-4
mRNA

P7
P10
Adult

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number of cells; 4, densely packed cells

Table 3.9. Distribution of trkB protein and mRNA in the postnatal and adult LGN

LATERAL GENICULATE NUCLEUS

TrkB

TrkB
protein

TrkB
mRNA

D orsal
lateral geniculate
nucleus

Intergeniculate leaflet

Ventral
lateral geniculate
nucleus

PO

-11+
V+

1+
F++

2++++
V++++

P2

-/1+
V+

1+
F++

1/2++
V+

P5

3+++

1+++

3+++

P7

2/3+++

1+++

2+++

P10

2/3++++

2+++

3++++

Adult

3++/+++
F++

3++/+++
F+++

3+++

PO

1/2+

N/C

2++

P2

1+

•

1++

P5

3++

P7

2/3++/+++

1+

2++/+++

P10

3+++

1+

2/3++/+++

Adult

3++

1+

3++/+++

Age

3+++

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells; F, fibre
labelling; V, varicosities, N/C, not clear.

Table 3.10. Distribution of trkB protein and mRNA in the postnatal and adult SC

SUPERIOR COLLICULUS

TrkB
protein

Age

Zonale

Superficial
grey

Optic layer

Intermediate
grey & white

Deep
grey & white

PO

1+

1+

3/4+++

3++++

3++++

P2

1+

1++

3+++

3+++

3+++

P5

1+

1++

3++++

3++++

3+++

P7

1+

2+++/+

3/4++++

3+++++

3++++

P10

3++

2++/+++

4++++

3+++

3+++

Adult

1/2+

2++

3++/+

2++

2++

PO

“*

-

-

-

-

*

-

■

P2

TrkB
mRNA

P5

1+

2+/++

2++

2++

P7

1/2+++

3++

2/3++

2/3++

P10

“

2/3++

3++/+++

3+++

3+++

P14

1+

2++

2++

3++

3+++

Adult

1+

1+

3++

2+++

2+++

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
1-++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells.

T able 3.11. Distribution of trkB protein and mRNA in the visual cortex of the postnatal and
adult rat

VISUAL CORTEX

TrkB

Age

Layer
I

Layers
II &III

Layer
IV

Layer
V

Layer
VI

-

2/3++
F+++++

2+++

3++++

2+++

-

3++++
F++

1+

2++

3+++

-

3++++

1++

3/4+++

3/4++

-

4++++

3+++

4+++++

3++++

-

4+++

2/3+++

4+++++

4+++++

-

3++++

2/3++

3/4++++

4++++

PO

P2

P5
TrkB
protein

P7

P10

Adult

E15
to
E19
PO

TrkB
mRNA

Superficial layer o f d evelop in g cortex.
1/2+

-/1+

3+++

2++I+

P5

3++

1+/-

3++

3/4+++

P7

3++

2+

3++

4+++

P10

3++

3+

4+++

3++

P14
&
P18
Adult

2+

2/3+

3+++

3++

1++/+++

1++

3+++/++++

3++

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining; +++++
extremely heavy staining. 1, occasional cell; 2, few scattered cells; 3, moderate number of cells; 4, densely packed cells.

Table 3.12. Distribution of NT-3 and trkC mRNA in the LGN of the postnatal and adult rat

LATERAL GENICULATE NUCLEUS
mRNA

NT-3
mRNA

TrkC
mRNA

Dorsal lateral geniculate
nucleus

Intergeniculate leaflet

Ventral lateral geniculate
nucleus

PO

-

-

-

P2

-

-

-

P5

-

-

-

P7

-

-

-

P10

-

-

-

Adult

-

-

-

PO

-

-

-

P2

-

-

-

P5

-

-

-

P7

-

-

-

P10

-

-

-

Adult

-

-

Age

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells.

Table 3.13. Distribution of NT-3 and trkC mRNA in the postnatal and adult SC of the rat

SUPERIOR COLLICULUS
mRNA

NT-3
mRNA

TrkC
mRNA

Age

Zonale

Superficial
grey

Optic layer

Intermediate
grey & white

Deep
grey & white

PO

-

-

-

-

-

P2

-

-

-

-

-

P5

-

-

-

-

-

P7

-

-

-

2+++

2/3+++

P10

-

-

-

2+++

2+++

Adult

-

-

-

2++

2+/++

PO

-

-

-

-

-

P2

-

-

P5

-

-

-

-

P7

-

-

-

-

P10

-

-

-

-

Adult

-

-

-

-

2++/+++

2++/+++

Abbreviations: None; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
+++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number o f cells; 4, densely packed cells.

Table 3.14. Distribution of NT-3 and trkC mRNA in the visual cortex of the postnatal and
adult rat

VISUAL CORTEX

mRNA

Age

L ayer

L ayers

L a ye r

L a yer

L a yer

I

II&III

IV

V

VI

PO

-

-

-

-

-

P2

-

-

-

-

-

-

NT-3
mRNA

TrkC

P5

-

P7

-

-

-

-

-

P10

-

-

-

-

-

Adult

-

2++

-

1+

1+

PO

-

-

-

-

P2

-

-

-

-

-

P5

-

-

-

-

-

P7

-

-

-

-

-

P10

-

-

-

-

-

Adult

-

2+++

1+

3+/++

3++

mRNA

Abbreviations: none; + very light staining; ++ light staining; +++ moderate staining; ++++ heavy staining;
-»-++++ extremely heavy staining.
1, occasional cell; 2, few scattered cells; 3, moderate number of cells; 4, densely packed cells

and associated visual centres of the adult rat

NEUROROPHIN AND TRK RECEPTORS
NT-3
NT-4
TrkB

BDNF

C0

W
vj
D
m
5
ft

W
H

<

TrkC

Protein

mRNA

Protein

mRNA

Protein

mRNA

Protein

mRNA

Protein

mRNA

LGN

✓

X

X

X

S

✓

N/E

X

N/E

X

Z onale

S

X

X

X

S

✓

N/E

X

N/E

X

SuG

S

✓

X

X

s

X

N/E

X

N/E

X

Op

S

✓

S

s

✓

N/E

X

N/E

X

InG

V

✓

✓

S

s

V

N/E

✓

N/E

NOT

s

X

X

X

s

s

N/E

X

N/E

X

O PN

s

X

X

X

s

N/E

X

N/E

X

M PT

s

X

X

X

s

✓

N/E

X

N/E

X

U
o
in
VI
<

PPT

s

✓

X

V

s

s

N/E

X

N/E

X

A PT

s

X

X

X

✓

s

N/E

X

N/E

X

<

LP

s

X

X

X

✓

✓

N/E

X

N/E

X

EW

s

V

s

S

✓

✓

N/E

✓

N/E

s

3

s

S

S

V

s

s

N/E

s

N/E

S

PBG

s

S

X

X

s

s

N/E

S

N/E

X

LT

V

X

X

X

s

V

N/E

X

N/E

X

MT

s

X

X

X

s

✓

N/E

X

N/E

X

SCh

s

X

✓

X

V

✓

N/E

X

N/E

X

IP

s

X

S

X

s

V

N/E

X

N/E

X

IOK

s

✓

S

✓

s

s

N/E

✓

N/E

V

Visual
cortex

s

s

s

N/E

N/E

S

>
&
O
xn
in
W
U
o
<

£
i
u

o
zHH
H

S

Abbreviations *, not detected;
detected; N/E, not examined. LGN, lateral geniculate nucleus; SuG, superficial gray; Op,
stratum opticun layer of the superior colliculus; InG, intermediate Gray layer of the superior colliculus; OPN, olivary pretectal
nucleus; OT, mcleus of the optic tract; MPT, medial pretectal nucleus; PPT, posterior pretectal nucleus; APT, anterior pretectal
nucleus; LP, laeral posterior nucleus; EW, Edinger-Westphal nucleus; 3, oculomotor nucleus; PBG, parabigeminal nucleus; LT,
lateral terminal nucleus; MT, medial terminal nucleus; BP, SCh, suprachiasmatic nucleus; interpeduncular nucleus; IOK, dorsal cap
of Kooy.

3.4

Discussion

In this chapter the distribution and localisation of BDNF, NT-4, trkB protein, their
mRNAs and that of NT-3 and trkC in the postnatal and adult rat visual centres were
described. Antibodies raised against BDNF, NT-4 and trkB proteins were used to map
their distribution and digoxigenin labelled cRNA probes complementary to full length
BDNF, NT-4 and NT-3 and the intracellular signal-transducing domain of trkB and trkC
were used to map neurotrophin and trk receptor mRNA expression. The data in the
present study revealed the wide distribution and expression of trkB in the postnatal and
adult brain. TrkB was located in all the visual centres that contained BDNF
immunoreactive somata and/or neuropil.

BDNF was expressed poorly in early

developing visual centres but increased with maturation. Some visual centres showed
discordance in BDNF mRNA-protein distribution. NT-4, NT-3 and trkC were sparsely
distributed in the developing and adult rat visual centres. BDNF and trkB were
expressed in many visual centres throughout several developmentally regulated events
including the innervation, segregation/refinement and stabilisation of RGC afferents, the
neuronal acquirement of adult morphological characteristics and naturally occurring cell
death. Furthermore, BDNF and trkB were widely distributed in several visual centres in
adulthood suggesting a role of trkB signalling in the maintenance and/or regulation of
visual processing and circuitry.

(i)

Specificity of neurotrophin antibodies

The use of well-characterised antibodies provides great insight into the location and
possible roles of proteins in vivo. However, the integrity of the immunocytochemical
data relies critically on the specificity of the antibody used. The amino acid and
structural homology among the neurotrophins cause difficulty in raising specific
antibodies to different members. One major difficulty resides in potential cross
reactivity of neurotrophin antibodies between several members of the neurotrophin
family (Negro et al., 1993). The use of peptide antibodies has afforded the
discrimination of respective neurotrophins. Wetmore et al. (1991), Furukawa et al.,
(1998) Kawamoto et al., (1998) have all reported BDNF immunoreactivity in adult and
postnatal (Friedman et al., 1998) rat brain using anti-BDNF peptide antibodies. Even
though the synthetic peptides are usually generated from regions that do not share
amino acid sequence homology to other proteins, the specificity of peptide antibodies
has been raised (Wetmore et al., 1993). The main problem with peptide antibodies is the
tendency for the production of ‘false results’, in that the peptide antibody may recognise
105

the peptide immunogen, but not the ‘real’ complex protein in question (false negative).
Additionally, the peptide antibody may recognise and bind with epitopes that share
similar but unrelated primary amino acid sequences with the parent protein under
investigation (false positive).

Antibody specificity is imperative in determining the true localisation and distribution
of a given protein. In this chapter I reported the differences in the labelling patterns of
the fully characterised anti-BDNF antibody (RAB), raised against full length mature
BDNF and that of anti-BDNF antibody (Santa Cruz) raised against 9 amino acids of the
mature BDNF sequence. Anti-BDNF antibody (Santa Cruz) was initially used to map
the distribution of BDNF protein in the visual system before anti-BDNF antibody
(RAB) was available. The discrepancies in the labelling pattern throughout the adult
and P10 rat brain of anti-pan BDNF antibody (Santa Cruz) prompted a mini
characterisation study.

(ii)

Characterisation study

Anti-BDNF antibody (Santa Cruz) specificity was characterised by probing (i) CNS
regions which express heterogeneous levels of BDNF mRNA and protein (ii) exogenous
human rhBDNF using western blot analysis (iii) endogenous BDNF extracted from P10
and adult whole brain using Western blot analysis, (iv) exogenously injected human
rhBDNF protein into the adult brain (v) neurotrophin dot blots and preabsorption
controls.

The distribution of the immunocytochemical labelling by anti-BDNF antibody (RAB) in
the normal adult rat brain agrees with the reported pattern of BDNF protein (Yan et al.,
1997b; Conner et al., 1997) and mRNA expression (Hofer et al., 1990; Conner et al.,
1997) in various CNS regions. The labelling pattern is consistent with the view that
BDNF expression is restricted to specific brain nuclei. Anti pan-BDNF antibody
produced intense immunoreactivity in many of the visual and non-visual brain regions
examined. The labelling pattern was analogous to the immunoreactivity produced by
anti-V2. Anti-V2 antibody recognises precursor proteins and derivatives of BDNF and a
more restricted BDNF epitope that has been suggested to directly influence gene
expression (Furukawa et al., 1998; Fukumistu et al., 1998). A similar finding was also
reported by Wetmore et al. (1991) who generated a peptide antibody against a similar
BDNF sequence as the anti-V2 antibody.
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The discordance in the patterns and intensity of immunoreactive somata in various brain
regions warranted that its specificity be further assessed by Western blot analysis. AntiBDNF (Santa Cruz) specifically bound to the antigen peptide it was raised against and
rhBDNF. The size of the protein (~14KDa) recognised by the Santa Cruz antibody
correlated with the MW of biologically active BDNF protein (Barde et al., 1982; Yan et
al., 1997b; Kawamoto et al., 1998). The increase in the intensity of immunoreaction
product and the width of the bands correlated with the increase in concentration (0.150ng) of BDNF protein. When whole brain extract from normal adult and P10 rat brain,
were separately probed using pan-BDNF a weak but positive band at 14KDa and 3
bands of high molecular weights were detected. The lack of protein detected at 14-14.5
KDa, and the size of biologically active mature BDNF, in the whole brain extracts
correlates with previous published data that revealed the low content of mature BDNF
in the mammalian brain (Barde et al., 1982; Ma et al., 1997; Kawamoto et a., 1998).
The detection of bands with molecular weights greater than 15KDa (between ~1850KDa) indicate that anti-pan-BDNF antibody also recognises unprocessed and cleaved
precursor proteins of BDNF, in addition to full length mature BDNF. Several groups
have demonstrated unprocessed forms of endogenous BDNF in extract from rat cochlea
(Wiechers et al., 1999), the rat hippocampus (Furukawa et al., 1998) and from lysates of
BDNF transfected COS7 cells (Wetmore et al., 1991; Furukawa et al., 1998; Haubensak
et al., 1998). Anti-BDNF antibody (Santa Cruz) Western blot data suggests that the
major portion of the BDNF immunoreaction product represents unprocessed precursor
and cleaved forms of BDNF. This finding is also supported by the data in which NGF,
NT-3 and NT-6 precursors were found to be present in much greater quantities than that
of their mature forms in cultured mammalian cells transfected with the respective
cDNAs (Gotz et al., 1994; Blochl & Thoenen 1995; Heymach et al., 1996). When
rhBDNF protein was injected into the striatum and thalamus of normal adult rats and
probed with anti-BDNF antibodies, anti-BDNF antibody (RAB) produced an extremely
intense bolus of BDNF immunoreactivity at the injection site. The lack of neurons
labelled away from the injection site and in the contralateral brain suggests that antiBDNF antibody (RAB) has a high affinity for the mature protein. The high affinity of
anti-BDNF antibody (RAB) has for exogenously injected mature BDNF (Yan et al.,
1997b), presumably reduces the pool of antibody and the likelihood of anti-BDNF
antibody (RAB) binding with endogenous BDNF protein, which is present at a far lower
level. Pan-BDNF produced extremely weak levels of BDNF immunoreactivity around
the injection site of exogenously injected rhBDNF protein. However, neurons at the
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level of the injection site were strongly immunoreactive. Together the data suggests
that pan-BDNF has a lower affinity for exogenously applied mature BDNF, and a far
greater affinity for endogenous BDNF precursors and/or its cleaved portions. This
suggests that anti-BDNF antibody (Santa Cruz) recognises and binds with biologically
active BDNF with a far lower affinity than anti-BDNF antibody (RAB) and recognises
predominantly BDNF precursors and/or cleaved portions of BDNF precursors.
Dot blots reinforced the findings that anti-BDNF antibody (Santa Cruz) is capable of
recognising and binding to mature and biologically rhBDNF protein under in vitro
conditions at both low (O.lng) and high (lOOng) concentrations. Monoclonal BDNF
(Ab-1) antibody failed to produce any immunoreactivity in the brain. The monoclonal
antibody Ab-1 only recognised rhBDNF protein at an acute concentration of 200pg
under dot blot conditions. Considering the low concentration of BDNF in the adult and
postnatal brain, it was not surprising that Ab-1 did not detect endogenous BDNF
protein, and renders it ineffective for determining the localisation and distribution of
low levels of endogenous BDNF.

No cross-reactivity with the other members of the neurotrophin family was detected
with any of the BDNF antibodies used. Pre-absorption of BDNF antibodies with 100fold excess of rhBDNF completely eliminated any immunoreactivity in the sections
processed with anti-BDNF antibody (RAB). When anti-pan-BDNF antibody was
preabsorbed with its cognate peptide all dot blot immunoreactivity was eliminated.
However, preabsorption of anti-BDNF antibody (Santa Cruz) with rhBDNF and its
subsequent probing for endogenous BDNF resulted in very weak immunoreactivity of
bands of >18KDa, further supporting the data that other BDNF precursor proteins and
or its derivatives are recognised by the anti-BDNF antibody (Santa Cruz). It is likely
that the vast labelling of neuronal structures by the BDNF antibody (Santa Cruz) results
from the labelling of prepro-precursor and cleaved portions of the BDNF, which are not
recognised by anti-BDNF antibody (RAB). Anti-BDNF antibody (Santa Cruz) was
raised against the BDNF peptide sequence that lies 8 amino acids from the prepro
portion that is cleaved from the mature protein portion. This cleaved region results in
the increased accessibility of the antibody to recognise and bind with its complementary
amino acid sequence, whereas more internal regions of the mature protein may be less
accessible for antibody binding. Furthermore, it is possible that anti-BDNF antibody
(Santa Cruz) may recognise amino acid sequences in the variant isoforms of BDNF
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protein (Hackett et al., 1998; Sunsara et al., 1999) and perhaps other unidentified BDNF
isoforms.

(iii)

General overview of neurotrophin and receptor immunoreactivity in the rat
visual system

Previous studies have reported the quantitative distribution of BDNF mRNA using
Northern blot analysis (Hofer et al., 1990; Emfors et al., 1990b; Maisonpierre 1990b;
Karlsson & Hallbook et al., 1998) and protein levels in different areas of the brain using
enzyme-linked immunosorbent assay and Western blot analysis (Escandon et al., 1994;
Allendoerfer et al., 1994; Ma et al., 1997). Although quantitative data provides useful
information, such data provides little information as to which cell types within a region
contain BDNF protein or the subcellular localisation of the protein. Moreover, such
quantitative data whereby whole tissue is examined are affected by endogenous BDNF
potentially released from glia cells and by platelets entrapped in the vascular system
(Rosenfeld et al., 1995).

In accordance with previous immunocytochemistry data, BDNF was detected in the
hippocampus, cerebral cortex and the substania nigra. Examination of Tables 3.3 to 3.6
reveals that some visual centres express both BDNF mRNA and protein, and trkB
mRNA and protein. For example both BDNF mRNA and BDNF immunoreactive cells
were located in the optic layer of the developing and adult SC, the Edinger-Westphal
nucleus, the dorsal cap of Kooy, and layers VI and V of the visual cortex. Despite the
large overlap between BDNF mRNA and protein expression in the cortex, there was
some discordance in the LGN, the nucleus of the optic tract and the OPN, in that BDNF
protein was detected in the absence of BDNF mRNA expression. NT-4, NT-3 and trkC
mRNA expression was limited to sparsely distributed neurons in the developing and
adult SC and visual cortex.

(iv)

Discrepancies between mRNA expression and protein distribution

Several factors may contribute to the discordance between mRNA expression and
protein distribution. Lack of protein immunoreactivity in areas that express mRNA may
reflect inadequate translation of mRNA, rapid protein turnover, (by rapid axonal
transport and/or by secretion after processing). The subcellular storage of the protein
and its release rate may also contribute to the lack of immunoreactivity. The lack of
immunoreactivity may also be due partly to the sequence from which the antibody is
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raised. For example, unique and/or more stable and preferred sequences may be located
in the internal regions of the endogenous protein, where it may be less accessible for the
antibody to bind. Furthermore, it is possible that during the post-translational process
the tertiary structure of BDNF is altered concealing the epitope recognition site from the
antibody. Highly glycosylated proteins, such as trkB can as a result display the
phenomenon of steric hindrance, which makes the detection of certain sequences
difficult, because the epitope recognition site is concealed from the antibody. Therefore
results with antibodies raised against highly glycosylated sequences may differ from the
results obtained from antibody peptide sequences where glycosylation is minimal or if
deglycosylation is performed before immunological processing (Cabelli et al., 1996). In
some

cases the

synthesised protein

may be too low to be

detected by

immunocytochemistry. In some regions somata were strongly immunoreactive but
expressed low mRNA signals. In this case, one could speculate at the efficient
translation of the protein from the minimal levels of mRNA transcripts. A common
observation in some visual centres was the presence of immunoreactive fibres and
puncta, but the absence of immunoreactive somata and mRNA expressing neurons. This
disparity was likely to have resulted from the anterograde transport of protein from
distant BDNF synthesising neurons.

fv)

BDNF. NT-4 and trkB in the LGN

In the rat, RGC axons that innervate the dLGN are predominantly collateral branches of
a subpopulation of retinocollicular axons (Linden & Perry, 1983; Kondo et al., 1993).
The postnatal developmental increase in the BDNF protein in the LGN suggests that
BDNF is closely related to the maturation of the LGN. There was however discordance
between BDNF mRNA and protein the LGN in that neither a BDNF mRNA signal nor
immunoreaction product was detected in geniculate somata, but BDNF immunoreactive
neuropil and punctate elements akin to terminals were observed. This implies that the
BDNF immunoreactive afferents derived from extrageniculate neurons (in the retina or
other visual and/or non-visual centres) and that BDNF is delivered to the LGN by
anterograde transport. With the recent data suggesting the anterograde transport of
BDNF in various brain centres (Conner et al., 1997; Yan et al., 1997b; Fawcett et al.,
1998; Tonra et al., 1998; von Barthled & Butowt, 2000) it seems entirely in keeping to
suggest that the transport of BDNF may play important regulatory role(s) in the
processing of visual information in the rat. This supposition is supported principally by
data that demonstrated the anterograde transport of exogenously injected iodinated NT110

3 from RGC somata to their terminals in the optic tectum of the developing chick.
Iodinated NT-3 was released by RGC terminals as an intact molecule and incorporated
by the dendrites of tectal neurons (von Bartheld et al., 1996a; von Barthled & Butowt,
2000). This finding suggested that NT-3 and other neurotrophins might act in a novel
way, as an‘anterograde transported messenger’ (von Bartheld et al., 1996a). Indeed,
subsequent groups examined this possibility in the adult brain. Their data revealed that
BDNF is anterogradely transported from the cortex to the striatum (Altar et al., 1997),
from DRGs to the dorsal horn (Yan et al., 1997b: Tonra et al., 1998), from the
hippocampus to the basolateral nucleus of the amygdala (Yan et al., 1997b) and from
central noradrenergic neurons to their terminals in the cortex (Fawcett et al., 1998).
Mature BDNF in the postnatal and adult LGN appeared as varicose nerve fibres that
often surrounded unlabelled somata and the discrete puncta suggest the synaptic
localisation and postsynaptic targeting of the BDNF protein (Michael et al., 1997).
Furthermore, the terminal-like location of BDNF fits well with the suggested
anterograde transport of BDNF from extrageniculate nuclei that express BDNF mRNA
and protein (e.g. neurons in layers V and VI of the visual cortex and the SC). Indeed,
one of the most prominent patterns of BDNF immunoreactivity was seen through the
postnatal development of the dLGN and in the adult dLGN. BDNF immunoreactive
neuropil found an irregular sheet-like pattern, beneath the optic tract. This region is
innervated by SC axons (Taylor, 1986) and has also been shown to be innervated by
retinal terminals, which contain the neuropeptide, Substance P (Brescha et al., 1987,
Lieberman, Bhide & Campbell, unpublised observation). The implication of the BDNF
and Substance P colocalisation in this area remains to be established. However, it is
tempting to speculate at a regulatory role for these molecules in the processing of visual
information between visual centres during development and in the adult.

The fibre labelling in the P0/P2 optic tract at the vLGN corresponds to afferents
including putative RGC axons that first innervate the LGN at ~E16 (Lund & Bunt,
1976; Bunt et al., 1983). This suggests that the active transport of BDNF may play a
central role in the development of the retinogeniculate pathway during the early
postnatal period.

Cortical fibres do not reach the LGN until P3 and are likely to represent only a
proportion of BDNF immunoreactive neuropil observed at P5 and thereafter. The
production and release of BDNF is activity dependent in a variety of neuronal systems
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(McAllister at al., 1999). However, the appearance of BDNF immunoreactive neuropil
in the PO LGN before the onset of visually evoked electrical activity that occurs at
approximately P14, (Weidman & Kuwabara, 1968) indicates that the synthesis and
transport of BDNF from RGCs to the early postnatal LGN is under the influence of
genetic or other intrinsic factors. The expression of BDNF immunoreactive neuropil at
PO parallels the onset of naturally occurring cell death. However, the distribution and
intensity of BDNF immunoreaction product was developmentally increased at the
postnatal ages examined until adulthood. This increase may be due to more efficient
translation and synthesis of and the transport of BDNF from different nuclei and
perhaps a shift in the requirements of LGN afferents and/or dependence of geniculate
neurons during maturation. Early in development, dLGN neurons are binocularly driven
(Shatz & Kirkwood, 1984) and the axons of RGCs of the left and right eyes are not
segregated.

Monocular innervation and the confinement of retinal inputs into eye

specific territories in the rat occur at P7 (Lund & Mustari, 1977) approximately 1 week
before the retina becomes sensitive to light (Sretavan & Shatz 1986). Before the onset
of visual function, the spontaneous N-methyl-D-aspartate (NMDA)-mediated activity of
RGCs is assumed to regulate the refinement of early neuronal corrections in the visual
system (see Wong et al., 1993) and antagonists to NMDA disrupt the retinogeniculoafferent segregation (Shatz & Stryker 1988; Hahm et al., 1991). BDNF immunoreactive
neuropil and trkB immunoreactive somata are present during the period of axonal
refinement in the rat LGN, as too is NMDA (Sillito et al., 1990; Nowicka &
Kaczmarek, 1996). BDNF regulates synaptic activity through glutamate receptors in a
variety of brain centres (Lessmann, 1998; Schumann, 1999), and may therefore
modulate and/or act in concert with NMDA receptors to refine retinal afferents into eye
specific territories within the LGN. At 3 weeks postnatal, NMDA antagonists increase
the dendritic branching and spine density of LGN neurons in the rat (Rocha & Sur,
1995), which indicates a role of glutamate activity in defining phenotypic
characteristics. Furthermore, BDNF modifies dendritic (Ventimiglia et al., 1995) and
axonal morphology (Patel and McNamara, 1995) and its release by afferent terminals in
the LGN may play a role in the formation of dendritic morphology of geniculate
neurons during postnatal development.

The most prominent BDNF immunoreaction product was detected in the adult LGN and
suggests a role of BDNF in the normal maintenance and/or function of visual/sensory
processing in adulthood. BDNF-/- and NT-4 -/- mice do not have gross retinal deficits
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(Emfors et al., 1994; Jones et al., 1994; Conover et al., 1995; Liu et al., 1995) and
knockouts of BDNF alone do not affect the number of RGCs in the GCL (Cellerino et
al., 1997). The lack of BDNF immunoreactive somata and mRNA expressing neurons in
the LGN throughout the period of programmed cell death (PO to ~P15) and thereafter,
indicates that the geniculate neurons do not synthesise, or generate BDNF and therefore
do not contribute to the survival promoting effects target derived BDNF are known to
have. The lack of BDNF released from geniculate neurons therefore appears not to be
wholly important for the survival of the afferents that innervate the LGN. It is therefore
possible that other factors that share similar signalling pathways as the neurotrophins
(Ghosh & Greenberg 1995; review, Yano & Chao, 2000) compensate for the lack of
BDNF and BDNF-induced trk signalling in the BDNF-/- and NT-4 -/- mice, and in the
normal postnatal LGN. It is also possible that anterogradely transported BDNF may act
to support or to provide trophic support for geniculate neurons during their
development. The continued expression, the increase in the intensity and density of
BDNF immunoreactive neuropil during maturation and in adulthood, suggests that
afferent-released BDNF may play a role other than maintaining the survival of
geniculate neurons in the adult. This is supported by the various physiological roles
BDNF has been shown to play at synaptic junctions (Suen et al., 1997; Lessmann, 1998;
Lin et al., 1999; Righi et al., 2000).

The IGL is interposed between the dLGN and vLGN and receives a bilateral projection
from the retina (Hickey & Spear, 1976). The IGL functions to integrate photic and nonphotic information to modify circadian rhythms through its projections to the
suprachiasmatic nucleus (Card & Moore 1986; Rusak et al., 1989; Pickard, 1994). Apart
from the contralateral and ipsilateral input from the retina, the other sources of input
into to IGL arise from the contralateral IGL (Card & Moore, 1989), the retrochiasmatic
area (Moore & Card, 1994) and the SC (Taylor et al., 1986). Although poorly delineated
in early postnatal animals the IGL area contained BDNF immunoreactive fibres and
puncta and was first detected because of this, at P7/P10. The BDNF immunoreactive
fibres and puncta akin to terminals was most prominent in the adult IGL. The
expression of BDNF immunoreactive neuropil could not be correlated to prominent
events in visual system development. However, the gradual increase in both BDNF
immunoreactive neuropil and trkB somata and neuropil was observed through postnatal
development and in adulthood and may represent an increased requirement of BDNF-
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induced trkB signalling to modulate the activity of suprachiasmatic nucleus pacemaker
cells (Zhang & Rusak, 1989).

BDNF immunoreaction product (anti-BDNF antibody, Santa Cruz) in geniculate
neurons is quite puzzling, as BDNF mRNA was not detected in either the developing or
mature LGN. However, the high levels and wide distribution of BDNF (BDNF
antibody, Santa Cruz) in the postnatal LGN followed by the fall in adulthood does
suggest that BDNF is developmentally regulated. The lack of BDNF mRNA in the
LGN corresponds with previously published data by Conner et al. (1997) and
contradicts that reported by Schoups et al., (1995) who detected BDNF mRNA in the
postnatal rat LGN. The BDNF antibody (Santa Cruz) data presented here follows that
reported by Furukawa et al. (1998) and Kawamoto et al. (1998) who demonstrated
BDNF immunoreactive cells in the adult rat LGN. Indeed, the labelling pattern and the
widespread distribution of BDNF (BDNF antibody, Santa Cruz) in the LGN was
analogous to that described for anti-V2 antibody (Furukawa et al., 1998) which
reportedly recognises the molecules responsible for BDNF expression, BDNF precursor
proteins and cleaved BDNF precursors. Recently spliced variants of BDNF have been
detected in the human retina (Hackett et al., 1998) and transcripts encoding different
exons of the BDNF gene have been described in various brain regions (Bishop et al.,
1994; Nakayama et al., 1994). It remains however to be established, whether and/or
which variant isoforms of BDNF are present in the developing and adult LGN.
Determining the amino acid sequence of these BDNF isoforms may reveal amino acid
sequence similarities with the sequences used for the generation of anti-BDNF (Santa
Cruz antibody) and anti-V2 antibody and may provide useful information for the
unexplained neuronal localisation of BDNF (Santa Cruz antibody) in the LGN. This
does not explain the lack of BDNF mRNA expression in the rat LGN reported here and
elsewhere (Yan et al., 1997b; Conner et al., 1997). It is therefore tempting to speculate
on the inability of the riboprobes used in the present study, to recognise and hybridise
with the possible variants of the products of the BDNF gene.

The finding that very few CNS neurons contained detectable levels of NT-4 protein
correlates with the established data which demonstrated extremely low levels of the
protein in the adult and developing brain (Timmusk et al., 1994). Using synthetic
peptides, Friedman et al., (1998) raised antibodies against the mature protein sequence
of human NT-4. Although the labelling of visual structures was not included in their
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published account, the non-visual centres examined shared comparable patterns of
distribution as those produced by the NT-4 antibody used in this study. In this study, the
lack of detectable NT-4 protein and mRNA in geniculate neurons and neuropil suggests
the role of NT-4 in LGN development might be minimal at the very most. Mammalian
LGN neurons are, however, responsive to NT-4 and a role for this neurotrophin in the
LGN is suggested by data showing that the local application of NT-4/5 (but not other
neurotrophins) to thalamic terminals in the cortex prevents the shrinkage of LGN cell
soma size associated with monocular deprivation in ferrets (Riddle et al., 1995). The
lack of NT-4 suggests that the biological levels of NT-4 protein translated from the
mRNA template, and needed to transduce a signal and induce an effect, may be lower
than the detectable limits of the in situ hybridisation and immunocytological protocols
used here and in other studies. Another possibility is that NT-4 is not as important for
LGN neurons or other target neurons as might be suggested for BDNF.

The presence of both trkB mRNA and protein throughout the development of the LGN
and in adulthood indicates the continued active synthesis of the receptor protein. The
most striking shift in trkB immunoreactivity was observed in the postnatal animal. At
PO and P2 trkB mRNA expression was found in the dLGN and the vLGN. However,
only a few somata were detected in the dLGN and its neuropil was weakly labelled. In
contrast, very heavily trkB immunoreactive neuropil and somata were observed in the
vLGN. The appearance of trkB immunoreactive somata in both divisions and the loss of
neuropil immunoreactivity followed this by P5. The switch from fibre to somata
labelling has also been described in the developing LGN and cortex of the postnatal
ferret (Cabelli et al., 1996). This shift in the subcellular localisation of trkB at P5
occurred before the segregation of retinal afferents in the LGN, and may result from the
changing requirements of trkB ligands by geniculate neurons and/or the active transport
of trkB from sites of synthesis to sites where its ligands normally interact i.e. at the
membranes of dendrites and axon terminals. Neurons that express both trkB and NMDA
are important for the establishment of eye specific patches. The changes in localisation
of trkB may also represent a shift in the role of trkB ligands that arise from the retina,
intrathalamic and, brainstem nuclei and cortical layers V and VI, and a change in the
responsiveness of geniculate neurons to trkB ligands as the nucleus matures. The
localisation of trkB to geniculate somata at P5 also corresponds with the acquisition of
the adult-like trkB immunoreactive localisation. Geniculate neurons have been reported
to express higher levels of trkB during postnatal development (Ringstedt et al., 1993)
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than in the adult and this is comparable to what was found in the present study. This
suggests that geniculate neurons may require trkB ligands (BDNF or NT-4 or even
small quantities of NT-3) early on in postnatal development, when neurons may
compete for limited amounts of these neurotrophins released from extrageniculate
afferents, but are less dependent on these neurotrophins in adulthood. Geniculate
neurons with heterogeneous morphologies were trkB immunoreactive, and this suggests
that the 2 populations of geniculate neurons projection and intrinsic intemeurons
(Grossman et al., 1973; Lieberman, 1973) are able to bind trkB ligands.

Masana et al., (1993) reported the rapid decrease of trkB mRNA expression in the
developing thalamus. In this study, trkB mRNA expression remained fairly constant in
the postnatal maturation of the LGN. The fluctuating intensity of trkB immunoreaction
product associated with geniculate neurons during postnatal development suggests
changes

in

the

translation

efficiencies

of

these

neurons,

or

subcellular

compartmentalisation rather than transcription efficiency.

The widespread distribution of trkB mRNA and protein suggests that trkB ligands may
sub-serve important and regionally specific regulatory roles in the LGN. The postnatal
expression of trkB in the LGN correlates with the onset of maximum programmed cell
death and the segregation of retinal afferents from the two eyes. The presence of trkB
immunoreactivity on geniculate dendrites is consistent with the hypothesis that BDNF
may also be transported anterogradely from BDNF-synthesising somata, released, and
subsequently taken up by the dendrites of second order neurons.

(vi)

BDNF. NT-4 and trkB in the SC

Generally, there was close correspondence between BDNF, and trkB mRNA expression
and ligand distribution in the superior colliculus. However, heterogeneous signals of
BDNF and trkB mRNA expression and immunoreactivity in the superficial layers of the
SC suggest different subtypes of neurons may have different transcription efficiencies.
Northern blot data revealed that BDNF is developmentally increased in many CNS
regions including the SC (Masionpierre et al., 1990b; Hofer et al., 1990). Although
Northern blots detect finite changes in the amount of mRNA, changes in expression
within subsets of neurons, the relative number of labelled neurons and the heterogeneity
of the signal in a given nucleus cannot be readily ascertained.
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In the present study, BDNF mRNA was not detected in the zonale layer and a weak
signal was detected in the superficial gray layer throughout development and in
adulthood. Neurons labelled with variable degrees of intensity were detected in the optic
layer during development and in adulthood, and the weak lamination of BDNF mRNAexpressing neurons first observed at P10.

The unusual upregulation in the number and intensity of BDNF immunoreactive
neurons in the superficial layers of the SC during postnatal development, followed by
the downregulation in both intensity and neuronal numbers in adulthood, reported in
this study may have been overlooked in less detailed analyses. Ma and co-workers
(1997) quantitatively measured the amount of BDNF in the SC of postnatal hamster
using Western blot analysis, and reported a similar upregulation pattern during postnatal
development, followed by its downregulation in the adult. The postnatal change in the
number and intensity of BDNF immunoreactive somata suggests that RGCs may require
target-derived factors from SC cells, and once the adult patterns of axonal innervation
and phenotypic characteristics have been established retinorecipient neurons may
downregulate the production of BDNF. The strong trkB and BDNF immunoreactive
neurons in the mid and late postnatal optic layer, suggests active neurotrophin and
receptor synthesis and adds further support to the idea that the cells acquire
neurotrophin by autocrine or paracrine mechanisms and suggests the importance of trkB
signalling during SC maturation. Retinorecipient neurons may also support themselves
through paracrine and or autocrine modes, which may be increased during RGC afferent
refinement.

The fall in the number of BDNF immunoreactive neurons in the optic layer following
the period of programmed cell death, the refinement and stabilisation of visual
connections, and the completion of maturation implies that these neurons may lose their
dependence (Buchman & Davies, 1993 Davies, 2000; Acheson et al., 1995). The vivid
lamination of BDNF immunoreactive somata in the optic layer observed in postnatal
animals was not detected in adult animals. Instead a dense plexus of BDNF
immunoreactive fibres that coursed through the retinorecipient layers was observed.
These BDNF immunoreactive fibres were absent in the intermediate and deeper layers
and were likely to represent a population of retinal and/or cortical afferents. This
conjecture is supported by the findings that both centres contain neurons which express
BDNF (Perez & Caminos, 1996; Conner et al., 1997) and which project to the
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superficial layers of the SC (Lund & Lund, 1971a; Linden & Perry, 1983a). In the adult
only a few immunoreactive somata were detected in the optic layer. BDNF
immunoreactive somata were generally absent in the zonale or superficial gray. The
punctate staining of endogenous BDNF on the neuronal surface of some neurons in the
retinorecipient layers (principally during postnatal development) suggests the axonal
targeting of BDNF protein.

BDNF immunoreactive neuropil was present in the retinorecipient layers of the PO SC.
BDNF has been implicated in the development of synapses in the visual system (Lu and
Figurov, 1997) and may induce or have a regulatory role in synaptogenesis of RGC
terminals in the LGN and SC through trkB signalling. It is also possible that BDNF
released by retinal and other cortical terminals may act to attract neuron processes in the
superficial SC during development, and stabilise newly formed axodendritic synapses.
This is not a novel idea; a similar role for BDNF has been described at developing
neuromuscular junctions (Kwon & Gurney, 1996). The innervation density and
patterning of newly formed synapses in the Xenopus tectum is influenced by altering
exogenously applied BDNF (Cohen-Cory & Fraser, 1995; Causing et al., 1997). More
recently, it has been demonstrated that in Xenopus BDNF and neuronal activity
distinctly modulate axon elaboration and refinement in the retina and tectum (CohenCory, 1999) BDNF may act in the same way to influence the pattern of terminals and
dendrites in the rodent SC.

As the synthesis of neurotrophins can be regulated by neuronal activity (review,
Thoenen, 1995) and neuronal activity is increased by neurotrophins (Figurov et al.,
1996) it is tempting to speculate on the reciprocal interactions between neurotrophins
and neuronal activity, and their role in the innervation patterns of retinal afferents in the
SC, before the onset of visual function, before and after eye opening.

NT-4 mRNA was sparsely detected in the SC throughout development and in the adult,
a finding previously reported by several groups using Northern blot analysis (Hallbook
et a., 1998) and neurotrophin-trk receptor crosslinking studies (Allendoerfer et al.,
1994). NT-4 protein was transiently expressed in a few neurons in the optic and
intermediate layers at P5, and in the adult. Before broad correlations between the
expression of NT-4 and the established chronology of visual development can be made,
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the expression, distribution and roles of NT-4 in retinorecipient layers need to be further
examined.

TrkB immunoreactive and mRNA-expressing neurons were distributed throughout the
retinorecipient and deeper layers of the SC throughout development and in adulthood.
Neurons displaying strong trkB immunoreactivity vividly demarcated the optic layer in
the postnatal and adult SC. Neurons in the optic layer, receive retinal input and were
prominently immunoreactive for trkB between PO and P10. TrkB was distributed in
their somata and the proximal and distal processes. TrkB is therefore well sited to
mediate responses to both target-derived and locally delivered neurotrophins to regulate
neuronal survival, axonal and dendritic arborisation and other aspects of neuronal
development.

(vii)

BDNF. NT-4 and trkB in the visual cortex

A number of events take place in the rat cerebral cortex during the first 2 weeks of
postnatal life. These events include neuronal migration, the arrival of cortical afferents,
naturally occurring cell death and the continuous production of glial cells (review,
Jacobson, 1991).

BDNF mRNA was expressed in layers II/HI and V and VI during development and in
adulthood, and this finding is in agreement with previous studies in the adult rat
(Castren et al., 1992; Conner et al., 1997). A developmental increase of the BDNF
mRNA signal and, the intensity of BDNF immunoreactive neurons in layers V and VI
was observed. Prominent BDNF immunoreactivity in neurons in cortical layers V and
VI was also observed at P7, before cortical neurons have developed their characteristic
morphological features (Pamavelas & Lieberman, 1979).

Throughout layers V and VI of the visual cortex, BDNF immunoreactivity and BDNF
mRNA were generally co-extensively distributed with trkB, suggesting that the
expression of BDNF reflects endogenous protein synthesis rather than exclusive uptake
from the extracellular environment. Their colocalisation in layer V pyramidal neurons
and layer VI corticothalamic projection neurons, which project to the LGN indicates an
autocrine/paracrine mode of BDNF acquisition within the cortex during development
(Ghosh et al., 1994; Cellerino et al., 1996) and in adulthood.
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Non-pyramidal cells are selectively affected in the process of naturally occurring cell
death in the cortex (Pamavelas & Cavanagh, 1988). Non-pyramidal neurons are
generally GABAergic; they express trkB mRNA but not BDNF mRNA (Cellerino et al.,
1996). These neurons may rely on limited amounts of paracrine-derived trkB ligands
during the time when neurons actively compete with each other for survival and are
likely to die if the acquired neurotrophin is too limited to aid their survival or to
reinforce their newly formed connections. Layer V pyramidal neurons express BDNF
mRNA and protein and this suggests that they may be capable of supporting themselves
by autocrine modes and may be more robust during the period of cell death.

At P3-P4 thalamic axons complete their innervation of the cortex (Molnar &
Blakemore, 1991). However, LGN afferents are restricted to the subplate during
corticogenesis, for a few days in rodents (Lund & Mustari, 1977) before they invade the
cortex proper. The subplate lies below the cortical plate and its neurons have been
implicated in a variety of thalamocortical development events. If subplate neurons are
ablated through intravascular injections of kainate (Chun & Shatz, 1988), LGN axons
fail to recognise and innervate their appropriate cortical targets. This procedure also
affects the formation of cortical efferent projections (Ghosh & Shatz, 1993, 1994).
Furthermore, deletion of the subplate neurons after LGN axons have grown into layer
IV prevents their segregation into ODCs (Ghosh & Shatz, 1992b). Neurons in the
subplate/deep layer VI adjacent to the corpus callosum were heavily BDNF
immunoreactive during the period when LGN afferents are segregated into eye specific
patches. It is reported the invasion of afferents into the cortical plate are aided by
growth promoting molecules (reviewed in Bolz et al., 1993; Ghosh, 1993; Molnar &
Blakemore 1993). It is therefore tempting to speculate about the possible interactions
between geniculate afferents and these BDNF immunoreactive neurons.
In both postnatal and adult animals NT-4 protein was localised to a few neurons in layer
V (which project subcortically) and to neurons principally in layer II/III (which project
intracortically), a distribution pattern that corresponds to that described in the postnatal
rat visual cortex by Friedman et al. (1998). However, the limited distribution of NT-4
protein suggests that only subpopulations of visual neurons utilise or respond to NT-4
protein perhaps in concert with BDNF. Indeed, it may be the case that relatively low
levels of NT-4 may suffice to determine and reinforce neurochemcial phenotype during
development (Nawa et al., 1994), to modulate synaptic activity firing (Kafitz et al.,
1999; Schuman, 1999), neurotransmitter release and transmission (Lessmann 1998;
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Bolton et al., 2000; Jovanovic et al., 2000), and activate specific signalling cascades
(Kleese & Parada, 1999). Although no clear patterns of NT-4 protein were detected in
the cortex in this study, RNase protection assays have shown a postnatal increase in NT4 mRNA from PI to P14 to a level which remains fairly stable thereafter through to
adulthood (Timmusk et al., 1993).

The maturation of the visual cortex depends largely on visual experience (Hubei &
Wiesel, 1998; Stryker and Harris 1986). Unsurprisingly, during the critical period of
visual maturation, abnormal visual experience leads to the disruption of visual
connections (Wiesel, 1982), topography (Chino, 1995) and neurochemical properties
(Hendry and Carder, 1992), all of which have been shown to be influenced by the
neurotrophins. Neurotrophins have also been implicated in regulating plastic processes
during the development of the visual cortex (McAllister et al., 1999). BDNF has
emerged as an important mediator of activity-dependent modifications of synaptic
strength (review, Schuman, 1999) and has been suggested to play important roles in the
modulation of thalamocortical and corticothalamic circuitry (Lein & Shatz, 2000). In
the developing visual cortex of higher mammals, axons from LGN that carry
information from both eyes are initially intermingled in layer IV of the visual cortex,
but are subsequently segregated into eye specific patches or ODCs, (LeVay et al., 1978;
Hubei & Wiesel, 1998). The segregation of afferents from the LGN into ODCs in the
visual cortex is thought to result from the activity-dependent competition for trophic
factors between the afferents representing the two eyes during the critical period of
postnatal development (Shatz, 1996; Katz & Shatz, 1996). BDNF and NT-4 are thought
to be the principal factors responsible for the formation and stabilisation of ODCs
(Celllerino & Maffei, 1996; Katz & Shatz, 1996; McAllister et al., 1999). This
conjecture is based on the data that trkB-IgG receptor injected into the visual cortex of
normal mammals (without visual deprivation) prevent the segregation of LGN neurons
into ODCs (Cabelli et al., 1997). In the rat, the segregation of LGN afferents into eye
specific patches in the visual cortex occurs at approximately P7 (Lund & Mustari,
1977). Also during this period dendritic growth and morphology is established. At this
time neurons in layers V, VI were prominently BDNF and trkB immunoreactive, and a
few punctate profiles were detected in layer IV.

Several studies have examined the possibility that neurotrophins regulate the growth
and morphological characteristics of neurons. BDNF and NT-4 have been shown to
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regulate pyramidal neuron dendritic growth (McAllister et al., 1995) late in the
postnatal development of the visual cortex. They showed that BDNF treatment caused
the greatest increase in the branching of layer IV neurons, whereas neurons in layers V
and VI responded most to NT-4. Interestingly, blockade of trk function with trkB-IgG
or trkC-IgG fusion proteins demonstrated that BDNF and NT-3 have antagonistic
functions in the regulation of dendritic growth in specific cortical layers. BDNF
stimulates the dendritic growth of layer IV neurons whereas NT-3 inhibits their growth.
These effects are reversed in layer V and VI neurons, where BDNF inhibited the growth
of their dendrites, and NT-3 promoted their growth (McAllister et al., 1995, 1997).
These studies were performed in vitro on sliced visual cortex taken from the postnatal
ferret. As the neurotrophins and their trk receptors in the rodent cortex are colocalised in
similar populations of cortical neurons as in the ferret, it seems likely that the
neurotrophins may have similar inhibitory effects and/or opposing role(s) in layer
specific neurons in the rodent visual cortex. However, more studies examining the roles
of neurotrophins on dendritic shaping of cortical neurons in the rat cortex are needed
before such generalisations can be made.

TrkB protein is present during corticogenesis, and throughout maturation indicating the
continuous roles of ligands during cortical maturation and in the adult. TrkB mRNA and
protein were detected in all cortical cell layers, with prominent labelled neurons
especially those in layers V and VI, findings that correspond to previously published
accounts (Miranda et al., 1993, Kokaia et al., 1993). The widespread appearance of
cellular trkB mRNA overlapped with the expression pattern of its ligand. TrkB mRNA
expressing and trkB immunoreactive neurons varied in the degree of labelling,
suggesting that different neuronal cell types may differ in their effectiveness during
translation or post-translational processing. Interestingly, the formation of heterodimers
between different neurotrophin proteins has been described (Heymach & Shooter,
1995). NT-4 and BDNF are expressed in the postnatal visual, cortex. The formation of
NT-4 and BDNF heterodimers and the subsequent interaction with trkB may lead to
additional and/or alternative modes of signal transduction and/or alternative or similar
neuronal activities normally induced by homodimer neurotrophic activation, which may
account for the various roles trkB ligands have in the cortex.
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(viii)

NT-3 and trkC in the LGN, SC and visual cortex

The general consensus is that NT-3 mRNA is strongly expressed in the embryonic brain
but is downregulated as the animal matures (Emfors et al., 1990b; Maisonpierre et al.,
1990b; Friedman et al., 1991b) and its disappearance is associated with the completion
of early development and/or differentiation of the CNS. Many groups have used
radioactive oligonucleotide probes to map the distribution in brain sections and
Northern blot techniques to quantify NT-3 and trkC mRNA expression.

The published accounts that utilised in situ hybridisation to map the distribution and
expression of NT-3 and trkC in the LGN, SC and cortex are rather conflicting. In the
present study, trkC and NT-3 mRNA expression was absent in the primary
retinorecipient centres during development and in adulthood. Neither NT-3 nor trkC
mRNA were detected in the developing or adult LGN, which conflicts with previous
studies that revealed the trkC mRNA expressing neurons in the vLGN but not in the
dLGN (Altar et al., 1994). Gall (1992) detected low levels of both NT-3 and trkC in the
adult SC. In the present study only a few neurons in the deeper layers of SC expressed
a moderate signal for NT-3 or trkC mRNA and such cells were not clearly detected in
the retinorecipient layers. The findings reported in the present study are closer to those
reported by Vigers et al. (2000). Vigers used the technique of integrating Eschericha
coli lac Z into the NT-3 locus (Farinas et al., 1994) of the mouse. Subsequent Pgalactosidase histochemistry revealed the NT-3 mRNA throughout the developing and
adult mouse brain. They reported the absence of NT-3 mRNA in both the dorsal and
ventral LGN, the occasional lightly labelled cell only in the adult SC, but not in the
postnatal SC. The absence of NT-3 mRNA in the developing cortex in the present study
corresponds with the findings of Ringstedt et al. (1993) Hofer et al. (1990), Friedman et
al., (1991). However, these findings conflicts with the data of Viger et al, who detected
NT-3 mRNA expression in layers n/HI, V and VI in the visual cortex of the postnatal
and adult rat. TrkC mRNA is expressed in layers II /III, V and VI of the adult cortex
(Tessarollo et al., 1993; Valenzuela et al., 1993; Lambelle et al., 1994; and present
study) and this distribution corresponds with the distribution of its ligand NT-3 in
neurons in layers III and V (Zhou & Rush 1994). The disparity in the expression of NT3 (reported here and by Ringstedt et al., 1993; Hofer et al., 1990; Philips et al., 1990;
Friedman et al., 1991) may therefore reside in the nature of the probes and/or the
sensitivity of the protocols. Unlike the chick, NT-3 and trkC are not widely expressed in
the rat primary visual pathway. It is therefore tempting to speculate that NT-3 and trkC
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are likely to play minor or compensatory roles in the rodent primary visual centres in
the rat.

(ix)

Neurotrophins and trk receptors in the pretectum, accessory and other associated
visual centres

The most prominent BDNF immunoreactive neuropil was detected in the OPN, the
nucleus of the optic tract and the lateral posterior thalamic nucleus. In these nuclei
neither BDNF immunoreactive somata nor BDNF mRNA expressing neurons were
detected. This suggests that BDNF is derived from BDNF-synthesising neurons, and is
anterogradely transported to these nuclei. In all the pretectal, accessory and associated
visual centres, examined, trkB immunoreactive somata were detected. The OPN is the
major centre for the pupillary light reflex. BDNF immunoreactive neuropil including
terminal-like elements suggests that release from the terminals that synapse on OPN
neurons may play a role in the circuitry that governs the pupillary light reflex.

Other visual centres involved with the processing of information in the pupillary light
reflex include the Edinger-Westphal and the oculomotor nucleus, which express both
BDNF mRNA and protein and contained trkB immunoreactive somata. Likewise trkB
signalling may be important in regulating optokinetic nystagmus which is governed by
the nucleus of the optic tract and its projections to the reticulotegmental nucleus of the
pons (Cazin et al., 1980b). Photic signals that mediate the circadian pacemaker are
principally conveyed by the retinohypothalamic tract, a monosynaptic projection from a
subpopulation of RGCs that terminate bilaterally within the ventral division of the
suprachiasmatic nucleus of the hypothalamus (Moore & Lenn, 1972). Both BDNF
immunoreactive neuropil and trkB immunoreactive somata were located in the
suprachiasmatic nucleus of the adult rat. This finding differs from Liang et al. (1998)
who used different antibodies and probes and demonstrated BDNF mRNA expressing
neurons closely apposed to trkB immunoreactive fibres in the suprachiasmatic nucleus.
Irrespective of the localisation of BDNF and trkB proteins it is tempting to speculate
that BDNF might play a role in circadian modulation via the suprachiasmatic nucleus
(Liang et al., 2000). The wide distribution of BDNF immunoreactive neuropil and
BDNF and trkB immunoreactive somata in other pretectal nuclei, the accessory and
associated visual centres indicates that BDNF is not only located to the primary visual
pathway, but present also in various associated visual centres. BDNF transport and trkB
signalling may therefore be important for the maintenance and the relay of visual
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information from one visual centre to another and in various pathways that govern
visual reflexes. The data demonstrate that many visual centres utilise BDNF. The
anterograde transport and interactions of BDNF with trkB may be imperative to the
normal processing of visual information during the normal development of the visual
pathway and in the adult. Unfortunately the short life span of BDNF-/- mice rendered
examination off visual function in the mature animal impossible. However with the
recent advances in molecular biology (Cre-Lox technique, see Kuhn et al., 1995;
Wagner et al., 1997) the roles of BDNF and the other neurotrophins in visual function
may be elucidated in the adult transgenic mouse.

(x)

The neurotrophins during naturally occurring cell death in the visual system

Cell death is an integral aspect of neuronal development. The overproduction and
subsequent loss of neurons is a genetically efficient way to bring about a numerical
matching between neurons, targets and afferents (review, Oppenheim, 1991, 1996). An
alternative or additional role of cell death is to eliminate errors or inaccuracies in axonal
projections or terminal contacts (reviews, Burek & Oppenheim, 1996;Oppenheim, 1991,
1996).

BDNF-/- animals die early in life (Emfors et al., 1994; Jones et al., 1994) however
neuronal populations in various brain regions appear to be relatively unaffected
(Conover et al., 1995; Cellerino et al., 1997). NT-4-/- animals survive and appear
normal as adult animals (Liu et al., 1995, Conover et al., 1995). As the numbers of
neurons in the brain of BDNF-/- mice are not drastically reduced during their limited
life span, it was concluded that BDNF and NT-4 are not universally required as targetderived survival factors during the period of naturally occurring cell death in the rodent
brain (Jones et al., 1994). For example, in BDNF-/- mice, there is a reduction in the
colocalisation of parvalbumin and GABA markers but not by a reduction in the number
of GABA neurons. The summation of several findings suggest that the roles of
neurotrophins during the period of cell death may be to attract innervating axons and
direct their ingrowth,

to sustain/modify parent neurons

and to refine

and

strengthen/reinforce correctly made connections, and modify their morphological
features and contribute to the initial synaptic activity.
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3.5

Summary

Discrepancies in the patterns of immunoreactivity observed with several antibodies
against neurotrophin proteins opens a debate as peptide antibody specificity when raised
against proteins that share high degrees of amino acid homology and the importance of
performing stringent characterisation studies, namely Western blotting the endogenous
protein in question.

The roles of the neurotrophins are diverse; they have been shown to regulate processes
such as:- axonal and dendritic arborisation, neurotransmitter phenotype, the refinement
of connections, as well as other important aspects of neuronal physiology in the mature
brain such as cell survival. NT-4 protein and NT-3 and trkC mRNA was restricted to
very few visual centres. However, BDNF and trkB were widely distributed in many
visual centres both during development and in adulthood, and were localised to axons,
dendrites, terminals-like profiles and somata. This suggests that BDNF has important
regional roles in the rat visual system. Areas that expressed high levels of trkB mRNA
were coincident with areas that contained heavy trkB immunoreactivity, suggesting
active and efficient mRNA translation of the trkB gene. It is, however not too surprising
how widely distributed trkB protein, is given the wide and varied processes influenced
by its ligands. The data described here (and elsewhere), reveals the complexity of
neurotrophin distribution in the brain. For example, BDNF protein is capable of being
presented to neurons that already express BDNF and trkB. TrkB immunoreactive
somata and neuropil were generally situated so as to mediate the responses of both local
and long distance signalling. For example trkB’s ligand, BDNF, may act in a local
manner in the visual cortex and SC, where BDNF and trkB mRNA and protein are
similarly distributed. In contrast, the lack of BDNF soma immunoreactivity in the LGN,
OPN, the nucleus of the optic tract and lateral terminal nucleus, but the presence of
BDNF immunoreactive fibres and terminal arbors and trkB immunoreactive somata,
suggests the anterograde transport and long distance signalling of BDNF. BDNF and
trkB are expressed in various visual centres during several developmentally regulated
events that occur before the onset of visual function and are likely to partake in
important developmental events such as the innervation pattern of axons, and their
refinement in various visual centres. These events are likely to be mediated through trk
receptors. The continued expression of the neurotrophins after visual maturation,
however, suggests that they not only participate in developmentally regulated events,
but have collaborative/additional roles.
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CHAPTER 4

Distribution and expression of neurotrophins and their trk receptors in
the developing and adult rat retina

4.1

Introduction

Detailed knowledge of the occurrence, localisation and distribution of the neurotrophins
and their receptors in the normal development of the retina and following various types
of injury models is fundamental to disclose the neurotrophin requirements of RGCs
and/or other components of the primary visual pathway.

BDNF has been identified as the principal neurotrophic factor for RGCs due to its
ability to support the survival and differentiation of cultured RGCs (Johnson et al.,
1986; Cohen et al., 1994) and augment the survival of those RGCs that normally die
after the transection of the optic nerve (Mey and Thanos 1993; Mansour-Robaey et al.,
1994). However, data describing the expression of neurotrophin proteins and their
mRNAs during the normal development and maturation of the rat retina is scanty. In the
developing and mature rat, BDNF protein is distributed in the SC (Conner et al., 1997;
Kawamoto et al., 1998; Chapter 3), the target of at least 95% of retinal axons (Linden &
Perry, 1983). The finding that a subpopulation of amacrine cells in the INL (neurons
whose dendrites make synaptic contact with RGC dendrites) express trkB (Jelsma et
al., 1993; Perez & Caminos, 1995) suggested that RGCs may have the ability to
synthesise and locally secrete BDNF protein through their dendrites. The proposal that
RGCs may produce and secrete BDNF is further supported by the data presented in
Chapter 3, which revealed BDNF immunoreactive neuropil in the postnatal and adult
LGN, the nucleus of the optic tract and OPN, retinorecipient centres that lack BDNF
mRNA expression and BDNF immunoreactive somata. Additionally, the anterograde
transport of exogenous NT-3 injected into the avian retina has been demonstrated (von
Bartheld 1996).

Using antibodies against mature BDNF, NT-4 and catalytic trkB and digoxigeninlabelled BDNF, NT-4 and NT-3 cRNA probes and probes encoding the kinase domain
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of their high affinity receptors, trkB and trkC, a study of neurotrophin and trk receptor
distribution was carried out in developing and mature rat retina. In addition, an optic
nerve ligation study was performed in an attempt to determine if there is flow
endogenous BDNF protein along the adult rat optic nerve.

4.2

Summary of methods used

A full account of the methods used in this study is described in Chapter 2, Sections 2.3
and 2.4. In situ hybridisation studies were carried out in order to map neurotrophin and
trk mRNA expression in (E l5= 4), E 17 (n=4), PO (n=5), P5 (n= 4), P6 (n=2) P7 (n= 4),
P10 (n= 4) P14 (n= 6) normal adult (n= 6) rat retina and immunohistochemical studies
of BDNF, NT-4 and trkB localisation were carried out on the retina in developing and
normal adult rats. In addition, in 3 adult rats, a single optic nerve ligation or complete
crush was performed 16-48 hours before culling, to examine the possible transport of
endogenous BDNF and NT-4 protein in the adult rat optic nerve.

4.3

Results

(i)

BDNF protein and mRNA expression in the normal rat retina

The expression of BDNF in the GCL of the developing and mature rat retina is
summarised in Table 4.1.

In the postnatal and adult rat retina BDNF mRNA expression was observed in a
subpopulation of cells distributed in the GCL. A BDNF mRNA signal was not detected
in the embryonic retina. BDNF mRNA was first detected in the PO retina, and was
observed throughout postnatal development and in the adult (Figs.4.1, 4.3, 4.8-4.11 and
4.14). At PO and P2 only very few neuronal cell bodies (~4 neurons per 20pm thick
section) produced a weak signal in the presumptive GCL (Figs.4.1 a and b). In deeper
layers a weak diffuse signal was detected. At P5 the neurons in the GCL were more
distinct, and the hybridisation signal was stronger and distinctly perinuclear. In addition,
small numbers of lightly labelled neurons located in the middle of the INL, in the
position of amacrine cell bodies was evident. In addition, a few cells distributed in deep
INL (a region, which contains the cell bodies of horizontal and bipolar cells) displayed
weak to moderate hybridisation signals. At P7, P10 and P14 medium-large BDNF
mRNA-expressing neurons were distributed in the GCL and produced a moderate
strong signal (Figs.4.3a, b, 4.8 and 4.9). Few smaller and lightly labelled cells were
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also distributed in the GCL and superficial INL. In adult animals, few to moderate
numbers of large and medium-sized neurons in the GCL produced a strong signal
(Figs.4.I0 and 4.11). A strong signal was also located to a few cells distributed in the
superficial INL, whilst sparsely distributed neurons distributed in deep INL produced a
moderate hybridisation signal. A specific BDNF mRNA signal was not detected in the
photoreceptor layer. In wholemount retinae, there appeared to be a correlation between
cell size and expression of BDNF mRNA, in that the neurons expressing BDNF mRNA
had large or large to medium sized somata (16-24pm) and were relatively evenly
distributed (Fig.4.14a). The evenly distributed neurons with large cell bodies resembled
RGCs of Type I, and the large to medium size cells were possibly Type II RGCs. AntiBDNF antibody (RAB) failed to detect BDNF protein in the postnatal GCL or other
layers of the retina. However, in the adult retina, mature BDNF protein (RAB antibody)
was observed in the neurons distributed in the GCL, but was not present in deeper
layers. In adult wholemount retina, lightly BDNF immunoreactive neurons assumed to
be Type I RGCs (on the basis of their soma size and distribution) was detected
(Figs.4.15a-d). The maximum number BDNF hybridised RGCs detected in 1mm2 of
adult wholemount retina was 11. BDNF immunoreactivity was generally confined to the
cell bodies of RGC but in some cases extended into their proximal processes.
At PO, anti-BDNF antibody (Santa Cruz) produced a weak immunoreaction product that
was localised to the occasional cell in the GCL (Fig.4.2). At P7, BDNF immunoreaction
product (BDNF antibody, Santa Cruz) was associated with neuropil in the GCL and
small numbers of neurons in the INL (Fig.4.4). At P10, strong immunoreaction product
was localised to medium-large and medium size neurons (-20 neurons per 20pm thick
section) distributed in the GCL (Figs.4.5-4.7) and small lightly labelled neurons
distributed in the superficial INL (Fig.4.7). In the adult retina, BDNF immunoreaction
product (BDNF antibody, Santa Cruz) was present in neuronal somata that were
predominantly distributed in the GCL (-25 neurons per 20pm thick section) (Figs.4.12,
4.13). Neuropil labelling in the IPL and OPL was not detected in the postnatal or adult
retina. For every presumed RGC in the GCL labelled for mature BDNF (RAB
antibody), approximately 5 presumed RGCs were BDNF immunoreactive, using BDNF
antibody from Santa Cruz.

(ii)

Optic nerve crush/ligation study

The flow of endogenous BDNF and NT-4 protein was examined by performing
immunohistochemistry on sections of optic nerves that had been ligated for 16-48 hours.
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Neither mature BDNF (RAB antibody) nor NT-4 protein was detected proximal or
distal to the point of crush/ligation 16-48 hours after an optic nerve crush/ligation.
BDNF antibody (Santa Cruz) produced an immunoreaction product on both proximal
and distal side of the crush/ligation (Figs.4.16 and 4.17) 16-48 hours after the
crush/ligation. In control sections no immunoreactivity was detected in the optic nerve
(Fig.4.17a). In the retina of animals whose RGC axons had received a crush/ligation,
BDNF immunoreactive cells (Santa Cruz antibody) were seen in the GCL (Fig.4.17c).

(iii)

NT-4 protein and mRNA expression in the normal rat retina

NT-4 mRNA signal was not detected in the embryonic retina but was observed in the
retina during the postnatal developmental period and in adult animals (Figs.4.19 to
4.23). A strong signal was produced in many medium and large neurons distributed in
the GCL throughout the late postnatal developmental period and in the adult. At PO, a
few RGCs produced a strong signal in the presumptive GCL (Fig.4.19b) and evenly
distributed neurons in the presumptive ONL expressed moderate levels of NT-4 mRNA
(Fig. 4.19a). The number of NT-4 mRNA-expressing cells in the GCL increased slightly
at P5. However, compared with PO retina, the distribution of NT-4 mRNA-expressing
cells in the INL and ONL differed at P5 and P7. At P5 and P7, NT-4 hybridised cells
were distributed in the superficial and deep INL (Fig.4.20). In the adult retina, NT-4
mRNA-expressing cells were detected only in the superficial INL and not in the deep
INL or in the ONL (Figs.4.21a, b, 4.22). In the adult there appeared to be a slight
reduction in the number of neurons expressing NT-4 mRNA, and in the intensity of NT4 mRNA signal located to neurons in the GCL and those distributed in the superficial
INL when compared with P7 retinas. There was a conspicuous blanket-like signal in the
adult photoreceptor layer-pigment epithelium (RPE) layer, which was not significantly
labelled during postnatal development (Fig.4.23). With exception of the adult
photoreceptor layer, NT-4-like immunoreactivity was not detected in other retinal layers
during development or in the adult (Fig.4.23). Sections probed with digoxigeninlabelled sense probes showed no hybridisation signal above background levels
(Fig-4.18).

(iv)

TrkB protein and mRNA expression in the normal rat retina

At the earliest age examined (E l5), a light trkB mRNA signal was produced near the
vitreal border of the neuroblastic layer of the retina. Stronger trkB hybridisation signals
adjacent to the vitreal border of the presumptive GCL were evident at E17 and E19, and
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were present throughout the retina (Figs.4.24a-f). At PO, trkB mRNA was confined to a
few cells in the presumptive GCL (Fig.4.25), a pattern that remained fairly consistent
throughout postnatal development and into adulthood (Figs.4.26-4.29). Only a weak
trkB mRNA signal was detected in the INL (Fig.4.30). TrkB protein was present in
many cells of variable sizes in the GCL, and in a few cells distributed in the INL
throughout postnatal development, and to a lesser extent in the adult (Fig.4.31). TrkB
protein was not detected in the embryonic retina. At PO, the GCL was more
differentiated, and contained a few weakly labelled large and medium neurons. TrkB
protein was distributed in the cytoplasm and proximal processes of RGCs and cells
distributed in the INL. At P6 and P7, an intense reaction product was localised to
neuropil and neurons distributed in the GCL (Figs.4.30a-c). TrkB immunoreactive
neurons lying in the superficial IPL at the border with the GCL were likely to be
displaced RGCs and/or a subpopulation of amacrine cells. Neuropil of the INL was also
detected was also heavily trkB immunoreactive (Figs.4.31a and c). Lightly to
moderately immunoreactive neurons was scattered in the INL and at the IPL-INL
border. In older postnatal animals the intense neuropil labelling in the GCL and INL
was reduced, as were the numbers of labelled neurons. In the adult GCL, a few to a
moderate number of large neurons displayed cytoplasmic immunoreactivity (Figs.4.31a,
b and c). TrkB was not detected in the OPL or photoreceptor layer.

(v)

NT-3 and TrkC mRNA expression in the developing the normal rat retina

TrkC mRNA was not detected in the rat retina. Due to high background levels no
conclusions could be drawn from NT-3 in situ hybridisation results (data not shown).
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Figures 4.1-4.9: BDNF mRNA expression and protein distribution in the postnatal rat
retina
Figures 4.1a and b. Section through the PO retina processed for in situ hybridisation using
digoxigenin labelled antisense BDNF probe. BDNF mRNA is detected in a few cells
(arrows) located in the presumptive GCL. Bar =lmm. Figure 4.1b, shows an enlargement
of BDNF hybridised cells Fig. 4.1a. Bar = 20pm
Figure 4.2. Section through the PO GCL immunostained for BDNF using anti-BDNF
antibody (Santa Cruz). BDNF protein is localised to a few neurons in the presumptive
GCL. Bar =10pm

Figures 4.3a-c. Sections through the P7 retina processed for in situ hybridisation using
digoxigenin labelled antisense BDNF probe. Scattered BDNF hybridised cells are located
in the GCL, the superficial and deep INL. Note the in situ positive cells few in the IPL.
Bar = 50p.m.
A high magnification of a BDNF hybridised RGC located deep in the GCL is illustrated in
b. The image was taken from an area not shown in Fig.4.3a. Panel c shows a high
magnification of a BDNF hybridised cell deep in the INL. Image taken from Fig.4.3a.
Bars = 20 pm

Figure 4.4. Section through the P7 retina immunostained for BDNF using anti-BDNF
antibody (Santa Cruz). BDNF precursor/mature protein is strongly localised to cells and
neuropil in the GCL and to neuronal perikarya in the in the ENL. A few BDNF
immunoreactive displaced cells are located in the superficial IPL, and may be displaced
RGCs.
Bar = 20pm

Figures 4.5-4.7. Sections through the P10 retina immunostained for BDNF using antiBDNF antibody (Santa Cruz). Figures 4.5 and 4.6 show many large RGCs located in the
GCL, which are strongly immunoreactive for precursor/mature BDNF. Bars = 20pm.
Figure 4.7 shows cells in the GCL and superficial INL, which are precursor/mature BDNF
immunoreactive. Bar =15pm

Figures 4.8 and 4.9. Section through the P10 (4.8) and P14 (4.9) retina processed for in
situ hybridisation using digoxigenin labelled antisense BDNF probes. BDNF hybridised
cells are predominantly located in the GCL.
Figure 4.8 Bar = 50pm
Figure 4.9.Bar = 20pm

Abbreviations: INL, inner nuclear layer; IPL, inner plexiform layer; ON, optic nerve.
OPL, outer plexiform layer; RGC, retinal ganglion cell.
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Figures 4.10-4.15: BDNF mRNA expression and BDNF protein distribution in the adult
retina

Figures 4.10 and 4.11. Sections through the adult retina processed for in situ hybridisation
using digoxigenin labelled antisense BDNF probe. BDNF hybridised cells are distributed
in the GCL and a few are located in the INL. Figure 4.11 insert, high magnification of
BDNF hybridised cell located in the INL. Bars = 20pm

Figures 4.12 and 4.13. Sections through the adult retina immunostained for BDNF using
anti-BDNF antibody (Santa Cruz). BDNF immunoreactive cells of variable morphology
and size are distributed in the GCL. Bars = 20pm

Figure 4.14a and b. Wholemount retina processed for in situ hybridisation using
digoxigenin labelled antisense BDNF probes. BDNF hybridised cells are distributed across
the surface of the GCL. Insert in Fig.4.14a shows a strongly hybridised cell; panel b shows
two RGCs in close proximity to one another with BDNF mRNA in their cytoplasm.
Bars = 20pm

Figures 4.15a-e. Wholemount retina immunostained for BDNF using anti-BDNF antibody
(RAB). BDNF immunoreactive RGCs (arrowheads) containing mature BDNF are relatively
evenly distributed across the surface of the retina. Bar = 20pm
Figures 4.15b, c and d are high magnifications photomicrographs taken from a, of BDNF
immunoreactive RGCs. Bars = 20pm
Figure 4.15e. Control preparation. Wholemount retina processed for immunocytochemistry
with the omission of BDNF antibody. Bar = 20pm.

Abbreviations: GCL, ganglion cell layer; RGC, retinal ganglion cell.
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Figures 4.16-4.17: Sections through the optic nerve and the retina of 16-24 hours after an
optic nerve crush immunostained for BDNF using anti-BDNF antibody (Santa Cruz)

Figures 4.16. Longitudinal section of the intraorbital optic nerve through the site of a crush
(broad arrows) made 16-24 hours earlier. BDNF immunoreaction product accumulated on
the proximal (P) (retinal) and distal sides (D) of the crush.
Bar = 20pm

Figure 4.17a. 24hours after an optic nerve crush nearly all the BDNF immunoreaction
product accumulates on the proximal side (P) of the crushed optic nerve. Insert, BDNF
immunoreactive processes (arrows) near the optic nerve head (OH). Broad arrow points to
site of optic nerve crush. Bar = 20pm
Figure 4.17b. Section through the crushed optic nerve. Control preparation processed for
immunocytochemistry without the BDNF antibody. BDNF immunoreactivity is absent. Bar
= 20pm
Figure 4.17c. BDNF immunoreactive cells (arrows) in the GCL of an animal, which
received an optic nerve crush 24 days before culling. Not all RGCs are labelled (e.g. at
open arrow). Bar = 10pm

Abbreviations: GCL, ganglion cell layer; EPL, inner plexiform layer

Figures 4.18-4.23: NT-4 mRNA expression and NT-4 protein distribution in the postnatal
and adult retina

Figure 4.18. Section through the P14 retina processed for in situ hybridisation using
digoxigenin labelled sense NT-4 probe. Above background signals, NT-4 mRNA signal is
not detected. Bar = 100pm

Figure 4.19a and b. Sections through the PO retina processed for in situ hybridisation
using digoxigenin labelled antisense NT-4 probe. A few NT-4 hybridised cells are located
in the GCL and in the superficial presumptive outer nuclear layer (ONL).
Bar = 10pm. Figure 4.19b shows an enlargement of NT-4 hybridised cells (arrow) in the PO
GCL. Bar = 20pm

Figure 4.20. Section through the P7 retina processed for in situ hybridisation using
digoxigenin labelled antisense NT-4 probe. A few hybridised cells are located in the GCL.
Note the NT-4 hybridised cells in the superficial and deep INL. Bar = 10pm

Figure 4.21a, b and 4.22. Sections through the adult retina processed for in situ
hybridisation using digoxigenin labelled antisense NT-4 probe. NT-4 hybridised cells are
distributed in the GCL and in the superficial INL. Note NT-4 mRNA signals are not present
in the deep INL or in the ONL. Strong NT-4 signal is also present in the photoreceptor
layer. Bars = 20pm

Figure 4.23. Section through the adult retina immunostained for NT-4. NT-4 protein is
only present in the adult photoreceptor layer (P/R).
Bar = 100pm

Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; OPL, outer plexiform layer; P/R photoreceptor layer.
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Figures 4.24-4.29: Localisation of trkB mRNA expression in the embryonic, postnatal and
adult retina

Figures 4.24a-f. Serial sections through the head of a rat foetus at E19 processed for in situ
hybridisation using digoxigenin labelled antisense trkB probe. TrkB mRNA signals are
located at the vitreal border of the neuroblastic layer (arrow).
Bar =lmm

Figure 4.25. An oblique section through the PO retina processed for in situ hybridisation
using digoxigenin labelled antisense trkB probe. A few hybridised cells are located in the
GCL.
Bar = 20pm

Figure 4.26. Section through the GCL of the P5 retina processed for in situ hybridisation
using digoxigenin labelled antisense trkB probe. A strong trkB signal is present in a
presumed RGC in the GCL. Bar = 20pm

Figure 4.27. Section through the superficial layers of the P7 retina processed for in situ
hybridisation using digoxigenin labelled antisense trkB probe. A few trkB-hybridised cells
are present in the GCL.
Bar = 10pm

Figures 4.28 and 4.29. Sections through the adult retina processed for in situ hybridisation
using digoxigenin labelled antisense trkB probe. TrkB hybridised cells are present in the
adult GCL. A weak signal is seen in the superficial INL.
Bars = 20pm

Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; OPL, outer plexiform layer.
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Figures 4.30-4.31: Distribution of trkB protein in the postnatal and adult retina

Figure 4.30a-c. Section through the P7 retina shows trkB protein is strongly associated
with neurons and neuropil in the GCL and INL. Panel b, shows high magnification of GCL
and IPL taken from Fig.4.30a. TrkB immunoreactive cells are seen in the superficial and
deep IPL. Panel c shows a magnification of the INL (taken from Fig. 4.230a), which
contains many trkB immunoreactive processes and somata.
Bars = 20pm

Figure 4.31a-c. Section through the adult retina. Many trkB immunoreactive cells are seen
in the GCL. Bar = 100pm. Panel b, shows large trkB immunoreactive somata in the GCL
taken from another animal. Bar = 20pm Panel c shows a large immunoreactive RGC, a
smaller trkB immunoreactive cell (towards the left) amongst trkB immunoreactive neuropil
of the GCL. Bar = 20pm

Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; OPL, outer plexiform layer.
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Discussion

(i)

Neurotrophins in the rat retina

The results presented here demonstrate the presence of BDNF, NT-4 and trkB mRNA
expressing neurons in the GCL and ESfL of the postnatal and adult rat retina. Moreover,
it was shown that BDNF and trkB protein, their mRNAs and NT-4 mRNA are located
to a subpopulation of RGCs, and possibly displaced amacrine cells in the developing
and adult rat retina. The expression of BDNF and trkB in developing and mature retina
agrees with previous published data using Northern blot analysis of new bom rat retinas
(Jelsma et al., 1993; Takahashi et al., 1993).

The in situ hybridisation data also

correspond with the studies that described the distribution of BDNF and trkB in the
adult rat retina (Perez & Caminos, 1995) and correlate with similar findings in other
species (Cellerino & Kohler, 1997; Ugolini et al., 1995). The pattern of neurotrophin
protein and receptor expression adds further support to the already existing data
suggesting that trkB ligands may have important roles in the normal development of the
retina, as well as in maturity.

The lack of mature BDNF protein (RAB antibody) but the presence of prepro-/mature
BDNF (BDNF antibody Santa Cruz) in the GCL throughout postnatal development
suggests mature BDNF may be present at levels below the detection limit of the
protocol used. Exogenously applied BDNF promotes the survival and growth of
developing and adult RGC processes (Johnson et al., 1986; Thanos et al., 1989; Sawai
et al., 1997; Ma et al., 1997). BDNF synthesised by RGCs and neurons in the INL may
have similar trophic actions in the postnatal and adult retina, independent of targetderived factors.

The mature rat GCL contains RGCs as well as large numbers of

displaced amacrine cells (representing up to 50% of cells of all in the GCL see Perry,
1980). As neither double nor retrograde labelling was performed to distinguish RGCs
from amacrine cells in the adult, one could not conclusively determine the proportion of
BDNF mRNA-expressing displaced amacrine cells residing in the postnatal or adult
GCL. However, the size and distribution (Perry, 1979; Dreher et al., 1985) of BDNF
mRNA-expressing and BDNF immunoreactive cells in wholemount retina suggests
class Type I RGCs and medium-sized somata possibly type II RGCs, are capable of
synthesising BDNF protein.

Although exogenously administered NT-4 reduces the rate of RGC death in chicks (Cui
& Harvey, 1994) and temporarily increases the survival of developing (Meyer-Franke et
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al., 1995) and adult (Cohen et al., 1994) rat RGCs in vitro, the distribution and
expression of NT-4 protein and mRNA has not previously been described in the rat
retina. This is probably due to the reported small amount of NT-4 in the developing and
adult CNS (Timmusk et al., 1994). In the fish retina a small population of strongly NT-4
immunoreactive cells in the GCL, deep in the INL, and in the IPL have been described
(Caminos et al., 1999).

In the present study, using non-radioactive probes, NT-4

mRNA was detected in the GCL, the INL and the photoreceptor layer of the postnatal
and adult rat retina. At PO, NT-4 mRNA expression was located only to cells in the
GCL and to evenly distributed cells in the presumptive ONL. At P5 and P7, a strong
signal was localised to large cells distributed in the GCL, in both the superficial and
deep INL. There was another shift in the distribution of NT-4 mRNA in the adult
retina, in that NT-4 mRNA was only detected in cells distributed in the superficial INL,
and in the GCL. The shift in the expression of NT-4 mRNA in the deep INL (the
position of bipolar and amacrine cells) suggests that these cells may alter the
transcription of NT-4mRNA which may result from the changing requirements of
retinal cells for neurotrophins as they mature. Indeed, NT-4 mRNA was expressed
during the phase of synaptogenesis in the IPL and may contribute to the formation and
stabilisation of intraretinal connections in the IPL. Intravitreal injections of rhNT-4
protein increase tyrosine hydroxylase labelling in the IPL of developing rats (Cellerino
et al., 1999). NT-4 may therefore have additional important roles in formation of the
dopaminergic network by amacrine cell processes in the IPL during postnatal
development.

The discrepancies between the strong NT-4 mRNA signal and the lack of protein
distributed in the postnatal and adult GCL may be attributed to the low levels of
translated protein, which are below the detectable levels of the antibody and the
procedures used. The post-translational modification of the newly synthesised protein,
its subcellular compartmentalisation or the rapid turnover in the retinal layers, which
contain NT-4 mRNA-expressing cells may be factors in the failure to detect NT-4. The
differential distribution of NT-4 protein and mRNA throughout postnatal development,
and the demonstration that NT-4 and BDNF can activate different regions of the trkB
receptor (Haniu et al., 1997; Urfer et al., 1995) suggests that NT-4 may have a more
distinct role in retinal development than to act as a compensatory neurotrophic factor, in
the absence of BDNF.
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TrkB mRNA was first detected at E15 adjacent to the vitreal surface of the presumptive
GCL suggesting that the onset of expression of the trkB gene is likely to be initiated by
inherent factors rather than neuronal activation (Weidman & Kuwabura, 1968). At E17,
the likelihood of neurons other than RGCs expressing the trkB gene near the vitreal
surface in the presumptive GCL is slender, as the only other neurons that occupy the
GCL, amacrine cells, do not reach the GCL until shortly after birth (Perry et al., 1983;
Reese & Colello, 1992). Thereafter, trkB mRNA expression remained more or less
unchanged in the GCL. Takahashi et al. (1993) demonstrated a biphasic increase in trkB
mRNA expression in the retina during E17-E20 and then between P14 and P17. Such
changes which were not detected in the present study. The difference between the
findings of Takahashi and co-workers and the present study is likely to have resulted
from the different techniques used. Whereas qualitative in situ hybridisation used in this
study allowed individual mRNA-expressing cells to be identified, Takahashi et al.
(1993) used the more sensitive and quantitative method of radioactive Northern blot
analysis, whereby subtle changes in mRNA levels can be detected. The lack of
detectable trkB protein in the GCL during embryonic development in the present study
differs from the data published by Rickman and colleagues (1995) who illustrated
strong trkB immunoreactivity in the inner, more differentiated layers of the E17 rat
retina. As the in situ hybridisation data in the present study revealed clear and specific
hybridisation signals in the superficial neuroblastic retina, it is reasonable to assume that
the lack of detectable levels of trkB protein by immunocytochemistry during embryonic
development may have arisen from technical differences.

At birth, the retinal layers were slightly more delineated, as too were individual trkB
labelled RGCs. Without thy 1.1 (a specific antigen of RGCs, Barnstable & Drager,
1984) double labelling, or the use of retrograde labelling (in conjunction with antiBDNF or anti-trkB immunocytochemistry), the 'absolute* identity of neurotrophinexpressing cells as RGC could not be ascertained. However, at the very early postnatal
ages, the larger and medium sized neurons in the GCL are likely to be RGC neurons, as
smaller displaced amacrine cells reach the GCL during the first five postnatal days
(Perry et al., 1983). Thereafter, smaller sized trkB immunoreactive neurons distributed
in the GCL and in the superficial INL were likely to include a proportion of amacrine
cells but not Muller glial cells, as glia cells do not contain the intracellular catalytic
kinase domain (Middlemas et al., 1991), specifically recognised by the anti-trkB
antibody. The overlap of strong BDNF and trkB immunoreactive neuropil and neurons
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observed in the P6/P7 INL occurred shortly after the onset of amacrine synaptogenesis
(P5-P21) in the rat retina (Horsburgh & Sefton, 1987). This suggests that the activation
of trkB by its ligands (by paracrine or autocrine mechanisms) may be involved in the
important initial stages of synaptic formation and specialisation in the INL. The
reduction in the number of trkB immunoreactive cells and the intensity of trkB
immunoreactive neuropil in the GCL and INL after P10 indicates a developmental
change in the local production and a possible shift in requirements of BDNF by cells
located in these layers.

The widespread distribution of trkC in the fish (Caminos et al., 1999), chick (Das et al.,
1997; Hallbook et al., 1996) and ferret (Allendoerfer et al., 1994) retinas have been
described. In the present study, trkC mRNA was not detected in postnatal or adult rat
retina, a result that agrees the previous studies in the rat (Rickman & Brecha, 1995).
High background made ascertaining the distribution and localisation of NT-3 mRNA
difficult. Both the distribution and expression of trkB appear to be conserved between
the avian and mammalian retina. However, the lack of trkC and NT-3 expression in the
rat retina may indicate species differences, as both trkC and NT-3 mRNA and protein
are widely distributed throughout the retinal layers of the chick (Karlsson & Hallook,
1998; Herzog & von Bartheld, 1998) but not in the rodent.

The distribution and expression of the neurotrophins and their trk receptors and the
neurotrophin requirements of cells in the deeper layers of the retina has not been
extensively investigated. Physiological studies do however indicate the presence of trkB
on photoreceptors cells (LaVail et al., 1992). In agreement with other studies in the
normal rat, trkB was not detected in photoreceptors cells (Jelsma et al., 1993; Rickman
& Brecha, 1995). Nonetheless, in the rat, intravitreal injections of BDNF rescue adult
photoreceptor cells from death following constant light exposure (LaVail et al., 1992)
and a small population of photoreceptor cells become immunoreactive to trkB after
ischemic injury (Vecino et al., 1998). This suggests that photoreceptor cells are capable
of responding to injury by binding BDNF, possibly through unidentified trk variants
(Hackett et al., 1998). NT-4 mRNA and protein were present in the adult photoreceptor
layer suggesting that photoreceptors actively synthesise NT-4 protein.

Although the distribution and location of truncated trkB receptors in the GCL and INL
remains to be established, it would be interesting to determine whether the
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neurotrophins or catalytic trk receptors are colocalised within the same neurons and/or
in a subpopulation of retinal neurons as the differential distribution of trk variants is
known to affect trk receptor signalling (Yacoubian & Lo, 2000) and perhaps
neurotrophin action.

The expression of BDNF, NT-4 and trkB mRNA and proteins in RGCs and other cells
in the INL suggests that subpopulations of retinal neurons are capable of supporting
themselves, and/or each other during critical stages of their development, and may not
necessarily be dependent on target derived trophic factors for their survival.
Furthermore, neurotrophin and trk receptor expression in the adult retina suggests
BDNF and NT-4 may exert important effects within the retina, and BDNF on
retinorecipient centres.

(ii)

Co-localisation of neurotrophins and their high affinity trk receptors in the rat
retina

In the GCL BDNF and trkB protein was relatively coincident with the distribution of
the corresponding mRNAs. The colocalisation of neurotrophins and their receptors in
the same population of retinal neurons especially seen in the P7 GCL and INL, suggests
the local roles of neurotrophins in the retina may involve paracrine and/or autocrine
interactions. These methods of neurotrophin acquisition have been suggested in the
retina of several species (Cohen-Cory et al., 1996; Hallbook et al., 1996; Perez &
Caminos 1996; Das et al., 1997) and are not limited to the visual system. Neurotrophin
acquired from autocrine or paracrine mechanisms is suggested for a variety of neurons
including subpopulations of DRGs (Acheson et al., 1995), hippocampal and cortical
neurons (Kokaia et al., 1993), neurons of the anterior hypothalamus (Miranda et al.,
1993) the cochlear and vestibular ganglion (Schecterson & Bothwell, 1992) and cortical
neurons (McAllister et al., 1995, 1997). Indeed, autocrine-derived factors are believed
to play a role in the normal functioning of neurons during development, in some cases
acting to reinforce new and correctly established synapses. BDNF also influences the
expression of several phenotype markers in the CNS (Jones et al., 1994; Nawa et al.,
1994) and increases the expression of tyrosine hydroxylase (a marker for dopamine) in
the neuropil in the IPL (Cellerino et al., 1998). It is therefore possible that an autocrine
BDNF mechanism may have similar roles in reinforcing the neurotransmitter phenotype
in BDNF-expressing cells distributed in the retina during development and regulating
their synthesis in the adult.
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(iii)

Possible roles for neurotrophins and their trk receptors during retinal
development

The embryonic expression of trkB mRNA in the presumptive GCL corresponds
sequentially with the initial innervation of the primary retinorecipient centres in the
brain by RGC axons (Lund & Bunt, 1976; Bunt et al., 1983). At this time the superficial
layers of the SC, contain cells that express BDNF mRNA (Rickman et al 1992). The
expression of trkB receptors on RGCs and BDNF in the SC, suggests that BDNF and
NT-4, acting through trkB, may play important roles in the initial formation of specific
RGC connections in the SC, and their subsequent maintenance during maturation.

During the period of retinal development in the rat, RGCs are produced in numbers that
surpass adult numbers by approximately 3-fold (Crespo et al., 1985; Perry et al., 1983;
Dreher et al., 1983). The excess number of RGC plummets abruptly during the period of
cell death that occurs during the first postnatal week (Dreher et al., 1983; Provis &
Penfold et al., 1988) and it is believed to be a consequence of unsuccessful competition
for the limited amounts of target-derived factors. Previous published data as well as
findings presented here, show that BDNF mRNA is expressed in the rat retina (Jelsma
et al., 1993) and the SC {Chapter 3) during the phase of RGC developmental cell death
and corresponds with the localisation of BDNF mRNA in the chick retina (Karlsson &
Hallbook, 1998; Herzog & von Bartheld al., 1998) and tectum (Karlsson & Hallbook,
1998). Increasing the levels of BDNF during the postnatal development of the hamster
visual pathway prolongs the survival of RGCs (Ma et al., 1998); NT-4/5, which also
binds and activates trkB can reduce naturally occurring cell death (Cui & Harvey, 1994;
Spalding et al., 1998). Similarly, colliculus derived extract has comparable effects to
BDNF during RGC development (Huxlin et al., 1995). TrkB mRNA and its subsequent
translation into protein in developing rat RGCs may therefore be of great importance
during the period of RGC naturally occurring cell death, if RGCs compete for limited
supplies of target-derived BDNF and NT-4 protein, as well as during the period when
appropriate and functional connections are made. However, the fact that the RGCs of
BDNF-/- mice develop without gross abnormalities (Jones et al., 1994) and the survival
of RGC in early postnatal development is only transiently prolonged following
exogenously injected BDNF into the SC (Ma et al., 1997), suggests that BDNF
contributes, but is not the only factor which support the survival of developing RGCs.
NGF can act post-transcriptionally to stabilise GAP-43 expression and prevent its
catabolism (Federoff et al., 1988; Nishizawa, 1994). It is therefore tempting to speculate
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that the neurotrophins may influence the regulation of other developmentally regulated
proteins in retinal neurons (Fournier et al., 1997) that may also influence their survival,
growth and the formation of connections.
The dendritic field size of RGCs differs between RGC subtypes (Perry, 1979; Perry &
Walker, 1980). At P3 RGCs type I/D are present in the retina and the different classes of
RGCs can be identified at P10 (Perry & Walker, 1980). BDNF mRNA and protein was
expressed in large and medium to large cells in the GCL, and corresponded to the size
of neurons that also expressed trkB mRNA and protein. BDNF is expressed during the
formation of intraretinal networks and synapses (Marc, 1986) and stimulates neurite
outgrowth from RGCs during development (Bosco & Linden, 1999) and following
injury (Sawai et al., 1996; Masour-Robaey et al., 1994). BDNF also regulates the
branching of developing axons in the Xenopus tectum (Cohen-Cory & Fraser, 1995,
1999) and neurons in the ferret cortex (McAllister et al., 1995). It is therefore tempting
to speculate a role for BDNF in regulating the outgrowth of RGC dendrites and the
morphology of their dendritic trees, perhaps in concert with electrical activity (Galli &
Maffei, 1988, Wong et al., 1993; McAllister et al., 1996).

The presence of both BDNF and trkB protein and mRNA after P14, implies that
following the period of developmental RGC cell death and the onset of visual function,
if the retrograde transport of BDNF protein from RGC terminals in the SC to their
somata, may play important roles apart from aiding RGC survival. Indeed, the
incorporation of neurotrophins by RGC afferents and the subsequent trkB ligandmediated signalling during postnatal development may be important for the activation
of second messenger cascades that influence the regulation of specific transcription
factors that may control the synthesis of new or pre-existing proteins, and influence the
transport or other regulatory effectors. BDNF or NT-4-mediated trkB signalling may
also reinforce neuronal phenotypes and/or alter activities at the newly formed terminals
or synapses e.g. regulate synaptic activity through direct and/or indirect ion channel
gating.

(iv)

Intra-retinal release: Roles of BDNF in the GCL and INL

Although less information is known about the trophic signals supplied by afferent or
paracrine derived factors within the developing or mature retina, afferent projections are
suggested to have comparable trophic effects on developing neurons as those produced
by their targets (review, Linden, 1994).
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When iodinated BDNF is injected into the eye, it accumulates in the IPL and GCL
(Herzog & von Bartheld, 1998), supporting the view that RGCs and neurons in the INL
can take-up BDNF from their surrounding milieu. Furthermore, it has been
demonstrated that RGCs respond to trophic factors obtained from other cells within the
retina (de Araujo & Linden, 1993; Ary-Pires et al., 1997). A subpopulation of cells in
the GCL and INL express both BDNF and trkB proteins and mRNAs. Cells in the INL
(principally amacrine cells which express BDNF mRNA) are capable of synthesising
BDNF protein, which may be anterogradely transported to dendrites, which synapse
with the dendrites of RGCs in the IPL. BDNF may be released alone and/or with
neurotransmitters or molecules, upon which rapid local actions may proceed.
Alternatively, the protein may be taken up by RGC dendrites and subsequently
retrogradely transported to RGC somata. The method of dendro-dendritic transfer of
BDNF may be important for local intraretinal signalling actions whether it be to
modulate neurotransmitter release (Jovanovic et al., 2000; Bolton et al., 2000) or
influence dendritic remodelling (Cohen-Cory et al., 1996; McAllister et al., 1996) or
modulate the flow of visual information after eye opening. One could speculate on a
feed-forward effect whereby BDNF released from cells in the INL are endocytosed by
RGC dendrites and transported to their somata activating second messenger cascades
(Bhattacharyya et al., 1997) that influence the transcription of specific genes including
BDNF (Tao et al., 1998). The cells in the INL may therefore regulate the production and
release of RGC derived-BDNF following action potentials (Blochl & Thoenen, 1995;
Thoenen, 1995) or chemically through neurotransmitter release. Likewise, BDNF
generated by RGCs may be anterogradely transported to their dendrites, which synapse
with other RGC dendrites in the GCL or neurons in the INL, to modulate retinal activity
or maintain differentiated phenotypes of retinal neurons.
(v)

Long distance transport: Is BDNF an anterograde trophic molecule and/or
neuromodulator?

The sole role of BDNF as a retrogradely transported trophic molecule in the mature
visual system is disputed due to the lack of gross defects in the neural retina of BDNF-/mice and only a small reduction in the number of cells in the GCL (Cellerino et al.,
1995). As NT-4 shares the same receptor as trkB but interacts at a subtly different
region (Windisch et al., 1995; Urfer et al., 1997), it has been suggested that NT-4 may
act to support the survival of RGCs in the absence of BDNF. However, one can only
speculate at this proposal, as double BDNF-/-, NT-4-/- mice were not analysed for RGC
survival (Liu et al., 1995).

An alternative and/or additional role to the retrograde
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transport of neurotrophin proteins after the developmental cell death phase of RGCs are
suggested by (present Chapter) (i) the continued presence of BDNF mRNA and protein
in the GCL in adulthood (ii) the lack of BDNF-expressing cells in LGN, the nucleus of
the optic tract and the OPN, but BDNF immunoreactive neuropil in these nuclei and
{Chapter 3) (iii) the accumulation of precursor/mature BDNF (Santa Cruz antibody) on
the proximal portion (retinal side) of the ligated optic nerve. Interestingly, it has been
demonstrated that NGF precursors are processed and secreted as an unprocessed
proteins through a sodium-dependent regulatory pathway (Blochl & Thoenen, 1995;
Heymach et al., 1996; Kruttgen et al., 1998). These findings support the hypothesis for
the long distance anterograde transport of BDNF in the adult, which is also likely to
take place in the postnatal animals.
Using fluorescent retrograde tracers Kondo et al. (1993) demonstrated that between 7075% of an individual RGC in the adult albino rat innervates both the dLGN and SC by
axonal collaterals. If BDNF is retrogradely transported from the SC to some RGCs, it is
possible that a subpopulation of RGCs that express BDNF mRNA and synthesize
BDNF and send collaterals to the LGN, the nucleus of the optic tract and OPN
anterogradely transport the protein to their terminals in these visual centres. In this way
RGC-derived BDNF in the developing and mature rat may provide trophic support for
retinorecipient neurons that do not express BDNF mRNA (e.g. neurons in the LGN).
Alternatively, anterogradely transported BDNF may act as a ’messenger’ at retinal
terminals (see Jovanovic et al., 1996) or regulate the activity of postsynaptic neurons
(review, Schuman, 1999) in the retinorecipient centres. The precise localisation
(terminals and/or dendrites and/or axons) of BDNF and trkB proteins in retinorecipient
centres might shed light on the possible roles of BDNF (see Chapter 5).

(vi)

Why would RGCs retain the ability to generate their own BDNF mRNA and
protein and anterogradely transport BDNF to their central targets, vet possibly
receive BDNF protein through paracrine acquisition from cells in the INL and
other RGCs in the GCL?

It is conceivable that a particular neuron (in this case the RGCs) is dependent on
autocrine-or paracrine-derived BDNF, from other RGCs in the GCL, or amacrine cells
in the INL and simultaneously produce BDNF which is important in maintaining the
specific functions of neurons in retinorecipient centres or in the retina.
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BDNF might also have different roles at different sites at the RGC perikarya. That is to
say, BDNF may have different modes of action depending on method of acquisition in
the rat visual system and where along the neuron BDNF interacts with trkB receptors
(or p75). For example, BDNF acquired from cells in the INL may transduce a different
signal (alone or in concert with other released molecules) at the RGC dendrite, than the
signal resulting from autocrine- or paracrine-derived BDNF in the GCL. Additionally,
the signalling cascades activated by BDNF anterogradely trafficked from RGC somata
to their terminals in the LGN or SC, and from retrogradely transported BDNF from the
SC along the axon (Bhattacharyya et al., 1998) to RGC somata during development may
also differ from intraretinal-derived and incorporate BDNF. Furthermore, the activation
of different ion channels, the incorporation of different and/or a combination of
neuropeptides and other molecules may also determine which receptors and second
messenger pathways are activated. Differentially acquired BDNF may therefore be
imperative in determining the activation of different, yet specific signal cascades, which
may influence ion channel activity, influence specific transcription factors, gene
expression and alter the synthesis of pre-existing proteins, or the synthesis of new
proteins (Stanton & Sarvey, 1984; Bonni & Greenberg, 1997) which may be necessary
for the normal functioning of visual neurons.

Members of the trk gene family are alternatively spliced within both the extracellular
domains and cytoplasmic domains to yield receptor variants with potentially diverse
functions (Baxter et al., 1997; Boeshore et al., 1999, Yacoubian & Lo, 2000). TrkB
variants may be differentially expressed within different populations of neurons and or
perhaps differentially expressed along the neuron (Aramanin et al., 1995). BDNF or
BDNF variants (Hackett et al., 1998; Sunasara et al., 1999) acquired from paracrine, or
autocrine methods or from long distant transport may interact with differentially
expressed catalytic trkB or its variants. The ratio of catalytic and variant informs of trkB
along the perikarya may be important in determining synaptic physiology (Li et al.,
1999) or which signalling pathways are activated (Eide et al., 1996; Baxter et al., 1997).
Furthermore, receptor heterodimer may sequester or modify intracellular signalling thus
regulate the activity of the neuron and the degree of neurotrophin responsiveness. Thus,
the isoforms of the BDNF and trkB and their differential expression, and the release of
different molecules and factors in concert with BDNF and the subsequent diverse
effects of trkB signally, may be the purpose of the multiple methods and sites of BDNF
acquisition by RGCs.
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(vii)

How does an individual neuron distinguish between a BDNF induced signal
derived from a neighbouring cell or from a signal derived from autocrine
acquisition?

This is no doubt a complex issue, but it seems likely that the BDNF receptive neuron
may catalogue the signal transduced from paracrine and autocrine acquisition
differently. In this way trkB activation at the dendrite, soma or terminal may involve
different transduction events, which initiate different signalling pathways, which may
act locally at the site of transduction or more globally by inducing changes in gene
expression.

4.5

Summary

BDNF and NT-4 and trkB were expressed in the rat retina during the time when retinal
cells assume differentiated phenotypes, form intricate neural connections and during the
phase of naturally occurring cell death, moreover, the colocalisation of BDNF and trkB
mRNA expression and protein to some RGCs (and cells in the INL) in the developing
and adult retina suggests local (paracrine and/or autocrine) actions of trkB ligands
within the retina.

The expression and distribution patterns of the neurotrophins and their trk receptors in
retinorecipient centres (Chapter 3), is compatible with the concept that the
neurotrophins are involved in the initial development and formation visual connections.
The accumulation of BDNF on the proximal side of the ligated optic nerve (the present
Chapter) suggests that retinorecipient neurons, are under the influence of anterogradely
transported BDNF from RGCs. Indeed, BDNF may act as a long distance anterograde
messenger to support or maintain or to modulate some aspect or components of the
target cells’ phenotype.
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CHAPTER 5

The subcellular distribution of BDNF and trkB in the primary visual
centres of normal and enucleated adult rats: an ultrastructural study

5.1

Introduction

The absence of gross neuronal losses in the brains of BDNF -/- mice (Jones et al., 1994)
and the relatively high levels of BDNF mRNA expression and protein in the normal
adult brain (Conner et al., 1997; Kawamoto et al., 1998) suggests that, in addition to
aiding neuronal survival during development, BDNF may have alternative and/or
additional roles. Indeed, BDNF, the most abundant and studied neurotrophin in the adult
rat brain produces a variety of neuromodulatory effects in various brain centres. These
effects such as modulating neurotransmitter synthesis, metabolism and release,
postsynaptic ion fluxes, neuronal firing rates and longterm potentiation are consistent
with local actions rather than with long distance retrograde signalling.

Recent

immunocytological data have revealed that endogenous BDNF protein in the brain is
not confined to neuronal somata, but is also distributed widely in the neuropil (Altar et
al., 1997; Conner et al., 1997, Kawamoto et al., 1998; Michael et al., 1997). Moreover,
the absence of BDNF mRNA in some areas where the neuropil is strongly
immunoreactive for BDNF protein (Conner et al., 1997; Chapter 3) adds further support
to the concept that BDNF protein may be anterogradely transported from the somata of
BDNF-synthesising neurons to their terminals. More specifically, Altar and colleagues
(1997) have shown that BDNF protein is widely distributed in the nerve terminals in the
striatum, a region that lacks detectable BDNF mRNA expression. By inhibiting axonal
transport by the injection of colchicine into the lateral cerebral ventricles of adult rats,
or by ablating the nigrostriatal dopamine or corticostriatal pathway, they revealed
depleted levels of BDNF protein in the terminals distributed in the striatum. This
suggested that BDNF protein was most likely to have been anterogradely trafficked
from cortical and nigral neurons.
143

The LM findings reported in the previous chapters suggest that BDNF may also be
anterogradely transported from RGC to some of their targets in the brain. Briefly,
BDNF immunoreactive neuropil and puncta was distributed in retinorecipient regions of
the LGN, OPN, and the nucleus of the optic tract, nuclei that lacked detectable BDNF
mRNA expression (Chapter 3). Furthermore, a subpopulation of RGCs express BDNF
mRNA and BDNF protein (Chapter 4), and following a ligation to the optic nerve
BDNF immunoreaction product (BDNF antibody, Santa Cruz) accumulated on the
proximal side of the ligated optic nerve. One hypothesises that BDNF might be
localised to retinal terminals in retino-recipient centres in the brain. To examine this
hypothesis, the ultrastructural localisation of endogenous BDNF protein and its high
affinity receptor trkB was examined in the LGN, OPN and in the superficial layers of
the SC of the normal and unilaterally enucleated adult rat. Such an analysis has not
previously been undertaken. Furthermore, such data may provide useful information on
the possible roles and transport of BDNF in the mature rat visual system.

5.2

Summary of methods used

Anti-BDNF antibody (RAB) is extremely sensitive to aldehyde fixation (Yan et al.,
1997b). The lowest concentration of glutaraldehyde was used in an attempt to reduce
antigen conformation changes and/or the masking of the BDNF antigen, without
excessively compromising the ultrastructure of the tissue. A normal adult rat, and adult
rats which had received a unilateral enucleation of the left eye (2 animals, 4 weeks after
enucleation; 1 animal, 6 weeks after enucleation, and 1 animal 8 weeks post
enucleation) prior to culling were used in this study. The deeply anaesthesised animals
were transcardially perfused (without prior exsanguination) with 4% paraformaldehyde
alone + ImM CaCb (n=2) or with 4% paraformaldehyde + ImM CaCl2 + 0.1%
glutaraldehyde (n=3). Serial vibroslice sections (80-100pm) were taken through the
thalamus, pretectum and SC collected in 0.1M PB and processed for BDNF (RAB
antibody) and trkB immunocytochemistry alongside control sections, as described in
Chapter 2.5 and 2.6 (ii). Following pre-embedding processing, the sections were
immediately postfixed in 1% OsC>4 and processed for transmission electron microscope
analysis as described in chapter 2.6 (iii-iv).

Ultrathin sections (80-100nm) of the

dLGN, vLGN-1, the OPN and the superficial layers of the SC were examined and
photographed using a JEOL 1010 transmission electron microscope.
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5.3

Results

(i)

Technical considerations:
Preservation of BDNF immunoreactivitv and tissue ultrastructure

In the preliminary study (n=l), 4% paraformaldehyde + ImM CaCh-fixed tissue was
used to examine the ultrastructural localisation of BDNF and trkB without
compromising their antigenicity. This control allowed for any disparities in
immunoreactivity and the labelling patterns of glutaraldehyde fixed specimens (n=4) to
be determined. Sections from animals that were perfused with 4% paraformaldehyde
alone (n=2, 1 normal and 1 enucleated) and sections taken from animals perfused with
the addition of 0.1% glutaraldehyde were compared both at the LM and EM level. At
the EM level the immunoreactivity patterns of BDNF and trkB proteins were similar to
those observed at the LM level in both 4% paraformaldehyde + ImM CaCk and 4%
paraformaldehyde + ImM CaC^ + glutaraldehyde fixed samples (data not shown).
There was, however a slight reduction in the intensity of BDNF immunoreactive
neuropil in samples taken from animals that were perfused with glutaraldehyde
containing fixative, both at the LM and EM level. In conjunction with the
conformational changes and or masking/effects glutaraldehyde is known to have on
certain antigens (Yan et al., 1997b), the thickness of the sections (~ 100pm) processed
for immunocytochemistry, and the low concentration and brief incubation period of the
sections in tris-buffered Triton X-100, probably contributed to the reduction in the
intensity of immunoreactivity. Although sections taken from animals that were
perfusion

fixed with 4%

paraformaldehyde

alone produced superior BDNF

immunoreaction product, compared with sections taken from animals perfusion-fixed
with the addition of 0.1% glutaraldehyde, the ultrastructural preservation of tissue
without glutaraldehyde was very poor. TrkB immunoreactivity appeared not to be
affected by glutaraldehyde.

(ii)

The ultrastructural characteristics of immunoreaction product in retino-recipient
centres of normal adult rats

Neuronal profiles were identified on the basis of descriptions by Lieberman (1972),
Lieberman & Webster (1974) Campbell & Lieberman, (1985) and Peters et al. (1991).
Generally, neuronal somata were defined as neuronal elements containing nuclei and
cytoplasmic organelles and receiving input from unlabelled/labelled terminals.
Dendrites generally contained microtubules and also usually received synaptic input
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from axon terminals and were unmyelinated. Axons were either myelinated or
unmyelinated and contained neurofilament. Axon terminals were defined as profiles
0.25pm and larger in diameter containing numerous synaptic vesicles and with
presynaptic densities in apposition with dendritic profiles or a neuronal soma. Axon
terminals were also characterised as forming asymmetric synapses (Gray type I) when
their postsynaptic densities were thicker than the presynaptic junctional specialisations
and the terminal filled with round synaptic vesicles, but as symmetric synapses (Gray
type II) when these membranes appeared equally electron dense and the terminal was
filled with flattened synaptic vesicles (Gray, 1969).

This study focused on 4 retinorecipient nuclei, the dLGN, vLGN-1, OPN and the
superficial layers of the SC. Immunoreaction product in the profiles observed at the EM
level was generally weak to moderate (BDNF) or moderate to strong (trkB).
Immunoprecipitate was distinguished as a black granular-like product, which varied in
density and was contained within terminals (BDNF), dendrites and axons (BDNF and
trkB) and somata (trkB). The immunoprecipitate was routinely associated with the
membranes of synaptic vesicles and mitochondria of terminals in the LGN, vLGN-1,
OPN, and the SC. Immunoprecipitate detected in the cytoplasm of dendrites, axons and
unmyelinated preterminal axons, was associated with microtubules and the outer
mitochondrial membrane and inner aspect of the plasma membrane. The differential
localisation of BDNF and trkB protein is illustrated in Figures 5.1-5.29.

(iii)

The subcellular localisation of endogenous BDNF and trkB proteins in the LGN.
OPN and SC of the normal adult rat

The ultrastructural location of BDNF and trkB protein in the LGN, OPN and SC of the
normal adult rat is summarised in Table 5.1.

Several groups have documented the ultrastructural characterisation of R-boutons
(retinal terminals) in the LGN and SC.

Four main criteria must be fulfilled for a

terminal to be classified as a R-bouton: R-boutons (i) are generally large terminals (1.53pm in diameter, in the rat) (ii) they have pale/lucent mitochondria with dilated and
irregular cristae

(iii) they contain round, clear synaptic vesicles (iv) they form

asymmetric synaptic specialisations with dendrites, and are never post-synaptic to other
profiles (Szentagothai, 1963; Szentagothai et al., 1969; Colonnier & Guillery 1964;
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Lieberman et al., 1985; Lieberman & Webster 1974; Campbell & Lieberman, 1985; So
et al.,1985).

In the LGN, sparsely distributed R-boutons, a few axons, unmyelinated preterminal
axons and dendrites were the only BDNF immunoreactive components observed. Not
all R-boutons detected were labelled, as illustrated in Figure 5.7. Those that were
labelled in the dLGN and vLGN-1 contained moderate to or strong BDNF
immunoreactive product. In cases where the synaptic membrane had been sufficiently
well preserved asymmetric synapses were established by the BDNF immunoreactive
terminals. These terminals contained round clear vesicles, which occasionally
congregated at the presynaptic specialisation. These asymmetric synapses correspond
to Gray type I synapses, which are thought to be excitatory, and predominantly
glutamatergic (Gray, 1969; Peters et al., 1991). Some R-boutons showed filamentous
contacts (Campbell & Lieberman, 1985; Lieberman & Spacek, 1997) and/or adherenlike junctions (=adhesive contacts) (Figs.5.5, 5.6 and 5.7). These filamentous contacts
were observed at the apposing membranes of R-boutons and of the postsynaptic
dendrite. All BDNF immunoreactive terminals were in contact only with dendritic
profiles, the assumed dendrites of projection (=thalamic cortical relay) neurons or
intrageniculate intemeurons. Some BDNF immunoreactive terminals were in areas
reminiscent of glomeruli (Figs.5.6 and 5.7) described by Lieberman & Webster (1974)
others formed simple synaptic arrangements (Figs.5.1a, 5.3a and 5.5). The majority of
labelled R-boutons were large, most measuring >1.5^m in length (Figs.5.1b, 5.5 and
5.6). Differences between mitochondria located in BDNF immunoreactive R-boutons
and those found in terminals of subcortical and cortical neurons and in dendrites of
LGN neurons were observed (Figs.5.5-5.7). Mitochondria in the dendrites of geniculate
neurons and non-retinal terminals were dark with regular cristae (Figs.5.2, 5.4 and 5.7),
whereas mitochondria in the retinal terminals were pale with irregular cristae (Figs.5.55.7). The mitochondria in BDNF immunoreactive R-boutons were large measuring
>0.25pm-0.43pm in width, ~0.6^im in length and tended to gather in one region of the
terminal as described by Lieberman and Webster (1974) and So et al. (1985). BDNF
immunoreactive boutons in the vLGN-1 were slightly smaller than those identified in the
dLGN. Few unmyelinated preterminal axons containing synaptic vesicles and
mitochondria but lacking a clear synaptic specialisation (Figs.5.8 and 5.9) and BDNF
immunoreactive axons were present in the LGN (Figs.5.10 and 5.11). BDNF was not
detected at symmetrical synaptic junctions or in geniculate somata, a finding that
147

correlates with the lack of immunoreactive somata and mRNA expression at the LM
level. Generally, the ultrastructural preservation of membranes and organelles in LGN
sections processed with anti-trkB antibody was poor. Many trkB immunoreactive
dendritic and axonal profiles were distributed throughout the dLGN and vLGN-1.
Relatively strong trkB immunoreactive product was located in the axoplasm of both
small and large myelinated and unmyelinated axons. TrkB immunoreactive dendrites
were generally postsynaptic to unlabelled terminals. These unlabelled synaptic terminals
of various sizes contained round synaptic vesicles. TrkB immunoreactive terminals
were not observed. PSDs first characterised by Lieberman, (1972, 1973b) (also see
Lieberman & Webster, 1974) are the minority neuronal cell type in the LGN, and were
not found in the present study. TrkB immunoreactive cells had round or oval soma with
dark invaginated nuclear membranes. A relatively large volume of organelle rich
cytoplasm, which contained mitochondria, endoplasmic reticulum and Golgi apparatus,
surrounded the nucleus of these cells. These cells were identified as neuronal, partly by
the synaptic junctions made on their soma. Discrete areas of trkB immunoreactivity
were associated with rough endoplasmic reticulum in the cytoplasm of these cells,
probably representing sites of active trkB synthesis.

Large BDNF immunoreactive terminals with R-bouton characteristics, measuring ~1.52fxm were common in the OPN (Figs.5.14 and 5.15). The terminals frequently made
contact with unlabelled dendritic profiles.

Due to the poor preservation of plasma

membranes, the synaptic specialisation of BDNF immunoreactive retinal like terminals
was difficult to classify. However, all BDNF immunoreactive synaptic terminals
contained densely packed, small clear round vesicles (Figs 5.14 and inserts and 5.15).
The mitochondria in OPN R-boutons varied in size, measuring 0.25-0.6|im, in their
longest length and were not identical to those found in typical R-boutons, in that the
mitochondrial cristae appeared more ‘regular’ than those of mitochondria in the Rboutons of the LGN and SC. Mitochondria of a similar appearance have been
previously described in identified R-boutons (Campbell, 1982, Campbell & Lieberman,
1985; So et al., 1985). BDNF immunoreactive terminals making symmetric synapses
on BDNF immunoreactive somata were never detected in the OPN. Poor ultrastructural
preservation probably contributed to the lack of BDNF immunoreactive fibres
traversing the OPN and the trkB immunoreactive neurons and neuropil observed at the
LM level.
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The ultrastructural preservation of plasma membranes and membranes surrounding
cellular organelles was particularly unsatisfactory in the SC samples processed for antiBDNF immunocytochemistry. For the most part, BDNF immunoreactivity was weak
but highly specific; it was present in many R-boutons, and occasionally in dendritic
spines and but in only very few myelinated or unmyelinated axons. BDNF
immunoreactive R-boutons were large (1.5-2p,m in length) and contained relatively
large mitochondria with irregular cristae, like those observed in the LGN. The Rboutons that made synapses on dendritic profiles contained round vesicles. BDNF was
not detected in terminals establishing symmetrical synaptic junctions or in SC somata.
The lack of BDNF immunoreactive somata is not surprising as only a few BDNF
immunoreactive somata was detected in the optic layer of the SC at the LM level. At the
LM level, BDNF immunoreaction product was located in many axons traversing the
retinorecipient layers of the SC, but at the EM level, BDNF immunoreactive axons were
very rarely observed, perhaps as a result of poor fixation. TrkB immunoreactivity was
specifically localised to many dendrites, axons and in neuronal somata in the
retinorecipient layers of the SC (Figs.5.20-5.29.). TrkB immunoreactive somata
(Figs.5.20, 5.21, 5.23a and 5.25a), with uninvaginated and invaginated nuclear
membranes were present. These trkB immunoreactive cells were identified as neuronal
partly by the observation of axo-somatic synaptic junctions located at their soma (Figs.
5.20 insert and 5.22). In the organelle-rich cytoplasm, trkB immunoreaction product
was associated with rough endoplasmic reticulum

(Figs.5.22, 5.23a and b). Strong

immunoreactivity was associated with the microtubules in dendrites (Figs.5.24, 5.25a,
b, 5.27, and 5.28) and myelinated axons (Figs.5.24 and 5.26). TrkB immunoreactivity
was strongly located at the postsynaptic densities of dendrites apposing predominantly
axonal terminals with synaptic specialisations and thus the features of excitatory
terminals (Figs.5.24, 5.25a, b and 5.27). In some cases both putative excitatory and
inhibitory terminals were presynaptic to trkB immunoreactive dendrites (Figs. 5.25a and
b).

(iv)

The subcellular localisation of endogenous BDNF and trkB proteins in the LGN.
OPN and SC in adult rats following unilateral eve enucleation

The ultrastructural location of BDNF and trkB protein in the LGN, OPN and SC
following a unilateral eye enucleation is summarised in Table 5.1.
The enucleation studies were performed to induce the degeneration of retinal terminals,
to provide further support from the indications from normal material that the BDNF
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immunoreactive terminals with R-bouton characteristics in the primary retinorecipient
centres were of retinal origin. Previous studies undertaken in this laboratory have
demonstrated that the majority of degenerating R-boutons are present in the SC at 4-7
days after enucleation (Taylor 1986), but absent after 2 weeks. Animals were therefore
culled 4 weeks after enucleation, allowing ample time for R-boutons to degenerate.
This method of R-bouton elimination allowed for the correlation between their absence
and the presence/lack of BDNF immunoreactive terminals to be determined. At 4 weeks
after enucleation the numbers of BDNF immunoreactive profiles was drastically
reduced in contralateral LGN (Figs.5.17, 5.18 and inserts), in the OPN (Fig.5.16a) and
in the retinorecipient layers of the SC (Fig.5.19 and insert). A few degenerating axons
characterised by an electron dense axoplasmic matrix were observed in the OPN
(Fig.5.16a and b) and the SC (Fig.5.19) but were generally absent in the LGN,
suggesting a more rapid clearance of degeneration debris in this region than in the OPN
and SC. Sections taken through ipsilateral LGN, vLGN-1, OPN and SC were also
examined. As most of the BDNF immunoreactive R-boutons in the subcortical visual
centres examined were lost 4-8 weeks after eye removal, it follows that the majority of
such terminals are of retinal origin. In the retinorecipient centres contralateral to the
enucleated eye, trkB immunoreactive somata, axons and dendrites were observed,
suggesting the continued synthesis of trkB following the removal of RGC afferents.
Atypical synaptic specialisations were however observed (Fig.5.29). The atypical
synaptic specialisation was formed by an F- or P- bouton, which appeared to replace the
R-bouton lost by degeneration (following the unilateral eye enucleation). The
phenomenon of terminal reoccupation has been previously described in the OPN of
experimental animals (Campbell et al., 1985).

(V)

BDNF immunoreactive glia in the LGN

BDNF protein was detected in a few small astrocyte profiles in the LGN contralateral to
the enucleated eye (Figs.5.12 and 5.13).

The trkB antibody, which recognises the

intracellular catalytic kinase domain of the trkB protein, was not detected in astrocytes
or other glia.
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Table 5.1.

Localisation of BDNF and trkB proteins in the primary retinorecipient centres of the normal and enucleated adult rat

Si

Figures 5.1-5.3: Distribution of BDNF immuoreactive terminals in the normal adult LGN
of the albino rat.

Figures 5.1a. BDNF immunoreactive terminals in the normal LGN mostly confined within
synaptic glomeruli, making synaptic contact with unlabelled dendrites (D). Note the
extraglomerular immunoreactive terminal (Tl). Bar = 2 pm
Figure 5.1b. Large BDNF immunoreactive R-bouton containing lucent mitochondria with
irregular cristae and round synaptic vesicles. Bar = 0.5|Lim

Figure 5.2, Enlargement of terminal T l taken from Fig. 5.1a. The terminal is smaller than
most R-boutons and is filled with electron dense mitochondria with regular cristae. This
terminal is probably of cortical origin. Bar = 0.5pm

Figure 5.3a. BDNF immunoreactive R-boutons making simple synaptic arrangements with
unlabelled dendrites (R l, R2, R3 and R4). Bar = 2pm
Figure 5.3b. Bouton R4 enlarged from Fig.5.3a. The relatively small R-bouton contains
lucent mitochondria and densely packed round synaptic vesicles and is in synaptic contact
with an unlabelled dendrite (D). (Figure has been inverted 180°). Bar = 0.5pm

Figures 5.4-5.7: BDNF immunoreactive R-boutons within synaptic glomeruli in the normal
adult LGN

Figure 5.4. BDNF immunoreactive R-boutons (Rl, R2 R3, R4) surrounding an unlabellec
dendrite (D) are illustrated. Note the unlabelled terminal containing flattened synaptic
vesicles between R l and R2. Bar = 0.5pm

Figure 5.5. A large R-bouton (R) in contact with an unlabelled dendrite (D). The R-boutor
is characterised by its large size and its lucent mitochondria (m) with irregular cristae anc
round synaptic vesicles. Note the filamentous contacts (arrows) along the apposec
membranes of the R-bouton and the unlabelled dendrite. Bar = 0.5pm

Figure 5.6. An R-bouton (R) invaginated by an unlabelled dendritic spine (ds) forms par
of a synaptic glomerulus. Note the asymmetric filamentous contacts (arrows) along the
interface between the R-bouton and the dendritic shaft, the contact between the R-boutor
and the dendritic spine (arrowheads) and the astrocyte lamellae (broad arrow) surrounding
the R-bouton. The large mitochondria with loose cristae in the R-bouton are characteristic
of retinal terminals.

Figure 5.7. The central dendrite in a glomerulus is postsynaptic to a BDNT
immunoreactive R-bouton (R l) and to an unlabelled R-bouton (R2). The central dendrite i;
also postsynaptic to an axon terminal with flattened synaptic vesicles (F). Note tht
filamentous contacts at the apposing membranes between R l and D1 and a portion of ai
astrocyte lamellae (broad arrow) forming the capsule of the glomerulus. Bar = 0.5pm

Figures 5.8-5.13: BDNF immunoreactivitv in the neuropil of the LGN

Figures 5.8 and 5.9. BDNF in unmyelinated preterminal axons (pt) in the normal LGN.
Unmyelinated preterminal axons (pt) containing round synaptic vesicles and unclear
structure (m). A, bar = 200nm. B, bar = 0.5pm

Figures 5.10 and 5.11. Immunoreactive myelinated axons (arrows) were observed in the
LGN. Bars = 0.5pm

Figures 5.12 and 5.13. BDNF immunoreactive astrocyte processes (broad arrows). Such
processes were only found in the LGN of enucleated rats. Bars = 0.5pm

Figures 5.14-5.16: BDNF immunoreactivitv in the normal OPN and in the OPN following
unilateral eve enucleation

Figure 5.14. Distribution of BDNF immunoreactive terminals in the normal adult OPN. R
boutons (R l, R2, R3, R4 and R5) vyere. Figure 5.14 inserts. Enlargements of BDNF
immuoreactive R-boutons R l, R2 and R3.
Bar = 2pm

Figure 5.15. BDNF immunoreactive R-bouton (R) in contact with a dendrite (D). A
synaptic contact is present at the arrow.
Bar = 0.5|iim

Figure 5.16a. 4 weeks after contralateral eye BDNF immunoreactivity was absent in th(
OPN neuropil. Only a few degenerating axons (dl and d2) are observed. Bar = 2pm
Figure 5.16b. Enlargement of d l taken from Fig. 5.10a. Degenerating myelinated axon:
were characterised by an electron dense axoplasmic matrix. Bar = 1pm
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Figures 5.17-5.19: BDNF immunoreactivitv in the LGN and in the superficial layers of th(
SC contralateral to the enucleated eve. 4 weeks after enucleation

Figure 5.17. LGN neuropil with very few BDNF immunoreactive terminals. Arrow point
to immunoreactive terminal. Bars = 2pm

Figure 5.18a. BDNF immunoreactive myelinated axon (arrow) in the contralateral LGN
Bars = 2pm
Figure 5.18b. Enlargement of immunoreactive axon taken from Fig.5.12a. BDN1
immunoreaction product is associated with axonal microtubules.

Figure 5.19a. Neuropil of the contralateral SC is devoid of immunoreactive terminals. /
few degenerating axons (dl and d2) with an electron dense axoplasmic matrix are present
Bar = 1pm
Figure 5.19b. Enlargement of d l, taken from Fig. 5.13a.
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Figures 5.20-5.23: TrkB immunoreactive neuronal somata in the normal adult SC

Figure 5.20. TrkB immunoreactive neuronal soma. The round cell body neuron has a
nucleus with an invaginated nuclear membrane. Figure 5.20 insert. An axon terminal
apposed to a different trkB immunoreactive soma. Bar = 1pm

Figure 5.21. An oval-shaped trkB immunoreactive soma. Bar = 1pm

Figure 5.22. TrkB immunoreactive soma defined as neuronal partly on the basis of axosomatic synaptic junctions. A terminal containing flattened synaptic vesicles (F) making a
symmetric synaptic contact with a trkB immunoreactive soma (S). Bar = 0.5pm

Figures 5.23a and b. TrkB reaction product in the soma of a neuron cell body is associated
with rough endoplasmic reticulum (arrows). TrkB immunoreactive rough endoplasmic
reticulum in close proximity to a non-immunoreactive Golgi apparatus (G). A, bar = 1pm.
B, bar = 0.5pm
N, nucleus; nu, nucleolus.

Figures 5.24-5.26: Differential distribution of trkB protein

Figure 5.24. Dendrite (D) forms an asymmetric synaptic junction with an R-bouton (R)
The postsynaptic density at the asymmetric synaptic junction is trkB immunoreactive. The
adjacent myelinated axon (A) contains trkB immunoreactivity associated with
microtubules. (A/D) points to a trkB immunoreactive unmyelinated axon or a large
dendrite. Bar = 0.5pm

Figure 5.25a. TrkB immunoreactive dendrites (Dl and D2) and an immunoreactive
neuronal soma (S). Bar = 1pm
Figure 5.25b. Enlargement of D l taken from fig. 5.24a. D l is postsynaptic to a terminal
(T) filled with densely packed round synaptic vesicles and a terminal with flattened
synaptic vesicles (F). Note the strong trkB immunoreactivity at the postsynaptic density at
the D l— T synaptic junction compared with the thin postsynaptic density at the D l— F
synaptic junction, which nevertheless may display trkB immunoreaction product.

Figure 5.26. TrkB immunoreactive microtubules within the axoplasm of a myelinated axon
(A). S indicates part of an immunoreactive soma. Bar = 0.5pm

Figures 5.27-5.29: The localisation of TrkB receptor protein in the normal and enucleated
SC

Figure 5.27a. TrkB immunoreactive dendrites (Dl and D2) are illustrated. Note that not all
dendrites are trkB immunoreactive (D3). Bar = 1pm
Figure 5.27b. Enlargement of D2 taken from Fig. 5.20. A small unlabelled R-bouton (R)
and an adjacent terminal (T). Both terminals contain round synaptic vesicles and establish
asymmetric synaptic junctions with dendrite D l. D l has a heavily labelled postsynaptic
density (arrowheads). Note also the prominent subsynaptic density (curved arrow).
Microtubules within the dendrite are strongly immunoreactive for trkB (arrows).

Figure 5.28a and b. Further examples, the close association between trkB and dendritic
microtubules. D l is enlarged in Fig. 5.28b. Note that the reaction product is condensed
around the microtubules (arrows). Bar = 2pm
Figure 5.28b. An unlabelled presynaptic terminal containing flattened synaptic vesicles (F)
is in synaptic contact with D l. At this symmetric synaptic junction a thin band of trkB
immunoreactivity is present at the postsynaptic density (arrowheads).

Figure 5.29. In the SC contralateral to the eye enucleation, trkB protein is present at the
postsynaptic density (arrowheads) of a dendrite (Dl). D l forms an asymmetric synaptic
junction with an unlabelled terminal containing flattened synaptic vesicles and electron
dense mitochondria with regular cristae (T). This terminal reoccupies the space of a
degenerated terminal. TrkB is associated with microtubules in D2, which is apposed to a
large terminal (F) containing flattened synaptic vesicles. The postsynaptic density at this
junction is weakly immunoreactive. Neither all postsynaptic densities nor all dendrites
contained microtubules that were trkB immunoreactive (5.22 insert). Bar = 0.5pm

5.4

Discussion

£i)

The subcellular localisation of endogenous BDNF and trkB proteins in the LGN,
OPN and in the retino-recipient layers of the SC of the normal adult rat

The present study was undertaken to determine the subcellular localisation of BDNF
and its principal receptor trkB in the primary retinorecipient centres of the normal adult
rat.
This is the first study to report on the ultrastructural localisation of endogenous BDNF
in several major retinorecipient nuclei of normal adult rats. More specifically, the
findings show that endogenous BDNF protein is distinctively located to R-boutons in
the dLGN, vLGN-1, OPN, and the retinorecipient layers of the SC. This correlates with
the LM findings (Chapter 3) and is consistent with the recent data demonstrating BDNF
localisation at the synapse where it likely to have a regulatory role in synaptic activity
(Levine et al., 1995; Frerking et al., 1998; Pozzo-Miller et al., 1999; Numakawa et al.,
1999). The localisation of BDNF to terminals, to a few dendrites and to some axons is
consistent with both anterograde transport and trans-synaptic passage of the protein as
described in various CNS regions (von Bartheld 1996; Altar et al., 1997; Fawcett et al.,
1998; Michael et al., 1997).

The localisation of trkB protein at the postsynaptic

densities of dendrites, in somata and its association with microtubules in the cytoplasm
of dendrites and axons suggests that trkB receptor is actively synthesised and trafficked
along neuron processes and concentrated at the postsynaptic density where interactions
with trkB ligands occur.
The origin and classification of terminals within their target region provides useful
information with regard to the neuronal circuitry and synaptic modulation. The
classification of R-boutons has been extensively examined and is firmly established in
mammals (Lieberman et al., 1985; Lieberman & Webster 1974; Campbell & Lieberman
1981, 1985; So et al., 1985).

R-boutons characteristically exhibit large lucent

mitochondria that have bee shown to be unique to R-boutons in various retinorecipient
centres in the brain (Guldner & Wolff, 1978). These pale mitochondria contain
irregularly shaped cristae that are loosely distributed within the organelle. The Rboutons are large, 1.5-3pm in their widest diameter (in the rat), and contain round
synaptic vesicles. R-boutons are never postsynaptic to other profiles and the synapses
formed by these boutons are asymmetric in character.

Using these criteria, BDNF

immunoreactivity was localised to relatively few R-boutons in the dLGN, vLGN-1, OPN
and retinorecipient layers of the SC. Presynaptic terminals with round vesicles that
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made asymmetric synaptic junctions, typically of excitatory synapses (Peters et al.,
1991) were the only BDNF immunoreactive terminals detected in the visual centres
examined. BDNF localisation to R-boutons, which are predominantly glutamatergic
(Mize & Butler, 1996), supports the model that implicates BDNF in glutamatergic
synaptic modulation (Lohof et al., 1993; Levine et al., 1996; Akoi et al., 2000).
Subpopulations of RGCs express BDNF mRNA and BDNF protein (Chapter 3). BDNF
immunoreaction product (Santa Cruz antibody) accumulates in the proximal side of the
ligated optic nerve (Chapter 4). BDNF immunoreaction product was observed in Rboutons, in a few axons, and unmyelinated preterminal axons. These findings provides
further support to hypothesis that RGC-derived BDNF is anterogradely transported to
their retinorecipient centres; where it is likely to be released and act on postsynaptic
targets, as has been suggested for exogenously injected NT-3 in the avian visual system
(von Bartheld et al., 1996a).

TrkB, the high affinity receptor for BDNF and NT-4 was detected predominantly in
dendrites and (to a lesser degree) in axons in the primary visual centres. The neuropil
within these retinorecipient centres contained a moderate to weak accumulation of
peroxidase reaction product associated with microtubules in myelinated axons,
unmyelinated preterminal axons, and dendrites, suggesting a highly dynamic trafficking
of endogenous trkB, alone or possibly with BDNF as a complex (Bhattacharyya et al.,
1997). It has been reported that the rapid transport of neurotrophin signals trafficked by
internalised BDNF/trkB complexes are vesicle-mediated, and activates signalling
cascades whilst being translocated along the axon (Bhattacharyya et al., 1997). This
suggests that internalised activated BDNF/trkB complexes might play a role in the
retrograde propagation of signals from (i) the dendrites of geniculate, SC or OPN
neurons to their somata, or (ii) the terminals of projection neurons to their somata.
Alternatively, it is tempting to speculate on the transmission of anterograde signals from
RGC somata to their terminals.

Protein translation takes place in the rough endoplasmic reticulum, which is located in
the cytoplasm of neuronal somata. Proteins then pass through the Golgi apparatus where
they can be subjected to post-translational modifications such as glycosylation.
Neuronal proteins that are destined for export or for the plasma membrane are packaged
in membranous organelles and then transported down axons in the rapid phase of axonal
transport (Hirokawa, 1993). In the cytoplasm of geniculate and SC somata, trkB protein
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was associated with rough endoplasmic reticulum. This indicates the active synthesis of
the trkB receptor protein by retinorecipient neurons in the primary target centres of
RGC axons. Interestingly, only cistemae of the Golgi apparatus were only weakly to
moderately trkB immunoreactive. The lack of trkB immunoreactivity in Golgi apparatus
may result from the post-translational modifications of the tertiary structure of trkB and
its subcellular compartmentalisation that may hinder its recognition by the antibody.
Indeed, trkB is heavily glycosylated during the post-translational process (Haniu et al.,
1995). Highly glycosylated proteins, such as trkB can display the phenomenon of steric
hindrance, which makes the detection of certain sequences difficult, because the epitope
recognition site is concealed from the antibody. The plasma membranes of some
dendrites were also lightly trkB immunoreactive and further support the view that
dendrites are important recipients of trkB ligands. TrkB protein and its mRNA have
recently been demonstrated in hippocampal dendrites (Tongiorgi et al., 2000). This
suggests that in some neuronal populations, neurotrophin receptors can be synthesised
at locations close to their sites of action. It has been suggested that the dendritic
localisation of trkB protein may represent trkB receptors in transit to or and from spines,
and/or a pool of locally synthesised receptors available for rapid replacement into the
plasma membrane following neurotrophin internalisation. Indeed, the rapid movement
of receptors into the plasma membrane has been demonstrated (Meyer-Franke et al.,
1998). Meyer-Franke and colleagues demonstrated that excitatory stimuli (through
depolarisation or by elevating cAMP levels) triggered the translocation of trkB protein
from the cytoplasm to the plasma membrane of cultured retinal neurons. Whether trkB
mRNA is localised to the dendrites of retinorecipient neurons remains to be established.

(ii)

Unilateral eve enucleations resulted in the loss of BDNF immunoreactive Rboutons in contralateral LGN. OPN and SC

To reconfirm the retinal origin of the BDNF immunoreactive terminals in the primary
retinorecipient centres, unilateral eye enucleations were performed to induce the
degeneration of retinal afferents and their terminals. This method of R-bouton
elimination allowed for the correlation between their absence and the presence/lack of
BDNF immunoreactive terminals to be assessed. The use of tracers, such as wheatgermagglutinin conjugated to horseradish peroxidase, or cholera toxin conjugated to
horseradish peroxidase, which are non-specifically taken up by neurons and
retrogradely or anterogradely transported to distant sites (Homung & Garey, 1981; So et
al., 1985; Taylor & Lieberman, 1985) or ibotenic acid lesions (Garey & Homung, 1980)
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would have been ideal to use, in conjunction with anti-BDNF immunocytochemistry, to
verify the labelled terminals were of retinal origin. However, the required fixation in
high concentrations of glutaraldehyde and the subsequent protocol required to visualise
the HRP would have a detrimental effect on BDNF antigenicity, and subsequent
visualisation of the BDNF immunoreactivity. Anterograde fibre degeneration studies
were therefore exploited to eliminate retinal terminals from retinorecipient centres
(Lund, 1965; Lieberman & Webster, 1974; Campbell et al., 1985; Brecha et al., 1987;
Brauer et al., 1988). Animals were culled 4 weeks after enucleation, allowing ample
time for contralateral retinal afferents and terminals to degenerate. Examination of the
dLGN, vLGN-1, OPN and SC contralateral to the enucleated eye revealed a dramatic
loss of BDNF immunoreactive terminals. This depletion of R-boutons was observed in
all four visual centres examined. This confirmed that the BDNF immunoreactive
terminals in the normal primary visual centres originated predominantly from RGCs,
the only neurons in the retina to send axons into the optic nerve and brain. Although the
large reduction of BDNF immunoreactive R-boutons was clearly evident, a meagre
population of BDNF immunoreactive R-boutons persisted in circumscribed regions of
the LGN, OPN and SC, contralateral to the enucleation. These immunoreactive Rboutons were likely to represent the subpopulation of retinal afferent from the ipsilateral
eye. Together, the data suggests that the great majority of BDNF immunoreactive
terminals in the retinorecipient centres of the normal adult rat are R-boutons originating
from the contralateral eye.

The presence of trkB at the postsynaptic densities of dendrites and in the cytoplasm of
dendrites and axons 4 weeks after enucleation suggests the continued synthesis of trkB
protein in retinorecipient neurons following the deafferentation of some of the
presynaptic terminals, which impinge upon them. TrkB immunoreactive axons suggest
the active anterograde transport of trkB protein, possibly from ipsilateral retinal
afferents. The few putative cortical terminals (=SR terminal; Lieberman et al., 1972;
Taylor, 1986) detected in the extraglomerular of neuropil of the LGN were moderately
immunoreactive for BDNF. Neurons in layers V and VI of the visual cortex make
reciprocal connections with cells in the dLGN, and innervate the vLGN-1. Thus,
corticofugal projections may not only be important for motor processing, but may be
involved in for modulating/processing of visual information.
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(in)

Correlation with findings in previous chapters

BDNF immunoreactive neuropil in the LGN, OPN and LGN, observed at the EM level,
corresponds with the LM findings described in Chapter 3. The data described in chapter
3, revealed the distribution of BDNF immunoreactive neuropil in the LGN, OPN and
SC, but the absence of BDNF mRNA-expressing cells in the LGN and OPN.
Furthermore, BDNF immunoreactive somata were not observed in the LGN or OPN,
but were sparsely distributed in the ventral superficial gray layer and optic layer of the
SC a layer where BDNF mRNA expressing neurons were also located. The lack of
detectable BDNF immunoreactive somata in the optic layer at the EM level is likely to
result from sampling limitations, i.e. the low probability of detecting in thin sections
one of the few immunoreactive neurons seen at the LM level.

The optic nerve

crush/ligation study described in Chapter 4 , showed the accumulation of precursor
BDNF proximal on the portion (retinal side) of the crushed nerve. Together, the data
provided further support to the concept of anterograde trafficking and synaptic targeting
of BDNF from RGCs to their terminals the primary visual centres in the adult rat brain
and corresponds with the EM data illustrating the axonal and R-bouton localisation of
BDNF protein.

Hale and Sefton (1978) classified the rat RGC axons in the optic tract according to their
axonal conduction velocities. Generally, W-axons have slow conduction velocities; Yaxons have fast conduction velocities and X-axons have conduction velocities in
between W and Y. In the rat, the majority of R-boutons arise from W-class RGCs (Hale
& Sefton 1978). This has also been demonstrated in the c-lamina of the cat dLGN
(Fukuda & Stone 1974; Rowe & Stone 1980) and in the superficial layers of the SC.
Indeed, two thirds of rat RGC axons have properties of the W-class axon. Few RGC
somata in the rat resemble X-axons/cells (Hale et al., 1979) and the remainder have Ylike properties. In situ hybridisation data (Chapter 4) revealed large (type 1) and
medium (type II) sized RGC somata expressed BDNF mRNA and BDNF protein. Both
BDNF mRNA and protein expressing Type I, (fast conducting), and Type II (mediumconducting) RGC may therefore represent the population of BDNF immunoreactive
terminals observed at the ultrastructural level. Type 1 RGCs, (which represents about 24% of all RGCs), project to the vLGN, IGL and pretectum (Giolli & Towns, 1980) and
form -10-14% of ipsilaterally projecting RGCs (Dreher et al., 1985). These ipsilateral
projecting RGCs arise mainly from lower temporal retina (Cowey & Franzini, 1979)
and are likely to represent the small population of BDNF immunoreactive R-boutons
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found in the concealed lamina of the dLGN (Kaas et ah, 1972), and circumscribed areas
of the retinorecipient layers of SC ipsilateral to the enucleated eye.

(iv)

Possible roles of BDNF and trkB in the LGN. OPN and SC

The localisation of BDNF protein principally to R-boutons at asymmetric junctions,
which are the morphological correlates of excitatory synapses, and the selective
localisation of trkB to the postsynaptic densities of retinorecipient dendrites and their
somata in the retinorecipient centres of the normal adult rat suggests that the transport
and release of BDNF is optimised for the efficient interaction with trkB alone or
perhaps, in concert with the neurotransmitter glutamate.

(a)

The synaptic roles o f BDNF

The role of trkB ligands in the postsynaptic modulation of excitatory neurotransmission
in the visual pathway is suggested by the presence of trkB immunoreactivity at the
postsynaptic densities of dendrites emanating from presumptive projection neurons
and/or intrageniculate intemeurons, which are the targets of glutamatergic retinal
terminals (Godwin et al 1996). The recent, ultrastructural descriptions of the
postsynaptic localisation of trkB and BDNF to postsynaptic densities on cortical
dendrites (Wu et al., 1996; Aoki et al., 2000) provide further support to the idea of the
postsynaptic actions of BDNF in the adult brain. The postsynaptic density is a
subcellular, disc-shaped, proteinaceous element apposed to the inner surface of the
postsynaptic membrane of chemical synapses (Siekevitz, 1985). Neurotransmitter
receptors, protein kinases, and ion channel proteins are anchored to the postsynaptic
density (Siekevitz, 1985), which has led to the suggestion that the postsynaptic density
participates in signal transduction (Suen et al., 1997). TrkB activation has been shown
to enhance synaptic activity through postsynaptic phosphorylation mechanisms (Levine
et al, 1995, 1996), suggesting that synaptic transmission may be influenced by
neurotrophin-mediated phosphorylation of trkB receptors in the postsynaptic density.

Interactions of BDNF with trkB receptors at the postsynaptic membrane may regulate
synaptic activity and/or influence gene expression in the nucleus (Bamea et al., 1996;
Brene et al., 2000). Indeed, the activation of signalling cascades resulting in the
regulation of gene expression has been shown to proceed as the ‘activated’ internalised
BDNF/trkB complex is translocated along the axon to the nucleus (Bhattacharyya et al.,
1997).
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BDNF acts through multiple mechanisms to enhance synaptic efficacy, and several
groups have demonstrated that trkB ligands can affect both presynaptic sites (Lohof et
al., 1993; Lessman et al., 1994 Jovanovic et al., 2000) and postsynaptic sites (Levine
1995; Li et al., 1998; Lin et al., 1999). The longterm effects of BDNF are functionally
and mechanistically distinct from acute affects on synaptic transmission, suggesting that
BDNF activation of trkB receptors may have different effects depending on the time
course of its action (Sherwood & Lo, 1999). TrkB activation can enhance synaptic
activity through several postsynaptic phosphorylation mechanisms (Levine et al., 1996).
TrkB phosphorylation results in the recruitment of a number of adapter proteins, which
may act through the Ras signalling pathway, leading to the MAPK activation. MAPK
(and other kinases such as JNK/P38) is translocated to the nucleus where it
phosphorylates various transcription factors. MAPK causes the activation of CREB.
CREB must be phosphorylated on serine 133 before it can activate gene transcription
(Tao et al., 1998), and when activated it leads to the production of intermediate early
genes (Segal & Greenberg, 1996) and the activation of other signalling cascades that
indirectly regulate channel activity and other aspects of neuron physiology.

A recent study has demonstrated that the activation of the trk—MAPK pathway
activation by BDNF also stimulates the phosphorylation of synapsin I (Jovanovic et al.,
1996), which joins glutamate containing synaptic vesicles to actin cytoskeleton thus
regulating the number of synaptic vesicles available for release (Greengard et al., 1993;
Bolton et al., 2000; Jovanovic et al., 1996, 2000). Physiological studies have also
demonstrated that BDNF can induce some of the most rapid and potent depolarisation
of neurons through the postsynaptic activation of trkB receptors. These rapid
neurotrophin-evoked potentials are thought to occur through the activation of
unidentified and atypical sodium channels, that are under the control of trkB receptors,
but act independently of Ca2+ influx, glutamate release, G-protein or other second
messenger cascades (Kafitz et al., 1999).

Neurotransmission between RGCs and the LGN and SC is predominantly glutamatergic
(Lo & Sherman, 1989; Sillito et al., 1990a; Mize & Butler, 2000) and involves both
NMDA and non-NMDA receptors (Sillito et al., 1990b; Kown et al., 1991). NMDA
receptor is densest in the superficial gray and upper optic layers (Mize & Bulter, 2000),
and localised at postsynaptic densities of SC neurons. Physiological evidence shows

157

that stimulation of either pathway can activate the NMDA receptor (Mize & Butler,

2000).

Glutamate interacts with 2 main classes of glutamate receptors; those that directly gate
ion channel function, and those that indirectly modulate ion channel functions (Gasic &
Heinemann, 1991, Abe et al., 1992 Tanabe et al, 1992). The directly gated glutamate
receptors include NMDA, kainate, and kainate-quisqualate A. Kainate and quisqualateA are often referred to as non-NMDA receptors, or as referred to in this study as AMPA
receptors (Gasic & Heinemann, 1991; Nakanishi, 1992). These receptors localised to
dendritic spines of CNS neurons (Ong et al., 1998) generally undergo a conformational
change that opens the ion channel. Quisqualate-B is not directly coupled to a channel,
but to G-proteins that act on the channel directly, or by activating protein kinases that
modulate ion channels by phosphorylating either the channel protein or a regulatory
protein that acts on the channel. NMDA channels do not conduct ions efficiently when
activated by glutamate unless the membrane depolarisation drives magnesium ions out
of the channel, allowing Na and Ca

to enter, and only functions in the presence of

glycine. Calcium entry through the NMDA activated channel also activates Ca2+
dependent second messenger cascades. These cascades have been implicated in
triggering biochemical changes that contribute some of long lasting synaptic
modifications and the synthesis of the pre-existing proteins, induce the synthesis of new
proteins (Stanton & Sarvey, 1984) regulate synaptic efficacy and influence BDNF gene
expression (Tao et a., 1998).

BDNF-induced phosphorylation of NMDA receptors is likely to account for some
postsynaptic effects (Lessmann, 1998) which enhances receptor binding, channel
conductance, and synaptic transmission (Lieberman & Mody, 1994; Wang et al., 1994)
Glutamate also has an important neuromodulatory role in the synaptic transmission
through glutamate metabotropic (AMPA) receptors (mGluRs) that are linked to a
variety of G-protein coupled second messenger pathways (Abe et al., 1992; Tanabe et
al., 1993). The AMPA receptor subunit GluR2 plays a critical role in the regulation of
AMPA channel function. GluR2 expression can be regulated by the neurotrophins
through an apparently novel mechanism involving the neuron-restrictive silencer
element (NRSE) present within the GluR2 gene promoter (Brene et al., 2000). Several
studies have demonstrated that the degree of phosphorylation of the GluR correlates
with the level of synaptic activity of hippocampal neurons in vitro. Activation of
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mGluR receptors on relay cells in the LGN produces a membrane depolarisation that
inactivates the low characteristic threshold Ca2+ spike, causing a transition from burst to
tonic response firing. The excitatory effects of mGluR activation in the LGN occur
through receptor-linked phosphoinostide hydrolysis. Two mGluRs, mGluR alpha (a
splice variant of mGluR 1) and mGluR5 are also linked to the phosphoinostide system
and are present in LGN neuropil. MGluR 1 appears to have a dominant role in the
control of corticogeniculate response through the feedback glutamatergic pathway,
whereas mGluR5 concentrated in F2 postsynaptic dendrites, is localised where it can
influence the retinogeniculate activation of relay cells through feedforward interactions
in the glomeruli (Godwin et al., 1996).

Feedforward inhibition involves the inhibition or “shaping” of excitatory events, and is
an established feature of glomerular (Lieberman, 1973, Lieberman & Webster, 1974).
Glomerulus (a characteristic synaptic arrangement of an afferent terminal and
postsynaptic dendrites ensheathed by glia lamellae), are complex structures that
optimise the chances for individual terminals to form multiple synaptic contacts and
therefore provide an ideal environment for modulation of synaptic input (Lieberman
1972; Lieberman & Webster, 1974; Campbell & Lieberman, 1985, see Chapter 1
Introduction). BDNF localised to glutamatergic R-boutons may contribute in the
regulation of this circuitry by enhancing glutamate mobilisation and release (Jovanovic
et al., 2000) and synaptic efficacy (Greengard 1993; Kafitz et al., 1999) through mGluR
and NMDA receptors and/or through trkB activation (Kafitz et al., 1999). Glomeruli are
a major feature of X, but not Y circuitry. Although the majority of retinal input is to Xcells is filtered through the complicated circuitry of the glomerulus, there is a lack of
glomeruli associated with the Y pathway.

Retinal input to Y cells is simpler and

involves conventional asymmetrical synapses onto the proximal dendritic shafts
(Wilson et al., 1984). W-class cells projections are found in simple glomeruli. From the
present study and the in situ hybridisation data of Chapter 4, both type I (Y) and type II
(W) RGCs express BDNF mRNA and protein. RGC-derived BDNF may therefore
influence the flow of visual information in the X, Y pathway.

It appears that the co-release of glutamate and BDNF and the subsequent interaction
wi;h their receptors play important regulatory roles in postsynaptic physiology that is
recuired for the normal function and processing of visual information.
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(b)

BDNF and the LGN

The majority of RGC axons, which innervate the vLGN-1, have properties similar to the
slow conducting W-class axons and terminate in an area which contains cells that are
responsive to visual stimuli (Hale & Sefton, 1978; Sumitomo et al., 1979; Brauer et al.,
1982) including brightness and movement discrimination (Legg & Cowey, 1977a, b;
Hale & Sefton, 1978).

Retinal collaterals that terminate in the dorsal and ventral LGN make multiple synaptic
contacts with the processes of projection neurons and intrinsic intemeurons, generally
within synaptic glomeruli (Lieberman, 1973a, Lieberman & Webster, 1974). Glomeruli
like synaptic arrangements were observed in the retinorecipient areas of the dLGN and
vLGN in which BDNF immunoreaction product was located to R-boutons. It is
therefore tempting to speculate a role for BDNF (released from R-boutons) on the
regulation of the feedforward inhibition in the glomeruli, which may modulate the onoff cells that are responsible for integrating information in responses to stationary
stimuli or brightness discrimination.

In addition to RGC afferents, descending efferents from pyramidal neurons in ipsilateral
primary visual cortex (Sefton & Dreher, 1995) terminate principally in the vLGN-1. The
observation of cortical like BDNF immunoreactive terminals (SR-boutons; Taylor &
Lieberman 1986) in the LGN, suggests cortical neurons may influence the response or
behaviour of LGN neurons and may contribute to the modulation of LGN circuitry and
visual processing. Intrageniculate neurons also receive afferents from various
subcortical neurons that express a variety of neurotransmitters. Discrete areas of the
LGN receive noradrenergic input from the locus coerulus, serotonin afferents from the
dorsal raphe and cholinergic afferents from the lateral dorsal tegmental nucleus and
parabigeminal nucleus nucleus (Sefton & Dreher, 1995). The finding of BDNF
immunoreactive R-boutons in the LGN adds to the variety of molecules present in
afferent fibres that synapse on projection and intemeurons in the LGN and emphasises
that the transmission of visual information through the LGN is an enormously complex
process, subject to modulation by a variety of extraretinal inputs and neuromodulatory
molecules.
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(c)

BDNF and the OPN

The OPN lies ventral to the brachium of the SC and is the primary visual centre of the
pupillary light reflex pathway (Clarke & Ikeda, 1981, 1985). The OPN receives direct
bilateral retinal input, which constitutes between 36-45% of all terminals (Campbell &
Lieberman, 1985). OPN triplet synapses/synaptic glomeruli (Campbell & Lieberman,
1985) has been documented (Campbell & Lieberman, 1985) and are similar to triplet
synapses and synaptic glomeruli previously described in the thalamus by Lieberman &
Webster (1974). The pupillary light reflex is mediated by RGCs that respond to overall
changes to the intensity and project to the OPN. OPN projection neurons project
bilaterally to the preganglionic parasympathetic neurons in the Edinger-Westphal
nucleus. The Edinger-Westphal nucleus supplies the pupillary sphincter and through the
ciliary muscle of the eye and induces the pupillary light reflex. The observation of
BDNF immunoreactive R-boutons in the OPN suggests that BDNF through its
activation of trkB receptors alone or in concert neurotransmitters such as glutamate may
have a role in influencing flow of visual information in and through the OPN. It is
therefore tempting to speculate a role of BDNF in influencing the pupillary reflex
pathway.

(d)

BDNF and the SC

The SC coordinates visual, somatic and auditory information, adjusting movements of
the head towards a stimulus. The SC can also use sensory information to control
saccadic movements that orient the eye towards the stimulus.

RGC axons with W-like properties innervate the upper superficial gray layer and axons
with Y-like fast conducting properties are located in deeper superficial gray and optic
layers (Lund, 1972; Lund et al., 1976). BDNF immunoreactive terminals observed in
the superficial layers are presumed to derive from Type I and type II RGCs, RGCs that
express BDNF mRNA and protein. Activated neurons in the superficial SC project to
intermediate and deep layers, which in turn innervate contralateral gaze centres
concerned with orientating reactions. Two major efferent pathways arise from the
deeper layers one projects to the ipsilateral spinal cord, the other predominantly
innervates contralateral gaze centres in the midbrain and pons BDNF may be involved
in modulating the flow of visualinformation,in the SC, to coordinate visual
that influence pathways involved inbrightness

discrimination and

information

the optokinetic

nystagmus.
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(e)

BDNF immunoreactive glia

Truncated receptors trkB.Tl and trkB.T2 possess the same extracellular and
transmembrane domains as trkB (with a catalytic intracellular tyrosine kinase domain)
but lack the intracellular kinase. More recently the ability of truncated receptors to
transduce or mediate a ligand dependent signal has been investigated. Baxter et al.
(1997) showed that transfected cells lines expressing both trkB.Tl and trkB.T2, were
able to mediate ligand dependent signal transduction, that involved protein kinases, but
the latter were distinct from those used by trkB. Astroglia cells have been implicated to
play many roles in the adult CNS. They have been suggested to isolate neuronal
surfaces (Nemecek, 1972) and may buffer neurons against sudden ion changes and,
redistribute and regulate potassium ions after neurotransmission. Astrocytes can also
take up and degrade neurotransmitters (Daikin & Yudoff, 2000). Furthermore,
astrocytes can act as (i) dominant negative elements modulating trkB.FL response, (ii)
molecular sponges to soak up excess ligand and to provide a barrier to neurotrophin
diffusion (Biffo et al., 1995). They also help to form scar tissue in response to lesions
of CNS tissue and like other types of neuroglia, under certain circumstances they act as
phagocytic cells. TrkB.Tl and trkB.T2 are expressed on glia and on some populations
of neurons (Armanini et al., 1995). Astrocytes can store and delivery neurotrophins and
have been shown to be BDNF immunoreactive (Pitts & Miller, 2000), indeed in vitro,
pure astrocytes bind and endocytose iodinated BDNF rapidly using the truncated trkB
receptor (Rubio, 1997). The importance of truncated isoforms of trkB following injury
have been examined, glia cells have been implicated in the interaction, storage and
release of neurotrophin during development and following injury (McKeon et al., 1997).
In the present study a few BDNF immunoreactive glia profiles were detected in the
contralateral LGN 4 weeks after a unilateral enucleation. Whether the BDNF
immunoreactive glia acquired the protein from the phagocytosis or other means remains
to be determined. The trkB antibody used in this study recognises the short sequence
within the intracellular catalytic domain of the receptor protein. Using this trkB
antibody, trkB immunoreactive astrocytes were not detected.

5.5

Summary

TrkB was specifically localised to postsynaptic densities and associated with
microtubules in the dendrites and axons of retinorecipient neurons in the LGN, OPN
and SC. BDNF protein was principally detected in R-boutons and to a lesser extent in
dendrites unmyelinated preterminal axons and axons in the primary retinorecipient
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centres. This suggests that BDNF and its high affinity receptor are actively trafficked
and their selective distribution (preterminal verses postsynaptic) is optimised for
efficient interaction of the one with each other. The fact that R-boutons are
glutamatergic (Mize & Butler, 1996) and the localisation of BDNF and trkB proteins at
asymmetric and excitatory synaptic junctions is consistent with the model that
advocates BDNF as a synaptic modulator, more specifically as a probable regulator of
glutamatergic junctions in the primary visual pathway. As well as having a role in the
synaptic interactions and circuitry of LGN, OPN and SC, BDNF may activate second
messenger systems pathways that alter gene expression. The gross depletion of BDNF
immunoreactive R-boutons contralateral to a unilateral eye enucleation confirmed the
hypothesis that the great majority of BDNF immunoreactive terminals in the primary
retinorecipient centres in the normal adult rat originate from RGCs in the contralateral
retina.

These findings demonstrate an excellent match between immunoreactivity for catalytic
trkB and its ligand BDNF, and are consistent with functional, relatively local
interactions between endogenous BDNF and trkB in the primary retinorecipient centres
of the adult rat. Furthermore, BDNF and trkB immunoreactive dendrites and axons in
retinorecipient centres suggests that the active transport (axonal labelling) and transfer
(dendritic labelling) of BDNF protein and its subsequent interaction with trkB
immunoreactive somata may be important in the normal functioning and processing of
information in the primary visual pathway.
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CHAPTER 6

The outgrowth response of developing and regenerating RGC axons to
neurotrophin treatment and an ultrastructural examination of RGC
axons and their growth cones: an in vitro study

6.1

Introduction

The discovery that some mammalian CNS neurons retain the potential for regrowth
(Review; Anderson et al., 1998) has led to the search for molecules that may enhance
cell survival and axon outgrowth of various CNS neurons. NGF (Carmignoto et al.,
1991), BDNF (Johnson et al., 1986; Masour-Robaey et al., 1994), NT-4 (Cohen et al.,
1994) and NT-3 (de la Rosa et al., 1994) and ciliary neurotrophic factor (CNTF)
(Meyer-Franke et al., 1995) enhance the survival of RGCs, and the expression of their
cognate receptors have been identified in the developing and/or mature retina in vivo.
The majority of information on the outgrowth of RGC processes in response to
neurotrophin treatment in vitro has derived from dissociated RGC cultures of variable
degrees of RGC purity (Johnson et al., 1986; Meyer-Franke et al., 1995), most studied
over a relatively short-term. In spite of their drawbacks explant tissue cultures provide a
more realistic representation of the in vivo situation than do dissociated cell cultures.
Moreover, explant cultures allows the examination of several aspects of axon outgrowth
during development or in the adult in an isolated and controlled environment were
various factors can be manipulated and easily repeated.

The aim of this study was to examine the outgrowth patterns of embryonic and
regenerating RGC axons in response to BDNF, NT-4, NT-3 and CNTF treatment. To
make a valid comparison between embryonic and adult axons, all comparative data
were taken from embryonic and adult retinal explants grown on the same substrate.
Electron microscopic studies were performed to help identify any differences in the
ultrastructure of developing neurites and regenerating axons and their growth cones
maintained in serum-free chemically defined medium and those maintained in BDNF
conditioned medium.
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6.2

Summary of methods used

A full account of the methods used is given in Chapter 2, Section 2.7. With the aid of a
dissecting microscope, embryonic retinal explants were prepared by rapidly dissecting
the retina out from the enucleated eyes of culled animals in F I2 medium. The number
of animals used per stage of development was as follows; E15, n= 42; E16, n= 36; E17
n= 41; E18, n= 34; E19, n= 29; E20, n=30 from 4 pregnant animals per stage of
development. Retinas free from vitreous were mounted (RGC layer facing up) onto
black nitrocellulose filter paper and placed onto the stage of a McDwain tissue chopper
then cut in half through the optic disc. Hemi-retinae were mounted (GCL facing down)
onto the surface of poly-l-lysine/laminin coated coverslips. Approximately 1ml of N2
serum-free chemically defined medium (control) was carefully added to the cultures.
Adult retinal explants were prepared by removing the retina from culled rats that had
received a pre-conditioning lesion 8 days previously. The retina was free from its
surrounding tissue and manoeuvred (GCL facing up) onto the surface of black
nitrocellulose filter paper. The vitreous was removed with forceps and the retina was cut
into 6-8 pie-shaped segments centred at the optic disc, with a McIIwain tissue chopper.
Retinal segments were mounted (GCL facing down) onto the surface of poly-llysine/laminin coated coverslips and 2-3ml S4 serum-free chemically define medium
(control) carefully added. Neurotrophin containing medium was prepared by adding the
required amount of neurotrophin protein to 50ml N2 or S4 serum-free chemically
defined medium to obtain the desired concentration. TrkB-IgG and TrkC-IgG receptor
bodies (Shelton et al., 1995) were used to examine RGC outgrowth. TrkB-IgG or trkCIgG solution was prepared as a stock solution according to the manufacturer’s
instructions and diluted in culture medium immediately before plating the retinal
explants, or after the removal of the neurotrophin-conditioned medium. Cultures were
incubated at 37°C in 5% COj for periods up to 15 days. Over the incubation period
cultures were photographed, and selected cultures fixed and processed for thy 1.1, trkB,
GAP-43 or (3-111 tubulin immunocytochemistry. Double immunofluorescence and
immunocytochemistry using DAB as a chromogen. See Chapter 2, Section 2.7 (vii) for
details.
A full account of the EM processing performed on retinal explants cultures is given in
Chapter 2 Section 2.8. Briefly, retinal explants were prepared as outlined above but
were cultured on poly-l-lysine/laminin coated plastic Melinex sheets in place of glass.
Explants were fixed in 4% glutaraldehyde buffered in 0.1M sodium cacodylate for 30
minutes at RT.

Cultures were subsequently rinsed 3x 5 minutes in 0.1M sodium
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cacodylate buffer. Whilst in buffer, with the aid of a scalpel (blade no. 10) areas of
interest were marked on the substrate surface of the Melinex and the score lines
recorded. Cultures were immediately postfixed in 2% osmium tetroxide for 30 minutes,
rinsed and dehydrated through a graded ethanol series. Melinex sheets were transferred
into foil dishes where they were further dehydrated in propylene oxide, equilibrated in
propylene oxide:araldite (1:1) for 30 minutes, then embedded in 100% araldite
overnight at RT. The Melinex sheets were subsequently transferred into new foil dishes,
freshly prepared Araldite added and cultures polymerised for 2 days at 60°C. Upon
polymerisation the melinex sheet was peeled away from the hardened resin, the marked
area(s) trimmed out and mounted onto resin stubs. Ultrathin sections (80nm) taken
across the culture surface were mounted onto copper grids. Sections were contrasted
with uranyl acetate and lead citrate, air-dried then examined on a JEOL 110
transmission electron microscope.

6.3

Results

In the present study, a minimum of 18 retinal explant cultures per embryonic age taken
from a minimum of 3-4 different pregnant animals were used in the following
descriptions and statistical data. Some explant cultures were examined for neurite
growth every 24 hours for up to 15 days, others were examined every second day. The
number of explants that displayed axon outgrowth under various culture conditions was
determined (Fig.6.36).

(0

Assay for axonal outgrowth

Since RGC growth was assessed, only cultures where explants adhered to the substrate
thereby providing the opportunity for RGC axons to contact the poly-l-lysine/laminin
substrate were used. Explants were considered to have adhered if they did not move
when the tissue culture dishes were gently swirled. Adhesion of the explant and the
presence of axons were counted as positive. No axon outgrowth was counted as
negative outgrowth. All measurements were taken from the edge of the explant. Figure
6.36 shows the percentage of axon outgrowth from E15 and adult RGC under control
and neurotrophin supplemented medium.

Under phase contrast, RGC processes were identified as neurites and/or axons on the
basis of length, uniform calibre and the presence of a growth cone at their end. The
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longest neurite and shortest neurites, and the average neurite lengths were measured.
The width of outgrowing axon plexuses and the number and width of axons fascicles
were also recorded. Data from control and neurotrophin treated retinal explants were
compared using the analysis of variance (ANOVA) followed by a post-hoc test and ttests (Figs. 6.36-6.40). Unless otherwise stated the data reported on developing RGC
outgrowth refers to outgrowth from E15 retinal explants.

(ii)

Characterisation of neurites in vitro

Embryonic retinal explants have been extensively characterised and it is established that
the long processes that grow from them are axons of RGCs. This premise is based on
the directionality of emergence from the explant, axonal morphology, retrograde
labelling and the expression specific RGC proteins (Smalheiser, 1981; Barnstable &
Drager, 1984; Bahr et al., 1988; Meyer et al., 1994). Furthermore, RGCs are the only
type of neuron in the retina that extend long axonal processes. And the axons tend to
emerge from the explants in a polarised fashion that corresponds with the normal
trajectory of RGC axons in vivo (Bahr et al., 1988) and exhibit an axonal morphology
(Meyer & Miotke, 1990). Furthermore the outgrowing neurites like RGC axons in vivo
are immunoreactive for the cell surface antigen thy 1.1 (Barnstable & Drager, 1984
Johnson et al., 1986, Bahr et al., 1988) and a number of other neuron markers including
MAP1A (Bates et al., 1993) as well as the heavy neurofilament protein (NF-H) which is
largely restricted to adult RGC axons (Johnson et al., 1988; McKerracher, 1993). They
are also immunoreactive for axonal markers such as (3-III tubulin (Hankin & Lagenaur,
1994), GAP-43 (Goslin et al., 1988; Meyer et al., 1994), tau (Meyer et al., 1993), and
MAP5 (Bates et al., 1993), which identify the processes as axons rather than dendrites.
Except for a subset of comparatively sparse horizontal cells, RGCs are the only axon
bearing cells of the retina, and the only cells that extend long axonal process in vitro
(see Bahr et al., 1988).

(ill)

Maintenance of retinal explants

Assessed under phase contrast optics, E l 5 axons were viable in N2 serum-free
chemically defined medium for approximately 5-8 days in vitro (DIV), E16-17 axons
for approximately 6 DIV and E l 8 and E19 axons for 2-3 DIV.

Adult explants

maintained in S4 serum-free chemically defined medium were viable for up to 13 DIV.
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(iv)

Immunocytochemistry

Processes that extended from adult or embryonic explants were immunoreactive for PIII tubulin (Figs.6.6-6.9 and 6.12-6.16a) and for the RGC antigen marker thy 1.1
(Figs.6.10 and 6.11) as well as GAP-43. Adult RGC axons were also immunoreactive
for NF-H. NF-H and P-EH tubulin labelling of RGC axons corresponded with thy. 1.1
immunoreactivity. These processes were GFAP negative. This indicated that the
processes were axonal and of RGC origin. Indeed, some P-HE tubulin immunoreactive
processes extending from the adult retina could be traced back to ganglion cells with
large and medium somata within the retina (Fig.6.14). As the outgrowth effects of
BDNF and NT-4 are mediated through the trkB receptor, embryonic and adult retinal
cultures were probed with trkB antibodies. TrkB immunoreactivity was detected along
the length of P-HI tubulin immunoreactive axons and occasionally in their growth cones
when cultured in neurotrophin-conditioned medium or serum-free chemically defined
medium (Figs.6.16a, b and 6.17a, b and c). GFAP immunohistochemistry was
performed to localise glia cells and their processes. GFAP was localised to fine and
thick processes that were NF-H negative.

(V)

The outgrowth of developing RGC axons in vitro

(a)

N2 Serum-free chemically defined medium

An average of 47.8 ± 10.4% of E l 5 retinal explants extended axons at 5 DIV (Fig.6.36).
At 1 DIV axons routinely reached lengths of up to 250pm and often extended lengths up
to 1.3 mm between 5-7 DIV averaging 880.1 ± 229pm. Embryonic axons varied in their
outgrowth patterns. Some axons were relatively straight and fasciculated (Figs.6.1a, b).
Axons frequently left fascicles; and extended across the substrate. However, not all
axons extended in fascicles, some extended individually across the substrate crossing
themselves and taking convoluted courses (Figs.6.2a and b). The outgrowth pattern
(crossing and convoluting) of E l 5 RGC axons made accurate accounts of their numbers
impossible. The outgrowth of axons extending from E l 5 retina is illustrated in Figure
6.6. The most rapid outgrowth from E15 retinal explants was observed during between
2 to 4 DIV (see also Fig.6.38). Retinal explants cultured from E16 and E17 embryos
extended many axons but the rate and numbers did not surpass those extending from
E15 retinal explants. Axons extending from E18 retinal explants were further reduced
compared with E15-E17 RGC axon outgrowth. Axons that extended from E19 and E20
retinal explants were fewer in number and rarely reached lengths of up to 200pm. At 7168

9 DIV axons extending from E15 retina were beaded and had begun to degenerate.
Axon degeneration was first observed between 6-7 DIV in E16 and E17 cultures and at
2-3 DIV in E l 8 and E19 retinal explants.
Interestingly, when E15-E17 hemi-retinae were co-cultured a short distance apart, axons
extended from one retina towards the other (Fig.6.18).

(b)

Neurotrophin-conditioned medium

Dose-dependent relationships have been determined for the outgrowth of RGC axons in
BDNF and NT-4-conditioned medium (Cohen et al., 1994). In the present study, a
preliminary assessment was carried out of the effects of several neurotrophin
concentrations. The maximal growth induced by BDNF was at lOOng/ml, NT-4 at
40ng/ml. NT-3 and CNTF were used at a single concentration, 50ng/ml. The first axons
emanating from the edge of the E15 explant cultured in BDNF and NT-4-conditioned
media were observed at approximately 16 hours after explantation. An average of 81.6
± 6% E l 5 retinal explants cultured in BDNF-conditioned medium extended axons.
BDNF was a powerful stimulant of axon outgrowth length (3064.8 ± 204.7pm,
p<0.001). At 2 DIV axon outgrowth was substantial (Fig.6.3b). BDNF treatment
resulted in a rapid but transient increase in axon outgrowth from E15 retinal explants.
BDNF concentrations of 50ng/ml caused extensive outgrowth of axons and the
formation of an oval or round halo around the explant (Fig.6.9). The most extensive
RGC axon outgrowth in BDNF-conditioned medium was observed between 2 and 4
DIV (Figs.6. 3b, 6.4 and 6.9). The transient burst of outgrowth was followed by a
slower outgrowth phase during which axons continued to grow. Axons reached lengths
of up to 3.5mm at 5 DIV averaging at 3064.8 ± 204.7pm. The length of axons cultured
in BDNF-conditioned medium was highly significant compared with control cultures
(p<0.001). Axons that extended from retinal explants maintained in NT-4-conditioned
medium generally extended in a polarised fashion (Fig.6.5) reaching lengths of 2mm by
5 DIV (Fig.6.7). The average length, 1893.9 ± 217.4pm exceeded the average length of
axons cultured in N2 medium and this difference was statistically significant (p<0.05)
(see Fig.6.37). Axons extended individually and/or in fascicles (Figs.6.5 and 6.7). RGC
axon outgrowth in CNTF-supplemented medium was not significantly enhanced (786.7
± 160.5pm p>0.1) (Fig.6.37, 6.39). Axon plexuses reached widths of 1.25-1.5mm. Both
BDNF (p<0.001) and NT-4 (p<0.02) significantly enhanced the spread of axons across
the substrate. RGC axons cultured in CNTF-conditioned medium tended to grow in
fascicles for distances up to 500pm then splayed out across the culture surface (Fig.6.8).
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NT-3 appeared to have a negative effect on the length of RGC axons (369.2 ± 160.4pm,
p>0.5) in that fewer axons extended from E l5 retina cultured in NT-3-conditioned
medium, compared with axons that extended from retina cultured in N2 serum-free
chemically defined medium (Fig.6.37). When axons extended in medium supplemented
with NT-3 they were generally observed at 3 DIV and degenerated within 2 days. Due
to the dense crossing and axon fasciculation, counting the number of axons was
impossible, but the difference in the number of RGC axons extending from retinal
explants cultured in N2- and BDNF- and NT-4-conditioned medium is clearly
demonstrated in Figs. 6.6, 6.7 and 6.9.

(vi)

Response of adult regenerating RGC axons to neurotrophins in vitro

The majority of neurites extended from retinal explants in a polarised pattern, away
from the optic disc, which corresponded to their normal trajectories in vivo. The
percentage of RGC axons extending from adult retina cultured in control (S4) and
neurotrophin-conditioned medium is summarised in Fig. 6.36 and their number and
length summarised in Fig.6.39 and Fig.6.40 respectively.

(a)

S4 serum-free chemically defined medium

Regenerating axons extending from adult retinal explants were first observed within 3
to 4 days after explantation and did not extend in large numbers (41.1 ± 6.6). The
number of axons that extended from a retinal segment varied from 19 to 65 after 5 DIV.
In such cultures, P-III tubulin positive axons were observed coursing through the retina
then extending along the surface of the substrate (Fig.6.12). Regenerating axons varied
in length. Regenerating axons cultured in serum-free chemically defined medium
extended axons with variable lengths by 7 DIV, mean length, 593.4 ± 53.9pm.
Regenerating axons were tipped with growth cones of variable morphology. Some had
rounded growth cones with small filopodia extending from the tip or flattened lamellar
growth cones with multiple filopodia. Over the course of the incubation period
routinely, as the axons continued to grow, many frequently curved following convoluted
courses, some turned back on themselves (Figs.6.10) and/or back into the explant.
Others extended in a polarised fashion. Some neurites were thin and unfasciculated
(Fig.6.10) others were slightly fasciculated then branched out (Fig.6.12). In some
instances regenerating axons appeared to grow preferentially on putative glia. When 2
retinal segments of adult retina were co-cultured a short distance apart, axons from one
retina grew towards the other explant (Fig.6.19). P-III tubulin immunoreactive
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regenerating axons and their growth cones were also observed in the retina (Figs.6.20a,
b and c)

(b)

Neurotrophin-conditioned medium

BDNF (p<0.01) and NT-4 (p<0.05) significantly enhanced the outgrowth of adult
regenerating RGC axons (Figs.6.39, 3.40). Regenerating axons were first observed in
BDNF and NT-4 treated cultures between 1.5-3 DIV. Whereas the number of adult
regenerating axons extending from adult retinal explants cultured in S4 averaged 41.1 ±
6.6 at 5-7 DIV the number of regenerating axons that extended from adult retinal
explants cultured in BDNF averaged 103 ±17.9 with lengths of 1307.1 ± 213 pm. The
number (88.8 ± 14.4) and outgrowth length of axons (1184.5 ± 198.5pm) cultured in
NT-4-conditioned medium were less compared to that observed in cultures maintained
in BDNF-conditioned medium but were nevertheless enhanced in a statistically
significant manner when compared with controls (Figs.6.39, 6.40). Regenerating axons
generally extended in a polarised fashion (Figs.6.11a, 6.16a and b) and were tipped with
growth cones of variable morphologies (Figs.6.22-6.24). Axons varied in the degree of
fasciculation (Figs.6.11a, b, 6.13). Within the retina a combination of large and medium
size (3-m tubulin immunoreactive RGC somata extending long fibres were observed
(Figs. 6.14 and 6.15). Interestingly, many p-III tubulin immunoreactive axons were
observed beneath the retinal explant. NT-3 appeared to have a negative effect on the
outgrowth of regenerating RGC axons extending on a poly-l-lysine/laminin substrate.
When axons extended from explants maintained in NT-3, the number (9.85± 6) and
length (87.1± 18pm) of regenerating axons were less than those seen in adult retinal
explants cultured in serum-free chemically defined medium (Figs, 6.39, 6.40). CNTF
did not significantly (p>0.08) enhance the number (35.3± 10.6) or length of
regenerating RGC axons (499.8 ± 69.6pm) compared with control cultures (Fig.6.40).

(viil

The effect of trkB-IgG treatment on embryonic and adult RGC axons and their
growth cones in vitro

TrkB-IgG treatment (20pg/ml) significantly (p<0.001) blocked the outgrowth of
developing and adult regenerating RGC axons when added to the cultures immediately
after plating. Substituting BDNF or NT-4-conditioned medium with trkB-IgG at 3 DIV
arrested the outgrowth of RGC axons; filopodia retracted (Figs.6.25 and 6.26), RGC
growth cones collapsed (Figs.6.21a, d, 6.26 and 6.28) and degeneration ensued by 24
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hours (Figs.6.21a, b, c and d). Degenerating axons were immunoreactive for p-HI
tubulin and GAP-43 (Figs.6.21c, d and 6.28).

(viii)

Ultrastructural examination of developing and regenerating RGC axons in vitro

Ultrastructural studies of embryonic and regenerating axons maintained in N2 and S4
serum-free chemically defined medium or neurotrophin-conditioned medium did not
show major differences between RGC axons or growth cones maintained under
different conditions. Axons were seen emerging from embryonic RGC somata
(Fig.6.29). Developing axons were highly fasiculated and their cytoplasm rich in
microtubules (Figs.6.30 and 6.31) but contained few tubular mitochondria (Figs.6.29
and 6.31). A few vesicles, mitochondria, large vacuoles, multivesicular bodies and
cytoskeletal elements were observed in E15 RGC growth cones (Figs.6.32 and 6.33). A
regenerating RGC axon and its growth cone is illustrated in Figure 6.34. Tubular
mitochondria and long spindles of microtubules along the length of regenerating axons
were present. Periodic varicosities observed along the length of regenerating axons at
the LM level were also observed at the EM level (Figs.6.34a, b, c, and 6.35). These
varicosities contained mitochondria, microtubules and vesicles (Figs.6.34b and c).
Mitochondria were observed in the growth cones of regenerating axons. Vesicles were
often congregated toward the periphery of the growth cone often at the site of a lateral
extension (Figs.6.34a and b). Growth cones were rich in cytoskeketal elements (Figs.
6.34d). Lamellipodia were not well preserved.
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Figures 6.1-6.5: Outgrowth of RGC axons from E l5 retinal explants cultured in control
fN2 serum-free chemically defined medium) or neurotrophin condition medium (living
cultures).

Figures 6.1a and b. Retinal explant cultured in N2 serum-free conditioned medium. At 1.5
DIV (a) a small fascicle (arrow) extends from the retinal explant. By 3 DIV (b) some RGC
axons (arrowheads) branch out from the fascicle and spread across the culture surface
forming an axon plexus.
Bar = 500pm

Figures 6.2a and b. Retinal explant cultured in N2 serum-free conditioned medium. At 1
DIV (a) several unfasciculated axons extend from the retinal explant. By 5 DIV (b) many
more RGC axons extend from the retina. The majority of RGC axons remain unfasciculated
(arrowheads) and take convoluted courses. However, large fascicles (arrows) are also seen.
Bar = 500pm

Figures 6.3a and b. Retinal explant cultured in 50ng/ml BDNF-conditioned medium. RGC
axons are seen as early as 16 hours after explantation (a). Many RGC are fasciculated. By
2.5 DIV (b) RGC outgrowth is extensive. Many RGC axons continue to grow in fascicles.
However, a few RGC axons leave the central fascicle and take other trajectories. Bar =
500pm

Figure 6.4. 50ng/ml BDNF-conditioned medium for 3 DIV. In a different explant a large
axon plexus is seen. RGC axons extend in fascicles (arrow) then branch out across the
substrate. Note the relatively uniform leading edge of the axon plexus formed by RGC axon
growth cones.
Bar = 500pm

Figure 6.5. Retinal explant cultured in 50ng/ml NT-4-conditioned medium for 3 DIV. RGC
axons fascicles (arrows) are seen extending from the retina. RGC axons branch out a short
distance away from the edge of the explant forming an axon plexus.
Bar = 500pm

Abbreviations: R, retina; N, nitrocellulose filter paper.
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Figures 6.6-6.9: Outgrowth of B-III tubulin immunoreactive RGC axons extending froir
E l 5 retinal explants cultured in serum free-chemicallv defined medium or neurotrophir
conditioned medium (fixed cultures).

Figure 6.6. RGC axon outgrowth in N2 serum-free conditioned medium, 5 DIV.
Bar = 250pm

Figure 6.7. RGC axon outgrowth in NT-4 conditioned medium, 5 DIV.
Bar = 500pm

Figure 6.8. RGC axon outgrowth in CNTF conditioned medium, 5 DIV.
Bar = 500pm

Figure 6.9. RGC axon outgrowth in BDNF conditioned medium, 5 DIV.
Bar = 500pm

Abbreviations: R, retina; N, nitrocellulose filter paper.

Figures 6.10-6.15: Outgrowth of regenerating axons extending from adult retinal explants.
Fixed cultures processed for th v l.l or Tuil immunofluorescence.

Figure 6.10. Retinal explants cultured in S4 serum-free chemically defined medium, for 7
DIV. Thy 1.1 immunoreactive axons (arrows) extend from the retina and take variable
trajectories.
Bar = 100pm

Figure 6.11a and b. Retinal explants cultured in 50ng/ml BDNF-conditioned medium, for
7 DIV. Thy 1.1 immunoreactive axons grow individually and/or in fascicles extend away
from the retina in a relatively polarised fashion (a). Bar = 100pm. Panel b shows a high
magnification of thy 1.1 immunoreactive regenerating RGC axons taken from same culture
as in Fig.6.11a.
Bar = 50pm

Figure 6.12. Retinal explant cultured in S4 serum-free chemically defined medium, for 7
DIV. Individual RGC axons and RGC axon fascicles are P-III tubulin positive. They
course through the retina and extend onto the substrate (arrows) in a polarised fashion.
Bar = 100pm

Figure 6.13. Retinal explant cultured in 50ng/ml BDNF-conditioned medium, for 7 DIV.
Fascicles of P-DI tubulin positive RGC axons (arrows) cultured in BDNF-conditioned
medium extending beneath the retinal explant.
Bar = 20pm

Figures 6.14 and 6.15. Retinal explants cultured in 50ng/ml BDNF-conditioned medium,
for 7 DIV. P -m tubulin immunoreactive RGCs (broad arrows) with long processes are seen
in the retina. Fig.6.15 is taken from another culture and shows RGCs at higher
magnification. Bar = 20pm

Abbreviations: R, retina.

Figures 6.16-6.17: B-HI tubulin and trkB immunoreactive RGC axons extending from adult
retinal explants. Fixed cultures processed for immunofluorescence.

Figure 6.16a and b. Retinal explant cultured in 50ng/ml BDNF conditioned-medium, for 3
DIV. Regenerating axons (e.g. arrow) are immunoreactive for P-III tubulin (a) and trkB (b)
and extend in a polarised fashion away from the retinal explant. Insert shows the merged
image of P-IH tubulin and trkB. Note trkB at the distal tips of the neurites.
Green = P-IH tubulin Red = trkB Yellow = Colocalisation of P-IH tubulin and trkB.
Bar = 200pm

Figure 6.17a-c. Retinal explant cultured in S4 serum-free chemically defined medium for 5
DIV. Regenerating axons are immunoreactive for P-III tubulin (a) and trkB (b) P-IH
tubulin, trkB and merged images (c)
Bar = 10pm

Figures 6.18-6.20: Retinal explant cocultures.

Figure 6.18. E15 retina explants (RE1 and RE2) cultured in N2 serum-free chemically
defined medium, 6 DIV. Note the axon fascicle (arrow) extending from the retina explant 2
(RE2) which fans out towards retinal explant 1, RE1. Living cultures, phase contrast
microscopy.
Bar = 500pm

Figure 6.19. Adult retinal explants 1 and 2 (RE1 and RE2) cultured in S4 serum-free
conditioned medium. P-III tubulin immunoreactive, regenerating RGC axons extending
from RE1 to RE2 (e.g. arrowhead). Bar = 200pm

Figure 6.20. P-IH tubulin immunoreactive regenerating RGC axons (arrows) and their
growth cones (arrowheads) within the adult retina cultured in S4 serum-free conditioned
medium.
Bar = 50pm
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Figure 6.21a-d: Growth collapse and degeneration of E15 RGC axons following 20ug/ml
trkB-IgG receptor body treatment.

Figure 6.21a. Phase contrast photomicrograph of living cultures 24 hours after trkB-IgG
treatment. Bar = 100pm.
Figure 6.21b Enlargement of collapsed growth cone taken from same culture as in
Fig.6.21a. Bar = 30pm
Figures 6.21c and d. Degenerating RGC axons are immunoreactive for P-III tubulin (c)
and GAP-43 (d). Bars = 20pm

6.21a

Figures 6.22-6.28: Adult regenerating axons and their growth cones in BDNF-conditioned
medium and following trkB-IgG treatment.

Figures 6.22, 6.23 and 6.24. Regenerating axons (arrows) maintained in 50ng/ml BDNFconditioned medium, for 5 DIV, are tipped with growth cones (arrowheads) of variable
morphologies. Broad arrow points to lateral protrusion. Living cultures, phase contrast
microscopy. Bars = 20pm

Figure 6.25. Adult retinal explant was cultured in 50ng/ml BDNF-conditioned medium for
5 DIV then in incubated with 20pg/ml trkB-IgG receptor bodies for 6 hours. TrkB-IgG
receptor bodies caused the retraction growth cone filopodia and axon protrusions. Living
cultures, phase contrast microscopy. Bar = 20pm

Figures 6.26 and 6.27. Adult retinal explants were cultured in 50ng/ml BDNF-conditioned
medium for 5 DIV. The growth cones (arrowhead) tipped at regenerating RGC axons
(arrows) collapsed after 12 hours (Fig.6.26) and axons degenerated following 24 hours
(Fig.6.27) 20pg/ml trkB-IgG treatment. Living cultures, phase contrast microscopy. Bars =
100pm

Figure 6.28. Adult retinal explant was cultured in 50ng/ml BDNF-conditioned medium for
5 DIV, then in incubated with 20pg/ml trkB-IgG receptor bodies for 6 hours. Collapsed
axons (arrows) and growth cones (arrowhead) are immunoreactive for GAP-43. Fixed
culture, immunofluorescence. Bars = 50pm

Figure 6.29-6.33: Electron micrographs of RGC axons and growth cones extending from
E15 retina 5 DIV in vitro.
Figure 6.29. 50ng/ml BDNF-conditioned medium. An axon-like process (arrow) emerging
from the somata of a RGC is seen. Bar = lpm

Figure 6.30. N2 chemically defined medium. An axon lying close to a retinal explant
displays numerous microtubules; a lower power electron micrograph is shown in the insert.
Bar = 500nm

Figure 6.31. BDNF Fascicle of axons coursing along the substrate. The axons are rich in
microtubules and mitochondria (m). Bar = 1pm

Figures 6.32 and 6.33. Vesicles (v), microtubules (mt), mitochondria (m), in and at the
neck of E15 RGC growth cones cultured in N2 chemically defined medium and cone
50ng/ml BDNF-conditioned medium (Fig.6.33) are seen. In addition, a mutivesicular body
(mvb) is seen in the growth cone cultured in 50ng/ml BDNF-conditioned medium
(Fig.6.33). Bar = 200nm

Figures 6.34 -6.35: The ultrastructure of regenerating axons and growth cones, 7 DIV
Figure 6.34. Section taken through a regenerating axon tipped by a growth cone. The
asterisk indicates a lateral protrusion extending from the axon. Bar = 2pm

Figure 6.34b. Enlargement taken from Figure 6.34a. Asterisk indicates the region where a
lateral protrusion leaves the main axon, which is filled with tubular mitochondria (m) and
microtubules (mt). Note the vesicles (v) congregated near where the lateral protrusion
leaves the main axon (asterisk). Bar = 500nm

Figure 6.34c. Axon varicosity containing mitochondria microtubules and vesicles.

Figure 6.34d. An enlargement of part of the growth cone taken in Figure 6.34a. The
growth cone is contains mitochondria, microtubules, vesicles and filaments. Part of another
axon (A) lies adjacent to the growth cone. No synaptic specialisation is present.
Bar = 200nm

Figure 6.35. Varicosities (arrows) along the length of the axon, were observed by LM and
one is shown here at the EM level. These varicosities contain mitochondria, vesicles and
microtubules. Bar = 500nm

Abbreviations: 1, lysosome; m, mitochondria, mt, microtubules; v, vesicles.

Fig.6.36: Percentage of explants with axons extending
from E15 and adult retinal explants

□ E 15

p

C o n tro l

BDNF

N T -4

□ ADULT

N T -3

CNTF

Culture condition
Figure 6.36. G raph show ing the percentage o f E15 and adult retinal explants w ith axons cultured for 7 DIV.
RGC axon outgrow th from E15 and adult retinal explants is significantly enhanced in BDN F o r N T-4
supplem ented m edium (* p< 0.05). A xonal outgrow th from explants w as not enhanced by N T -3 or CN TF
treatm ent. E rror bars indicate standard deviation o f the percentage o f explants w ith axons.
N um ber o f explains exam ined=n E15: Control. n=64; BD N F. n=76; N T -4. n=72; N T -3, n= 28; CN TF, n=53
Adult: Conrol. n= 101; BD N F, n= 104; N T -4, n=88; N T -3. n= 33; C N T F. n=47

Fig. 6.37: A g e-o u tg ro w th resp on se o f R G C a x o n s from
em b ry o n ic retinal ex p la n ts (5 D IV )
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Fig. 6.38: The length o f RGC axons extending from E15
retinal explants (5 DIV)
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Figure 6.37. Plots show ing the percentage o f the outgrow th o f em bryonic RG C axons
in C ontrol (N 2) or 5()ng neurotrophin or C N T F supplem ented medium. The outgrow th o f RGC
axons is reduced w ith increasing retina age. N um ber o f explant cultures =n
F igure 6.38. G raph show ing the length o f ELS axons cultured in Control (N 2) m edium
or 5()ng neurotrophin or C N T F supplem ented m edium . O nly BD N F and N T -4 significantly
(* p< 0.05) enhanced the outgrow th o f E15 RG C axons.

Fig. 6.39: N um ber o f regenerating RGC axons
exten din g from ad ult retinal explants (7 DIV)
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F ig.6.40: L en gth o f reg en era tin g R G C a x o n s exten d in g
from a d u lt retin al ex p la n ts (7 DIV)

2000

1800
1600
s
3
C
ov<

CZ
CJ

1400
1200

O

1000

o
-C

800

CO
4>
-J

600

m jm
400
200

cn

0
Control

BDN F

N T -4

N T-3

CNTF

C ulture condition
Figure 6.39, N um ber o f regenerating RGC axons extending from adult retinal explants
in v it r o . O nly BD N F and N T -4 show significance (*p< 0.05) in the ability' to enhance
RG C axon outgrow th. For each culture condition the num ber o f explants exam ined=40
Figure 6.40. Length o f regenerating RG C axons extending from retinal explants is
significantly enhanced by BDN F and N T -4 supplem ented m edium (*p<0.()5). but not by
NT-3 or C N T F. The num ber o f explants per culture condition exam ined= 24

6.4

Discussion

The present study demonstrates the number and length of RGC axons are significantly
enhanced by the addition of BDNF and NT-4 but not by NT-3 or CNTF. These findings
are consistent with the recent work of Atkinson et al. (1999), who reported that
neurotrophins secreted from transfected fibroblasts increased the outgrowth of RGC
axons from early embryonic mouse retina explants in vitro. The present data also
correlate with earlier finding of Cohen et al., (1994) who demonstrated the enhanced
outgrowth of regenerating RGC axons from adult retinal explants in BDNF and NT-4
supplemented medium. In the present study it was also shown that outgrowth promoting
effects of BDNF, NT-4 was reduced with increasing embryonic age and for the first
time that trkB-IgG receptor bodies arrest axon outgrowth causing the degeneration of
RGC axons and their growth cones.

(i)

Technical considerations

Retinal cultures were prepared from E15- E19 embryos. By E16 many RGC axons have
reached the LGN and SC (Lund & Bunt, 1979); therefore the response of RGCs from
E l6 retinal explants and from older explants to neurotrophins are actually
manifestations of ‘embryonic regeneration’ i.e. these embryonic axons had reached
brain targets at the time of explantation. Variations in embryonic axon outgrowth were
observed at E l5. The different developmental schedule of RGCs in different retinal
sectors (Reese & Colello, 1993) could account for the differences in the extent of RGC
axon outgrowth from one culture to another. Furthermore, the extent of the outgrowth
response elicited by the neurotrophins and CNTF varied in individual embryonic and
adult cultures. These disparities may have resulted from subtle changes in culture
conditions or technical differences.

The number of regenerating axons was grossly underestimated under phase contrast
optics. In many adult explant cultures (between 1 and 3 DIV) photoreceptor cells
migrated to the edge of the explant, an observation previously reported by Bahr et al.,
(1988) and sometimes masked early regenerating axons emanating from the retina and
may have contributed to the lower number of processes counted during the first three
DIV. Many adult regenerating axons were thin and were not observed under phase but
were

rendered

conspicuous

following

GAP-43,

P-III

tubulin

or

NF-H

immunocytochemistry. Likewise the number of live regenerating axons counted under
phase contrast optics was greatly underestimated. Retinal outgrowth from living retinal
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cultures was measured from the edge of the embryonic and adult explant and this
resulted in the gross underestimation of axon length.

Following fixation and

immunocytochemistry, fibres and fascicles were often observed coursing along the
substrate beneath the explanted retina. In some cases the these fibre bundles travelled
distances of 500pm before emerging from beneath the retina and extending further
distances of 500-1500pm often branching out into axon plexuses. The length of axons is
thus likely to be underestimated and the length data should therefore be treated with
caution. These factors, along with the crossing, branching and fasciculation of RGC
axons made establishing accurate numbers of E l5 axons difficult and created the
possibility of erroneous estimates. Another important factor worth considering, is the
high concentration of neurotrophin proteins used, as neurotrophins used in these studies
far exceed the total amount extracted from RGC target centres in the mammalian brain
(Ma et al., 1997). Furthermore, in vivo, neurotrophins are delivered in precise ways, at
the terminal and/or at the dendrite, whereas in the present in vitro study the whole retina
and axons were exposed to neurotrophins, which may alter the way in which RGCs
respond.

Compared with cultures prepared by Bahr et al. (1988) and Thanos et al. (1989), axonal
outgrowth from adult retina was not only meagre in terms of the number of explants that
extended axons, but also in that the majority of axons were far shorter than reported by
these authors. The number of axons per explant is likely to reflect RGC survival. It is
likely that the extent of damage to blood vessels during the optic nerve crush (when
making the conditioning lesions) and other technical variations may have contributed to
the lesser extent of RGC axonal outgrowth observed in this study, compared with those
of Bahr et al. (1988) and Thanos et al. (1989).

(ii)

Maintenance of retinal explants in vitro

Older retinal explants failed to extend axons in large numbers (E l9 and older) and
degenerated within 3 DIV, even in optimal concentrations of neurotrophins and
cocktails of neurotrophin proteins. The period of RGC cell death in vivo starts at ~P0
(but see Galli-Resta & Esini, 1996) and the equivalent time in vitro for E l 5 retina is at 7
DIV; E16, 6 DIV; E17, 5 DIV; E18, 4 DIV; E19, 3 DIV; and E20 2DIV. The period of
degeneration of RGC axons in vitro overlapped with the onset of naturally occurring
RGC cell death in vivo (Potts et al., 1983) during the period when afferents compete for
limited quantities of target-derived factors.
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In serum-free chemically defined medium, axons extending from E l 5 to E17 retinal
explants and regenerating axons from adult retina extended out onto the poly-1lysine/laminin substrate. Some axons grew towards another retinal segment when co
cultured or turned back on themselves and re-entered the retina. A similar pattern was
observed when co-cultured adult retinal explants were maintained in neurotrophinconditioned medium. Furthermore when E l 5 to E17 retina were co-cultured a short
distance apart some axons grew towards and entered the adjacent retina. This suggests
that, in vitro, chemotropic factor(s) are present during the normal development of retina
and/or are upregulated or re-expressed in the injured retina. During development, the
survival of RGCs depends on their axonal targets (Carpenter et al., 1986; Meyer-Franke
et al., 1995; Huxlin et al., 1995) and on local competitive interactions within the retina
(Linden & Serfaty, 1985; Armson et al., 1987; Ary-Pires et al., 1997).

Evidence

suggests that rat RGCs go through two stages of requirement for neurotrophic factors.
The first from intrinsic glia of the retina, and the second from their principal target
centre the superior colliculus (Armson et al., 1987). This supposition is supported by
studies made by Ary-Pires et al. (1997) who demonstrated that chick retinal cells release
neurotrophic factors according to a developmental program. The inability of
neurotrophins to promote neurite outgrowth at E19/E20 may result from the start of the
second phase of specific ‘factor requirement’ i.e. the requirement for target-derived
molecules. As axons extended towards and into the adjacent segments of retina in the
presence of BDNF, NT-4 and also in serum conditioned medium, it is tempting to
speculate that an unidentified intraretinal tropic factor may be responsible for this
pattern of retinal-retinal innervation. It seems likely that multiple factors are likely to act
collaboratively on individual RGCs to promote their outgrowth and aid their
maintenance during development and following injury.

Only about 20% of adult RGCs retain the capacity to regenerate their axons, when
provided with a favourable environment in vivo (Vidal-Sanz et al., 1987; Villegas-Perez
et al., 1988; Thanos et al., 1997). Subpopulations of RGCs also retain the capacity to
regenerate their axons in vitro (Bahr et al., 1988; al., Thanos & Vanselow, 1989; Thanos
et al., 1989a) and in vivo (Campbell et al., 1999) without the addition of survival or
outgrowth promoting molecules. It has been shown that the cultivation of retina in
serum-free conditioned medium on a poly-l-lysine/laminin substrate supports the
survival of only 50% of the initial RGC population after 2 days and that the surviving
RGC decline to 32% after 4 DIV, and to 7% after 6 DIV (Bahr & Bunge, 1989). In this
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study regenerating RGC axons extended from the retina onto the poly-l-lysine/laminin
substrate in the absence of exogenously applied growth factors and the number and
outgrowth of regenerating axons was small and corresponded to the in vivo findings.
Regenerating axons maintained in serum-free chemically defined medium media
expressed trkB protein suggesting their ability to bind trkB ligands that is not induced
by BDNF treatment.

(iii)

BDNF and NT-4 but not NT-3 or CNTF enhance the outgrowth of embryonic
and regenerating RGC axons

(a)

Embryonic retinal explants

The findings presented here correspond with recent studies which showed that RGC
neurite outgrowth from rat RGCs is enhanced following treatment with BDNF and NT4 (Cohen et al., 1994; Bosco & Linden, 1999). In the present study the outgrowth of
axons from embryonic explants was always far more extensive than the outgrowth of
regenerating axons from adult explants. The order of effectiveness of the neurotrophins
on promoting RGC outgrowth is as follows, BDNF was greater than NT-4, NT-4 greater
than CNTF and CNTF greater than NT-3. BDNF appeared to be the most potent
neurotrophin to induce the outgrowth of developing RGC axon from E l5 retinal
explants, but not from older retinal explants. BDNF does not recruit cells from a
dividing pool of precursors (Johnson et al., 1986) therefore the effects of BDNF in
increasing the outgrowth number of neurites are unlikely to result from the pool
precursor cells in the developing retina being influenced to become RGCs by BDNF
and extend axons, as they have already become committed to a particular fate as they
leave the cell cycle (Waid & McLoon, 1989). However, neurotrophins have been
suggested to affect the differentiation of RGCs indirectly through glia cells (Atkinson et
al., 1999). Although BDNF and NT-4 promoted an increase in the outgrowth of axons
from E l 5 retina, the response was transient. Increasing the concentration of the
neurotrophins did not extend the ‘transient responsive’ period. This suggests a time
frame when developing axons are particularly responsive to BDNF. Responsive time
frames have been described for sensory neurons (Buchman & Davies, 1993). Retinal
explants cultured from increasingly older embryos resulted in poorer outgrowth
patterns. Increasing the concentration of BDNF or NT-4 or applying a cocktail of
neurotrophic factors failed to induce axon outgrowth of E19 and E20 retina. This
suggests that factors other than BDNF may play important roles in the outgrowth and
maintenance of RGCs during their embryonic development. The transient survival of
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dissociated, older RGCs in vitro has previously been reported by other groups (MeyerFranke et al., 1995) and the lack of outgrowth reported here may represent a change in
the neurotrophin requirements of RGCs or the combination of factors released from
their in vivo targets. Indeed, co-culturing retina with the SC, the main target of rat
RGCs can maintain RGCs for extended periods (Armson & Bennett, 1983; Bahr &
Eschweiler, 1993).

Bosco & Linden (1999) reported the predominantly polarised neurite outgrowth from
dissociated RGCs when maintained in BDNF conditioned medium, whereas NT-4
induced the appearance of symmetrical and intensely branched arbors. In the present
study, the differential effects of BDNF and NT-4 on RGC axons reported by Bosco and
Linden (1999) was not observed in embryonic retinal explant cultures, in fact there
appeared to be great variability in RGC growth cone morphology cultured in BDNFand NT-4-conditioned medium. Whether the difference between Bosco and Linden’s
findings and the present findings resulted from the fact that they used dissociated
cultures and I used explant cultures remains to be established. The differences in the age
of the retina explants used, may, however, contribute to the disparity. Bosco & Linden
(1999) cultured P3 RGCs for 3 DIV and the equivalent at this time in vivo corresponds
to approximately P6/P7 when RGC axons are segregated into eye-specific patches in
their visual targets in the brain (Lund & Mustari, 1977). BDNF and NT-4 have been
shown to regulate the phenotypic characteristics of cortical neurons in early postnatal
ferret (for review see McAllister et al., 1999). It is therefore possible that the subtle
effects of BDNF and NT-4 on the differential characteristics of RGC neurites come into
effect in early postnatal life, not during the embryonic stages examined in this study.
Bosco & Linden, (1999) also suggested that the lack of neurites that exhibited
morphologies in between polarised and branched resulted from the distinct signalling
pathways mediated by BDNF and NT-4. It would be interesting to examine whether
combinations of BDNF/NT-4 result in intermediate morphologies.
In the rat, NT-3 supports the outgrowth of approximately 5% RGCs in the adult
(Kittlerova et al., 1993) but in the present study NT-3 routinely failed to promote the
outgrowth of RGC outgrowth from embryonic retinal explants. Furthermore, trkC-IgG
had no effect on axon outgrowth from embryonic or regenerating retinal explants in
vitro, suggesting the minimal or subtle role of trkC ligands on embryonic RGC axon
outgrowth.
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CNTF a member of the cytokine protein family and is a trophic molecule that was
originally identified in conditioned media and embryonic tissue extracts in the late
1970s due to its survival, promoting and neurite stimulating effects and its ability to
induce the differentiation of cholinergic neurons (review, Richardson, 1994). In addition
to enhancing survival, CNTF reportedly has pronounced and specific effects on axonal
outgrowth (Jo et al.,

1999). Jo and co-workers found that highly purified

(immunopanned) dissociated P8 RGC cultures, treatment with 50ng/ml BDNF
enhanced RGC survival to the same extent as CNTF but did not promote axonal
outgrowth. However, the addition of lng/ml CNTF to 50ng/ml BDNF-containing
medium significantly augmented BDNF-induced RGC axon outgrowth without
promoting their survival. The findings described in this chapter are similar to those
reported by Cohen et al., (1994) and Bosco & Linden (1999), in that CNTF had little
effect on axon outgrowth of immature RGCs. These discrepancies in the response of
RGC neurite/axon outgrowth to CNTF between Jo et al (1999) and Cohen et al., (1994)
and Bosco & Linden (1999) and the present study may arise from the type of culture
utilised. Dissociated and immunopanned RGC cultures were used by Jo et al. (1999)
whereas retinal explants were used by Cohen et al. (1994) and in the present study, and
non-immunopanned dissociated cultures were used by Bosco & Linden (1999). The loss
of cell surface molecules during immunopanning processing may in some way affect
responsiveness of the RGCs to exogenously applied CNTF. The expression of CNTFa
receptors during embryonic development, postnatal development, and following injury
may differ at various developmental stages. Indeed CNTFa peaks in the early postnatal
period and declines thereafter (Kirsch et al., 1994, 1997; Miotke et al., 1996). It is
conceivable that the differential expression of the CNTF receptors during development
and in adulthood may also contribute to the different responses of RGC neurite/axon to
CNTF treatment.

(b)

Adult retinal explants

This study demonstrated that BDNF significantly enhanced the number and length of
regenerating axons in vitro.

Thanos et al (1989) measured regenerating axons at >600pm after 2 DIV in S4-serum
free chemically defined medium conditioned medium. In the present study regenerating
axons emerging from explants maintained in S4-serum free chemically defined medium
reached lengths of 600pm at 7 DIV in the present study. Calculations of the ability of
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the entire retina to regenerate axons in vitro was made by multiplying the average
number of axons that extended from a retinal explant by 6 or 8 (the number of retinal
segments per retina). When extrapolated to the whole retina values of approximately
320 regenerating RGC axons per retina in S4 (control medium) were calculated in the
present study, and 824 axons per retina in BDNF conditioned medium. These values are
more than two (BDNF) or four (S4) times lower compared with Thanos et al., (1989),
who extrapolated the value of regenerating RGCs as 1,680 in vitro, when maintained in
BDNF and sciatic nerve exudates. However, both values are lower than those calculated
for the in vivo regenerating retina when sciatic nerve pieces were grafted to replace the
optic nerve (Vidal-Sanz et al., 1987; Thanos & Vanselow, 1988), indicating that a
cocktail of factors in the peripheral nerve promotes the extension of RGCs rather than
BDNF alone.
The outgrowth responses of regenerating axons cultured in BDNF and NT-4 were
similar. Furthermore, also in agreement with Cohen and co-workers (1994),
combinations of BDNF and NT-4 did not further augment the effect of each factor
alone. CNTF appeared not to significantly enhance the outgrowth of regenerating axons
in vitro. In intact rat retinas, only 30% of the RGC population express the NT-3 receptor
trkC, whose levels fall after RGC axotomy (Kittlerova et al., 1994). NT-3 supports the
outgrowth of approximately 5% RGCs in the adult rat (Kittlerova et al., 1994) and has
been demonstrated to promote a 50% increase of regenerating RGC axon outgrowth
compared to control cultures (Cohen et al., 1994). In the present study NT-3 did not
enhance the outgrowth of regenerating axons from adult retinal explants. In fact, in
cases where regenerating axons were observed, the outgrowth of regenerating axons that
extended from retina maintained in NT-3-conditioned media was less than from those
maintained in S4 serum-free chemically defined medium. The lack of RGC regrowth in
vitro in the presence of NT-3 corresponds with the finding in the adult retina,
demonstrating the insignificant effect of NT-3 on the length of regenerating axons and
the formation of RGC axon branches in vivo (Sawai et al., 1996).

(iv)

TrkB-IgG treatment arrests neurotrophin-induced outgrowth from embryonic
and adult retinal explants

The outgrowth promoting affects of BDNF and NT-4 on developing and adult retinal
RGC axons were prevented by the application of 20pg/ml trkB-IgG receptor bodies.
RGC growth cones collapsed and axons degenerated within 24 hours of application.
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This indicates that the enhanced outgrowth of developing and regenerating axons
maintained in BDNF and NT-4 conditioned medium occurred through trkB signalling
(induced by the trkB ligands BDNF and NT-4). The arrest of RGC axon outgrowth
following trkB-IgG treatment suggests that the low affinity p75 receptor does not play a
large role in the RGC axon outgrowth in vitro. TrkC-IgG receptor bodies did not effect
RGC outgrowth or viability during the period when RGCs were healthy.

(v)

The ultrastructural examination of BDNF and NT-4 treated retinal explants

At the ultrastructural level there appeared to be no clear differences between axons that
extended from developing or adult retinal explants maintained in the absence or
presence of BDNF or NT-4. Embryonic neurites were highly fasciculated. Synaptic
specialisations were not observed between growing processes. Embryonic axons were
packed with microtubules and few mitochondria. Periodic varicosities

along

regenerating axons were a common feature. These varicosities were filled with
mitochondria, vesicles and microtubules. It has been suggested that these varicose sites
may represent regions where neurotransmitters are released in vivo (Norden et al.1991).
It is possible that the neurotrophins may have subtle effects on RGCs possibly
regulating protein synthesis or the transport of cytoskeletal elements; however before
any broad generalisations can be made, further studies need to be undertaken.

6.5

Summary

BDNF and NT-4 (but not NT-3 or CNTF) significantly enhanced the outgrowth of early
embryonic and adult regenerating RGC axons when provided with a supportive
substrate in vitro. BDNF and NT-4 treatment transiently increased RGC axon outgrowth
from E l 5 rat retinas. The transient effect of BDNF and NT-4 and the inability of the
neurotrophins to promote the outgrowth from older embryonic retinal explants suggests
a time frame of neurotrophin action. This also suggests that other factors chemical
(target-derived or otherwise) may be necessary for the continued maintenance of
developing RGC axons. BDNF and NT-4 also enhanced the outgrowth of regenerating
axons from adult retinal explants, but appeared to have a more subtle effect on axon
outgrowth, in that the growth promoting effects of BDNF and NT-4 appeared
continuous throughout the incubation period. The suppression of RGC axon outgrowth
from embryonic and adult from retina cultured in trkB-IgG containing medium suggests
that the response of developing and regenerating axons, to BDNF and NT-4 are likely to
occur through trkB signalling.
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CHAPTER 7

Distribution of GAP-43, P-III tubulin and F-actin in developing and
regenerating axons and their growth cones following neurotrophin
treatment, in vitro

7.1

Introduction

The neuronal growth cone (“the cone of growth”, Ramon y Cajal, 1929) is a bulbous,
highly motile structure at the end of growing dendrites and axons. The growth cone is a
transient structure present during the short period between the commencement of
neuronal differentiation and the phase of synaptogenesis, and during axon sprouting and
regeneration following axonal injury and plays a major role in guiding the growing
neurites to appropriate locations for the establishment of the correctly interconnected
nervous system (Dodd & Jessel, 1988, Stirling & Dunlop, 1997). The growth cone
contains organelles and metabolic machinery required for several activities including
membrane expansion, actin and tubulin assembly and surface membrane adhesion
(review, Gordon-Weeks & Mansfield, 1992). Growth cones rapidly extend and retract
two kinds of processes filopodia, which are fine finger like extensions, and lamellipodia
that are usually suspended between filopodia (Tonsey et al., 1983; Gordon-Weeks &
Mansfield, 1992). Filopodia and lamellipodia play important roles in identifying
molecular signals for growth cone adhesion and motility. Indeed, the growth cone is the
primary cellular target of neurotrophin-mediated effects in vitro (Gallo & Letoumeau,
1998; Zhang et al., 1999).

An important indicator of growth potential is the neurons pattern of protein synthesis.
When a neuron is first extending an axon and forms a synaptic connection with its
postsynaptic target, it generally expresses a characteristic pattern of protein synthesis
that noticeably differs from that expressed when quiescent (Moya et al., 1988; Skene,
1989; Benowitz & Perrone-Bizzozero, 1991; Bisby & Tetzlaff, 1992). BDNF enhances
the outgrowth of RGC axons in vitro (Thanos et al., 1989; Cohen et al., 1994; Atkinson
et al., 1999; Chapter 6). With this in mind it was hypothesised that the neurotrophins
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may regulate some aspects of the synthesis of GAP-43, P-III tubulin and/or actin, all of
these molecules associated with axon elongation in RGC axons and growth cones
(reviews; Benowitz & Perrone-Bizzozero, 1991; Fournier & McKerracher, 1997; Lin et
al., 1994; Bently & O’Connor, 1994).

(a)

GAP-43

GAP-43 also known as B-50, FI pp46 and neuromodulin is a protein kinase C substrate
(review, Benowitz & Routtenberg, 1997). GAP-43 is one of the earliest axon-specific
markers to be expressed in neurons (Goslin et al., 1988). The expression of GAP-43 in
neurons correlates closely with axonal elongation, synaptogenesis during development
and nerve sprouting in the adult CNS (Skene et al., 1988; Doster et al., 1991; Vaudano
et al., 1995). GAP-43 protein is enriched in growth cones during axonal growth and
regeneration (Meyer et al., 1994) and recently has been suggested to be involved in
translating signals important for growth cone guidance (Zhu & Julien, 1999).
Overexpression of GAP-43 in cell lines that do not normally produce neurites induces
numerous filopodial processes (Baetge & Hammang, 1991).

(b)

Microtubules

Microtubules are another major cytoskeleton component of growth cones and have been
suggested to have a role in controlling growth cone motility (reviews, Gordon-Weeks &
Mansfield, 1992; Williamson et al., 1996). Microtubules are composed of tubulin. Two
tubulin subunits exist, a and p, which dimerise, then linearly extend into protofilaments
and finally associate to form 22nm diameter, hollow microtubles. Microtubules are
polarised in axons, the plus (+) ends point away from the cell body. Polymerisation
occurs by adding subunits at the (+) end, which leads to axonal extension (GordonWeeks & Mansfield, 1992). Accessory factors, such as microtuble-associated protein
(MAP), tau and guanosine 5’triphophste (GTP) are required for tubulin polymerisation
(Olmsted, 1986). Microtubules are found in abundance in the organelle rich central
domain (C-domain) of the growth cone. They are bundled in axons and spread out
within the lamellipodia (Gordon-Weeks et al., 1989). The distal tips of microtubules
often reach the leading edges of lamellipodia. Axotomy of RGC axons activates the
synthesis of P-III tubulin (McKerracher et al., 1993; Fournier & McKerracher, 1997) in
RGCs and is thought to play important roles in RGC neurite outgrowth during
development and the regeneration of axotomised adult RGC axons.
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(c)

Actin

Actin is one of the major cytoskeletal components of growth cones (Yamada et al.,
1970; Gordon-Weeks & Lang, 1988; Smith, 1988; Gordon-Weeks, 1991; Lin et al.,
1994; Ernst et al., 2000). In the organelle-poor peripheral domain (P-domain) of growth
cones actin filaments predominate, forming tight bundles in filopodia and an interwoven
meshwork at the leading edge and in lamellipodia (Gordon-Weeks & Mansfield, 1992).
Filamentous actin (F-actin), which is made up from globular actin, is continuously
polymerised (at its leading edges) and depolymerised in motile cells and growth cones
(Forscher & Smith, 1988; Okabe & Hirokawa, 1991). Like tubulin polymerisation, actin
polymerisation is also regulated by extracellular signals binding to cell surface receptors
that act through heterotrimeric G-proteins, small GTPases, Rac and Rho (Pollard &
Cooper, 1986; Pollard et al., 1992; Ridley et al., 1992; Luo et al., 1997; Ridley, 1999). It
is thought that growth cones respond to extracellular cues by selectively stabilising the
actin cytoskeleton in filopodia and lamellipodia to achieve directional growth (Lin et al.,
1994).

One of the main issues in developmental neurobiology is whether the same patterns of
protein and cytoskeleton distribution can be recreated during regeneration. With this
also in mind a study was made to examine whether neurotrophin treatment alters the
distribution and localisation of GAP-43, P-III tubulin and F-actin molecules involved in
neurite elongation in E15 and adult regenerating RGC axons and in their growth cones
in vitro. 20pg/ml trkB-IgG receptor bodies (Shelton et al., 1995) were also used to
ascertain whether any of the observed effects were likely to have occurred through trk
receptor signalling.

7.2

Summary of methods used

A full account of the methods used in this chapter is given in Chapter 2 Section 2.7.
E15 and adult retinal explants were cultured on glass coverslips coated with poly-1lysine/laminin and maintained in serum-free conditioned medium or serum-free
conditioned medium supplemented with lng, lOng, 50ng or lOOng/ml BDNF. Cultures
were also maintained in 50ng/ml NT-3, NT-4 or CNTF conditioned medium. All
cultures were incubated at 37°C under 5% CO2 for 3 days.

Explant cultures were

examined for p-III tubulin using anti-Tujl antibody; F-actin was assayed by rhodaminephalloidin labelling and anti-GAP-43 antibody was used to map GAP-43 protein. Fixed
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cultures

were

processed

for

anti-Tujl— rhodamine-phalloidin

double

immunofluorescence or GAP-43— anti-Tujl double immunofluorescence. GAP-43
immunocytochemistry using DAB as the chromogen was also performed. Growth cones
from selected explant cultures were imaged using a laser-scanning confocal microscope
(Leica, TCS). Using filter cubes at wavelengths 488 and 568nm, lOOnm thick sections
were simultaneously recorded in rhodamine and fluorescein channels. Sections were
collected through the depth of the growth cone and then projected into a single image
using confocal assistant software (Biorad). Care was taken to select growth cones that
were not in contact with other axons or growth cones.

7.3

Results;

E l 5 retinal neurites and regenerating axons were examined at 3 DIV. Because growth
cones are dynamic, retracting and progressing along the substrate, the morphology of
growth cones differed considerably. A minimum of 7 explant cultures per animal (E l5,
n=

6;

adult n = ll)

were

assessed for GAP-43,

(3-111 tubulin

and F-actin

immunoreactivity. The distribution and intensity of GAP-43, P-III tubulin and F-actin is
summarised in Tables 7.1 and 7.2.

fi)

Distribution of GAP-43 in developing (embryonic) and adult regenerating RGC
axons

(a)

Serum-free chemically defined medium

In serum-free chemically defined medium (control) strong GAP-43 immunoreaction
product was observed along the entire length of E l5 RGC axons. Growth cones were
small, filopodia were strongly immunoreactive and their small lamellipodia moderately
immunoreactive (Figs.7.1 and 7.2). Adult regenerating RGC axons were strongly
labelled along their entire length and in their growth cones. The lamellipodia of the
growth cones of regenerating axons were not routinely labelled; filopodia were
moderately to strongly immunoreactive (Figs.7.7a and b). Few GAP-43 immunoreactive
varicosities along adult regenerating axons and lateral protrusions extending from adult
regenerating axons were observed (Fig. 7.7b)

(b)

Neurotrophin-conditioned medium

Growth cones at the tips of RGC axons extending from E l 5 retinal explants cultured in
BDNF conditioned medium were large and fan-shaped (Figs.7.3 and 7.4) compared
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with growth cones tips of E15 axons cultured in N2 serum-free chemically defined
medium. The lamellipodia of such growth cones were moderately immunoreactive
(Figs.7.3

and 7.4) and long filopodia emanating from them were heavily

immunoreactive (Fig.7.4). The growth cones at the tips of embryonic RGC axons
maintained in NT-3 and NT-4 (Figs.7.5 and 7.6) were much smaller than RGC growth
cones maintained in BDNF-conditioned medium, but the distribution of GAP-43
immunoreaction product was similar to that in growth cones of axons maintained in
BDNF conditioned medium. Regenerating axons extending from adult retinal explants
were strongly immunoreactive along their entire axon length and in their growth cones
(Fig.7.9b). Periodic varicosities along the length and protrusions emanating from adult
regenerating axons maintained in BDNF or NT-4-conditioned medium were also
intensely immunoreactive Figs.7.8a, b & 7.9a, b). The number of varicosities, and
protrusions extending from adult regenerating axons cultured in BDNF and NT-4conditioned medium, was greater than the number of protrusions along axons
maintained in S4 serum-free chemically defined medium, NT-3- or CNTF-conditioned
medium (see Figs.7.7-7.11).

(ii)

Distribution of B-HI tubulin in developing (embryonic) and adult regenerating
RGC axons

(a)

Serum-free chemically defined medium

Developing and adult regenerating axons were moderately to strongly immunoreactive
for P-m tubulin. P-III tubulin was distributed along the entire length of developing
axons (Fig. 7.12a and c) and adult regenerating axons (Fig. 7.16a and c) and was located
to the C-domain of growth cones. Under high magnification, microtubules could be
seen to splay out in the C-domain of the growth cone (Fig. 7.16a). p-III tubulin was not
present in growth cone filopodia (Fig. 7.12c and 7.16c).

(b)

Neurotrophin-conditioned medium

The intensity of P-III tubulin immunoreactivity in developing and adult regenerating
axons increased slightly in increasing concentrations of BDNF-conditioned medium
(Figs.7.13a, 7.14a, 7.17a, 7.18a and 7.19a). Microtubules were tightly bundled within
RGC axons producing a smooth and intense immunoreaction product (Figs.7.13a and
7.14a, Figs.7.17a, 7.18.a and 7.19a). The intensity of P-III tubulin immunoreactivity
was slightly greater in BDNF treated cultured than in those maintained in NT-4- and
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CNTF-conditioned medium (data not shown). The distribution of P-III tubulin in growth
cones tips of embryonic and adult regenerating RGC axons cultured in NT-3conditioned medium was similar to the distribution in growth cones cultured in serumfree chemically defined medium; the intensity of the immunoreaction product was,
however, weaker.

(iiQ

Distribution of F-actin in developing (embryonic) and adult regenerating RGC
axons

(a)

Serum-free chemically defined medium

In serum-free, chemically defined medium, strong levels of F-actin immunoreaction
product were seen in RGC growth cones (Fig.7.12b and c). Growth cones at the tips of
adult regenerating axons showed weak levels of F-actin (Fig.7.16b and c). F-actin was
largely present at the leading edges of the growth cone P-domain and less dense in the
growth cone C-domain, (Figs.7.16b and c). F-actin was almost undetectable within
axonal shafts, whether embryonic (Figs.7.12b and c) or adult regenerating axons
(Figs.7.16b and c).

(b)

Neurotrophin-conditioned medium

BDNF treatment increased the intensity of F-actin immunoreaction product in the
growth cones of developing and adult regenerating RGC axons. In BDNF-conditioned
medium F-actin was distributed along RGC axons extending from E l5 retinal explants
and in their growth cones; both the C-domain and filopodia showed high levels of Factin immunoreaction product (Figs.7.13b, c, 7.14b and c). Increasing the concentration
of BDNF to lOOng/ml in E l 5 retinal explants resulted in the formation of axonal
outgrowths with strong F-actin immunoreactivity (Fig.7.15a). Growth cones of variable
morphologies were seen at the leading edge of the actin rich axonal plexus (Figs.7.15b
and c).

In adult explants, the increase in intensity of F-actin immunoreaction product in the
growth cones tip at the tips of regenerating axons appeared to increase in a dosedependent manner following treatment with BDNF. In medium supplemented with 1lOng BDNF, F-actin was generally confined to filopodia and to a few protrusions along
the RGC axons (Fig.7.17b and c). At a supplement level of lOOng, BDNF F-actin filled
the growth cones and the emanating filopodia of most axons (Figs. 7.18b,c and 7.19b
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and c). Focal concentrations of F-actin were present along adult regenerating axons in
cultures supplemented with lOOng BDNF-conditioned medium (Fig.7.18b, c and 7.19b
and c). Protrusions extending from adult regenerating axons were often F-actin positive
(Fig.7.18b, c and 7.19b and c).

The intensity of F-actin immunoreaction product in developing and adult regenerating
axons and their growth cones cultured in NT-4 and CNTF-conditioned medium was
weaker compared with that in growth cones of explants cultured in BDNF-conditioned
medium. F-actin was distributed in the growth cone P-domain and in growth cone
filopodia in medium supplemented with NT-4 and CNTF and weakly along
regenerating axons in medium supplemented with NT-4 (data not shown).

(iv)

Distribution of GAP-43. B-tubulin and F-actin in embryonic and adult RGC
axons and growth cones following trkB-IgG treatment

The distribution of GAP-43 and P-III tubulin in developing and adult regenerating RGC
axons appeared not to be affected by trkB-IgG treatment in that both molecules were
distributed along the entire length of the axons and in the growth cone C-domain.
However following growth cone collapse and axon degeneration, the continuity of
GAP-43 and p-III tubulin immunoreactivity was lost. When P-IQ tubulin—F-actin
double immunofluorescence was performed, p-D3 tubulin was distributed along the
axon length and in the C-domain of the collapsed growth cone (Figs. 7.20a and c). Factin loss was primarily from filopodia, the inner regions of the lamellipodia and axonal
protrusions (Figs. 7.20b and c).
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Table.7.1 Distribution of GAP-43, p-III tubulin and F-actin in E15 and regenerating adult RGC axons in vitro.
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Figures 7.1-7.6: GAP-43 immunoreactive axons extending from E l 5 retinal explants
cultured for 3 DIV (fixed cultures)

Figures 7.1 and 7.2. N2 serum-free chemically defined medium
Moderately GAP-43 immunostained axons (arrow) extending from retina explants (out of
view) in are seen (control). Growth cone (arrowheads) lamellipodia and filopodia are
moderately GAP-43 immunoreactive.
Bar = 20pm

Figures 7.3 and 7.4. 50ng/ml BDNF-conditioned medium
Strong GAP-43 immunostained axons extending from a retinal explant (out of view) are
seen. Note the large fan-like lamellipodia (arrowheads) and th e ' long heavily
immunoreactive filopodia (f).
Bars = 20 pm.

Figure 7.5. 50ng/ml NT-4-conditioned medium
Strong GAP-43 immunostained axons (e.g. arrows) extending from a retinal explant (out of
view) are seen. Arrowheads point to growth cones, which are moderately to strongly
immunoreactive.
Bar = 20pm

Figure 7.6. 50ng/ml NT-3-conditioned medium.
Weak to modeartely immunostained axons (arrows) extending from a retinal explant (out of
view) are seen. The growth cones (arrowheads) tipped at the axon are relatively small and
show simple morphology.
Bar = 20pm

Figures 7.7 -7.11: GAP-43 immunoreactive adult regenerating axons extending from adult
retinal explants cultured for 3 DIV in serum-free chemically defined medium or
neurotrophin-conditioned medium.

Figure 7.7 S4 serum-free chemically defined medium
Phase contrast image of a living axon and growth cone (a) and bright-field image of the
same axon (fixed) strongly immunoreactive for GAP-43 (b). Note the few lateral
protrusions extending from the axon.
Bar = 20pm

Figure 7.8 50ng/ml NT-4-conditioned medium
Phase contrast of a living axon and growth cone (a) and bright-field image of the same axon
(fixed) which is strongly for immunoreactive for GAP-43 (b). Note the increase in the
number of axonal protrusion, which extend from the axons and the varicosities distributed
along their length.
Bar = 20pm

Figure 7.9. 50ng/ml BDNF-conditioned medium
Phase contrast of a living axon and growth cone (a) and bright-field image of the same axon
(fixed) which is strongly immunoreactive for GAP-43 (b) Note the increase number of
GAP-43 immunoreactive protrusions and varicosities along the length of the vertical axon,
and the absence of protrusions on the branching axon.
Bar = 20pm

Figure 7.10. 50ng/ml CNTF-conditioned medium
Bright-field image of axon and growth cone, which is moderately immunoreactive for
GAP-43. Varicosities are seen; only a few axonal protrusions are present.
Bar = 20pm

Figure 7.11. 50ng/ml NT-3-conditioned medium
Bright-field image of axon and growth cone, which is moderately immunoreactive for
GAP-43. Very few axonal protrusions and varicosities are seen.
Bar = 20pm
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Figures 7.12-7.14: B-III tubulin and F-actin immunostained RGC axons and growth cones
from E l 5 retinal explants cultured for 3 DIV

Figures 7.12a-c. N2 serum-free conditioned medium
Figure a, P-IEL tubulin is distributed along RGC axons (arrows). Figure b, F-actin is
localised predominantly to growth cones (arrowheads) and is only weakly present in the
axon. Figure c, merged image of P-IH tubulin and F-actin. Note the separate compartments
of P -m tubulin along axons and F-actin in growth cones.
Bar = 10pm

Figures 7.13a-c.l0ng BDNF-conditioned medium
Figure a, P-IH tubulin is distributed along axons and splays out in the growth cone Cdomain. Figure b, F-actin is largely present in the C-domain of growth cones and along
axons. Figure c, merged images of P-HI tubulin (a) and F-actin (b). Note the overlap of pIH tubulin and F-actin in the C-domain of the growth cones and in axons.
Bar = 10pm
Figures 7.14a-c. 50ng BDNF-conditioned medium
Figure a, axons (arrows) are strongly immunoreactive for P-1U tubulin. Note the spreading
of P -m tubulin in the growth cone C-domain in the centre of the image. Figure b, F-actin is
present in large amounts along axons and especially in their growth cones (arrowhead).
Figure c, merged images of P-m tubulin (a) and F-actin (b). Note the partial colocalisation
of P-m tubulin and F-actin along developing axons and in the growth cone C-domain.
Bar = 10pm

Colour key: Red = F-actin, green= P~m tubulin, Yellow/Orange = areas containing both PIII tubulin and F-actin.

7.12a

7.14c

Figure 7.15: F-actin rich axons and growth cones extend from an E l 5 retinal explant
cultured in lOOng BDNF. for 3 DIV

Figure 7.15a. Fibre bundle (FB) extends from the retina (R) and spreads out forming
axonal outgrowth or plexus of F-actin positive axons. Bar = 500pm

Figures b and c. High magnification of F-actin containing growth cones, taken from figure
7.15a. The filopodia contain high levels of F-actin, which result in areas of orange colour.
Bars = 20pm

Colour key: Red = F-actin

Figures 7.16-7.19: Distribution of B-III tubulin and F-actin in regenerating axons and their
growth cones extending from adult retinal explants cultured for 3 DIV
Figures 7.16a-c. S4 serum-free chemically defined medium
In a, strongly P-III tubulin immunoreactive axons are present. Note the spreading of p-m
tubulin from the neck of the axon to fill C-domain of the growth cone. In b, F-actin is
localised to the lamellipodia and filopodia. Axons are devoid of F-actin. Part of a non
neuronal cell is seen on the upper right side of the image. The merged image of P-IH
tubulin (Figure 7.16a) and F-actin (Figure 7.16b) is shown in c. Microtubules occupy the
growth cone C-domain and F-actin is present in the P-domain of growth cone.
Bars (a and c) = 10pm

Figures 7.17a-c. lOng/ml BDNF-conditioned medium
In a, P -m tubulin is present along the length of axons and in the growth cone C-domain. In
panel b, F-actin is concentrated at the leading edge of the growth cone and in filopodia. The
C-domain is free of F-actin. Panel c shows the merged image of P-III tubulin (Figure 7.17a)
and F-actin (Figure 7.17b). Filopodia are rich in F-actin, which is not present in the Cdomain of the growth cone.
Bars (a and c) = 10pm

Figures 7.18a-c. lOOng/ml BDNF-conditioned medium
Panel a, shows two RGC axons which are strongly immunoreactive for P-III tubulin. The
larger axon comes is in contact with and is partially overlapped by the smaller axon. Note
the inconspicuous, which are F-actin positive axonal protrusions. In panel b, F-actin fills
the growth cone and emanating filopodia and is also present along the axon length. Note
that the inconspicuous axonal protrusions are full of actin and now very conspicuous. The
merged images of panel a and b is shown in c. p-III tubulin and F-actin overlap in the Cdomain of the growth cone.
Bars (a and c) = 10pm

Figure 7.19a-c. lOOng/ml BDNF-conditioned medium
In panel a, P-III tubulin is present at high amounts throughout the axon length and fills the
central part of the growth cone. In panel b, F-actin fills the entire of the RGC growth cone.
Filopodia are also F-actin rich. Note also the focal high concentration of F-actin along the
axon. The merged image of P-III tubulin (panel a) and F-actin (panel b) is shown in c. Note
the extensive overlap of p-m tubulin and F-actin in the growth cone C-domain.
Bars (a and c) = 10pm

Colour key: Red = F-actin, green= P-III tubulin, Yellow/Orange = areas containing both Pm tubulin and F-actin.

7.17a

7.18a

7.19a

7.17c

7.18c

7.19c

Figures 7.20. Distribution of 6-III tubulin and F-actin in the adult RGC axon and growth
cone treatment with 20ug/ml trkB-IgG for 9.5 hours

Figure a. P-m tubulin is present along the axon length and slight irregularity of the axon.
Note the absence of axonal protrusions.
Bar = 10pm

Figure b. F-actin is lost from filopodia and the P-domain but is present along the entire
length of the regenerating axon.
Bar = 10pm

Figure c. Merged image of P-III tubulin (a) and F-actin (b) shows the co localisation of PIII tubulin and F-actin
Bar = 10pm

Colour keys Red = F-actin, green= P-III tubulin, Yellow/Orange = areas containing both Pm tubulin and F-actin.
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7.4

Discussion

In the present study it was shown that microtubule and F-actin domains were distinct
and almost completely non-overlapping in the growth cones of developing and adult
RGC axons of explants maintained in serum-free chemically defined medium. The
segregation of microtubule and F-actin domains, with limited zones of interaction has
been reported previously in growth cones of CNS cells in vitro (Letoumeau & Ressler,
1983; Lin & Forscher, 1993). However, it is very interesting that overlap/colocalisation
of microtubules and F-actin was seen following treatment with BDNF, was usually in
the growth cone C-domain and occasionally in axon protrusions, in both developing and
adult regenerating RGC axons. This finding is compatible with the idea that the
colocalisation of F-actin and p-III tubulin occurs during increased growth cone
movement as previously suggested by (Lin & Forscher, 1993). This also appears to be
the first demonstration that trkB-IgG treatment causes the loss of F-actin in the Pdomain of growth cones tip of developing and adult regenerating RGC axons and
suggests that trkB signalling may be important in the organisation and/or stabilisation of
F-actin in filopodia.

(i)

BDNF does not affect the distribution of GAP-43 in developing and
regenerating axons

The distribution of GAP-43 in axons and growth cones corresponded with the
subcellular localisation described in previous studies, in that it was exclusively located
to processes with neuronal morphologies during periods of axon outgrowth and axonal
regeneration in vitro (Meyer et al., 1994). GAP-43 was expressed along the entire
length of developing and adult regenerating RGC axons, in varicosities along
regenerating axons and in the growth cones at the tips of developing and adult
regenerating axons. The significance of the varicose elements remains to be determined;
however, it has been suggested that these GAP-43 immunoreactive varicose sites may
represent regions where neurotransmitters are released (Norden et al.1991). Indeed, in
another part of this study vesicles were found to be present in such varicosities (See
Chapter 6 Fig.6.34b, c). Fournier et al. (1997) examined the effect of BDNF on GAP43 expression in vivo and found that most if not all RGCs respond to BDNF by
upregulating GAP-43. The increased intensity of GAP-43 immunoreaction product in
developing and adult RGC axons correlates with the suggestion that BDNF might play a
role in GAP-43 expression and or synthesis. The moderate immunoreaction product
located to developing and adult RGC axons extending from retinal explants cultured in
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the presence of NT-3 and CNTF, however suggests that trophic factors do not all
enhance or regulate GAP-43 expression, synthesis or transport. Indeed, as shown in the
previous chapter, NT-3 and CNTF appear to have negative effects on RGC outgrowth in
vitro and on axon branching in vivo (Sawai et al., 1996) which may correlate with the
lack of enhancement of GAP-43 expression (Sawai et al., 1996; Fournier et al, 1997).

(ii)

BDNF increases the intensity of B-III tubulin along developing and regenerating
axons, but does not affect its distribution

P-III tubulin was distributed along RGC axons and its distribution patterns in serum-free
chemically defined medium did not differ significantly from that in axons extending
from retinae cultured in BDNF, NT-4, NT3 or CNTF-conditioned medium. It is
however tempting to speculate that the increased intensity of P-III tubulin
immunoreaction product in developing adult and regenerating RGC axons exposed to
reflects their requirement for the tubulin during developmental growth and regrowth
following injury.

In vivo, following injury to RGC axons of the adult rat, mRNA and protein levels for
PH, p m and Tal-tubulin isotopes are differentially upregulated (Fournier et al.,
1997a,b Fournier & McKerracher, 1997). Despite the ability of BDNF to support the
survival of injured RGCs and enhance the outgrowth of RGC axons in vitro (Thanos et
al., 1989; Cohen et al., 1994; Bosco & Linden et al., 1999) studies by Fournier &
McKerracher (1997) demonstrated that in vivo, 5jng BDNF protein applied as a single
intraocular injection, did not significantly increase levels of mRNAs for PHI and T a ltubulin isoforms or other growth-associated tubulins expression of which accompanies
the regeneration of adult RGC axons. In the present study, the intensity of P-m tubulin
immunoreaction product was enhanced by BDNF treatment. It is possible that in vitro,
BDNF may induce and increase the transcription and the translation of P -im tubulin
that may subsequently be translocated along axons at a rate that differs from the in vivo
situation where a variety of inhibitory factors (reviewed in, Schwab, 1996) not present
in cultures, may counteract the signalling pathways that regulate P-HII tubulin
expression or synthesis.
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(iii)

BDNF increases the intensity and distribution of F-actin along regenerating
RGC axons and in their growth cones

BDNF rapidly induces the formation of lamellipodia, which has been suggested to be an
early event in the chemotactic response (Ming et al., 1997). Furthermore, neurotrophindependent changes in F-actin content have been reported in DRG growth cones (Paves
& Saarma, 1997). NGF-coated beads induce axons growing in vitro to produce multiple
filopodia and give branches, which grew towards and over the beads (Gallo &
Letoumeau, 1998). Cytochalasin D treatment (which causes F-actin depolymerisation;
Forscher & Smith, 1988) abolished the sprouting implicating NGF as having a role in
actin polymerisation and the subsequent protrusion of branches and filopodia.

In the present study, BDNF increased the intensity of F-actin immunoreaction product
in developing and adult RGC axons and in their growth cones. Actin assembly is
required for neurotrophin-induced axon outgrowth and branch formation (Paves &
Saarma, 1997; Gallo & Letoumeau, 1998) events that involve distinct subcellular
mechanisms (Yu et a., 1994; Letoumeau et al., 1986). Lateral protrusions emanating
from adult regenerating RGC axons increased in number when retinal explants were
cultured in BDNF-conditioned medium and were lost following trkB-IgG treatment. It
is therefore conceivable that the induction or modulation of F-actin containing branches
results from BDNF induced signalling via trkB receptors. In BDNF-treated cultures
aggregates of F-actin accumulated along regenerating axons suggesting its active
translocation; indeed local accumulations of F-actin are thought to be an early step in
growth cone steering (O’Connor & Bentley, 1993; Lin & Forscher, 1993).

It has been suggested that the accumulation of F-actin in the growth cone P-domain may
function as a regulated barrier to invasion by microtubules from the C-domain (Forscher
& Smith, 1988). However, specific interactions between microtubules and F-actin are
critical for growth cone remodelling and in particular for the formation and stabilisation
of new neurite branches (Letoumeau et al., 1996; Sabry et al., 1995; Lin & Forscher,
1993; Bentley & O’Connor, 1994). The interplay of microtubules and F-actin is likely
to involve MAPs that bind to and modulate actin filaments (Griffith & Pollard, 1982;
Ferhat et al., 1996) as well as microtubules (review, Mandelkow & Mandelkow, 1995).
BDNF increased the intensity of P-m tubulin immunofluorescence and the distribution
of P-m tubulin and F-actin in the growth cone C-domain and in axon protrusions. It is
tempting to speculate a role for BDNF in the formation and stabilisation of nascent
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retinal branches and/or strengthening the interaction between the tubulins of
microtubule, the subunits of actin within actin filaments, and MAPs, in developing and
adult regenerating RGC axons.

By manipulating intracellular levels of phosphoinositol (4,5) biphosphate (PIP2 ), a
minor phospholipid generated from phosphatidylinositol results in GAP-43-mediated
increase in actin dynamics in growth cones (Frey et al., 2000; Laux et al., 2000). In
relation to the present study, BDNF may not only act directly via specific signalling
cascades to influence cytoskeleton organisation, but may have an indirect and a
secondary role on actin assembly through the upregulation of GAP-43, which is known
to be upregulated in RGCs following injury to RGC axons (Fournier et al., 1997).

(iv)

TrkB-IgG treatment results in the loss of F-actin in the RGC growth cone
filopodia

Growth cone collapse is thought to be associated with actin and tubulin
depolymerisation (review, Gordon-Weeks & Mansfield, 1992). The general consensus
is that there is a net loss of actin during and following growth cone collapse which
results from the translocation (Fan et al., 1993) and coordinated rearrangement of Factin into discrete structures within the growth cone C-domain (Fournier et al., 2000).
Fan and co-workers (1993) and Fournier et al. (2000) demonstrated that an early
characteristic of growth cone collapse is the net loss of approximately 50% of F-actin in
the leading edge of neuronal growth cones following exposure to brain-derived
collapsing factor or Semaphorin 3A treatment respectively. In the present study, the loss
of actin from the growth cone P-domain following trkB-IgG treatment suggests that
trkB signalling may play a role in actin polymerisation and/or the stabilisation of F-actin
in growth cones at developing and regenerating RGC axons. The lack of F-actin
immunoreactive filopodia in trkB-IgG treated growth cones corresponds with the loss of
the peripheral F-actin reported by Fan et al. (1993) and by Fournier and coworkers
(2000).

Growth cone behaviour is subject to regulation by intracellular calcium (Kater & Mills,
1991; Davenport et al., 1996). Calcium influx is a major pathway by which growth cone
signalling can occur. Calcium influences cytoskeleton organisation through numerous
downstream effectors, including calcium dependent actin-binding proteins such as
gelsolin (review, Neely & Nichols, 1995), the Ras/MAP kinase cascade (Anderson et
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al., 1998) and small GTPases of the Ras superfamily (Finkbeiner & Greenberg, 1997;
Campbell et al., 1998). BDNF increases the influx of calcium (Shieh et al., 1998),
therefore BDNF may modulate the organisation of cytoskeletal elements independent of
trkB activation. However, as trkB-IgG receptor bodies caused collapse of RGC growth
cones it is tempting to speculate that a trkB-mediated signal is involved which perhaps
results in Ca2+ influx (Ghosh & Greenberg, 1996) which may act in concert with trkB
signalling cascades to modulate cytoskeleton organisation.

(v)

Similarities between the distribution of GAP-43. B- IQ tubulin and F-actin in
developing and adult regenerating RGC axons

GAP-43, P-m tubulin and F-actin were expressed in both developing and regenerating
RGC axons and/or in their growth cones. Developing growth cones tended to exhibit
larger GAP-43 immunoreactive lamellipodia than those at the tips of adult regenerating
axons. Along the length of adult regenerating axons, GAP-43 immunoreactive
protrusions were observed but were absent along developing axons Whether this
difference results from the stage of development (embryonic versus adult) remains to be
determined. The distribution of P-HI tubulin in developing and adult regenerating RGC
axons was very similar in serum-free chemically defined medium, p-m tubulin was
confined to RGC axons and extended a short distance into the C-domain of their growth
cones in serum-free chemically defined medium. In BDNF-conditioned medium, P-m
tubulin had a similar distribution pattern. F-actin was confined to growths cones at the
tips of developing and adult regenerating axons cultured in serum-free chemically
defined medium. In BDNF-conditioned medium, F-actin was distributed along
developing and regenerating RGC axons as well as in their growth cones. These
findings indicate that, in vitro, regenerating RGC axons express similar patterns of
GAP-43 (Meyer et al., 1994), P-tubulin (McKerracher et al., 1993; Fournier &
McKerracher, 1997) and F-actin (present study) to those expressed by developing
RGCs.

Thus, similar patterns of protein and cytoskeleton distribution seen during

development can be recreated during the regeneration/regrowth of adult RGC axons.

7.5

Summary

BDNF exerted a robust effect on several measures of growth cone size and complexity
and the intensity of GAP-3, P-EU tubulin and F-actin immunoreaction product in
developing and adult regenerating RGC axons in vitro. GAP-43 was distributed in
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axons, lamellipodia, and filopodia and p-III tubulin distributed along the length of
developing and adult regenerating axons and in the C-domain of their growth cones.
BDNF-treated developing RGC growth cones were larger and displayed increased
numbers of GAP-43 and microtubule containing branches. Although filopodia and
lamellipodia were lost from developing and adult RGC growth cones, following trkBIgG treatment and the intensity of the immunoreaction product of these molecules was
reduced, trkB-IgGs had no effect on the axonal distribution of P-III tubulin and GAP43. BDNF-treated growth cones displayed increased numbers of F-actin containing
filopodia and axonal protrusions. Although microtubules and F-actin domains tended to
remain separate in the growth cones cultured in serum-free chemically defined medium,
the compartments were not exclusive, P-III tubulin and F-actin interacted in the growth
cone C-domain and axonal protrusions of adult RGC axons more so under high
conditions of treatment with concentrations of BDNF. Filopodia and lamellipodia of
developing and adult RGC growth cones were lost following trkB-IgG treatment and Factin intensity reduced along RGC axons and in their growth cones. The collapse of
RGC growth cones appeared to correlate with the loss of F-actin as assessed by
immunohistochemistry. This suggests that in vitro, trkB signalling may be involved in
the maintenance and stabilisation of RGC axons, perhaps by influencing F-actin
polymerisation, stabilisation and distribution in developing and adult regenerating
axons.
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CHAPTER 8

General discussion
(i)

Brief overview of in vivo findings

The present study is one of very few accounts detailing the systematic distribution of
the neurotrophins and their trk receptors in the rat visual pathway during development
and in the adult, and is the only account to do so using immunocytochemistry and in situ
hybridisation. Furthermore this is the first study to report the subcellular localisation of
BDNF and trkB in the major retinorecipient centres, the SC and LGN.

The neurotrophins have been suggested to play a role in many aspects of visual system
development. The present findings concerning the patterns of distribution and
expression of BDNF and trkB protein and mRNAs in visual centres during the
development and postnatal refinement of the visual pathways (including key events
such as the innervation of visual centres and refinement of retinal projections) support
this conjecture (See Discussion, Chapter 3). It was found that whilst NT-3 and its high
affinity receptor trkC were restricted to a few neurons in the visual cortex during
postnatal development and in the adult and NT-4 was restricted to the visual cortex and
the SC, BDNF and its high affinity receptor trkB were widely distributed in many visual
centres during postnatal development and in the adult. In the LGN, BDNF protein was
not detected before birth but was present at PO and increased throughout the period of
postnatal development. The most abundant and highest level of BDNF protein was
present in the adult LGN. BDNF protein was associated with varicose fibres and
varicose profiles resembling boutons in the dLGN and vLGN but was not detected in
somata. TrkB mRNA-expressing neurons and immunoreactive cells were present in the
LGN during postnatal development and in the adult. Other visual centres containing
BDNF immunoreactive fibres, but non-immunoreactive somata, included the OPN, the
nucleus of the optic tract, the lateral posterior thalamic nucleus, the lateral and medial
terminal nuclei and the suprachiasmatic nucleus. A feature shared by these visual
centres was not only the absence of BDNF immunoreactive somata, and BDNF mRNAexpressing cells, but the presence of trkB mRNA-expressing cells and trkB
immunoreactive somata. The mismatch of BDNF immunoreactivity and mRNA
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expression in these visual centres strongly suggest the anterograde transport of BDNF
from the site of synthesis, RGCs in the retina. The implications of the anterograde
transport of BDNF from RGCs to their terminals in retinorecipient centres during the
period of development and in the adult are suggested below. Unlike the postnatal
developmental increase of BDNF observed in the LGN, the developmental pattern of
BDNF protein in the SC involved a postnatal increase in BDNF immunoreactive somata
in the retinorecipient layers of the SC from PO to P10. This was followed by a fall in
the number of BDNF immunoreactive neurons, but an increase in BDNF
immunoreactive axons.

Discordance in neurotrophin protein and neurotrophin mRNA expression was not found
in all visual centres. Neurons in the SC, parabigeminal nucleus, the dorsal cap of Kooy
and visual cortex contained BDNF and/or NT-4 protein and their corresponding
mRNAs. It is intriguing that in certain visual centres including layers II, V and VI of the
visual cortex and the dorsal cap of Kooy neurons seem to be involved in the synthesis of
synthesis of multiple neurotrophin proteins.

Caminos & Perez (1996) had previously commented on the expression of BDNF in the
presumptive RGCs in the adult rat. In an attempt to determine whether BDNFsynthesising RGCs might anterogradely transport BDNF to retinorecipient centres, in
situ hybridisation and immunocytological studies of embryonic, postnatal and adult
retina were performed (Chapter 4). In sections through the retina, BDNF mRNAexpressing cells were present in the GCL during postnatal development and in the adult.
Examination of wholemount retina probed with BDNF digoxigenin-labelled probes
revealed a subpopulation of BDNF mRNA-expressing cells whose distribution and
soma size correspond to type I and type II RGCs (Chapter 4). Interestingly, when
sections through the crushed or ligated were probed with anti-BDNF antibody (Santa
Cruz) BDNF immunoreaction product accumulated on the proximal side (retinal side)
of the crushed or li-gated optic nerve (Chapter 4). Anti-BDNF recognises precursor
BDNF forms and mature BDNF and provided support to the hypothesis that RGCs (the
only neurons in the retina to send axons into the optic nerve) synthesise and
anterogradely transport precursor BDNF (see Blochl & Thoenen, 1995, 1996) and
perhaps small quantities of mature BDNF protein to their terminals in some primary
visual centres, such as the LGN and OPN.
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To further examine this hypothesis, BDNF and trkB pre-embedding ultrastructural
studies of normal adult rat LGN, OPN and SC were performed (Chapter5). Endogenous
BDNF protein was distinctively located to R-boutons in the dLGN, vLGN-1, OPN, and
the retinorecipient layers of the SC. BDNF was also seen in some dendrites and axons
in these centres. The ultrastructural findings correlate with the LM findings, and are
consistent with both anterograde transport to target centres and also with trans-synaptic
passage of the protein as has previously been suggested to occur and described in
various CNS regions (von Bartheld 1996; Altar et al., 1997; Fawcett et al., 1998).

To reconfirm the RGC origin of the BDNF immunoreactive terminals in the primary
retinorecipient centres, unilateral eye enucleations were performed to induce the
degeneration of retinal afferents and their terminals. This method of R-bouton
elimination allowed for the correlation between their absence and the presence/lack of
BDNF immunoreactive terminals to be assessed. Examination of the dLGN, vLGN-1,
and OPN and SC 4 weeks after the unilateral eye enucleation revealed a gross depletion
of BDNF immunoreactive R-boutons. This confirmed that the BDNF immunoreactive
terminals in the normal primary visual centres originate predominantly from RGCs in
the contralateral retina. The localisation of trkB protein at the postsynaptic densities of
dendrites, in somata and trkB association with microtubules in the axoplasm of
dendrites and axons suggests that trkB receptor is actively synthesised by geniculate
neurons and trafficked along neuronal processes and concentrated at the postsynaptic
density. This selective distribution of BDNF and trkB (preterminal verses postsynaptic)
indicates the efficient interaction of the one with the other.

The EM finding demonstrated an excellent match between catalytic trkB and its ligand
BDNF, and is consistent with the functional and relatively local interactions between
endogenous BDNF and trkB in the primary retinorecipient centres of the adult rat.
Furthermore, BDNF protein in the dendrites and axons of retinorecipient cells that do
not express BDNF mRNA or display BDNF immunoreactive somata suggests
axodendritic transfer and the active transport of BDNF in the rat visual system. BDNF
protein and its subsequent interaction with trkB immunoreactive somata may therefore
be important in the normal functioning and processing of information in the adult
primary visual pathway.
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The localisation of BDNF and trkB in neuropil and somata to various visual centres
throughout development appeared to correlate with the periods when several important
regulated developmental events take place, which may be influenced by BDNF—trkB
signalling. The wide distribution of BDNF immunoreactive neuropil and BDNF and
trkB immunoreactive somata and/or neuropil in the pretectal nuclei, the accessory and
associated visual centres during development, and in the adult, indicates that BDNF is
not only located to the primary visual pathway, but also to various associated visual
centres. BDNF transport and trkB signalling may therefore be important for
maintenance of the differentiated characteristics of the visual pathway and the relay of
visual information from one visual centre to another and in various pathways that
govern visual reflexes.

(ii)

Roles of the neurotrophins in the primary visual pathway of the rat

The neurotrophins have far reaching effects on cell function, which are mediated partly
by their trk receptors. The possible roles of the neurotrophins have been examined in
several systems. Initially thought to have a major role in neuronal survival during the
development of select populations of CNS and PNS neurons, more recent data have
implicated the neurotrophins, especially BDNF, in a variety of roles both during
development and in the adult brain. In addition to their well-described survival
promoting activity (Clarke et al., 1993; Mansour-Robaey et al., 1994; Cui & Harvey,
1994; 1995), the neurotrophins regulate several differentiated traits of neurons
throughout life. In some instance, neurotrophins promote axon growth and branching
(Montalcini, 1964; Maisonpierre et al., 1990; Cohen-Cory & Fraser, 1995; McAllister et
al., 1997). They influence the patterning and stability of synaptic contacts and
projections (Cabelli et al., 995; Wang et al., 1995; Garofalo et a., 1992; Causing et al.,
1997; Isenmann et al., 1999) and influence the expression of phenotypic markers (Nawa
et al., 1996; Cellerino et al., 1998). Neurotrophins also act as synaptic modulators
(Bothwell, 1995; Lessmann, 1998; Sherwood & Lo, 1999; Suen et al., 1999; Bolton et
al., 2000) and modulate activity-dependent plasticity (Maffei et al., 1992 Cabelli et al.,
1997). Furthermore, neurotrophin-activated signalling pathways can mediate neuronal
adaptation in part by modifying existing proteins and/or by activating transcription
factors that regulate new gene expression (Staton & Sarvey, 1984; Bamea et al., 1996;
Takeuchi et al., 2000). The timing and expression patterns of the neurotrophins and
their receptors in the rat visual system overlaps, and is well situated to participate in
many of the events detailed above.
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(iii)

Physiological roles of BDNF in retinorecipient centres

The role of trkB ligands in the postsynaptic modulation of excitatory neurotransmission
in the visual pathway is suggested by the presence of trkB immunoreactivity at the
postsynaptic densities of dendrites emanating from presumptive projection neurons
and/or intrageniculate intemeurons. Retinorecipient neurons are the targets of
predominantly glutamatergic retinal terminals (Lo & Sherman, 1989; Godwin et al
1996; Mize & Butler, 1996) and interact with NMD A and non-NMDA receptors (Sillito
et al., 1990; Kowa et al., 1990) in the superficial gray and upper optic layers of the SC
(Mize & Butler, 2000). TrkB and BDNF have also been identified at postsynaptic
densities of cortical neurons (Wu et al., 1996; Aoki et al., 2000), which provide further
support to the idea of the postsynaptic actions of BDNF in the adult brain, moreover in
the rat visual system. TrkB activation has been shown to enhance synaptic activity
through postsynaptic phosphorylation mechanisms (Levine et al, 1995, 1996; Lin et al.,
1999). Physiological studies have also demonstrated that BDNF can induce some of the
most rapid and potent depolarisation of CNS neurons through postsynaptic activation of
trkB receptor-sodium channel linked signalling (Kafitz et al., 1999). BDNF has also
been shown to increase the neuronal response to glutamate (Glazner & Mattson, 2000)
by the BDNF-mediated trk—MAPK pathway (Jovanovic et al., 2000).

In the LGN, OPN and SC, BDNF localised to glutamatergic R-boutons may contribute
in the regulation through feed-forward interactions by enhancing glutamate mobilisation
and release (Jovanovic et al., 2000) and synaptic physiology (Greengard 1993; Kafitz et
al., 1999) through trkB (Kafitz et al., 1999) mGluR and NMDA receptor activation.
Indeed, activation of mGluR receptors on projection cells in the LGN has been shown to
produce a membrane depolarisation causing a change in response firing (Godwin et al.,
1996).

It appears that BDNF alone or the co-release of glutamate and BDNF and the
subsequent interaction with their receptors may play important regulatory roles in preor post-synaptic physiology, and be responsible for various physiological effects
underlying the normal function and processing of visual information in the primary
visual pathway.
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With the distribution and patterns of expression of the neurotrophins in the rat visual
pathway and their varied roles during CNS development and in adulthood identified, an
attempt was made to try and answer questions about the roles of BDNF, the other
neurotrophins and CNTF in visual system, during development and regeneration, in
vitro.

(iv)

Brief overview of in vitro findings

Several studies examining the roles of the neurotrophins have utilised dissociated RGC
cultures. It is therefore important to re-examine their roles in an in vitro system that is
easily manipulated and more representative of the in vivo situation, hence the use in
these studies of retinal explants rather than cell cultures

BDNF and NT-4 enhance the survival and outgrowth of dissociated embryonic RGC
neurites (Meyer-Franke et al, 1995). In the present study, BDNF and NT-4 but not NT-3
or CNTF significantly enhanced the outgrowth of both early embryonic and adult
regenerating RGC axons from retinal explants in vitro. The outgrowth promoting effects
of BDNF and NT-4 treatment on E l 5 RGC axons was transient. The transient growth
time frame was not enhanced by combinations and/or increased concentrations of the
neurotrophins and CNTF (Chapter 6). The period when RGC outgrowth from E l 5
retina appeared not to respond to increased concentrations and/or cocktails of
neurotrophin protein (~6 onwards DIV equivalent to E20 onwards, in vivo) overlapped
with the lack of RGC outgrowth from older E19 and E20 retinal explants. At this time
in vivo RGCs have established contact with their target cells in the brain and have
entered the phase of naturally occurring cell death when axons compete for limited
amounts of target derived proteins.

This suggests a time frame of BDNF and NT-4 action on RGC outgrowth and perhaps
the dependence on other target-derived factors for their continued maintenance or for
other roles. In line with the study of Cohen et al. (1994) BDNF and NT-4 significantly
enhanced the outgrowth of regenerating axons from adult retinal explants. However
they appeared to have a more subtle effect on axon outgrowth, in that the growthpromoting effects of BDNF and NT-4 appeared continuous throughout the incubation
period. For the first time it was demonstrated that eliminating trkB ligands by adding
trkB-IgG receptor bodies to embryonic and adult retinal explant cultures arrested axon
outgrowth and caused growth cone collapse, and axon and growth cone degeneration
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(Chapter 6). This finding supports the view that BDNF and NT-4 (via trkB signalling)
are able to enhance RGC axon outgrowth. Moreover, the data described here provide
support for the role of trkB in the enhanced outgrowth response of RGC axons to BDNF
and NT-4.

As BDNF and NT-4 treatment increased the outgrowth of RGC axons, this suggested
that some developmentally regulated proteins such as GAP-43 and cytoskeletal
elements that are associated with outgrowth or elongation (tubulin & F-actin) may be
influenced by these neurotrophins. BDNF exerted a robust effect on several measures of
growth cone size and complexity and appeared to increase the intensity of GAP-3, P-m
tubulin and F-actin immunoreaction product in developing and adult regenerating RGC
axons (Chapter 7). BDNF appeared to increase the intensity of GAP-43 along
developing and adult regenerating RGC axons, lamellipodia, and filopodia. P-m tubulin
was confined to developing and adult regenerating RGCs axons and in the C-domain of
RGC growth cones. BDNF treated growth cones were larger and displayed increased
numbers of microtubules in branches. Although filopodia and lamellipodia were lost
following brief trkB-IgG treatment and the intensity of the immunoreactivity of these
molecules were reduced, trkB-IgGs had no effect on the distribution and localisation of

P -m tubulin in developing or adult regenerating axons. In the absence of BDNF and
NT-4, microtubule and F-actin domains tended to remain separate in the growth cone,
F-actin in the P-domain and P-m tubulin in the axon and C-domain. However, these
cytoskeletal elements seemed to interact under high concentrations (50-100ng/ml) of
BDNF. BDNF-treated growth cones displayed increased numbers of F-actin based
filopodia and axon protrusions. BDNF increased the intensity and F-actin in the C- and
P-domain of growth cones in a dose-dependent manner. Filopodia and lamellipodia
were lost following trkB-IgG treatment and F-actin intensity was reduced along RGC
axons and also in their growth cones. The collapse of RGC growth cone appeared to
correlate with the loss of F-actin. This suggested that in vitro, trkB signalling might be
involved in the maintenance and stabilisation of RGC axons perhaps influencing F-actin
polymerisation, stabilisation and distribution in growing and regenerating axons as well
as influencing some aspect of the synthesis of P-m tubulin or its transport along axons.

(v)

Concluding remarks

In specific neuronal populations the expression of some neurotrophins changed during
development, presumably reflecting the changing trophic requirements of local or
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afferent dependent populations as the brain matures. The data support the concept that
neurotrophins may act locally, or may be transported from sites of synthesis to distant
sites of action. The long distance anterograde transport of neurotrophins in the rat visual
pathway is consistent with the trafficking of neurotrophins in other brain centres, where
they may maintain the differentiated phenotypes of mature neurons, influence synaptic
physiology and/or gene expression and/or protein synthesis. The role of BDNF in the
regulation of protein synthesis and organisation of cytoskeletal elements is suggested by
the increased intensity of GAP-43, P-III tubulin and F-actin in RGC axons and the
overlap of P-m tubulin and F-actin in the C-domain of RGC growth cones in vitro.

Although the present study has added to some aspects of our knowledge of the
localisation and distribution of BDNF and hypothesised at its possible roles in the
primary visual pathway, there is still a considerable amount of work to be done before
we can understand the full and exact functional roles of BDNF and other neurotrophins
in the visual pathway. For the future, identifying the expression of other regulatory
molecules that may be expressed in R-boutons in discrete areas of retinorecipient
centres maybe important. For example Substance P, has been identified in retinal
terminals in the most external portion of the lateral division of the rabbit LGN (Brecha
et al., 1987) and also in the corresponding regions of rat and hamster LGN (Campbell,
Bhide & Lieberman, unpublished). This region, interestingly, corresponds with the
region of strongly BDNF immunorective neuropil in the rat observed in the present
study. It would also be interesting to determine whether BDNF, which is expressed in
retinorecipient centres during RGC innervation, has a role regulating the switch from
growth cone to axon arbor (i.e. from elongation to arborisation mode) and also to
determine which specific genes are activated by exposure to neurotrophins.

Greater strides in increasing our knowledge and understanding of the functions of the
neurotrophins seem to have developed from physiological techniques. Such studies in
combination with other studies differentiating the precise signalling pathways activated
by the neurotrophins may provide greater insight into some of the hypothesised roles of
the neurotrophins described in this thesis.
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