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Abstract
The discovery in 1954 of the Nerve Growth Factor
(NGF), brought to light the existence of an entirely
new class of endogenous proteins with similar
structure and functions identified as “Neurotrophins”.
In the present chapter, I include a broad presentation
of the structure of the different members of
neurotrophins and their receptors. Their important
roles in survival, neuronal differentiation and cell
death will be also analyzed. Moreover, I will discuss
the mechanisms of function and the open possibility of
clinical utilization in the nervous system.
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Introduction
The existence of a humoral factor released by peripheral tissues and
responsible for the growth and differentiation of innervating cells received
supports from experiments performed in 1951 by Rita Levi-Montalcini. The
identification of this humoral factor was confirmed by resorting to an in vitro
transplantation of sensory and sympathetic ganglia of 8 days old chick embryo
transplanted in proximity to fragments of mouse tumor sarcoma. The results
provided dramatic evidence that the neoplastic tissues released nerve growth
promoting activity, similar, but thousands of times higher than that released by
normal tissues. The tumoral agent was identified in 1951 as a protein molecule
and has been known, ever since 1954 as Nerve Growth Factor (NGF). The
isolation of NGF was a milestone in the study of growth factors and in turn,
motivated searches for additional neurotrophic factors.
Neurotrophins are an important class of neurotrophic factors, but they are
by no means the only ones that play important roles. Thus the glial cell linederived neurotrophic factor (GDNF) family has turned out to be crucially
important in neuronal development and maintenance as well as the ciliary
neurotrophic factor (CNTF) family. Since the first member of the family was
discovered by its ability to promote neuronal survival the name of
“neurotrophic factor” was acquired. However, all neurotrophic factors also
regulate important processes in the non-neuronal cells that are essential for the
development and function of the organisms. The multiple functions of
neurotrophic factors in different tissues provide an interesting example of how
an organism uses the same biologically active factors for several purposes.
Many other growth factors, mainly known for their non neuronal activities
(e.g. some fibroblast growth factors, insuline-like growth factors) have some
trophic effects on selected neuronal populations, but are not called
neurotrophic factors.
Despite the rapid discovery of numerous additional neurotrophic factors,
the role of trophic factors in the evolution of the nervous system remained a
much-neglected curiosity. The moving force in elucidating major aspects of
the molecular evolution of neurotrophins and Trk receptors in vertebrates has
provided the evidence of gene duplication events. New copies of neurotrophins
and Trk receptor genes and eventually entire new gene families allowed for
evolution of divergence and novel functions. The apparent lack of
neurotrophin genes in flies and nematodes suggest that neurotrophins may be
required for the evolution of complex brains, however, significant data indicate
that not only vertebrate brains, but also invertebrate nervous systems utilize
neurotrophic factors, some of which remain to be identified [1].
Recent evidence indicates that naturally occurring neuronal death in
mammals is regulated by the interplay between receptor-mediated pro-survival
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and pro-apoptotic signals. The neurotrophins, for their positive effects on
neuronal biology, have now been shown to mediate both positive and negative
survival signals, through the Trk and p75 neurotrophin receptors, respectively.
The mechanisms whereby these two neurotrophin receptors interact to
determine neuronal survival have been difficult to identify, mainly because
both can signal independently or coincidentally, depending upon the cell or
developmental context.
The similarity between molecular components of immune system
development and trophic factor systems provides a new perspective in the
attempt to understand the origins of these gene families and how they may
have adapted to fulfil regulatory needs in neuronal development and evolution.
Moreover, the use of transgenic animal models, have demonstrated the
importance of these molecules in the brain; thus these molecules have been
implicated in many neuronal functions such as cell survival, differentiation,
dendritic arborisation, synapse formation, plasticity, axonal growth and axonal
guidance. The broad functional implications in the nervous system have
included these molecules to be very promising drugs for the potential treatment
of Parkinson´s disease, Alzheimer´s disease and several motoneuronal
disorders.

The family of neurotrophins and their receptors
Neurotrophins are polypeptide molecules that regulate the survival,
development and maintenance of specific functions in different populations of
nervous cells. This family includes four closely related factors: nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3)
and neurotrophins-4/5 (NT4/5) [2-4]. These four factors share more than 30%
sequence homology and are relatively well conserved in all mammals. The
most recently discovered neurotrophin is NT-6 whose receptor remains to be
defined, although there is evidence for NT-6 binding to proteoglycans on the
cell surface and/or to extracellular matrix molecules [5].
Neurotrophins exert their biological activities by activation of two
unrelated types of transmembrane receptors. The first type is the low-affinity
NGF receptor, also known as low-affinity neurotrophin receptor (LANR,
p75NGFR) which binds neurotrophins with varying affinities and does not
possess intrinsic tyrosine kinase activity [6]. The second type of receptors has
specificity for the binding of individual neurotrophins and is conferred by the
Trk family of tyrosine kinases known as TrkA, TrkB, TrkC. The human Trk
proto-oncogene product gp140, encodes a glycoprotein designated TrkA [7],
which is the functional high-affinity NGF receptor [8]. It is also known that
TrkA is a receptor for NT-3 and NT-4/5 [9]. TrkB is the high-affinity receptor
for BDNF [10], NT-3 and NT-4/5 [11]. TrkC is the high-affinity receptor only
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for NT-3 [12]. Each of these Trk genes is transcribed into multiple mRNAs. In
addition to proteins that display variants in their kinase domains, TrkB and
TrkC receptors (but not TrkA) also exist as truncated proteins which lack
intracellular kinase domains. The presence of truncated receptors suggests that
there might be mechanisms to restrict the distribution and limit the diffusion of
the neurotrophins among other functions [13]. The neurotrophins exist
naturally as homodimers (and possibly heterodimers) and, as with ligands for
other receptor tyrosine kinases, activate signal transduction by inducing
dimerization and auto-phosphorylation of the appropriate Trk receptors [14].
The consequence of the co-expression of both high and low affinity
receptors has been proposed to be as follows. The co-expression of p75 with
Trk family could increase the affinity of the binding of the neurotrophin for
receptors when competing for limited amounts of trophic factors, participate in
the internalisation of ligands after binding, participate in the transport of NGF
intracellularly during retrograde transport and possibly discriminate between
different, but closely related neurotrophic factors [15]. Several other roles for
p75 have been postulated. These include an involvement in apoptosis [16] and
specific signalling mechanism for the neurotrophins. NGF in particular has a
signalling mechanism, through the p75 receptor, to stimulate the formation of
ceramide, which is a potential mediator involved in cell growth,
differentiation, programmed cell death and protein phosphorylation [17]. The
spectrum of neurotrophic factors, their receptors, their localization, their direct
and indirect effects on the cells, and the timing of their expression generate a
large variety of combinations in space and time. This potential number of
effects may be compared with the highly specific and punctual actions required
for the formation and maintenance of a complicated structure like the retina.
The types of responses that could arise from the interaction of neurotrophins
and their receptors are potentially enormous and how they relate to the overall
function of the retina remains to be elucidated.
The earlier view that TrkA is a high-affinity receptor and p75 is a lowaffinity receptor has changed. A few years ago the p75 receptor for
neurotrophins were considered to be only a ligand-binding component,
delivering the ligands to the signalling receptor tyrosine kinases. Recent
evidences suggest that this receptor, although also functioning as coreceptors,
can mediate signals to cells independently of their receptor tyrosine kinases.
However, the sub-cellular localization of Trk and p75 receptors on the plasma
membrane is still poorly documented. In addition, how the neurotrophic factors
that bind the receptors at synaptic terminals affect biochemical and
transcriptional responses at the neuronal soma are poorly understood. The most
important functional attribute for the neurotrophic factors is their ability to
actively promote neuronal survival regulating the proper number of neurons
during a specific developmental period. Recently, neuronal apoptosis has been
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found to be regulated by two different pathways: survival is promoted by
trophic factors (neurotrophins) and active killing is executed by the death
receptor (p75). Another very interesting aspect of neurotrofins are its capacity
to regulate neurite growth and branching, pathfinding, synaptogenesis and
synaptic plasticity.
During the recent years, a number of groups have begun to use cloning and
protein purification approaches in the hope to identify novel ligands that bind
and activate p75 with greater efficacy that the neurotrophins. Lee et al.
reported in 2001 to have found these elusive molecules, the proneurotrophins
as a novel hight-affinity ligand for p75 [18]. The neurotrophins, like many
other growth factors, are synthesized as immature precursors that are
protoelytically cleaved intracellularly. Probably owing to their supposedly
transient existence, neurotrophin prodomains have been proposed to function
only in promotion of protein folding and regulation of neurotrophin secretion.
The first demonstrated significant levels of pro-NGF and pro-BDNF in various
tissues extracts and cell-line supernatants, and showed that the heterogeneous
mixture of unprocessed forms can be cleaved by extracellular proteases
(including plasmin and several matrix metalloproteinases) to yield enough proNGF for biochemical analysis. The discovery of Lee et al. [18] brings proteolitic

Figure 1. Neurotrophins and their receptors: Trk and p75 receptors. Neurotrophins are
dimmers that bind with equal affinity to p75 and preferentially to specific Trk
receptors. Neurotrophins are synthesized as pro-proteins that bind exclusively to p75.
Trk receptors are prototypical receptor tyrosine kinases that dimerize and become active
upon neurotrophin ligand binding p75 belongs to the TNF receptor superfamilly (From
[15]).
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processing to centre stage in regulation of neurotrophin function, suggesting
that regulation of the synthesis and localization of specific proteases could play
a major role in the control of neurotrophin activity. This could be true not only
during development, but also in nerve injury and synaptic plasticity responses
in the adult. Both pro-NGF and pro-BDNF are present in large amounts in the
brain [19] and p75 expression and function has been associated with a number
of disease-states, including stress and inflammation conditions that are also
known to regulate the activity of several proteases [20].

Neurotrophin functions
Originally, it was thought that neurotrophins were released from target
cells as signals for appropriate connections to take place in the development of
the peripheral and central nervous system [21]. The mass of recent studies on
neurotrophic factors has made it necessary to revise this view. It is now
generally accepted that neurons might derive trophic support not only from
innervated cells, but also from afferent neurons, axon ensheathing glial cells,
or even from within themselves (autocrine mechanism). The co-expression of
neurotrophins and their receptors in neurons of the central nervous system
have been demonstrated [22]. Any given neurotrophic factor may affect many
neuronal types and any given neuronal type may be influenced by more than
one type of neurotrophic factor [23]. In addition more than one factor can
reside in a given cell-type and a single factor can be present in multiple
compartments; within any given cell-type the expression of trophic factors
might change, depending on the developmental or pathological state. This
multi-compartmental distribution provides the template for the hypothesis that
multiple factors, administered concomitantly, might provide optimal
neurotrophic support for compromised neurons. The biological functions
proposed for neurotrophins within the peripheral nervous system and the
central nervous system are extensive and have been reviewed [24].

Role of neurotrophins in synapse formation
Neurotrophins could increase the number of synapses by promoting axonal
branching and by directly inducing synapse formation. Neurotrophin release
from neurons might be regulated by astrocyte-derived factors such as activitydependent neurotrophic factor. The neurotrophins have been shown to affect
dendritic and axonal growth, efficacy of synaptic transmission, maturation of
synaptic contacts, density of synaptic innervation, and development of ocular
dominance columns in the visual cortex [25]. It has been shown that synaptic
density is increased 2.5 fold in the superior cervical ganglion of transgenic
mice overexpressing BDNF and is decreased in BDNF knockout mice [26].
Mice lacking TrkB and TrkC also show decreased density of synapses. Each
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neurotrophin has a specific effect: in cultured hippocampal neurons it has been
found that BDNF induced the formation of both excitatory and inhibitory
synapses, whereas NT-3 induced the formation of only excitatory synapses
[27]. The effect of neurotrophins on synapse may reflect not only the
production of new synapses, but the stabilization of existing ones. It has been
found that axon terminals of TrkB and TrkC deficient mice have decreased
density of synaptic vesicles and a dramatic and specific downregulation of the
presynaptic proteins. This, points to a role for neurotrophins in the
development and maturation of the synaptic structure by regulating the levels
of some presynaptic proteins [28].
After establishing that neurotrophins affect the number and the stability
of synapses, it must be established that these are functional synapses,
according to the electrophysiological criterion. The first direct evidence that
the presence of neurotrophins was required for formation of functional
synapses was shown in Lymnae neurons [29]. It was shown that when
juxtaposed in cell culture, excitatory synapse formation between a variety of
presynaptic and postsynaptic neurons depends on extrinsic trophic factors,
and that the effect was mediated by receptor tyrosine kinases, leaving not
doubt that the neurotrophins are involved, although specific neurotrophins
were not identified. At central glutamatergic synapses, BDNF promotes the
transition of immature, electrically “silent” synapses into mature synapses
[30]. The precise mechanisms of neurotrophin actions are being elucidated.
The formation of the synapse is a complicated process with multiple
possibilities for regulation at the biochemical and topographical levels. One
of the points to be clarified is the precise location of the neurotrophin effect.
The clustering of neurotransmitter containing vesicles at the presynaptic side
of the synapse occurs during synapse formation [31]. BDNF might also
activate synaptic vesicle mobilization from a reserve pool to a docked pool,
possibly through the BDNF-mediated regulation of synapsin 1
phosphorylation. It seems that the action of neurotrophins can be both at the
presynaptic or postsynaptic sides of the synapse, since there is experimental
evidence for both views. The effect of electrical activity on synaptogenesis is
complex. According to the classic Hebb´s Rule, excitory synapses that
successfully stimulate a postsynaptic neuron, or are active when the
postsynaptic neuron is depolarized are selectively stabilized. However, it has
been shown that neurotrophins can promote the development of excitatory
and inhibitory synapses in the presence of tetrodotoxin (which blodcks
voltage-gated Na+ channels) indicating that neurotrophins do not require
action potential invasion of the presynaptic terminal to promote the
maturation of the synapses [32].
In the absence of neurotrophins, embryonic day 16 (E16) hippocampal
neurons can develop to generate action potentials, postsynaptic responses to
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glutamate and synaptic structures, although most of the synapses are
functionally silent. However, BDNF and NT3 increase the probability of
neurotransmitter release at the presynaptic terminal and promote the
establishment of functional synapses. The presence of presynaptically silent
synapses has also been observed in other neuronal systems. In hippocampal
cell cultures from E16 embryos, BDNF and NT3 produced three- and two-fold
increases in the number of docked vesicles, respectively. Neurotrophins also
produced significant increases in the thickness of the postsynaptic membrane
of cultured E16 hippocampal neurons. Electron micrographs showed decreased
number of synaptic vesicles and reduced thickness of postsynaptic membranes
in hippocampal synapses from Trkb-/- and Trkc-/- mice. Moreover, NT3
increases dendritic length and branching in cultured hippocampal GABA
neurons, and BDNF also promotes axonal growth and branching. BDNF, but
not NT3, promotes the formation of functional inhibitory synapses between
E16 cultured hippocampal neurons [33].

Retrograde transport of neurotrophins
The original neurotrophin hypothesis for neurodegeneration points to
many steps in neurotrophin signalling that could contribute to it. A good
understanding of neurotrophin signalling pathways have provided important
insights in relation to their importance in the maintenance of neurons. The
knowledge of the NGF signalling pathway and the alterations in the NGF
retrograde neuronal transport have been pointed out as causes that could
affect the cell survival.
NGF is produced in a number of different neurons, in the peripheran
nervous system but also in the central nervous system. Following release,
NGF diffuses to presynaptic axon terminals of neurons such as the
cholinergic neurons where it binds its receptor TrkA, inducing its
dimerization and autophosphorylation, and the formation of an extended
complex of proteins involved in signalling pathways. Pathways affected
include the Ras-Mitogen-activated protein Kinase (Ras-MPK) and
phosphatidylinositol 3-Kinase (PI-3 Kinase) pathways and the
phospholipase-C-y (PLC-y pathway). These complexes are then internalized
in part by clathrin coated membranes and then moved to early endosomes
that are then retrograde transported from axons to the cell body throught
dynein-microtubule based mechanism, in which TrkA is linked directly to
the motor through the dynein intermediate chain. When the signalling
endosome reaches the cell body, the signal is communicated to the cytoplasm
and the nucleus where it is triggers gene expression. The signalling complex
is then degraded in the lysosome. The model proposed for NGF may well
apply for other neurotrophins.
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The most robust theme that emerges from the possibility that failed axonal
transport of neurotrophin signals is a common property of degenerating
neurons. Although this analysis points to failed neurotrophin signalling being
downstream from the primary pathogenic even and being only one
manifestation of neurodegenerative diseases, the disruption of neurotrophin
signalling would, nevertheless, assume considerable importance both for
understanding and treating some disorders [34]. However this is not the case
for some diseases like glaucoma. Several years ago, it was postulated that the
defect in the retrograde transport of BDNF from the brain to the retinal
ganglion cell body located in the eye could be the reason for the degeneration
and death of these cells in glaucoma [35]. However, many evidences had now
driven the conclusion that this is not the case, since BDNF is also locally
synthesised in the retina, the retinal ganglion cells and their neighbours the
amacrine cells produce BDNF, these neurons can survive in absence of
additional BDNF from the brain and are able to express it in culture [36, 37]
(Fig. 2).
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Figure 2. Distribution of BDNF in porcine retina in vivo (A and B) and in vitro (C).
(A) retina section labelled with DAPI in order to visualize the different layers of the
retina. (B) is a immunostaining with antibodies against BDNF. Note that the retinal
ganglion cells and amacrine cells express BDNF. (C) is a 5 days adult retinal culture in
which the retinal ganglion cells as well as amacrine cells express BDNF. RGC: Retinal
ganglion cell layer; IPL: Inner plexiform layer; INL: Inner nuclear layer; OPL: Outer
plexiform layer; ONL: Outer nuclear layer. Scale for all pictures 100 micrometres.
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Anti-apoptotic action of neurotrophins
Apoptosis was initially described as a morphologically distinctive form of
cell death in the developing nervous system. Further studies suggested that
neurons, like any other differentiated cells, require the presence of survival
factors to suppress the intrinsic cell death machinery and thereby avoid apoptosis
[38]. The regulation of apoptosis by survival factors is therefore critical for
normal development an proper functioning of the nervous system. In addition,
apoptotic-like death was described in injured neurons following such insults as
β-amyloid exposure, excitotoxicity, DNA damage, or oxidative stress [39, 40].
These observations implicated apoptosis as an important element of several
major neurological diseases booting the interest in identifying both anti- and proapoptotic signal transduction pathways in neurons.
Neurotrophins promote survival and suppress apoptosis in many
populations of neurons. It has been suggest that the major pathways
transducing the antiapoptotic effects of neurotrophins are phosphatidylinositol3kinase (PI-3K) and Erk1/ 2. The nature of the apoptotic stimulus seems to be
a critical determinant of pathway preference. Thus, it appears that in most
cases of trophic deprivation, PI-3K is the main player, whereas Erk1/ 2
dominates as a major neuroprotective mechanism in damaged cells.
In addition to Erk1/2 and PI-3K pathways, there are many more signalling
circuits regulated by neurotrophins such as phospholipase Cγ (PLCγ), small
GTPases ras and rho, protein kinase C, p38, Erk5, Jnk, transcription factor
NFκ and
tyrosine phosphatase Shp. Some of then including PLCγ,
proteinkinase C or protein Kinase p38, a relative of Erk1/2 were implicated in
survival responses to such stimuli as NGF, serum Phorbol esters or membrane
depolarization. One should also emphasize that although the p75 receptor for
neurtrophins is generally considered to be pro-apoptotic, it can activate a
protective transcription factor NFκ. The main challenge in the field is to learn
how these pathways protect neurons. This knowledge may lead to new
strategies for effective neuroprotection in diseases. For example, a substrate for
PI-3K is an emerging candidate drug target for neuroprotection since it
mediates the suppression of apoptosis [41].

Neurotrophins regulating neuronal apoptosis
As we have previously mentioned, neurotrophins mediate the survival,
differentiation, growth and apoptosis of neurons by binding to two types of cell
surface receptors, the Trk and p75 neurotrophin receptor. These receptors, often
present on the same cell, coordinate and modulate the responses of neurons to
neurotrophins. The functions of the neurotrophin receptors vary markedly, from
sculpting the developing nervous system to regulation of the survival and
regeneration of injured neurons. While Trk receptors largely transmit positive
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signals that promote neuronal survival, p75 transmits both positive and negative
signals and, in particular, can cause neuronal apoptosis.
Since it is known that p75 could mediate neural cell line apoptosis, this has
been extended to a large number of primary neural cells in culture. A number of
studies indicate that this proapoptotic function is essential for rapid and
appropriate apoptosis during developmental cell death. In particular, apoptosis is
significantly reduced in certain neuronal populations in mice lacking p75 or its
neurotrophin ligands. The proapoptotic function of p75 has also been implicated
in injury-induced apoptosis. The first study to support this idea, involved the
neuron-specific expression of the p75 intracellular domain, which led to the
death of the injured facial motor neurons in transgenic mice. Although p75
mechanisms of apoptosis have been associated to Trk receptors, a number of
studies indicate that p75 can also signal apoptosis in a Trk-independent fashion.
For example, p75 activation caused apoptosis when sympathetic neurons were
maintained in KCl, when sensory neurons were maintained in ciliary
neurotrophic factor, and when Schwann cells were maintained in insulin-like
growth factor plus nurteulin, all Trk-independent survival signals.
Recent surprising findings have demonstrated that for at least some
developing neurons, p75 mediates a constitutive death signal, and that one of
the primary ways that Trk receptors mediate neuronal survival is by silencing
this constitutive signal. This conclusion derives from studies showing that p75
is essential for apoptosis of some cells following growth factor withdrawal (for
review see [42]).

Prespectives
Neurotrophins mediate many different functions during the development
of the nervous system and adulthood. Moreover, they have been implicated in
many human pathologies, such as depression, eating disorders, Huntington´s,
Parkinson´s, and Alzheirme´s diseases. Future studies should attempt to
address the function of neurotrophins in different neuronal populations in order
to elucidate their function in human pathologies. The words that Rita LeviMontalcini mentioned in her Nobel Lecture in 1986 are still very actual “I am
sure that the efforts will certainly foster the search for further and deeper
understanding of the functions and pathophysiological significance not only of
NGF, but also of other neurotrophic factors, and thus proceed beyond the tip
of the iceberg that has only been touched so far”.
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