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The conservation of neurotrophic factors during
vertebrate evolution
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Neurotrophic factors are a family of extracellular ligands that affect the ditferentiation, sunival (by
inbibition of apoptosis) and maintenance of function of neuronal cells in vertebrales. The family
includes nerve growth factor (NGF), brain-4erivecl neurotrophic factor (BDNF), neurotropbin-3
(NT-3) and neurotrophin-4/5 (NT-4/5). The survival specificities of NGF and BDNF for different
classes of chick neurons are maintained from the fish to the mammalian proteios, implying a conserved
interaction with neuronal cell surface receptors (of the Trk family). However, tbe quantitative eft'eet
of a fish neurotrophin can differ significandy from that of the mammalian orthologue.
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Neurotrophins and their

Recept~rs

The development of the verlebrate nervous system is regulated by both intrinsic and extrinsic
signals. Around the time of target field innervation, substantial numbers of poslmitotic neurons (approximately 40--60°/o) are eliminated-a
phenomenon known as naturally occurring cell
death. Surgical manipulation of target tissue
influences this nerve cell dcath: removal of the
target reduces the number of surviving neurons
withoul affecting the numbers of neurons initially generated; convcrsely, grafting extra
target lissue enhances neuronal survival. Thus
neuronal cell death is not simply the consequence of an intrinsic genetic programme of the
neurons themselves, but rather depends on
cell--cell interactions". The function of limited
neuronal survival is thought to adjusl the nurober of neurons to the requirements of their
targel fields (reviewed by Oppenheim, 1991 ).
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The occurrence of dying cells has been noted
as a general feature of normal embryonal development in vertebrales (Ernst, 1926). One view is
that a cell not only needs a signal from another
cell to proliferate, but also a signal for survival
(Raff, 1992). The finding that neuronal cell
death or apoptosis can be prevented by inhibition of RNA or protein synthesis (Martin
et al., 1988; Scott and Davies, 1990) suggests
that it depends on the activation of a programme of gene expression in dying cells. Thus,
naturally occurring neuronal cell death seems to
be a suicide programme "induced" by the reduced availability of a factor required for cell
survival. Neurotrophic factors-a family of
structurally closely related proteins released by
target cells in limited amounts-provide trophic
support for which neurons must ucompete" in
order to survive (reviewed by Levi-Montalcini,
1987; Barde, 1989; Thoenen, 1991 ).
The prototypical neurotrophic factor or
neurotrophin, nerve growth factor (NGF) was
lhe first peptide growth faclor to be purified
and is probably the best-characterized neuronal
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differentiation factor (reviewed by Levi-Montalcini, 1987). The conccpt of a neurotraphin
protein family was esta blishcd when a survival
factor for sensory neurons named brain-derived
neurotrophic factor (BDNF) was purified from
mammalian brain (Barde et al .• 1982) and upon
molecular cloning was found to be about 50°/o
identical to NGF (Leibrock er al., 1989). In
addition to NGF and BDNF, this family at
present includes neurotrophin-3 (NT-3; Ernfors
et a/., 1990; Hohn et al., 1990; Jones and
Reichardt, 1990; Kaisho er al., 1990; Maisonpierre et a/., 1990, Rosenthai et al., 1990),
neurotrophin-4 (NT -4; Hallböök et al., 1991, lp
et al., 1992), and neurotrophin-5 (Berkemeier
el al., 1991 ).
The first step in thc mcchanism of action of
neurotrophic factors is thcir interaction with
specific receptors on rcsponsive cells. Two types
of receptors for NGF on both sensory and
sympathetic neurons have bcen described as
high-affinity (Kd = 10 pM) and low-affinity
(Kd = 1 nM; Sutter et al., J 979). The low-affinity
NGF receptor p75 has been identified as a
75 kD transmembrane glycoprotein (Johnson
et al., J 986; Radeke er al., 1987) that also binds
the other neurotrophic factors with similar
affinities (Ernfors et al.. 1990; Rodriguez-Tebar
et a/., 1990, 1992; Hallböök et al., 1991); however, doubt still exists about whether this receptor can transduce signals aftcr Iigand binding.
Transgenie mice bearing a disrupted p75 receptor gene showed no obvious impairment of
sympathetic or CNS nerve development but
defects in sensory inncrvation were noted (Lee
et a/., 1992).
The putative high-affinity rcceptors for the
neurotrophins were found to be 140 kDa integral membrane glycoprotcins encoded by members of the trk proto-oncogcnes (reviewed by

Chao, 1992; Meakin et al., 1992; Barbacid,
1993). They consist of an extracellular Iigand
binding domain and an intracellular tyrosine
kinase domain that initiates intracellular signal
transduction upon binding of the neurotrophic
factor. Importantly, these receptors show
specificity for their ligands, e.g. NGF binds only
to TrkA, BDNF and NT-4 bind to TrkB and
NT-3 binds to TrkC. Several models concerning
the signal-transducing receptors in neuronal
cells with respect to the combinations of Trk
molecules with or without the p75 receptor have
been proposed (Chao, 1992; Meakin et al., 1992;
Jing et al., 1992; Battleman er al.• 1993; lbafiez
et a/., I993b; Barbacid, 1993). Characterization
of the signal transdution mechanism of both
receptors in neuronal cells remains a considerable task.
The study of neurotrophic proteins and their
receptors from lower organisms can be expected
to reveal important features of the development
of the nervous systems of different organisms. lt
might also reveal, in combination with other
approaches, functionally important sequence
motifs. Molecular cloning has demonstrated
that the genes for neurotrophic factors exist
even in fish (Hallböök er a/., 1991; Götz et a/.,
1992). Furthermore. the proteins encoded by the
fish NGF and BDNF genes show survival activity on embryonie chick neurons (Götz er a/.,
1992). This review will try to summarize the
current knowledge of the structural and func~
tional features of vertebrale neurotrophic factors.

Functions of Neurotrophic Factors
All neurotrophins display both overlapping
and distinct survival activities on peripheral and

Table I. Functions of neurotrophic factors
NGF

BDNF

Survival factor for
~sensory neurons
(from neural crest)
~sympathetic neurons

Survival factor for
--sensory neurons
(from neural crest)
--sensory neurons
(from placodes)

~basal

--basal forebrain neurons
-motoneurons
-ncurons of the locus coeruleus
-<:erebellar granular neurons
-dopaminergic substantia
nigra neurons
--rctinal ganglion cells
Differentiation factor for
-basal forebrain neurons
-motoneurons

forebrain neurons
(during regeneration)

Differentiation factor for
forebrain neurons
-monocytes
~basal

NT-3

Survival factor for
--sensory neurons
(from neural crest)
~sensory neurons
(from placodes)
~sympathetic neurons
-basal forebrain neurons
~motoneurons

~neurons

of the locus
coeruleus

Differentiation factor for
-basal forebrain neurons
-motoneurons
--hippocampal neurons
Mitogen for
~neural crest cells

NT-4/5
Survival factor for
--sensory neurons
(from neural crest)
-sensory neurons
(from placodes)
--trigeminal neurons
--basal forebrain neurons
-motoneurons
--neurons of the locus
coeruleus

Differentiation factor for
-basal forebrain neurons
--motoneurons
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central neurons, and a single neuronal class can
respond to several different factors (Table 1).
The survival function of a neurotrophic factor
is assessed by isolation and culture of embryonie
neurons in the presence or absence of the candidate molecule. The presence of a neurotrophic
factor induces neurite outgrowth (the axons
have been injured during the isolation procedure) and prevents the death of the neuronal
cells. These actions occur at extremely low
concentrations, typically 1-10 pM. The potential role of neurotrophic factors during normal
development and during regeneration after
nerve transections has also bccn investigated by
the addition of exogenaus neurotraphin or its
withdrawal using blocking antibodies.
The continued expression of the neurotraphin
genes in adult tissues at times where no neuronal
death occurs indicates other differentiating actions besides a survival function. Besides acting
as target-produced surviva1 molecules for innervating neurons, neurotrophic factors may exert
a trophic effect locally (Mobley et a/., 1989;
Vantini et a/., 1989), act in an autocrine mode,
i.e. the differentiation factor is synthesized by
the neuronal cell itself for proper function and
survival (Wright et al., 1992; Miranda et a/.,
1993; Kokaia et al., 1993), or be a trophic
molecule produced by afferent neurons. Furthermore. actions of NG F on non-neuronal
cells, e.g. on cells of thc immune system, have
also been demonstrated (Ehrhard et a/., 1993).
NGF promotes the survival of neurons isolated from sympathetic ganglia as well as sensory neurons derived from the neural crest
(neurons from dorsal root ganglia and cranial
sensory ganglia; Levi-Montalcini and Angeletti,
1963; Davies and Lindsay, 1985). Its function
in vivo in sensory and sympathetic neuronal
development is well established: first, administration of exogenaus NGF can almost complete1y prevent natural nerve cell death
(Hamburger et al., 1981 ); second, the application of function-blocking anti-NGF antihodies results in thc climination of a large
proportion of thesc neurons (Cohen, 1960; LeviMontalcini and Booker, 1960; Johnson et a/.,
1980; Ruit et a/., 1992). In addi tion, the limited
availability of NG F in the target tissue at the
time of innervation of newly formed neurons
and the correlation of the amount of NGF with
the density of innervation have been demonstrated (Korsching and Thoenen, 1983; Harper
and Davies, 1990). In the central nervaus system, NGF can induce the expression of choline
acetyl transferase in ncurons of the basal forebrain (Gnahn et al., 1983) and promote their
survival in vitro and in vivo after nerve transection (Hefti, 1986; Hartikka and Hefti, 1988;
Hatanaka et al., 1988). In combination with
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neurotransmitters, it can promote survival of
cerebellar Purkinje cells (Cohen-Cory et al.,
1991).
BDNF does not act on sympathetic neurons
but is a survival factor for all sensory neurons
that are supported by NGF; in addition, it is a
survival molecule for neurons that are not supported by NGF, proprioceptive neurons from
the trigeminal mesencephalic nucleus and sensory neurons that originate from the ectodermal
placodes (nodose ganglion; Lindsay et al.,
1985). In the CNS, it acts as a survival factor for
a broad spectrum of neuronal cells: basal forebrain neurons (A1derson et al., 1990; Knüsel
et al., 1991 ), motoneurons (Oppenheim et al.,
1992; Sendtner et a/., 1992; Yan et al., 1992;
Henderson et al., 1993; Hughes et al., 1993;
Koliatsos et a/., 1993), neurons of the locus
coeruleus (Friedman et al., 1993), cerebellar
granule neurons (Segal et al., 1992), dopaminergic neurons of the substantia nigra (Hyman
et al., 1991) and retinal ganglion cells (Johnson
et a/., 1986; Rodriguez-Tebar et al., 1989). Other
functions of BDNF include induction of choline
acetyl transferase in basal forebrain neurons
(Knüselet al., 1991), motoneurons (Wong et al.,
1993), the potentiation of synaptic activity in
frog motoneurons (Lohof et al., 1993) and
differentiating effects on neural crest cells and
neuronal precursor cells (Sieber- Blum, 1991;
Wright et a/., 1992). Application of exogenaus
BDNF to developing quail embryos rescues a
significant proportion of sensory neurons from
normally occurring death (Hofer and Barde,
1988).
Neurotrophin-3 is a survival factor for sensory neurons of neural crest and neural placode
origin (Hohn et al., 1990; Maisonpierre et al.,
1990). One paper has reported survival activity
on sympathetic neurons (Rosenthal et al., 1990).
NT-3 can also support the survival of motoneurons (Henderson et a/., 1993; Hughes et a/.,
1993) and neurons from the locus coeruleus
(Friedman et al., 1993). The effect on basal
forebrain neurons is controversial (Knüselet al.,
1991; Friedman et al., 1993). It is a mitogen for
neural crest cells indicating that the function of
neurotrophic factors is not restricted to actions
on postmitotic neurons (Kalcheim et a/., 1992).
Neurotrophin-4 was first found in a lower
vertebrate, Xenopus laevis (Hallböök et a/.,
1991). The mammalian orthologues have been
cloned (lp et al., 1992) and sequence comparisons showed the identity with a neurotrophic
molecule identified independently by another
group as neurotrophin-5 (Berkemeier et a/.,
1991 ). It acts as a survival factor for sensory
neurons from neural crest as weil as from
placodes (Hallböök et a/., 1991; lp et a/., 1992;
lbänez et al.. 1993a). In the CNS, it acts as a
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Fig. I. Schcmatic rcprescntation of the precursor protein structures for fishandhuman NGF and BDNF.
Thc numbcrs indicate the lcngth of the prccursor and mature proteins, rcspectivcly.

survival factor for motoncurons (Henderson
et a/., 1993; Hughes er al., 1993) and neurons

from the basal forebrain and the locus coeruleus
(Friedman et a/., 1993).

Conservation of Structurc
Neurotrophic factors arc synthesized as precursor molecules that arc approximately twice
the size of the mature, biologically active forms.
The sequences of the maturc neurotrophins are
located at the C-terminus of the precursor; this
structural organization is conscrved from fish to
mammals (Fig. I). Thc clca vage of the precursor
proteins occurs at dcfined rnotifs by a subtilisinlike protease (Bresnahan et al., 1990; reviewed
by Steiner et a/., 1992). Thc N-terminal signal
peptide is followed by a Pro-sequence that is
thought to help in thc folding of the mature
protein: de1etion mutagcncsis cxperiments have
shown that the Pro-rcgiön is instrumental for
the folding and secrction of mature neuro~
trophic proteins in eukaryotic cells (Suter et a/.,
1991 ). The functional importance of the Proregion as an intramolccular chaperon is also
suggested by the finding of Iow biological activity of recombinant protcins when they are
produced from gene fragrncnts that cover only
the mature coding rcgion (Hu et al., 1988;
Negro et a/., 1992; Fujimori et al., 1992).
Neurotrophin sequcnccs are known from
many verlebrate spccics (Scott et a/., 1983;
UHrich et al., 1983; Ebendal et al., 1986; Meier
et a/., 1986; Wion er al., 1986; Sclby er a/., 1987;
Fahnestock and Bell, 1988: Whittemore et al.,
1988; Schwarz et al., 1989; Kaisho er al., 1990;
Maisonpierre et al., 1990; Herkerneier er a/.,
1991; Hallböök et a/., 1991: Carriero et a/.,

1992; Götz et a/., 1992; Maisonpierre et al.,
1992) and most of the known complete sequences are aligned in Fig. 2. lmportant structural and functional points obtained from the
elucidation of the X-ray crystal structure of
dimeric mouse NGF (McDona1d et a/., 1991)
are highlighted in Fig. 3. The finding that most
of the strict1y conserved residues in the neurotrophins p1ay a rolc in the formation and stabilization of the structure of the mouse NGF
protomer and the formation of the dimer (which
represents the biologically active entity) suggests
that all four factors adopt a similar overall
conformation. Important features of the threedimensiona1 structure are the three disulfidc
bridges that pack close1y together (Cys-58-Cys108 and Cys-68-Cys-11 0 form a ring through
which the Cys-15-Cys-80 disulfide bond passes).
Four extended segments of twisted antiparallel ß strands, drawn as arrows in Fig. 3, convey
a non-globular, flat structure to the NGF promoter. The p strands are connected by ß-hairpin
loops, LII and LIII. and a region with three
consecutive reverse turns (RT); these domains
arevariable between the different neurotrophins
and are proposed to be responsible for the
different neuronal specificities mentioned above.
Although the residues helieved to be involved in
receptor interaction, which are distributed
throughout the linear sequence, cluster in the
three-dimensional structure, they nonetheless
cover about 75% of the molecule (for a detailed
discussion, see lbafiez et a/., 1993b). That
multiple surface-exposed domains (A, B, LILIII. RT in Figs 2 and 3) might determine the
specificity of the interaction of neurotrophins
with the cell surface receptors is supportcd
by experimental analysis of the binding and
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Fig. 2. Sequence alignment of neurotrophins. The numbering relates to human NGF; dashes have been
inserted to maintain proper alignment. Conserved residues are shaded. The cysteine residues (0) and
residues involved in dimer formation (0) are indicated. L are ß·hairpin loops; RT indicates the reverse
turn; A and B are surfacc·exposed residues that are part of the p strand.

biological activities of neurotrophic factor variants (Ibäiiez et al., 1991, l993b; Suter et al.,
1992). Mutants with small changes usually retain wild-type function and the exchange of
multiple residues or evcn domains is needed to
change binding and survival specificity. The LI
ß-hairpin laop (not drawn in Fig. 3 for simplicity, but see McDanald et al., 1991) cantains
residues that are conservcd among neurotrophins and it is involvcd in the interaction

LII

LI II
B
Fig. 3. Simplified representation of the three-dimensional
mouse NGF promoter structurc. The arrows delineate the
extent of the two pairs of antiparallel P strands. L are
/1-hairpin loops; RT indicatcs the rcvcrse turn. The LI
hairpin loop protrudes from thc first {J strand; for details see
tcxt.

with the p75 neurotraphin receptar (lbäiiez
et al., 1992).
Two other differentiatian factars, transforming growth factor ß2 and platelet-derived
grawth factor BB show a promoter tapology
similar to NGF since they also contain six
half-cystines and a canserved ß strand structure.
However, there exist na canserved domains
outside of this motif and the mades af dimer
formation are very distinct (McDonald and
Hendricksan, 1993).

Evolution
The proportions of amino acid residues that
are identical between pairs af ortholagous and
paralogaus neurotrophin sequences aligned
above were calculated (Table 2). This analysis
shows highest conservatian for NT -3 follawed
by BDNF; in salmon, hawever, NT-3 is less
conserved than BDNF (Hallböök et a/., 1991).
The NGF structure is less well canserved
among the different classes af vertebrales. The
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Table 2. Amino acid identities in % between pairs of orthologous and paralogous neurotrophins
I

NGF, fish
NGF, snake
NGF, frog
NGF, chick
NGF, rat
NGF, man
BDNF, fish
BDNF, chick
BDNF, rat
BDNF, man
NT-3, chick
NT-3, rat
NT-3, man
NT-4, frog
NT -4/5. rctt
NT-4/5, man

I
2
3
4
5
6

7
8
9
10
11
12
13

14
15
16

52
65
64

63
63
43
45
45
45
51
51
51
43
41
41

2

3

4

5

6

7

8

9

10

II

12

13

14

15

16

52

65

69
70
91

63
67
84
86

63
67
85
88
92

43
51
49
52
50
50

45
49
5·1
53
51
52
87

45
48
47
53
50
53
90
94

45

51
49
58

SI
49
58
60
55
56

51
49
58

43
46

41
45
44
48
SI
48
53

41
43
44
48
52
49
53

55
55
55

55
55
55

52

52
52

68
68
70
67
67
51
49
48
48
49
49
49
46

45
43

91
84
85
49
51
47
47
58
58
58
45
44
44

86
88
52
53
53
53
59
60
60

49
48
48

92

so so
51 52
so 53
50
56
55
55
48
51

52

56

56

94
94 100
56 56
57 57
57 57

49
48
49

50

59

60

56
57
57
60

53
53
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evolutionary relationships of the different members of the neurotraphin protein family were
analysed by the construction of a phylogenetic
tree (Fig. 4) using a protcin parsimony algorithm (Felsenstein, 1989).
Using the average numbcr of amino acid
Substitutions and the time pcriods of species
divergence, the evolutionary rates of amino acid
substitutions were calculated (Götz et al., 1992).
The gene duplication that gave rise to the
BDNFJNGF paralogous gcncs occurred approximately 600 million ycars ago when the
ancestral vertebrales first appear in the fossil
record, earlier than thc di vcrgcnce of the fish
lineage but later than the divergence of the
arthropods from thc phylogenetic tree (Götz
et a/., 1992). No neurotrophins have yet been
found in non-vertebra tc spccies but a gene
encoding a receptor tyrosine kinase related to
the mammalian trk 's has been found in
Drosophila (Pulido et al., 1992).
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The different structural conservation of
NGF and BDNF during evolution is also
reflected in their different biological activities.
Importantly, the neuronal specificities of fish
NGF and fish BDNF as compared to their
mammalian orthologues have not changed but
the potency of fish NGF as a survival factor for
chick neuronal cells is nearly two. orders of
magnitude lower than that of mouse NGF,
whereas fish BDNF is as potent as mammalian
BDNF (Götz et a/., 1992). Since only 71
residues are identical between fish and mouse
NGF, probably multiple residue changes between fish and mouse NGF account for the
different specific activities. This hypothesis
awaits experimental verification.

RoJe of Neurotrophins in Fish
Fish show a high degree of evolutionary
conservation compared to other vertebrales
NT-3, man
NT-3, chlck

NGF, bull

NT·3, r•t

NT-4/5, r•t

NGF, man

NGF,

59

NT-4/5, m•n

mou••
NGF,

BDNF, m•n
Fig. 4. Deduced phylogeny ofthe neurotrophins. The phylogentic tree shows the evolutionary relationship
of NGF, BDNF, NT-3 and NT-4/5; the tree is rooted to fish NGF.

Neurotrophic factors' conservation during verlebrate evolution

7

with respect to gene exprcssion pattems in the action is not understood. The availability of the
developing brain and the cstablishment of early cloned neurotraphin genes and recombinant fish
axonal pathways (revicwed by Kimmel, 1993). NGF and BDNF should facilitate further invesNeurogenesis continues wcll into adult life and tigations into the physiological roles of neurothe capacity of regeneration in the central trophic factors in fish.
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