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What is complexity in the nervous system? Can one
define molecular characteristics for ‘complex’ brains
versus ‘simple’ nervous systems? The recent bounty
of genome sequence data provides the first
comprehensive opportunity for neuroscientists to
identify complexity-determining genes; for example
gene families that are found or expanded primarily
in organisms with more complex nervous systems.
In order to do this, the attributes that are useful for
distinguishing a ‘complex’ from a ‘simple’ nervous
system, at least at a first approximation, must be
defined. Recent reviews on this issue do not provide
any easy answers1,2, and in the words of Koch and
Laurent ‘While everyone agrees…that Albert
Einstein’s brain was more complex than that of a
housefly, nervous system complexity remains hard
to define quantitatively or meaningfully’3.
Paraphrasing recent work in information theory4,
one might be able to correlate nervous system
complexity with the amount of information a brain
stores about its environment. Although intuitively
satisfying, this criterion is not easily measured
across a wide-range of organisms, and surrogate
criteria must be sought. One option is to compare the
number of functional interconnections within a
nervous system, for example, neuronal number
multiplied by functional synapses multiplied by the
number of distinct molecular interactions available
at each synapse. However, because even this
measurement is non-trivial, for our current
purposes we will simply point out that neuronal

numbers are only one component of brain
complexity. It follows that mechanisms that control
neuronal numbers must have influenced the
capacity to evolve complex brains. It is therefore of
interest to look at gene families that are known to be
involved in regulating neuronal numbers, such as
the neurotrophins.

Neurotrophins and control of neuronal numbers

The NGF family of neurotrophins are protein growth
factors with crucial roles in the determination of
neuronal survival and regulation of neuron numbers
throughout vertebrate development5. The classical
neurotrophic hypothesis holds that neurotrophins are
produced in limiting amounts and that survival of
those innervating neurons is dependent on winning
the competition for sufficient quantities of the
factors6. The utility of this mechanism for regulating
development of a large and complex CNS is readily
apparent because it enables the system to ‘build
itself ’, while retaining a wide degree of inherent
variability in its final size and connectivity. More
recently there has been increasing appreciation of the
importance of neurotrophins in plasticity and

learning processes in the adult CNS (Ref. 7) and in
immune-nervous system interactions8. Thus, this
gene family appears to regulate complexity of the
nervous system on both the phenotypic and functional
levels. Indeed, the pleiotropic roles of neurotrophins
and other growth factors have generated much debate
over the precise definition of the term
‘neurotrophic’9,10. In order to focus the forthcoming
discussion, we will restrict our definition of
neurotrophic mechanisms to its strictest sense – that
is to regulation of neuronal numbers by a secreted
growth factor.

Absence of neurotrophins outside the vertebrate

lineage

Although neurotrophins have been characterized
throughout the vertebrate lineage11, to date there
have been no reports of neurotrophin homologs in
invertebrate phyla12. Indeed Barde1 made the
prediction that short-lived, small-sized species would
not require neurotrophic mechanisms for nervous
system development or maintenance. The recent and
imminent completion of genome sequencing for the
NIH (Nematode, Insect, Human) pantheon of
models13,14 provides a timely reference point to
examine this hypothesis. We will start by reviewing
work aimed at the discovery of neurotrophins and
their receptors in invertebrates.
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Early optimism tempered by ‘empty’ genomes

Initial studies on both insects and molluscs suggested
the presence of endogenous neurotrophins or their
receptors, based on antibody cross-reactivity, low-
stringency hybridizations, or biological activities
elicited in the test systems by murine NGF (Refs
15,16). In spite of this initial optimism and
subsequent efforts by several groups to purify or clone
invertebrate neurotrophins, no bona fide NGF

homolog was found. Misgivings about some of the
early results were reinforced after invertebrate
lectins were suggested as a probable source for false
cross-reactivity of growth factor antibodies17.
Completion of the C. elegans genome sequence
confirmed the prediction that the ‘hard-wired’
nematode nervous system does not require
neurotrophins or their receptors18. However, because
the fly nervous system contains three orders of
magnitude more neurons than that of C. elegans,
neurotrophin homologs were still expected to emerge
from the Drosophila genome project. Surprisingly,
the recent ‘essentially completed’ Drosophila
sequence19 seems to be devoid of these genes. This has
been determined by searching the annotated genes in
the fly database and by extensive Blast searches on
the draft genome. By contrast, distant fly homologs of
other growth factors can readily be found with similar
Blast searches [e.g. dpp using human transforming
growth factor β (TGFβ); spitz and argos using mouse
epidermal growth factor (EGF)]. None of the death-
domain annotated fly genes are homologous to the
p75 neurotrophin receptor. Finally, although several
Drosophila receptor tyrosine kinases were identified
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Fig. 1. Candidate neurotrophic receptor tyrosine kinases in
invertebrates (a) Phylogenetic trees of ‘neurotrophic’ receptor tyrosine
kinases (TK). Drosophila representatives in the trees are those for which
e-values < e−53 were obtained in Blast searches of the fly genome with
the full-length open reading frame of human trkC; except for Dret and
‘Dtrk’, which were added to the alignments separately. In all cases the
original published sequence was used for the tree except for Dret and
‘Dtrk’, for which sequences based on genomic clones were more
complete (accession numbers CAB96180 and AAF58596, respectively).
The outgroup is composed of receptor tyrosine kinases more distantly
related to trkC than ‘Dtrk’. The trees were generated by the neighbor-
joining method after alignment of the sequences using the default
parameters of CLUSTALX. (b) Schematic representations of the
receptor tyrosine kinases present in the phylogenetic trees. Domains
were defined according to the published descriptions of each receptor,
updated and expanded by scanning the sequences through the InterPro
database at EMBL (http://www.ebi.ac.uk/interpro/scan.html).



in Blast searches with vertebrate trks, none of them
are clearly assignable to the trk family in
phylogenetic trees, and there is no conserved
extracellular domain structure characteristic for the
trk family (Fig. 1). The fly receptor tyrosine kinase,
originally called ‘Dtrk’ (Ref. 20) clearly belongs to a
distinct family of cell adhesion kinases, together with
a Hydra receptor called HTK90 (Fig. 1). This absence
of trk receptors in Drosophila is in stark contrast to
the conservation of many other ligands and receptors
that are important in neuronal development21.

Neurotrophin concealed in the sequence gaps?

A caveat that should be noted is that the draft
Drosophila sequence contains short (1–2 kb) gaps
estimated to total 1–2% of the euchromatin portion of
the genome19. Thus, there is a remote possibility that
genes encoding neurotrophins and neurotrophin-
receptor homologs might yet remain to be discovered
in those gaps. However, this possibility is highly
improbable, given the short lengths of these regions,
and the assumption that at least one ligand and two
receptor (p75 and trk) genes are all included in these
missing sequences. Furthermore, our group and
others have expended much fruitless effort in a search
for a bona fide Drosophila trk by homology-cloning
techniques based on the highly conserved trk kinase
domain. Some of these efforts resulted in the cloning
of non-trk family receptor tyrosine kinases20,22,23

(Fig. 1). Thus, evidence for lack of a true Drosophila
trk seems irrefutable. Nevertheless, evidence for the
occurrence of trk receptors in other invertebrate
phyla has been presented, mainly based on cross-
reactivity of anti-trk antibodies24,25. What then is the
evidence for an invertebrate branch of the trk gene
family?

The trk receptor family is evolutionarily ancient

The lack of neurotrophins and their receptors in both
nematodes and insects might be attributable to loss of
these genes during evolution, or conversely might be
an indication that these genes were an innovation of
the vertebrate lineage. Two independent lines of
evidence suggest that the former is the case at least for
the trk receptor family. First, a molluscan trk family
member has been described from the snail Lymnaea
stagnalis26. This molecule, Ltrk, conserves
intracellular signaling modules that are trk-specific
and the characteristic array of cysteine-rich domains
and leucine repeats in the extracellular domain
(Fig. 1). By contrast, the IgG-like domains of
vertebrate trks are not conserved in Ltrk, although
some residues in the corresponding region of the Ltrk
sequence might represent relics of an ancestral IgG
domain26. This suggests that the trk family originated
before the separation of molluscan and vertebrate
lineages, ~600 million years ago. Second, although
classical morphology-based phylogeny would require
independent trk gene loss in nematodes and insects,
molecular phylogenies27 place both these phyla on the
same branch of the evolutionary tree (Fig. 2). Thus, the
ancestral trk that must have existed before the branch
point between mammals and molluscs, was probably
lost in the common ancestor of nematodes and flies.
Identification of a trk homolog in coelenterates would
provide definitive confirmation of this hypothesis, and
such efforts are currently underway in Hydra
(A. Schaubmar, G. Dechant and C.N. David, pers.
commun.). Indeed specific gene losses are not
unprecedented in metazoan evolution, for example the
lack of a voltage-dependent sodium channel and of Syk
family kinases has been shown in C. elegans13,28.

Because Ltrk and probably other trk family
members are present in invertebrates, the question
arises of the identity of the ligands for these receptors
and whether such ligands might be neurotrophin
homologs? 

Could invertebrate trks bind ligands unrelated to NGF?

Functional protein homology can be present at the
level of three-dimensional structure in the absence of
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obvious amino acid sequence homology. A striking
example is the clotting protein coagulogen from
horseshoe crab (Limulus), which contains a 
C-terminal domain with clear structural similarity to
the NGF monomer, in spite of a lack of primary
sequence homology29 (Fig. 3). Thus, functional
neurotrophin mimics could exist that are
unrecognizable using homology-based methods.
However, it should be noted that biological function
does not necessarily follow structural similarity. The
neurotrophins belong to a structural superfamily
defined by a cystine knot and beta strands topology,
which also includes the TGFβ, platelet-derived
growth factor (PDGF)-BB, and gonadotropin
families30. The structural fold shared by these
distinct molecules acts as a scaffold for elaboration of
distinct surface loops that provide the specificity for
their diverse receptors and functions. Individual
bonds of the cystine knot in gonadotropin have been
suggested to be important for biogenesis and
secretion, but not for bioactivity31. Therefore, an
invertebrate molecule with a cystine knot motif
should not automatically be considered as a

candidate neurotrophin. Indeed, in the case of
coagulogen, the surface loops of the NGF-homologous
domain are masked by the rest of the protein29,
apparently precluding a physiological role as a trk
ligand.

Another gene family that has been suggested to be
structurally analogous to the neurotrophins are the
spatzle and trunk ligands in Drosophila. Molecular
modeling and biochemical analyses of spatzle showed
that a proteolytically processed 12 kDa C-terminal
fragment could adopt a cystine knot structure close to
that of coagulogen and NGF (Refs 32,33). However,
the toll family of receptors for these ligands are not
receptor tyrosine kinases, instead they belong to a
different category of signaling molecules, and have
primary roles in embryonic dorsoventral patterning
and in innate immunity in the adult. Although defects
in muscle development, motoneuron positioning or
differentiation and targeting and synapse formation
have been reported for various mutants in the
spatzle-toll signaling pathway34,35, these findings are
not consistent with a role for spatzle in control of
neuron numbers or other neurotrophic activities.
Instead, this signaling system in Drosophila appears
to act as part of a network of guidance and targeting
cues in the development of motoneurons, muscle, and
their connections35.

‘Missing’ extracellular domains in invertebrate

receptors 

As noted above, the extracellular portion of Ltrk does
not conserve all the domains that are characteristic of
vertebrate trks. Several groups have localized the
specific neurotrophin-binding sites on trk receptors to
the second IgG domain36, that is, precisely the region
that is not conserved in Ltrk (Ref. 26). Although 
low-affinity neurotrophin binding has been shown 
for constructs of leucine repeat modules alone37, and
mammalian NT3 can bind molluscan Ltrk (Ref. 26),
resolution of this issue must await identification of
bona fide trk ligands in invertebrates. Nevertheless,
it is conceivable that invertebrate and vertebrate
ligands for the same receptor family might have
diverged so as to become unrecognizable as homologs.
Such a situation might also be the case for the ret
tyrosine kinase in Drosophila. Mammalian ret is the
shared signaling receptor for the glial cell line-derived
neurotrophic factor (GDNF) family of ligands5,
however the fly homolog38 lacks a cadherin motif
characteristic of vertebrate ret (Fig. 1). A clear GDNF
sequence homolog is not apparent in the Drosophila
genome, however recent experiments suggest that a
fly protein not obviously homologous to GDNF might
act as a ret ligand (H. Sariola, pers. commun.).

Having considered the possibility that an
invertebrate receptor tyrosine kinase might ‘dispense’
altogether with its conventional ligand, one might
further ask if there is any evidence for neurotrophic
activities of completely different ligand-receptor pairs
in invertebrates.
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Other ligand-receptor families in invertebrates

Do other families of receptor tyrosine kinases replace
trophic roles in invertebrate CNS? Candidates for such
roles include the EGF receptor39, ret (Ref. 38) and ror
(Ref. 23) receptor families (Fig. 1). Particularly
interesting is the ror family because it is conserved
throughout invertebrate phyla, including two distinct
members with neuronal-restricted expression in
Drosophila22,23, although its ligand(s) are unknown.
However, a detailed analysis of ror function in 
C. elegans highlights roles in processes that are not
related to neuron survival40. Ret is lacking from the 
C. elegans genome, and a study on the physiological
role of Drosophila ret has yet to be carried out. Such
work is eagerly awaited, especially because of the role
of mammalian ret in supporting survival of
dopaminergic neurons and motoneurons5, although a
conserved ret ligand is not evident from the fly genome
sequence (but see also above). Finally, the ‘thousand
and one roles of the fly EGF receptor’39 do not yet
include studies showing trophic support of neurons,
although Ras signaling downstream of the EGF
receptor has been shown to inhibit the apoptotic 
gene hid in Drosophila eyes41,42. It will be of interest to
see if the EGF receptor pathway can regulate 
neuronal survival in the fly. Furthermore, a recent
study on molluscan EGF showed effects on neuronal
growth in vitro43. It should also be noted that a
candidate molluscan trophic factor unrelated to 
the neurotrophins has been shown to bind to

mammalian p75 (Ref. 44), and that the major ligands
affecting nerve cell differentiation in coelenterates are
small neuropeptide-like sequences45. Endogenous
receptors for these candidate factors are yet to be
identified, but evidence thus far is unavailable to
suggest that these or any other peptide growth factors
regulate neuronal numbers in the organisms in
question. A further possibility is that regulators of cell
numbers in invertebrate nervous systems might not be
peptides at all.

Steroid hormones as regulators of neuronal

populations in Drosophila

In nematodes, differentiation and cell fate is set by
interactions between neuronal precursors or is solely
dependent on cell lineage46. Accordingly, the number
of neurons (and their connections) in the nervous
system of C. elegans is practically invariant, and it is
possible to rationalize a complete lack of neurotrophic
mechanisms1. By contrast, insects extensively
remodel their nervous systems during
metamorphosis, to accommodate the physical and
behavioral differences between the larval and adult
animal. This remodeling involves programmed cell
death of entire neuron populations, and would appear
to be the most relevant scenario for neurotrophic
mechanisms in insects. However, a series of studies
on motoneuron death in the moth Manduca sexta has
shown that death is induced primarily by stereotyped
changes in ecdysteroid hormone levels47, which
regulate most major aspects of insect metamorphosis.
Similar results have been obtained on peptidergic
neurons of Drosophila, wherein fluctuations in levels
of 20-hydroxyecdysone regulate levels of apoptotic
gene transcripts48,49.

In addition to the above, two neuron populations in
Manduca and Drosophila have been suggested to be
dependent on target cells for survival at different
stages of development50,51. The molecular cues active
in these interactions have not been identified,
although probable candidates are contact-mediated
effects via cell adhesion molecules. Nevertheless, the
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emerging picture suggests that steroid hormones
provide the principal signal for switching neuron
populations in insects. In contrast to neurotrophin-
mediated survival and death decisions in vertebrates,
steroid regulation of insect neurons does not entail a
competitive selection process, but instead a more
drastic ‘all-or-none’ switching of neuron populations.

Searching for invertebrate neurotrophins

The data above suggests that the lack of
neurotrophins in the completed invertebrate genomes
(i.e. Drosophila, C. elegans) probably correlate with
the fact that these represent the species whose short
generation time and CNS developmental patterns
minimize requirements for trophic mechanisms. This
was predicted for the ~300 neuron network that
comprises the simple nervous system of C. elegans.
Surprisingly, the lesson from the Drosophila genome
seems to be that one can still evolve a nervous system
three orders of magnitude larger than that of C.
elegans (at least in neuronal numbers), without a
need for neurotrophins. Intriguing questions for the
future are: to what level of complexity can a CNS
evolve without requiring neurotrophic selection of
neuron numbers? Do the million or so neurons of a
honeybee represent a ‘glass ceiling’ beyond which
insect brains cannot evolve without neurotrophic
mechanisms? Fascinating though they might be, the
time scales required for experimental analysis of
these questions are far beyond the fortitude levels of
most funding agencies. We will therefore have to look
for insights from comparative genomics and
evolutionary studies. A Medline search for
invertebrate models from other phyla focuses
attention on the organisms presented in Fig. 4, for

which a viable neuroscience research community
appears to exist. Comparison of the life cycle and
brain size of these organisms highlights the fact that
Drosophila and C. elegans have a short life cycle,
compared to research models from most other phyla.
Some of these other organisms pose interesting
opportunities for future studies of gene families
underlying complexity or plasticity in the nervous
system. For example, the coelenterate Hydra
represents the earliest phylum with a nervous
system. The Hydra nerve net is in a constant flux of
differentiation and renewal52, and as such provides a
contrasting perspective to the hard-wired C. elegans
system, although both are composed of relatively few
neurons. At the other end of the spectrum, the most
complex nervous systems in the invertebrate
kingdom are undoubtedly those of the cephalopod
molluscs (Fig. 4), which rival vertebrates in the
intricacy of their brain anatomy2, and in the
complexity of their behavior53,54. Preliminary
evidence for the existence of a trk-like receptor in
squid has recently been published25. It is tempting to
speculate that one of the ‘enabling conditions’
underlying the evolution of complex brains in
cephalopods has been an expansion of neurotrophin-
like signaling systems, in parallel with the situation
in vertebrates11. Thus, trophic mechanisms might be
one of the qualitative differences between a ‘plastic’
nervous system with a potential for evolving
complexity, versus a more constrained nervous
system that cannot evolve beyond certain limitations.
An expansion of the genome projects to include
representatives of the phyla shown in Fig. 4 should be
informative for identifying other gene families that
are instrumental for the evolution of complex brains.
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The genetic code of the prion protein (PrPc) was
identified only after the isolation of an abnormal
isoform (PrPSc) from brains of mice that were infected
with the disease scrapie1. Scrapie, bovine spongiform

encephalopathy (BSE), and Creutzfeldt–Jakob
disease (CJD) are examples of prion diseases or
transmissible spongiform encephalopathies (TSEs).
These diseases result in fatal neurodegenerative
conditions2. Discovery of the prion protein gene led to
the realization that a misfolded form of a normal
brain protein was involved in these diseases2,3.
However, the role of the normal protein in the brain
has remained a mystery for the past fifteen years.
Instead, most research on these diseases has focussed
on PrPSc and the process by which it is derived from
PrPc. PrPSc is readily detected as aggregates of
misfolded protein in the brains of animals or humans
that have all forms of prion diseases. The nature and
possible aetiology of prion disease have been reviewed
in detail elsewhere2,3. This review discusses new
evidence suggesting that PrPc is a copper-binding
protein concentrated at synapses that protects them
from oxidative damage. In spite of prions being seen
as a ‘curse’ to the survival of ageing mammals, the
normal isoform is possibly a ‘blessing’ to a stressed
nervous system.

The search for PrPc  function

PrPc at the synapse
PrPc is a glycoprotein expressed on the surface of
many cell types4–8. Therefore, a ‘neurone only
function’ for PrPc is not valid. However, the fact that
the protein is expressed in neurones at higher levels

Prion and prejudice:

normal protein and

the synapse

David R. Brown

The word prion has become synonymous with unusual diseases, such as

bovine spongiform encephalopathy and Creutzfeldt–Jakob disease. However,

there is also a normal prion protein that does not cause disease. Until recently

this highly conserved and widely expressed glycoprotein has been

overshadowed by its rogue isoform. Now it is emerging that not only is this

protein important for understanding prion disease but it is also important for a

healthy brain. The normal cellular isoform of the prion protein is expressed at

high levels at synapses suggesting an important role in neuronal function.

There is increasing evidence that the normal prion protein binds copper and the

resulting complex possesses anti-oxidant activity, and that this, in turn, might

have vital implications for synaptic homeostasis.


