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receptors in earthworm tissues
C. Davoli a,*, A. Marconia, A. Serafino a, C. Iannoni b, A. Marcheggiano b and G. Ravagnan a

a Institute of Neurobiology and Molecular Medicine, CNR, Area Ricerca di Tor Vergata, Via del Fosso del Cavaliere
100, 00133 Rome (Italy), Fax + 39 06 4993 4257, e-mail: camilla.davoli@ims.rm.cnr.it
b Gastroenterology Unit, Department of Clinical Sciences, ‘La Sapienza’ University, Rome (Italy)

Received 12 November 2001; received after revision 8 January 2002; accepted 8 January 2002

Abstract. Nerve growth factor (NGF) belongs by se-
quence homology to the neurotrophins, a family of pro-
teins binding the same p75 receptor and closely related
members of the Trk family of receptor tyrosine kinases.
Fundamental in the vertebrate nervous system, neu-
rotrophin signals have also been suggested as essential
for relatively complex nervous systems occurring in in-
vertebrate species that live longer than Caenorhabditis
elegans and Drosophila melanogaster. Mammalian neu-
rotrophins have been found to influence invertebrate neu-
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ronal growth. However, there are only a few data on the
presence of molecules related to neurotrophin signalling
components in invertebrates. Our studies provide evi-
dence that analogues of neurotrophins and neurotrophin
receptors are expressed in Eisenia foetida earthworms. In
particular, NGF-like and Trk-like immunoreactive pro-
teins are both expressed in the nervous system, whereas
p75-like positivity identifies tubular structures associated
with dorsal pores that are involved in the earthworm re-
sponse to mechanical irritation or stress.

Key words. Nerve growth factor; neurotrophin; p75 neurotrophin receptor; Trk receptor; evolution; earthworm; an-
nelid; invertebrate.

Nerve growth factor (NGF), the first discovered neu-
rotrophic factor, is the prototype member of a family of
structurally and functionally related proteins, termed
neurotrophins. Since its identification, our understanding
of the structure, function and signalling mechanisms of
this expanding family of vertebrate proteins continues to
increase [reviewed in refs 1–4]. Nevertheless, NGF re-
mains pre-eminent in terms of knowledge of both its
pleiotropic functions and structural biology, and contin-
ues to provide a reference point in the field of neu-
rotrophin studies [5–7].
In the male mouse submandibular gland, the traditional
source of NGF, the mature active form (indicated as 2.5S,
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b- or simply NGF) consists of a tightly associated ho-
modimer of two identical non-covalently linked polypep-
tide chains. Each monomer, of about 13 kDa, contains
three intrachain disulphide bonds that are essential for the
three-dimensional structure and the biological activity of
the molecule [8]. Crystal structure analyses of murine
NGF revealed a particular clustering of these three disul-
phide bonds, termed a ‘cystine knot’, successively de-
tected in the topology of different proteins [6, 9, 10].
To date, four members of the neurotrophin family have
been identified in mammals: NGF, brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT-3) and neu-
rotrophin-4 (NT-4) (also called NT-4/5 or NT-5) [11, 12].
These neurotrophins share about 50% amino acid iden-
tity, with the major regions of structural similarity mainly



arranged around six strictly conserved cysteine residues
[13], which have been shown to form the three intrachain
disulphide bonds and the characteristic ‘cystine knot’
structure in NGF. They appear to have similar tertiary
structures [14, 15] and common epitopes, since poly-
clonal antibodies to individual neurotrophins have been
found to cross-react with other members of the neu-
rotrophin family [12, 16, 17].
Homologous sequences to NGF, BDNF, NT-3 and NT-4
(named, as species variants of the same factor, ortho-
logues) have been found in a wide range of vertebrates,
from fishes to mammals, except for NT-4 which has so far
not been found in birds and fishes [reviewed in ref. 18].
Two additional members, denoted neurotrophin-6 (NT-6)
[19] and neurotrophin-7 (NT-7) [20, 21], have been found
in bony fish species and are structurally and functionally
more related to NGF than to any other neurotrophin.
A primitive neurotrophin homologue has been recently
detected in lamprey. This Lampetra fluvialis neurotrophin
(Lf-NT) displays the typical neurotrophin structure with
the six conserved cysteine residues and no close similar-
ity to all other known neurotrophins [18].
Individual neurotrophins are able to interact indepen-
dently with two distinct classes of transmembrane recep-
tors, the shared p75 neurotrophin receptor and specific
members of the Trk family of receptor tyrosine kinases.
Although multimeric receptor complexes and functional
interactions between both receptors have been detected,
each can also display independent signalling properties
with distinct signalling pathways [reviewed in refs 2, 4, 7,
22, 23]. The signalling pathways activated by the two
types of neurotrophin receptor in vertebrate cells have
been characterised and a number of intracellular p75-in-
teracting proteins have been detected [24–26]. However,
the function of the p75 neurotrophin receptor is less well
defined than that of the Trk receptors that mediate speci-
ficity and several of the neurotrophic functions of neu-
rotrophins.
The two types of cell surface receptors are structurally
unrelated in either their ligand-binding or cytoplasmic re-
gions. The p75 receptor, which binds all neurotrophins
with similar affinity, is the founding member of the tu-
mour necrosis factor (TNF) receptor superfamily [27].
However, it is mostly regarded as a stress receptor, simi-
lar in behaviour to the TNF receptor family members
which serve to modulate the effects of cytokines follow-
ing inflammation, infection or injury [4, 23, 28]. On the
other hand, p75 is known to modulate Trk receptors as a
positive regulator of cell survival and differentiation. In-
terestingly, for neurotrophin-responsive neuronal popula-
tions, particularly in the vertebrate peripheral nervous
system, p75 and Trk members are frequently co-ex-
pressed, while p75 is expressed widely during develop-
ment in non-neuronal cells and also following nerve in-
jury or trauma [29].
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The Trk receptors (TrkA, TrkB and TrkC) are closely re-
lated proteins that display selective neurotrophin-depen-
dent activation of the intracellular tyrosine kinase do-
main. TrkA binds NGF, TrkB binds BDNF and NT-4, and
TrkC binds NT-3. In addition to these preferred interac-
tions, TrkA can also be activated to a lesser degree by NT-
3, NT-6 and NT-7 [20, 21], and TrkB by NT-3 [22].
Recent phylogenetic analyses of the vertebrate neu-
rotrophin and Trk receptor gene families suggest that
both evolved during two major gene duplication events,
one early in chordate history and another prior to the ap-
pearance of cartilaginous fish [18].
The existence of functional NGF-related neurotrophins
in invertebrate lineages is supported by studies in
Drosophila [30] and Lymnaea [31]. Despite attempts
performed in some laboratories [32, 33], no homologous
sequences to vertebrate neurotrophins have been de-
tected in such animals and no neurotrophin homologue
has so far been cloned from an invertebrate. A protein
purification approach in Lymnaea only resulted in the
discovery of a novel cysteine-rich neurotrophic factor
(CRNF) not similar in sequence to neurotrophins, al-
though able to interact with the p75 neurotrophin recep-
tor [33]. However, a Trk receptor homologue displaying
binding capacity for human NT-3 has been recently
found in Lymnaea [34].
Because the NGF family of neurotrophins are involved in
regulating neuronal numbers and plasticity in the verte-
brate nervous system, neurotrophin signals may be es-
sential for the evolution of relatively complex nervous
systems in invertebrate species that live longer than
Caenorhabditis elegans or Drosophila melanogaster
[35].
Mammalian neurotrophins have been found to have ef-
fects on neuronal cells from several invertebrate species
[reviewed in ref. 36], indicating the presence in inverte-
brates of receptors, and possibly putative ligands, with
functional groups shared by the components of the neu-
rotrophin signalling system. However, further studies and
suitable invertebrate models are needed to increase the in-
formation on structural homologues and/or functional
analogues of neurotrophins and their receptors in inverte-
brates.
Our study provides evidence that polypeptides immuno-
logically related to at least one member of the neu-
rotrophin family are expressed in the earthworm Eisenia
foetida. In addition, we report here findings on the pres-
ence and localisation of immunoreactivity related to neu-
rotrophin receptor sequences and we discuss the possible
role of the p75-like immunoreactive structures in earth-
worms.



Materials and methods

Animals and tissue specimens
Sexually mature E. foetida earthworms (more than 100
worms in clitellum) kept under controlled laboratory 
conditions [37] were used.
Before experimentation, the animals were maintained for
3 days in Petri dishes at 25°C on filter paper humidified
with tap water. 
The tissue specimens were removed from worms anaes-
thetised by exposure to cold (5 min at –20°C). The pieces
sectioned for immunohistochemistry were mostly from the
cephalic portion of the body (approximately the first
10–15 segments) which includes the buccal cavity, phar-
ynx and oesophagus as well as brain, commissures and
some segmental ganglia of the ventral nerve cord [38, 39].
Serial fragments were also obtained from the whole body
or from central and caudal portions of several worms. 
The central nervous system, consisting of the cerebral
ganglion (brain) connected by a pair of commissures (cir-
cumpharyngeal connectives) to the segmentally gan-
glionated ventral nerve cord, was removed from animals
anaesthetised by exposure to cold and was processed for
electron microscopic studies.
Mouse submandibular glands were used for control pur-
poses.

Antibodies and antisera
Two antisera raised in rabbits against 2.5S NGF (mNGF)
from mouse submandibular glands [40] were kindly pro-
vided by Dr. Delio Mercanti (Institute of Neurobiology,
CNR, Rome, Italy). A commercially available anti-
mNGF serum from rabbit was purchased from Sigma (St.
Louis, MO.). The first anti-mNGF serum, obtained from
Dr. Mercanti together with affinity-purified antibodies
and mNGF for the antigen-preabsorbed serum, was used
only in preliminary immunohistochemical experiments
[41]. The second and the commercial antisera were tested
on Western blots for reactivity to human recombinant
(hr)b-NGF, hrBDNF, hrNT-3, hrNT-4 (PeproTech, Lon-
don, UK) and to mNGF (Sigma), as described below.
Moreover, the second anti-mNGF obtained from Dr. Mer-
canti was used to perform preabsorption with hrb-NGF
immobilised on blotting filter, and the commercial anti-
mNGF serum was employed for immunoprecipitation of
NGF-like immunoreactive proteins from earthworm ex-
tracts.
The anti-p75 antiserum (Chemicon International, Temec-
ula, Calif.) was generated in rabbits against an extracellu-
lar fragment corresponding to amino acids 43–161 of the
deduced mouse p75 sequence.
The affinity-purified rabbit antibodies reactive with
TrkA, TrkB and TrkC were supplied by Santa Cruz
Biotechnology (Santa Cruz, Calif.). These Trk (C-14) an-
tibodies map within the highly conserved carboxyl-ter-

minal region corresponding to amino acids 777–790 of
the deduced human TrkA sequence.
The secondary anti-rabbit immunoglobulins were goat
fluorescein isothiocyanate (FITC)-conjugated affinity-
purified antibodies (Cappel Research Products, ICN Bio-
medicals, Opera MI, Italy) or 10-nm gold-conjugated
goat F(ab)2 (British BioCell International, Cardiff, UK)
for immunocytochemical studies, and affinity-purified
goat alkaline phosphatase (AP)-conjugated antibodies
(Bio-Rad, Richmond, Calif.) or donkey horseradish per-
oxidase (HRP)-conjugated antibodies (Amersham, Little
Chalfont, UK) for Western blot analysis.

Immunoblots
Electrophoresis was performed in a 15% sodium dodecyl
sulphate-polyacrylamide gel (SDS-PAGE) according to
Laemmli [42], using as sample buffer 75 mM Tris pH 7.8
containing 9 M urea, 2% SDS, 30 mM dithiothreitol and
2% b-mercaptoethanol.
To detect the reactivity of anti-mNGF sera to hr-
neurotrophins, individual neurotrophin samples (from
250 ng to 1 mg/well) and the molecular size standards
(Bio-Rad), resolved by electrophoresis, were transferred
to polyvinylidene difluoride (PVDF) membrane. After
blocking for 1 h at room temperature with 5% non-fat dry
milk in 10 mM Tris, 160 mM NaCl (TBS), the membrane
was incubated in anti-mNGF serum (1:1000–1:2000)
and in AP-conjugated secondary antibodies (1:3000) for
1 h each at room temperature and then visualised by the
chromogenic detection system using alkaline phos-
phatase substrata (NBT/BCIP).
The immunoadsorption of anti-mNGF serum with hrb-
NGF (20 mg/ml of diluted antiserum) on PVDF filters
was carried out by performing electrophoresis of a single
sample, hrb-NGF or bovine serum albumin (BSA) used
as a control, along the entire length of the gel. After trans-
fer to PVDF membrane, the filter strip containing the re-
solved protein was incubated for 1 h at room temperature
in blocking buffer consisting of 0.01 M phosphate-
buffered saline (PBS), 3% BSA, 0.02% sodium azide,
and then for 5 h at 25–27°C in anti-mNGF serum diluted
(1:500) in blocking solution.
Immunoprecipitation of NGF-like immunoreactive pro-
teins from earthworm extracts was performed as de-
scribed for NT-3 detection in tissue extracts with few
modifications [43]. Whole-body tissues from animals
anaesthetised by cold were rapidly minced on ice and
mildly homogenised in 3 vol (w/v) of 10 mM Tris buffer
pH 7.4 containing protease inhibitors (0.1 mg/ml pep-
statin, 5 mg/ml aprotinin, 0.5 mg/ml antipain, 175 mg/ml
benzamidine and 17 mg/ml phenylmethylsulphonylfluo-
ride). The homogenate was centrifuged at 30,000 g for
30 min and at 100,000 g for 1 h. Aliquots of soluble
extract (4 ml/1.3 g of tissue, 36 mg of total proteins)
were preabsorbed for 2 h at 4°C with protein A-agarose
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(3.5 mg in 35 ml Tris buffer) and then with non-immune
rabbit IgG bound to protein A-gel to remove, after cen-
trifugation, non-specific binding. The supernatant was
successively incubated for 2 h at 4°C with protein A-
agarose gel binding IgG from anti-mNGF serum (3.5 mg
protein A-agarose/1 ml serum) or, as a control, from non-
immune rabbit serum. After centrifugation, the pellet
was washed in Tris buffer three times and then boiled
for 4 min in 20 ml of sample buffer containing SDS, urea,
dithiothreitol and b-mercaptoethanol. The proteins in the
supernatant and the mNGF (250 ng) were separated in
15% SDS-PAGE and then transferred to PVDF mem-
brane. The membrane, blocked for 1 h at room tempera-
ture in TBS containing 10% dry milk and 0.3% Tween
20, was incubated in the same anti-mNGF serum (1:4000
in blocking solution), or in non-immune rabbit serum as
a control, and then in anti-rabbit immunoglobulin HRP-
conjugated antibodies (1:5000 in blocking solution) for 1
h each. The bands were visualised by the enzyme-chemi-
luminescence (ECL) detection system (Amersham).

Immunocytochemistry
For immunohistochemistry in light microscopy, the spec-
imens were fixed in Bouin’s solution and routinely em-
bedded in paraffin. Serial sagittal or frontal sections 5 mm
thick were cut from each block. Deparaffinised tissue
sections were processed by indirect immunofluorescence
techniques. Primary antisera from rabbit were applied to
the sections for 24 h at 4°C, after a 10-min treatment with
1:10 normal goat serum. The sections were then rinsed in
PBS and incubated for 1 h at room temperature with goat
anti-rabbit immunoglobulin FITC-conjugated antibodies.
The working dilutions of primary antisera in PBS-1%
BSA were 1:500 for anti-mNGF sera, 1:200 for anti-p75
serum and 20 mg/ml for anti-Trk antibodies. The sec-
ondary fluoresceinated antibody was diluted 1:30. Tissue
sections, mounted in buffered glycerol, were examined
on a Leitz Orthoplan microscope equipped for epifluo-
rescence.
Paraffin-embedded 10-mm sections processed for im-
munohistochemistry using anti-p75 serum were counter-
stained with propidium iodide (working dilution 1 mg/ml)
and observed on a Leica TCS 4D confocal laser scanning
microscope supplemented with an Argon/Krypton laser
and equipped with 40 ¥ 1.00–0.5 and 100 ¥ 1.3–0.6 oil
immersion lenses. The excitation and the emission wave-
lengths employed were 488 and 510 nm for fluorescein
and 568 and 590 nm for propidium iodide, respectively.
For ultrastructural localisation, the dissected nervous sys-
tems were fixed in 4% paraformaldehyde and 0.05% glu-
taraldehyde in Millong’s buffer and embedded in LR
White acrylic resin (London Resin, UK). Ultra-thin sec-
tions (0.5 mm) were collected on Formvar-coated grids
and processed by the indirect immunogold technique. Af-
ter preincubation for 10 min at room temperature with

PBS containing 10% normal goat serum (NGS) and 1%
BSA, the sections were incubated overnight at 4°C with
anti-mNGF sera (1:2000) or purified antibodies (10 mg/
ml) diluted in PBS-1% BSA-1% NGS. The samples were
rinsed with the diluent solution and post-incubated for 1
h at room temperature with the gold-conjugated sec-
ondary antibodies from goat diluted 1:20. Finally, the sec-
tions were counterstained with uranyl acetate and lead
citrate, and observed on a Philips CM12 transmission
electron microscope (TEM) at 100 kV.
To test the specificity of the immunoreactions, each ex-
periment in light and electron microscopy included nega-
tive controls obtained by omission of the primary anti-
serum and by substitution of primary antiserum with non-
immune (or pre-immune) rabbit serum.

Software application used
Digital confocal fluorescence images were obtained di-
rectly from the LEICA TCS 4D confocal laser-scanning
microscope, while digital TEM and optical microscopy
images were attained from micrographs using a Hewlett
Packard ScanJet 4C scanner. Photographic tables from
digital images were mounted using the Corel PHOTO-
PAINT 8 and CorelDRAW 8 Microsoft software and
printed on photographic paper using a Hewlett Packard
DeskJet 895 Cxi professional printer.

Results

NGF-like immunoreactivity
Using different anti-mNGF sera, bright fluorescent cells
and fibres were detected by light immunocytochemistry
in the central nervous system of E. foetida earthworms
(fig. 1). In particular, numerous immunoreactive peri-
karya and some positive nerve fibres were observed in
the cerebral ganglion (fig. 1A). These cells were lo-
cated in the dorsal region of the brain, showing their
positive axons projected toward the neuropil (fig. 1A).
Immunoreactive plexiform nerve fibres and clusters of
positive perikarya were also observed in the cephalic por-
tion of the circumpharyngeal connectives (fig. 1B, C).
In the subpharyngeal ganglion, only one pair of im-
munoreactive nerve cells, located in the ventral portion,
were detectable (fig. 1D). In the subsequent ganglia of
the ventral nerve cord, a few positive perikarya were lo-
cated at the roots of segmental nerves (fig. 1E) and scat-
tered along ganglia (fig. 1F) where filiform immunore-
active fibres were also detected (fig. 1G).
No immunoreactivity was observed outside the nervous
system. Essentially the same pattern of distribution of
NGF-like immunoreactivity in earthworm tissues was ob-
tained with all antisera used during our studies, including
preliminary experiments [41]. In particular, a similar pat-
tern of staining was obtained from two sera that displayed
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Figure 1. Nerve growth factor (NGF)-like immunoreactivity by light microscopy. Schematic drawings of the central nervous system (CNS)
showing section planes and orientation in Eisenia foetida anterior part from the side (upper), and a reconstruction of the CNS with the lo-
calisation of NGF-like immunoreactive cells (dotted) and nerve fibres (asterisks) (lower). Arrows indicate the zones where the corre-
sponding positive cells and nerve fibres are located in the pictures (A–G). a, anterior side; ac, alimentary canal; d, dorsal side; dv, dorsal
vessel;  p, posterior side; v, ventral side. Scale bars, 100 mm. (A) Transverse section through the cerebral ganglion (CG) showing numer-
ous positive cells in the cortical zone (cz) and immunoreactive nerve fibres in the dorsal layer of the neuropil (n). Note that some cells dis-
play positive axons. (B, C) Circumpharyngeal connective (CC), transversal sections. B shows clusters of immunoreactive neurons and ax-
ons. C shows fluorescent cell bodies mixed with thin, less bright, plexiform nerve fibres (pnf) (double-headed arrows). (D) Subpharyngeal
ganglion (SG), transversal section. (E–G) Ventral nerve cord (VNC). E, sagittal section showing positive cells located at the roots (r) of
segmental nerves (sn); F, transversal section; G, sagittal section showing immunoreactive nerve fibres.



different cross-reactive properties to hr-neurotrophins on
Western blots. In fact, by immunoblot analyses, the com-
mercial and the second anti-mNGF serum recognised
hrBDNF or hrNT-4, respectively, only at a higher concen-
tration (1 mg), but reacted strongly with hrNGF (250 ng)
and to lesser extents with equivalent amounts of hrNT-3
and of either hrNT-4 or hrBDNF, respectively (fig. 2).
Such cross-reactivities are not unexpected, since neu-
rotrophins share common epitopes [12, 16, 17] and or-
thologous NGFs, particularly mouse and human NGFs
[44], display highly conserved sequences across species.
Moreover, the specificity of the immunohistochemical
reactions in earthworms, evaluated by using either an
antigen-preabsorbed antiserum or preimmune and nor-
mal sera, was also confirmed by the hrNGF-preabsorbed
serum displaying completely abolished or drastically re-
duced immunoreactivity in the tissues from different
worms.
Given the ability of protein A to bind to the Fc region of
immunoglobulins, especially IgGs, from several species
[45], protein A covalently coupled to agarose was used at
first as an affinity support to isolate from both anti-mNGF
and, as control, non-immune sera all rabbit IgGs and suc-
cessively for immunoprecipitation of target proteins from
earthworm extracts. The samples obtained after immuno-
precipitation, also containing the immunoglobulin frac-
tions dissolved by the denaturing and reducing conditions
from protein A-agarose, in Western blotting showed in-
tense spots at higher molecular weights than the 13-kDa
mNGF band, used as a control; in addition, in the sample
immunoprecipitated with the anti-mNGF serum, an NGF-

like protein fraction showing electrophoretic properties
congruent with those of mNGF was identified (fig. 3).
This immunoreactive electrophoretic fraction was not de-
tected from samples immunoprecipitated with non-im-
mune rabbit serum (fig. 3). The specificity of the NGF-like
immunoreactive band was ascertained by incubating the
membranes with non-immune rabbit serum and with the
secondary antibody alone.
In ultrastructural studies, performed on isolated nervous
systems using anti-NGF sera, the immunogold reactions
were almost exclusively distributed within cells and fi-
bres, being essentially localised on secretory granules
(fig. 4). The background labelling density of  the 10-nm
gold particles was £ 1 gold particle/mm2 [see also ref. 41].
In the cerebral ganglion, positive cells showing the typi-
cal features of neurosecretory cells were detected in the
dorsal layer of the cortical zone. They displayed im-
munogold labelling on numerous electron-dense gran-
ules, ranging from 100 to 200 nm in diameter, within the
perikarya (fig. 4A). Similar findings were also obtained
with purified antibodies [41]. No labelling was detected
in the cell nucleus, in the endoplasmic reticulum or in the
Golgi apparatus, whereas gold-labelled electron-dense
material associated with the omega figure indicating ex-
ocytosis [46] was also observed close to the extracellular
space adjacent to perikaryal profiles (fig. 4B). In the
most superficial layer of the neuropil, the ultrastructural
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Figure 2. Cross-reactivity of rabbit antisera to mouse 2.5S NGF
(mNGF) with human recombinant (hr)-neurotrophins by Western
blotting analyses. Upper, commercial antiserum; lower, second
anti-mNGF serum. ∞250 ng; —500 ng; *1 mg.

Figure 3. Western blotting analyses after immunoprecipitation of
NGF-like proteins from extracts by protein A-agarose. Denatured
and reduced samples for electrophoresis were mNGF used as con-
trol (lane 1) and soluble proteins dissociated from protein A-
agarose after immunoprecipitation using protein A-agarose-binding
immunoglobulin molecules, especially IgG populations either from
anti-mNGF serum (lane 2) or, as control, from non-immune serum
(lane 3). Shown are immunoblots in the chemiluminescent system
at 2 min, using anti-mNGF serum as primary and anti-rabbit im-
munoglobulins as secondary antibodies. Note a supplementary
band, showing electrophoretic mobility similar to that of the ca 13-
kDa mNGF, in the sample obtained after immunoprecipitation with
anti-mNGF serum (lane 2) not detected in the sample from im-
munoprecipitation with non-immune serum (lane 3). Neither the
NGF-like immunoreactive band nor mNGF was observed when
either non-immune serum as primary antibodies or the secondary
antibodies alone were used to detect the immunoreactions.



observation of positive fibres showed a few electron-
dense immunolabelled granules, which were frequently
associated with bundled microfilaments (fig. 4C).
In the cephalic portion of circumpharyngeal connectives,
a positive immunogold reaction was observed on both
moderately and highly electron dense granules located
within the perikarya and the axons of secretory neurons
(fig. 4D–F).
In the ventral nerve cord, the few positive cells and fibres
showed immunogold labelling almost exclusively lo-
calised on slightly electron dense granules (fig. 4G–I).
Furthermore, along the fibres, these immunoreactive
granules were in some cases enclosed in vesicle struc-
tures (fig. 4I).

Neurotrophin-receptor-like immunoreactivity
In immunohistochemical studies using purified poly-
clonal antibodies to pan-Trk sequences and anti-p75
serum, immunoreactivity related to the two types of neu-
rotrophin receptors was detected in different E. foetida
tissues.
The immunohistochemical reactions to Trk antibodies
were located in some neuronal cell bodies and in many
nerve fibres in the nervous system (fig. 5A–C), showing
particularly numerous immunoreactive fibres in the neu-
ropil of the cerebral ganglion (fig. 5A) and in circum-
pharyngeal connectives (fig. 5B). Positive cells scattered
in the gut wall were also detected (fig. 5B, D). In partic-
ular, Trk-like immunoreactive cells were mainly observed
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Figure 4. Electron micrographs of NGF-like positive cells and nerve fibres in the CNS. The background labelling density of 10 nm gold
particles used to detect immunocytochemical reactions was ≤ 1 gold particle/mm2. (A–C) Cerebral ganglion (CG) (scale bars, 200 nm). A,
immunogold-labelled secretory granules within a positive cell; B, gold-labelled electron-dense material (double-headed arrow) associated
with omega figure (W) in the extracellular space (es) adjacent to the perikaryal (pk) profile of a positive neurosecretory cell; C, gold-la-
belled electron-dense granules (arrows) associated with neurofilaments (nf) in a positive nerve fibre of the neuropil. (D–F) Circumpha-
ryngeal connectives (CC). Immunolabelled granules (arrows) located within the perikaryon (pk) (D) and the axons (ax) of positive neu-
rons (E, F) (scale bars, 300 nm). (G–I) Ventral nerve cord (VNC). Gold-labelled slightly electron dense granules (arrows) within a posi-
tive cell (G) and fibres (H, I), enclosed in vesicle structures (I) (scale bars, 300 nm). Insets: particulars at higher magnification of
neurosecretory cell (A, D, G) and nerve fibres (C, E, F) (scale bars, 100 nm).



among the muscle fibres of the anterior regions of the al-
imentary canal (fig. 5D), in the pharyngeal neuronal
plexus and below the gut epithelial cell layer (fig. 5B).
Moreover, positive reactions to Trk antibodies were de-
tected in ciliate sensory cells of the epidermis (fig. 5E).
p75-like immunoreactivity was only expressed in a re-
stricted area, providing a marker to identify tubular struc-
tures in a narrow zone of the longitudinal muscles along
the body wall (fig. 6). This zone, which we named the
‘mid-dorsal block’, was indistinguishable from the adja-
cent muscular tissue by either histochemical or immuno-
histochemical methods when other antisera not directed
to p75 were used.
In earthworms, the body wall musculature consists of two
concentric layers: a thin circular muscle layer extending
around the circumference of the body, except at the inter-
segmental positions, and a thicker inner layer of longitu-
dinal muscles. These longitudinal muscles are continuous
throughout the length of the body, and are arranged in
groups or blocks around the body [38]. Our results show
that the two dorsal blocks reported in the anatomical

books [see ref. 38] are in reality three, and include the
small ‘mid-dorsal block’ which contains on the mid-line,
the openings of each segmental dorsal pore. Each single
dorsal pore communicates with the coelom cavity filled
with coelomic fluid and opens in the intersegmental
groove of the body wall.
In E. foetida, the position of the first dorsal pore, used as
a systematic character at the species level, corresponds to
the 4/5 segmental groove [38].
The p75-like immunoreactive structures were detected
from the fourth to the last (caudal) segment, and were lo-
cated close to and inside the particular block of longitudi-
nal muscles, which we called ‘the mid-dorsal block’ since
it lies in the mid-dorsal region of the body wall (fig. 6).
By conventional fluorescence microscopy, cross-sections
through this small muscular block, at the level of inter-
segmental dorsal pores (fig. 6A) and within the segments
(fig. 6B), showed irregularly distributed positive struc-
tures which appeared, in frontal sections, as convolute
tubules (fig. 6C).
These features were confirmed by a confocal micro-
scopic study (fig. 7). In the cross-sections counterstained
with propidium iodide (PI), the p75-like immunoreactiv-
ity was located on empty structures, negative for PI,
which occurred inside and near the edge of  the ‘mid-dor-
sal block’ of longitudinal muscles, being differently dis-
tributed along the segment (fig. 7A–D). Moreover, by
three-dimensional reconstruction of confocal imagines
obtained through 10-mm transversal sections, different
cross-sectioned profiles of positive tubular structures
were detectable, including those of longitudinal im-
munoreactive tubules (fig. 7E, F).
In addition, analysis of serial confocal sections through
the dorsal pore showed a clear anatomical correlation be-
tween positive tubular structures and the pore wall (fig.
7G, H).

Discussion

The invertebrates have played a pivotal role in the devel-
opment of the field of neurosecretion, providing useful
model systems for studying unifying organisational prin-
ciples among metazoans and eukaryotes [46–48].
Ultrastructural aspects of neurosecretion have been care-
fully investigated in annelids [46]. Moreover, among an-
nelids, the earthworms have long been taken as a model
for regeneration studies [49]. In addition, recent data sug-
gest that particular cytokine-related molecules may be
common chemical mediators in immune and neuroen-
docrine systems of the earthworm as observed in verte-
brate systems [50–52].
In vertebrates, the nervous, endocrine and immune sys-
tems are known to be interrelated and may integrate re-
sponses to stress, diseases or inflammation through the
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Figure 5. Immunohistochemical localisation of pan-Trk-like im-
munoreactivity in transversal sections from the E. foetida earth-
worm. (A) Cerebral ganglion, positive cells in the cortical zone (cz)
and immunoreactive fibres in the neuropil (n) (scale bar, 60 mm).
(B) Immunoreactivity at the level of circumpharyngeal connectives
(CC) showing positive cells under the gut epithelium (ge), among
the muscle fibres (m) and in the pharyngeal neuronal plexus (np)
(ac, alimentary canal) (scale bar, 100 mm). (C) Ventral nerve cord
(VNC), with immunoreactive cells and fibres (arrows) (scale bar,
60 mm). (D) The anterior region of the alimentary canal (ac), with
positive cells among the muscle fibres (m) (scale bar, 60 mm). (E)
Through the epithelial layer of the body wall, showing positive cil-
iate sensory cells (arrows) in the cuticle (ct) (scale bar, 60 mm).



use of humoral agents that have multiple and complex
functions. NGF appears to be one of these putative inte-
grating messengers, displaying a broader distribution and
a wider spectrum of biological functions than its name
implies [53–56].
Our results indicate that polypeptides of approximately
13 kDa immunologically related to NGF are synthesised in
earthworms and provide evidence that molecules immu-
nologically related to at least one member of the neurotro-
phin family are present in E. foetida neurosecretory cells.

In the cerebral ganglion of earthworms, neurosecretory
granules are released by exocytosis from cell bodies as
well as from axon terminals [57]. In our studies, ultra-
structural evidence (W figure) for the release of im-
munoreactive granules in the extracellular space adjacent
to perikaryal profiles in the E. foetida cerebral ganglion
indicates a possible autocrine and/or paracrine role of the
NGF-related molecules in the nervous system of these
animals. Moreover, the presence of NGF-like immunore-
active fibres in the brain neuropil, containing a ‘plexi-
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Figure 6. Diagrammatic cross-section in the central region of a Lumbricidae earthworm, illustrating the ‘mid-dorsal block’ of longitudi-
nal muscles in the body wall. The left half shows a nephridium and the dorsal pore; the right half shows setae but omits the nephridium.
The level of the frontal section illustrated in C is also reported. The micrographs (A–C) show the localisation of p75-like immunoreactiv-
ity in E. foetida (scale bars, 60 mm). (A, B) Cross-sections through the body wall, at the level of a dorsal pore (arrow) in the intersegmen-
tal groove (A) and within a segment (B), showing p75-like immunoreactivity in the ‘mid-dorsal block’ (mdb) of longitudinal muscles (lm)
(cm, circular muscles). (C) Frontal section in the ‘mid-dorsal block’ at the level of the coelomic cavity (cl).



form neurohaemal complex’ in the most superficial layer
[58], could suggest other possible functions, such as hor-
monal and/or neurotransmitter roles.
A different composition and changes due to component
processing are likely responsible for most of the electron-
dense heterogeneity observed at the ultrastructural level
in positive secretory granules inside the neurosecretory
cells of the cerebral ganglion, the circumpharyngeal con-
nectives and the ventral nerve cord. Moreover, some fi-
bres of the ventral nerve cord displayed immunoreactive

slightly electron dense granules enclosed in large vesicle
structures. Since these multivesicular bodies could indi-
cate a retrograde axonal transport of NGF-like molecules
[22, 59–61], of interest would be to determine whether,
in that eventuality, both NGF- and Trk-like immunoreac-
tive proteins are co-expressed in the same vesicle, thus re-
vealing ligand-receptor interaction.
In our study, the presence and distribution in E. foetida
tissues of pan-Trk-like immunoreactive sequences were
investigated by light microscopy, using polyclonal anti-
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Figure 7. Confocal fluorescence micrographs of p75-like immunoreactivity in transversal sections through the ‘mid-dorsal block’ (origi-
nal magnification: A, B ¥ 40; C–E, G, H ¥ 100; F ¥ 200). (A–D) Combined images showing the localisation of p75-like proteins (green)
in intrasegmental sections, through circular (cm) and longitudinal (lm) muscles, counterstained with propidium iodide (red). C, and D par-
ticulars at higher magnification indicated by the inset in A and B, respectively. Note the p75-like immunoreactive tubular structures, neg-
ative for propidium iodide, near the coelomic cavity (cl) and their different localisation along a body segment (A, B). (E–H) p75-like-de-
riving fluorescence signal (bright red and yellow) in transversal sections at the end (E, F) and at the level (G, H) of a dorsal pore. E, a three-
dimensional reconstruction revealing that the positive cross-sectioned tubular structures were convoluted with different profiles; a
longitudinal tubular structure in the inset is detailed in F. G, a sequence of confocal sections from the top to the bottom; the confocal im-
age indicated by a white asterisk is showed in detail in H, where arrows point to positive structures (ct, cuticle).



bodies which map a TrkA highly conserved carboxyl-ter-
minal region shared by TrkB and TrkC. Our results are in
accordance with the data obtained by other authors using
antibodies specific for the catalytic domain of each indi-
vidual receptor of the Trk family [62]. In particular, the
presence of pan-Trk-like immunoreactivity in numerous
cells and fibres of the central nervous system further sup-
ports the data indicating an early evolutionary origin of
the Trk family as neuronal receptor tyrosine kinases [34].
Phylogenetic analyses of vertebrate neurotrophin and Trk
receptor gene families show a remarkable parallel in their
evolutionary histories and suggest the presence of primi-
tive ancestors in invertebrates [6, 18]. Several neural re-
ceptor tyrosine kinases have been found in Drosophila
and a novel member of the Trk family, showing a se-
quence-related tyrosine kinase domain and the ability to
bind human NT3, has been recently detected in Lymnaea
stagnalis [34]. The amino acid or gene sequence of a
member of the neurotrophin family in an invertebrate is
still lacking. However, the suggestion has been made that
the invertebrate clotting protein coagulogen isolated from
the horseshoe crab hemocytes, could be evolutionarily
related to the vertebrate neurotrophin family (http://www.
cryst.bbk.ac.uk/~ubcg09j/neurotrophins/nt_new.html).
The clotting cascade system of this invertebrate (Limu-
lus) is involved in both homeostasis and host defence.
The three-dimensional structure of coagulogen exhibits
the characteristic ‘cystine knot motif’, displaying in the
C-terminal half of the molecule a striking topological
similarity to NGF [10]. 
Similarities have also been described among coagulo-
gen, NGF and the Drosophila Spätzle protein. The puta-
tive receptor of this last protein is Toll, which in
Drosophila participates in establishing the dorsoventral
pattern in the embryo and inducing an antifungal im-
mune response in the adult fly. Interestingly, Toll and Trk
receptors share a similar arrangement in their extracellu-
lar domain [10, 63, 64].
Thus, proteins displaying the NGF-type ‘cystine knot’
motif typical of vertebrate neurotrophins and able to acti-
vate similar receptors may well exist in invertebrates.
In our study, by using polyclonal antibodies to extracellu-
lar fragment sequences of p75 neurotrophin receptor,
empty tubular structures never before detected were iden-
tified in the ‘mid-dorsal block’ of longitudinal muscles,
along the body wall of E. foetida worms. During our long
experience studying E. foetida studies [see ref. 58], we
have never before detected either such tubular structures or
the anatomic area where they are located. This area, which
we have named the ‘mid-dorsal block’, was absolutely in-
distinguishable from the adjacent muscular tissue by either
histochemical or immunohistochemical methods when
other antisera not directed to p75 were used.
In addition, p75-like immunoreactive tubules were found
to be correlated to the dorsal pores, which open in the in-

ter-segmental groove on the mid-dorsal line of the body
wall. These pores communicate with the body cavity, al-
lowing the expulsion of coelomic fluid and coelomo-
cytes, free cells present in the coelomic fluid, at times of
either chemical and mechanical irritation or stress. These
cells are involved in immune responses [50] and are cur-
rently under investigation in our laboratory for the rele-
vant presence of NGF-like polypeptides [65].
The presence and the particular location of the p75-like
immunoreactive tubular structures detected in the worms
suggest a putative role for p75-like immunoreactive pro-
teins in earthworm defence mechanisms. Further multi-
disciplinary investigations, however, are needed to sub-
stantiate this hypothesis.
Moreover, we need to increase our understanding of the
molecular basis underlying the similarities between the
immunoreactive proteins detected in E. foetida and the
vertebrate components of the neurotrophin signalling
system. Such similarities might be vestiges of a common
evolutionary origin or may represent convergence upon a
parsimonious solution to a common problem. Such is the
case for the E. foetida defence molecule coelomic cy-
tolitic factor-1 and the mammalian TNF-a, which share a
lectin-like domain that appears to have been functionally
conserved as a recognition mechanism during innate de-
fence reactions in invertebrates and vertebrates [66].
The cross-reactivity of the anti-mNGF sera used in our
study with the human recombinant neurotrophins is very
likely related to genetic homology [17, 44], whereas no
sufficient data are available concerning the role and the
structural properties of the epitopes shared by neu-
rotrophins and the NGF-like molecules detected in the
annelid E. foetida.
However, the current studies are corroborated by our pre-
liminary results confirming the expression of NGF-like
proteins in coelomocytes by Western blot analysis of cell
protein extracts and by reverse transcription-polymerase
chain reaction (RT-PCR), performed on individual sam-
ples of coelomocyte RNA using as primers highly con-
served sequences in neurotrophins [65]. In particular,
since PCR amplification product lengths from several in-
dividual samples conforming to expected lengths, the re-
sults corroborate the existence of NGF-like polypeptides
in earthworms, indicating the presence of substantial re-
gions of conservation in its correspondent cDNA.
The expression of precursors (proneurotrophins) prefer-
entially activating the p75 receptor has very recently been
detected in vertebrate tissues and cells [67, 68].
In our experimental conditions, using immunoprecipita-
tion with protein A and anti-immunoglobulin as sec-
ondary antibody to detect the immunoreactions, identify
NGF-like fractions at a higher molecular weight than that
of the NGF monomer is difficult. However, protease in-
hibitors were always used during the protein extractions,
and in Western blotting analysis of coelomocyte extracts
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(obtained directly without immunoprecipitation), the
NGF-like immunoreactive fractions were only localised
in the zone corresponding to about 13 kDa and no other
bands were detectable (unpublished data).
Nevertheless, we cannot exclude the possibility that dif-
ferent physiological conditions (i.e. development and re-
pair processes) forms not cleaved intracellularly could
also be expressed at levels detectable by Western blot-
ting, as recently reported for vertebrate tissues and cells
[67, 68].
In conclusion, our results in this earthworm provide new
information and new ideas for testable hypotheses to ob-
tain insights, at least at the evolutionary level, into the
puzzling picture of the neurotrophin signalling system,
representing a starting point for in-depth studies in non-
controversial, readily available and inexpensive animal
model.
Finally, the suggestion has been made recently that neu-
rotrophic signalling mechanisms might be one of the pre-
requisites for the evolution of complex nervous systems
and a search for them should be made in invertebrate
models displaying a relatively long life cycle and a com-
plex nervous system [35]: earthworms may well represent
one such candidate. 
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