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The presence and cell localization of TrkB, the main receptor
for the neurotrophins (NTs), was investigated immunohisto-
chemically in the small intestine of adult pigeons, with spe-
cial reference to the enteric nervous system (ENS). Several
neuronal (neurofilament proteins and PGP 9.5) and glial cell
(S100 protein) markers were studied in parallel. TrkB
immunoreactivity (TrkB-IR) was found to be restricted to
immunohistochemically-identified glial cells present in the
enteric plexuses, and to Schwann cells forming the perivas-
cular plexus. Also, TrkB-IR was detected in enterochromaffin
cells and in unidentified dendritic cells within the gut-asso-
ciated lymphoid tissue. The present results demonstrate that
as for mammals, TrkB in the ENS is restricted to the glial
cells. The possible function of the TrkB ligands, however,
remains to be established.
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Immunohistochemical detection of tyrosine kinase B (TrkB) in the
enteric nervous system of the small intestine in pigeon (Columba livia)
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parent signal transducing receptors (Lewin and

Barde, 1996; Huang and Reichardt, 2003),
participate in the development and maintenance of
sensory and sympathetic neurons derived from the
neural crest (see review by Farifias, 1999). Conversely,
it remains still unclear whether or not NTs are also
involved in the differentiation of the neural crest cel-
lular progeny which form the enteric nervous system
(ENS; see reviews by Gershon, 1997, 1998).
However, evidence suggesting such participation does
exist, especially for NT-3 (Gershon et al., 1993;
Chalazonitis, 2004; Chalazonitis et al., 1994, 1995;
see also Gershon, 1997, 1998).

The developing ENS express trkA and trkC tran-
scripts (Lamballe et al., 1991, 1994; Parada et al.,
1992; Ip et al., 1993; Gershon et al., 1993; Tessarollo
et al.,, 1993; Shelton et al, 1995; Sternini et al,
1996), and TrkA-, TrkB- and TrkC-IR have been
detected in the mammalian adult ENS (Kobayashi et
al., 1994 a, b; Hoehner et al., 1996; Shibayama and
KKoizumi, 1996; Esteban et al., 1998). But surprising-
ly, the ENS develops normally in mice deficient for
NTs and their receptors (see Farifias, 1999).

Most data regarding the occurrence and distribu-
tion of NTs in the ENS have been obtained from
mammals, and recent information is emerging from
lower vertebrates (de Girolamo et al., 1999; Lucini et
al., 1999, 2001; Maruccio et al., 2004). However, the
occurrence and distribution of Trks in the avian ENS
has not been studied. To help fill this gap in knowl-
edge, we analyzed the localization of TrkB immunore-
activity in the ENS of the adult pigeon. We used this
animal model because the antibody used against TrkB
successfully reacts in pigeon tissues (Ciriaco et al.,
1996, 1997; Hannestad et al., 1998). TrkB is the
main receptor for brain-derived neurotrophic factor
(BDNF) and NT-4/5, and also for NT-3 in certain
contexts (Klein et al., 1991, 1992). TrkB was found
immunohistochemically in the enteric glia of different

The neurotrophins (NTs), acting through their
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adult mammals, including man (Sternini et al., 1996;
Esteban et al., 1998), and BDNF, the main ligand for
TrkB, is released from gut epithelia and regulates vis-
ceral innervation (Lommatzsch et al., 1999)

Materials and Methods

Animals and treatment of the tissues

Adult male King pigeons (Columba livia, f. domes-
tica, Morini’s strain) aged 90 days (n = 5) were used.
Samples 1 cm long of the different segments of small
intestine were obtained after sacrifice of the animals
under deep anesthesia (chloral hydrate, 350 mg/kg,
i.p.), and following the criteria established for Animal
Rights. The pieces were collected within 5 min after
death, cleaned in 0.9% cold saline, placed in Bouin's
fixative for 24 h, and routinely embedded in paraffin.
Then, 10 um thick serial sections perpendicular to
the long axis of the gut were obtained, mounted on
gelatin-coated microscope slides, and processed for
indirect peroxidase immunohistochemistry. To ascer-
tain structural details, selected slides were counter-
stained with hematoxylin-eosin.

Immunohistochemistry

After rehydratation, sections were rinsed in 0.05 M
HCI Tris buffer (pH 7.5) containing 0.1% bovine
serum albumin and 0.1% Triton X-100. The endoge-
nous peroxidase activity and non-specific binding
were blocked with 3% H,0, and 25% fetal calf
serum, respectively. Thereafter, the sections were incu-
bated overnight in a humid chamber at 4°C with a
rabbit polyclonal antibody directed against the 794-
808 residues of mouse TrkB at a dilution of 1 ug/mL
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).
This antibody maps within the carboxyl terminal
domain, and has been used previously in paraffin-
embedded tissues of pigeon (Ciriaco et al., 1996,
1997; Hannestad et al., 1998). After incubation with
the primary antibody, sections were washed in the
same buffer described above, and incubated with per-
oxidase-labeled sheep anti-rabbit 1gG (Amersham,
Buckinganshire, UK), diluted 1:100, for 1 hour at
room temperature. The immunoreaction was visual-
ized using diaminobenzidine tetrahydrochloride
(Sigma, Saint Louis, MO, USA) as a chromogen.

To identify cells displaying TrkB-IR, neuronal and
glial markers were studied in parallel in serial sec-
tions. The antibodies used in this part of the study
were: a) a rabbit polyclonal antibody against S-100
protein (Dako, Copenhagen, Denmark, diluted
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1:1000); b) a mouse monoclonal antibody against
phosphorylated 200 kDa neurofilament (clone RT-
97, Boehringer Mannheim, diluted to 1 ug/mL); c) a
rabbit polyclonal antibody against PGP 9.5 (Bio-
genesis, Poole, England, UK; diluted 1:1000).

The specificity of the immunoreactivity was tested
in representative sections processed in the same way
using specifically pre-adsorbed sera (5 ug of the anti-
gen in 1 mL of the primary antibody working solu-
tion). Cross pre-adsorption among primary antibod-
ies was also carried out (for details see Ciriaco et al.,
1996). Under these conditions, no specific immunos-
taining was observed.

Results

Specific TrkB immunoreactivity was detected in all
gut segments examined. It was found in both nervous
and non-nervous cells, especially in the enterochro-
maffin cells but also in unidentified dendritic cells
localized within the gut-associated lymphoid tissue
(data not shown). No positive immunoreactivity was
detected in the control sections processed as
described above. The following description applies
exclusively to the ENS.

The distribution of TrkB immunoreactivity in the
ENS was identical in all the segments of the gut ana-
lyzed; and labeled elements were found in the myen-
teric and submucous plexuses, in the nerve bundles
connecting them, in the perivascular plexuses and in
isolated nerve fibers running through the intestinal
villosities (Figure 1 and 2). In the enteric microgan-
glia, TrkB immunoreactivity did not label the neuron
cell bodies, but the interneuronal spaces occupied by
the enteric glia and enteric nerve fibres (Figure 1B
and 1D; Figure 2).The pattern of immunostaining, as
observed in comparing serial sections did not follow
that of neuronal markers (i.e. neurofilaments or PGP
9.5; data not shown), whereas it was almost identical
to that obtained for S100 protein (Figure 1A and
1C). On the basis of this distribution, cells expressing
TrkB immunoreactivity can be identified as enteric
glial cells. On the other hand, the occurrence of TrkB
immunoreactivity was also evident in the nerve fibers
forming the perivascular plexuses (Figure 2B) which
connect the enteric microganglia (Figure 1 and 2).
Presumably, the immunolabeled cells correspond to
Schwann cells.

Discussion
The present study was designed to investigate the
presence and cell localization of TrkB, the physiologic
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Figure 1. Immunohistochemical detection of S100 protein (A,
C) used as a marker for glial cells, and TrkB (B, D) in serial sec-
tions of the ileum and jejunum of adult pigeon. Neurons (aster-
isks) are devoid of immunoreaction for both antigens, whereas
it is present in the glial cells of both the myenteric (mp) and
submucous (sp) plexuses. Scale bar = 50 m.

Figure 2. TrkB immunoreactivity labels enteric glial cells (A, C,
D) of the myenteric (A, mp) and submucous (sp) plexuses, the
neurons in the microganglia (asterisks) being unreactive. TrkB
immunoreactivity is also present in plexuses (arrows in B) sur-
rounding enteric blood vessels (bv), as well as in intramural
nerves (n in B). Scale bar = 50 pum (as in figure 1).

ligand for BDNF and NT-4/5 in the small intestine of
the pigeon, with special reference to the ENS. In com-
plete agreement with previous reports in mammals
(Esteban et al., 1995; Garcia-Suarez et al., 1997),
aves (Hannestad et al., 1998), and lower vertebrates
(Lucini et al., 1999; Maruccio et al., 2004), the ente-
rochromaffin cells were TrkB immunoreactive. Also, as
for mammals (Levanti et al., 1997) and birds (Han-
nestad et al., 1998), dendritic cells within the intestin-
al lymphoid tissues were TrkB immunoreactive.
Regarding the ENS, this paper describes for the
first time the presence of TrkB in cells of the myen-
teric and submucous plexuses, and in other enteric
nerves. These cells were identified on the basis of
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their morphology and immunohistochemical proper-
ties as enteric glial cells and Schwann cells. Although
pioneer studies failed to demonstrate trkB in the
murine ENS (Klein et al., 1990), it was later detect-
ed in both developing and adult mammals, including
man (Shelton et al., 1995; Hoehner et al., 1996;
Sternini et al., 1996). Basically, the present results
are in agreement with those obtained in mammals
(Esteban et al., 1998), and the main discrepancies
occurs with respect to man, since some authors
observed a total absence of TrkB immunoreactivity
(Shibayama and Koizumi, 1996), while others detect-
ed TrkB in both neurons and glial cells (Hoehner et
al. 1996).

The occurrence of TrkB immunoreactivity in
enteric glial cells was surprising because only trun-
cated forms of this protein were detected in other
non-myelinating peripheral glial cells and Schwann
cells (Wetmore and Olson, 1995; Zhou et al., 1996).
Nevertheless, and because the antibody we used maps
within the intracytoplasmic domain of TrkB, it can be
assumed that the TrkB we have found corresponds to
the full-length protein.

At least in mammals, NT-3 seems to be the only
member of the family of neurotrophins involved in the
development, differentiation and maintenance of the
enteric neurons and glial cells both in vitro
(Chalazonitis, 2004) and in vivo (Palm et al., 1996),
presumably in a developmentally regulated manner
with other growth factors (Chalazonitis et al, 2004).
Consistently, the enteric neurons express mRNA for
trkC (Chalazonitis et al., 1994; Lamballe et al.,
1994) and TrkC immunoreactivity (Esteban et al.,
1998). Whether or not NT-3 plays similar roles in the
avian ENS remains to be demonstrate, but since TrkC
is absent from the ENS in birds (Germana et al.,
umpublished) NT-3 might signal via TrkB (Klein et
al., 1991; Davies et al., 1995).

The functional significance, if any, of TrkB in these
cells remains to be established, especially re-examin-
ing the ENS of knockout mice lacking NT receptor
genes (see Klein, 1994; Snider, 1994, Farifias, 1999),
in which no apparent variations were observed. In
addition, more studies are necessary to elucidate this
since it is now clear that NTs control the biology of
glial cells (Althaus et al, 2000), and it has been
recently observed that NT-3 promotes the differenti-
ation of some kinds of glial cells (Bianco et al.,
2004). However, the differentiating role of NT as well
as the effect of its physiological ligands remains to be
demonstrated in the enteric glia.
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