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Summary. Age-dependent changes in the innervation of the
pigeon (Columba livia, L.) bursa of Fabricius, from hatch-
ing to 120 days of age, were studied by fluorescence-
histochemical and neurochemical methods for demon-
strating noradrenergic and acetylcholinesterase (AChE)-
reactive nerve fibres respectively. The distribution of both
nerve fibre types was largely perivascular. Furthermore, a
few isolated nerve fiber profiles were observed beneath the
bursal epithelium, in the interfollicular septa and in the
follicular cortex. No nerve fibre profiles reaching the
medulla of the lymphoid follicles were observed. In addition
to nerve fibres, AChE reactive neuron-like cells were en-
countered within the capsule and interfollicular septa.
AChE reactivity was also found in dendritic-like cells
localized in the cortical and cortico-medullary border. No
changes in the density of perivascular noradrenergic inner-
vation were noticeable during the ages studied, whereas the
density of AChE-reactive fibres supplying vessels reached
the adult pattern at 30 days, and then remained unvaried.
The density of non-perivascular nerve fiber profiles, special-
ly the AChE reactive type, increased until 30 days, remained
unchanged until 75 days and then increased with aging
(90—120 days). The interrelationship between the auto-
nomic nervous system and the immune system is discussed.
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Introduction

Increasing evidence suggests a close interrelationship be-
tween the nervous and immune systems (Kordon and
Bihoreau 1989; Ader et al. 1990). At the peripheral level,
nerves supplying lymphoid organs may participate in the
differentiation and maturation of the immune-competent
cells (for a review see Felten et al. 1987b; Bellinger et al.
1989, 1993). However, the mechanisms involved in this
neuroimmune connection remain to be elucidated (Ader et
al. 1990).

The innervation of the mammalian primary lymphoid
organs has been extensively analyzed (for ref. see Bellinger
et al. 1993). Conversely, little information has been obtained
on the innervation of the avian bursa of Fabricius (Pintea et
al. 1967; Cordier 1969; Inue 1971; Zentel et al. 1991; Zentel
and Weihe 1991). This is a unique lymphoid organ, which
provides the microenvironment for B lymphocyte differen-
tiation (Glick 1983, 1991). Furthermore, it has not been
established whether or not the innervation of the bursa of
Fabricius undergoes changes during the growth and in-
volutive phases of the organ (Ciriaco et al. 1985, 1989), as
reported for other mammalian primary lymphoid organs
(Felten et al. 1987a; Zirbes and Novotny 1992; Bellinger et
al. 1993).

In view of this, we decided to investigate the age-related
changes in the innervation of the pigeon (Columba livia, L.)
bursa of Fabricius, using fluorescence-histochemical and
neurochemical techniques for detecting noradrenergic and
acetylcholinesterase (AChE) reactive nerve fibres respective-
ly. The chronology of the development, growth and involu-
tion periods of the pigeon bursa of Fabricius has already
been reported (Ciriaco et al. 1985, 1989).
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Material and methods

Male king pigeons (Columba livia, L.), Morini strain, were used in
the present study. The animals were divided into three age-groups
on the basis of the postnatal developmental stage of the bursa of
Fabricius: i) newborn (0—1 days post hatching); ii) growing
postnatal period (7, 15, 30, 45, 60, and 75 days post hatching;
Ciriaco et al. 1985); iii) regressive period (90 and 120 days post
hatching; Ciriaco et al. 1989). A total number of 27 pigeons, 3 for
each day of examination, were used. Under chloral hydrate

anesthesia, the animals were sacrificed by decapitation and the
bursa of Fabricius removed. The organs were divided into halves,
embedded in a cryoprotectant medium and quickly frozen in
isopentane cooled with liquid nitrogen.

25 um thick serial sections were cut and mounted on gelatin-
coated slides. For demonstration of tissue stores of catecholamines,
the glyoxylic acid-induced histofluorescence method was employed
(De la Torre and Surgeon 1976). Microscopic slides were viewed and
photographed with a Leitz microscope equipped with an epifluo-
rescence illumination system. For acetylcholinesterase (AChE)

Fig. 1. Noradrenergic fibres are mainly localized forming perivascular plexuses (A, 0 days; B, 60 days), but are also found in the inter-
follicular connective tissue (C, 30 days; D, 90 days), beneath the epithelium (E, 45 days) and within the cortex of lymphoid follicles (F,
75 days). e = follicular epithelium; f = lymphoid follicles; 1 = bursal lumen. Scale bar = 25 pm.
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histochemistry sections were processed according to El-Badawi and
Schenk’s technique (1967). Briefly, sections were incubated over-
night at 4°C in a solution containing acetyltiocholine iodide as a
substrate, and iso-OMPA (10 pM) as an inhibitor of non-specific
cholinesterases.

The specificity of the histofluorescence which developed in the
bursa of Fabricius with the employed technique was confirmed by
comparing its pattern with that observed in untreated fresh sec-
tions. For AChE reactivity, controls were obtained by incubating
sections either in a substrate-free medium, or in the absence of the
non-specific cholinesterases inhibitor.

Results

Noradrenergic nerve fibres

Sections of the pigeon bursa of Fabricius exposed to glyox-
ylic acid developed blue-green fluorescent nerve fibres, rich
in varicosities. Most of them were found distributed along
the bursal arterial arbor (Figs. 1A and 1B), but a small
number were also observed in other locations, primarily in
the interfollicular connective tissue (Fig. 1C and 1D).
Moreover, we occasionally observed, in the 30 to 75 days-old
animals, nerve fibre profiles beneath the bursal epithelium,
in the cortex and at the cortico-medullary border of the lym-
phoid follicles (Figs. 1 E and 1F). Nerve fibre profiles were
found reaching the central part (medullary portion) of the
lymphoid follicles in no case.

With regard to the density of noradrenergic innervation,
no apparent variations were observed in the vascular inner-
vation with aging. Conversely, age-dependent changes were
seen in the density of non-vascular noradrenergic nerve
fibres. In fact, there was a progressive increase from
hatching to 30 days, no variation from 30 to 75 days, and an
apparent regional increase during the involutive period of
the organ (Figs. 1C and 1 D).

Acetylcholinesterase-containing nerve fibres and cells

The distribution of the perivascular AChE-positive nerve
fibres was similar, and the density parallel to that described
for noradrenergic fibres (Figs. 2A and 2B). However, the
density of AChE-reactive perivascular nerve fibres in the
newborn animals was apparently much lower than that of
the catecholamine histofluorescent fibres at this age (data
not shown).

AChE-reactive nerve fibres independent of blood vessels
were observed in the capsule of the organ (Fig. 2B) and in
the interfollicular septa (Fig. 2 A), without apparently show-
ing any age-dependent changes. Moreover, AChE-reactive
structures were found subepithelially, in the cortex and at
the cortico-meduilary border of the lymphoid follicles
(Figs. 2C—2F). The exact nature of these AChE-reactive
structures remains elusive. Sometimes they showed a mor-
phology compatible with that of nerve fibres, whereas in
other cases they resembled dendritic celis or dendritic cell

processes. The density of these reactive structures increased
with age until day 75, and remained unchanged during the
involutive phase of the organ (Figs. 2C—2F). No AChE-
reactive cells were observed in the medullary compartment
of the bursal follicles.

Finally, within the capsule and the interfollicular connec-
tive tissue, neuron-like cells displaying AChE reactivity cells
were observed. They were either isolated or clustered, with
monopolar or bipolar morphology, and intercalated in
AChE-reactive networks (Figs.2G—2I). Apparently no
changes occurred in these cells with aging.

Results of the age-dependent changes in the density of
noradrenergic and AChE-reactive nerve fibres are sum-
marized in table 1.

Discussion

This study was undertaken to analyze the distribution and
the age-related changes in the noradrenergic and AChE-
reactive nerve fibres supplying the pigeon bursa of
Fabricius. The above findings provide evidence that aging of
the bursa is accompanied by no changes in the density and
pattern of the noradrenergic and AChE-reactive perivascu-
lar innervation. Conversely, the involutive stage is accom-
panied by an increase in the non-vascular noradrenergic
fibres.

The nerve fibres supplying the bursa of Fabricius
originate from heterogeneous sources, including in-
traganglionic bursal neurons (see Zentel and Weihe 1991).
We have observed that the bursa contains a stable popula-
tion of AChE-reactive neuron-like cells, which probably
represent rudiments of the enteric nervous system in-
volved in the innervation of the organ (see Zentel and Weihe
1991).

Our findings on the distribution of noradrenergic and
AChE-reactive nerve fibres, independently of age, are in
good agreement with studies reporting the distribution of
peptide immunoreactive nerve fibres (Zentel and Weihe
1991; Zentel et al. 1991). Furthermore, both types of nerve
fibres analyzed showed a similar pattern of distribution,
thus suggesting co-localization of catecholamines with
AChE-reactivity (for a review see Black et al. 1988; Landis
1988). However, the presence of a network formed exclusive-
ly of AChE-reactive nerve fibre profiles at the subepithelial
and cortical follicular levels suggests the existence of an in-
dependent cholinergic innervation of the organ.

The second main goal of this study was to analyze the
age-dependent changes in the innervation of the bursa of
Fabricius. Our results suggest that the pattern of vascular in-
nervation does not change with aging. Various studies car-
ried out in mammals have revealed increase, no change or
decrease in the vascular innervation of lymphoid organs
with aging (for ref. see Bellinger et al. 1993). With regard to
the non-vascular nerve fibres, there was, in general, a pro-
gressive increase in the density of innervation during the
growth period, no modification in the adult state (see
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Table 1. Density of noradrenergic and AChE-reactive nerve fibres in the pigeon bursa of Fabricius at different ages (+ + +: high; + +:

medium; +: low; —: no detectable)

Age (days)

0 7 15 30 45 60 75 90 120
Noradrenergic nerve fibres
Blood vessels +4++ +4+ +++ +4++ +++ +4++ +++ +++ +4+ 4+
Interfollicular septa + + + ++ ++ ++ ++ +4++! +++!
Follicular epithelium - - - + ++ +4 + +4++" 44!
Lymphoid follicles
Medulla - - = — = _ _ _ _
Cortico-medullary border = - - + + + + ++ +++ ot
Cortex - - - + + + + — —
AChE-reactive nerve fibres
Blood vessels + ++ +++ +++ +++ i +++ +++ +++
Interfollicular septa ++ ++ ++ ++ ++ ++ ++ ++ ++
Follicular epithelium + + ++ +++ +++ +++ +++ +++ +++
Lymphoid follicles
Medulla - - - — — — _ _ _
Cortico-medullary border + + ++ +++ +++ +++ +++ +++ +++
Cortex + + + ++ ++ +++ +++ +++ ++4+

'} regional increases of nerve fibres density

Ciriaco et al. 1985) and an apparent increase in the density
of noradrenergic fibres during the involutive period. In-
creased innervation with aging occurs in the primary lym-
phoid tissues of mammals, i.e. the thymus (Novotny et al.
1990; Suster and Rosai 1990; von Gaudecker 1991; Zirbes
and Novotny 1992), but the functional significance of these
observations has not yet been established (Bellinger et al.
1993). Whether these increase represents a relative effect,
because the lymphoid tissue decreases, remains to be
elucidated. However, preliminary studies (Ricci et al. un-
published) from our laboratory have demonstrated increas-
ed levels of noradrenaline in the bursa of Fabricius of old
pigeons (120 days), in comparison with young or adult
animals.

A striking result of the present study was the finding of
AChE reactivity in cell profiles similar to that in the
follicular dendritic cells. The bursal follicles contain dif-
ferent types of dendritic cells (see Olah et al. 1992 a, b; Olah
and Glick 1992), but, so far as we know, cholinergic proper-
ties have not been reported for these cells. This interesting
hypothesis must be confirmed in future studies, since the
dendritic cells influence the function of the immune-compe-
tent cells.

The functional significance of nerves in lymphoid organs
is not clear. Data obtained in mammals demonstrate that
perivascular nerves may influence the physiology of the lym-

phoid organs regulating vascular blood flow (Moore et al.
1990). Moreover, it is possible that nerve fibres innervating
lymphoid organs release neurotransmitters which are able to
act on lymphocytes or other immune-competent cells (Payan
et al. 1986; Besedowsky et al. 1989; Bulloch and Radojcic
1989). Based on the present results, a vascular control by
nerve fibres in the bursa of Fabricius may be hypothesized.
Moreover, since nerve fibres were also encountered in the
cortical and at the cortico-medullary border, the release of
neuroactive substances from nerve terminals may act direct-
ly on the cortical B lymphocytes (see Lassila 1989) or cor-
tical dendritic cells (Glick and Olah 1987; Olah et al.
1992a). Conversely, the absence of a direct innervation of
the medullary cells suggests that the vegetative nervous
system may act only indirectly on this compartment. Several
studies suggest a possible role of the autonomic innervation
of the immune-competent cells in the immunosenescence
(see for ref. Bellinger et al. 1993). Therefore, the possibility
cannot be excluded that altered noradrenergic innervation of
the bursa of Fabricius with aging may be in some way
related to an alteration of the immune response in
senescence.
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| Fig. 2. AChE-reactive nerve fibres are largely perivascular (A, 30 days; B, 75 days) (arrows), but they were also identified in the
interfollicular septa, beneath the epithelium, in the cortical and at the cortico-medullary border (C, 0 days; D, 15 days; E, 30 days; F, 120
days). Arrow-heads show reactive nerve-like profiles and varicose-branched structures resembling dendritic cells. AChE reactivity was also
observed in the soma (large arrows) and processes (small arrows) of intra-bursal neuron-like cells (G, 7 days; H, 70 days; I, 120 days).
e = epithelium; 1 = vascular (A, B) or bursal (C—F) lumen. Scale bar = 25 um for C—F, and H; 30 um for B and E; 40 um for A and B.
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