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ABSTRACT Immunohistochemical techniques were used to investigate the
cellular distribution of components of the secretory immune system, including
secretory immunoglobulin, secretory piece, and J chain, as well as other immuno-
globulins and nonspecific defense factors in the olfactory mucosae of salamanders
and rats.

In the salamander, secretory immunoglobulin M, and J chain were localized in
duct and acinar cells of Bowman’s glands, in B lymphocytes, and in sustentacular
cells in immature regions of the olfactory mucosa. Lactoferrin and lysozyme were
also present in Bowman’s glands, in sustentacular cells in immature regions of the
olfactory mucosa, and in blood cells in the lamina propria. Olfactory nerve section
resulted in the presence of increased numbers of secretory immunoglobulin-immu-
noreactive B lymphocytes and in an altered distribution of IgM, secretory piece,
and lactoferrin.

In the rat, secretory immunoglobulin A and J chain were localized in duct and
acinar cells of Bowman’s glands and in B lymphocytes in the lamina propria.
Secretory piece could be demonstrated in Bowman’s glands only in rats that had a
prior viral infection. Other defense factors, localized in the lamina propria, in-
cluded IgG in the connective tissue stroma and in B lymphocytes, [gD-immunore-
active B lymphocytes, and IgE-immunoreactive cells that were identified as mu-
cosal mast cells. Lactoferrin and lysozyme were present in serous acinar cells of
Bowman’s glands and in blood cells.

These results demonstrate that the olfactory mucosa is protected from patho-
genic invasion by the secretory immune system as well as other immunoglobulins,

lactoferrin, and lysozyme.

A major function of mucosae is to present a barrier to
the penetration of pathogens and other potentially in-
jurious agents from the environment into the body.
One way in which this is accomplished is via a
“common mucosal immunologic system” (McDermott
and Bienenstock, 1979). The major mucosal immuno-
logical defense mechanism is based on the presence of
polymeric secretory immunoglobulin (slg) in secre-
tions, derived from mucosal glands, that cover or em-
anate from mucosae. The presence of this immune sys-
tem may be characterized by the localization within
the mucosa of 1) B lymphocytes/plasma cells that pro-
duce slg and the joining chain (J chain) that links im-
munoglobulin monomers into polymers; 2) secretory
piece (SPc), a translocation factor that binds polymeric
immunoglobulins at the basolateral membrane of mu-
cosal gland cells and delivers the complex into secre-
tions; and 3) the slg complex, consisting of polymeric
immunoglobulin, J chain, and SPc¢ in mucosal secre-
tions. In amphibians, the major secretory immunoglob-
ulin is IgM (Portis and Coe, 1975), and the secretory
complex (sIgM) is composed of IgM pentamers joined by
J chain and SPc. In mammals, the major secretory im-
munoglobulin is IgA (Tomasi and Zigelbaum, 1963),
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and the secretory complex (sIgA) is composed of IgA
dimers joined by J chain and SPe. sIgM occurs in mam-
mals but is less abundant and at a diffusional disad-
vantage compared to the smaller sIgA; sIgM can func-
tion as a secretory antibody in mammals in cases of
selective IgA deficiency (Underdown and Schiff, 1986;
Brandtzaeg et al., 1987). On mucosal surfaces, sIgA
immobilizes particulate pathogens and inhibits the ad-
herence of bacteria and viruses to mucosal binding
sites; evidence suggests that sIgA also opsonizes patho-
gens, making them target cells for cytotoxic macro-
phages, T lymphocytes, and neutrophils (for review, see
Underdown and Schiff, 1986). The presence of the com-
mon mucosal immune system has been demonstrated
in normal (uninfected) respiratory, digestive, reproduc-
tive, mammary, ocular, and otic mucosae (for reviews,
see Widdicombe and Wells, 1982; Tomasi, 1984,
Brandtzaeg, 1987; Cumella and Ogra, 1987).

Other immunoglobulins are also associated with mu-
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cosae and can play a role in mucosal defense. Immuno-
globulin G (IgQG), about 50% of which is distributed
extravascularly, is present diffusely in the connective
tissue ground substance of the lamina propria, often
concentrated in blood vessel walls and basement mem-
branes (Brandtzaeg, 1974a; 1987); up to 20% of the B
lymphocytes and plasma cells present in mucosal lam-
ina propriae produce IgG (Brandtzaeg, 1985). IgD is
distributed mainly intravascularly; however, IgD-pro-
ducing B lymphocytes and plasma cells constitute up to
10% of the total immunocyte population in human
nasal mucosa (Brandtzaeg, 1985). IgE-producing B
lymphocytes/plasma cells were described in the nasal
mucosa of monkeys and humans (Tada and Ishizaka,
1970); however, Brandtzaeg (1984, 1987) failed to find
IgE-positive B lymphocytes in normal human nasal
mucosa. Although increased local production of IgE
has reported to occur in nasal mucosa in allergic reac-
tions (Platt-Mills, 1979; Bachert and Ganzer, 1987), it
has been suggested that the IgE-associated cells ob-
served in nasal mucosa may be mucosal mast cells
(Brandtzaeg, 1985).

Two additional proteins, lactoferrin and lysozyme,
are also associated with protection of mucosal surfaces.
Lactoferrin, an iron-binding protein of the transferrin
family, is found in the secretions of all exocrine glands
(for reviews, see Clamp and Creeth, 1984; Hanson,
1985), including those of the nasal mucosa (Miyauchi,
1984). Lactoferrin exerts its protective effects by com-
peting with bacterial iron-binding proteins for avail-
able iron and by increasing phagocyte adherence.
Lysozyme, which binds to mucus glycoproteins that
may act as carriers (Clamp and Creeth, 1984), is an
enzyme that cleaves bonds commonly present in the
proteoglycans of bacterial cell walls and is associated
with the secretory granules of primarily serous gland
cells in bronchial (Bowes and Corrin, 1977) and nasal
(Tachibana et al., 1986) mucosae, although respiratory
mucous gland cells may also secrete lysozyme (Spicer
et al., 1977; Tachibana et al., 1986).

The participation of the respiratory portion of the
nasal mucosa in the common mucosal immune system
has been well documented (see Poliquin and Crepeau,
1985 and Brandtzaeg, 1984, 1985 for reviews). How-
ever, few studies have addressed the presence of de-
fense factors in the olfactory mucosa. The presence of
macrophages, neutrophils, monocytes, plasma cells,
and mast cells in the olfactory epithelium of the sea
trout was described by Bertmar (1972, 1980), who at-
tributed their presence to adaptations within the olfac-
tory epithelium necessitated by changing levels of sa-
linity and pollution encountered by migrating fish.
Jafek (1983) noted the presence of occasional “wan-
dering inflammatory cells, primarily lymphocytes . . .”
in the human olfactory lamina propria in contrast to
their much higher numbers in the respiratory lamina
propria. Whelan et al. (1986), investigating the distri-
bution of beta 2-microglobulin, a polypeptide associ-
ated with the transport of major histocompatability
complex (MHC) proteins to cell surfaces, demonstrated
its absence from the olfactory epithelium and its pres-
ence in blood vessel walls and possibly connective tis-
sue cells in the lamina propria of the mouse. An addi-
tional influence of the immune system on olfactory
function includes the demonstration by Yamazaki,
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Beauchamp, and co-workers (e.g., Yamazaki et al.,
1981, 1988) that the MHC of mice plays a determining
role in mate selection via chemosensory signals.

The presence and regulation of the expression and
secretion of defense factors in the olfactory mucosa is of
considerable importance in view of the fact that contact
with the olfactory mucosal surface provides a route of
access to the central nervous system via the olfactory
nerve (Shipley, 1985; Baker and Spencer, 1986; Itaya,
1987). Specific pathogens that gain entry to the brain
via the olfactory pathway include rabies virus
(Johnson, 1982), St. Louis encephalitis virus (Monath
et al., 1983), mouse hepatitis virus-JHM (Barthold,
1988; Perlman et al., 1989; Periman et al., 1990), in-
fluenza virus A (Reinacher et al., 1983), herpes sim-
plex virus (Stroop et al., 1984; McLean et al., 1988,
1989), and vesicular stomatitis virus (Lundh et al.,
1987).

The purpose of this study was, therefore, to investi-
gate the presence and localization of the components
of the secretory immune system as well as other im-
munoglobulins, lactoferrin, and lysozyme, in the olfac-
tory mucosa. The study was performed in two animal
species, tiger salamanders and rats. The mature olfac-
tory mucosa of the tiger salamander is an excellent
model for the olfactory mucosa of verterbrates in gen-
eral, offering the advantages of large cells, which fa-
cilitate immunohistochemical localization, and mucus-
producing cells in the epithelium (sustentacular cells)
and in the lamina propria (Bowman’s glands), for
which adrenergic, cholinergic, and peptidergic re-
sponses and patterns of extrinsic innervation have
been characterized in this laboratory (e.g., Getchell et
al., 1984; Wirsig and Getchell, 1986; Getchell and
Getchell, 1984; Getchell et al., 1988, 1989; Zielinski et
al., 1989). In addition, olfactory mucosa representing
two developmental stages (immature and mature) is
present in the nasal cavity of adult salamanders
(Getchell et al., 1986), affording the opportunity to
study differential expression of defense factors during
maturation of the tissue. The rat olfactory mucosa
served as a model for most mammals, including hu-
mans (Jafek, 1983), for which evidence suggests that
sustentacular cells do not produce secretory glycocon-
jugates (Foster et al., 1991).

MATERIALS AND METHODS

Localization of secretory immune factors in amphib-
ians was performed on tissue from six adult (post-meta-
morphic) tiger salamanders, Ambystoma tigrinum,
(Amphibians of North America, Nashville, TN). Uni-
lateral olfactory nerve transections were performed un-
der nonsterile conditions on two salamanders. The
animals were anesthetized with 0.5% tricaine meth-
anesulfonate (MS-222), a cutaneously absorbed anes-
thetic. The skin and cartilage at the posterior margin
of the left nasal cavity was removed, the olfactory
nerve was exposed at its junction with the olfactory
bulb, and the nerve was transected with iridectomy
scissors. A skin flap was used to cover the surgical site;
the incision was painted with Ora-base, a water-resis-
tant gel containing local anesthetic. Animals were
placed in plastic tubs of water so that their bodies were
submerged but their heads were above the water; the
water was changed every 15 min to wash out the an-
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esthetic until the animals were mobile. The incision
was covered with Ora-base until the animals were per-
fused 7 d after surgery.

Localization of secretory immune factors was also
performed on tissue obtained from a total of 11 male
rats: 4 young (3—4-wk-old) Sprague-Dawley rats born
to a pregnant female (Charles River Laboratories,
Wilmington, MA), 4 young adult (6-wk-old) Sprague-
Dawley rats with no measurable serum titers of anti-
bodies against common viral or bacterial pathogens
(Harlan Sprague Dawley, Inc., Indianapolis, IN), and 3
young (4-wk-old) Sprague-Dawley rats that had posi-
tive serum titers for sialodacryoadenitis virus (SDAV;
Harlan Sprague Dawley, Inc., Indianapolis, IN) but
were symptom free at the time of perfusion. SDAV is a
coronavirus that generally infects the glands associ-
ated with the gastrointestinal and/or respiratory
tracts; among the signs of infection are a palpable en-
largement of the submandibular salivary glands,
sneezing or discharge from the external nares, and
photophobia (Jacoby et al., 1979). During the active
infection, the virus can be localized in the nasal epi-
thelium (Jacoby et al., 1975).

Prior to perfusion, all salamanders were anesthe-
tized with 1% MS-222. Rats were anesthetized with an
1.p. injection of 25 mg/kg sodium pentobarbital (65 mg/
ml) diluted 1:1 with saline. Five salamanders and nine
rats were transcardially perfused with ice-cold physio-
logical saline followed by ice-cold Zamboni’s fixative
(2% paraformaldehyde and 0.15% picric acid in 0.1 M
phosphate buffer, pH 7.35) and one salamander and
two rats were perfused with ice-cold 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.35). The nasal
mucosa (olfactory mucosa and adjacent respiratory mu-
cosa) was dissected from the salamander nasal cavities.
Nasal mucosa was obtained from three locations in the
rat nasal cavity: the roof, the nasal septum, and the
superior turbinate. In addition, the submandibular sal-
ivary glands were dissected from the rats. Tissue was
placed in fixative for an additional 1-2 hours, rinsed
overnight in chilled phosphate-buffered graded (10%—
20%—-30%) sucrose solutions, and embedded (M1 Em-
bedding Matrix, Lipshaw Co., Detroit, MI or Tissue-
Tek O.C.T. Compound, Baxter Healthcare Corp.,
McGaw Park, IL) for cryostat sectioning. Immunohis-
tochemistry was performed on 15 pm thick sections
that were thaw-mounted onto chrom-alum-gelatin
coated slides, air-dried, and frozen at —20° C until
stained.

Components of the secretory immune system as well
as other immunoglobulins, lactoferrin, and lysozyme
were localized in the tissue sections with polyclonal
antibodies. The specific antibodies used, their commer-
cial sources, antigenic specificity and optimal dilutions
are listed in Table 1. Standard 2-step immunohisto-
chemical staining techniques were used for unconju-
gated primary antibodies. Following incubation in
phosphate-buffered saline (PBS) containing 0.4% Tri-
ton X-100 (Sigma Chemical Co., St. Louis, MO) for 30
min, sections were incubated with primary antibody in
PBS overnight in a humid chamber at room tempera-
ture. After several rinses with PBS, secondary antibod-
ies (affinity purified FITC- or TRITC-labeled antibod-
ies) at dilutions of 1:40 to 1:80 in PBS were applied to
sections for 1 hr in the dark. These antibodies were
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obtained from Chemicon International, ICN Biomedi-
cals, Organon Teknika-Cappel, and Sigma Chemical
Co. (see Table 1 for addresses). Sections were rinsed
with PBS, and coverslips were mounted with 0.1% p-
phenylene diamine (Sigma Chemical Co., St. Louis,
MO) in buffered glycerol, pH 9.0.

Direct staining with fluorochrome-conjugated anti-
bodies, where available, was also performed to rule out
the possibility that the immunoreactivity observed in
tissue sections stained by the 2-step technique resulted
from the interaction of antibodies or immune com-
plexes with Fc receptors on nonantigen containing cells
in the tissue. FITC-conjugated primary antibodies
were applied to sections for 1 hr in the dark at room
temperature. After several rinses with PBS, coverslips
were mounted with 0.1% p-phenylene diamine in buff-
ered glycerol, pH 9.0. In those cases where fluoro-
chrome-conjugated primary antibodies were not avail-
able, e.g., secretory piece and J chain, the F(ab’),
fragment of anti-rabbit IgG conjugated with FITC (Or-
ganon Tecknika-Cappel) was used as the secondary an-
tibody to rule out the possibility of interactions with Fc
receptors.

Negative controls were performed by omitting the
primary antibody and staining with the appropriate
secondary antibody alone at a 1:40 dilution. Positive
controls consisted of immunostaining sections of respi-
ratory mucosa and salivary gland, where these antigens
have been localized in many studies (see Introduction).

All preparations were examined with a Leitz fluo-
rescence microscope equipped with 12 and N2 dichroic
filter blocks for FITC and TRITC fluorescence, respec-
tively. Kodak T-Max 400 film was used for photogra-
phy.

RESULTS

Morphology of the Olfactory Mucosa

In order to facilitate interpretation of the fluores-
cence micrographs in which the results are presented,
the morphology of the olfactory mucosa of salamanders
and rats is briefly described. The nasal olfactory mu-
cosa of both vertebrates consists of the sensory neu-
roepithelium and the underlying lamina propria.
Within the neuroepithelium, strata containing the nu-
clei of three cell types can be discerned. The most su-
perficial nuclei are those of the sustentacular cells
(SCN, Figs. 1a and 2a); these cells produce a mucous
secretory product in the adult salamander and do not
produce secretory glycoproteins in the rat. The middle
and thickest layer of nuclei are those of the olfactory
receptor cells (ORN, Figs. 1a and 2a). These primary
sensory neurons extend from the ciliated dendrites em-
bedded in the mucus layer covering the surface of the
epithelium (mucociliary complex, me, Figs. 1a and 2a)
to the cell bodies in the ORN layer; below the cell bod-
ies, they taper to fine axons, pass through the base-
ment membrane (arrowheads, Figs. 1a and 2a) where
bundles of axons from many receptor cells are en-
wrapped by Schwann cells, and form the olfactory
nerve, whose axons synapse in the olfactory bulb. The
deepest layer of nuclei (BCN, Figs. 1a and 2a) are those
of basal cells, some of which serve as stem cells to re-
place olfactory receptor neurons lost through continual
turn-over. Also present at the level of the epithelium
are the duct cells (DC, Figs. 1a, b, 2a and b) of Bow-
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TABLE 1. Commercial antibodies used in this study

Commercial Antigen
Antibody* source? source Host Specificity Dilution
slgA Accurate Human Rabbit Alpha-chains and SPc 1:100
Colostrum
slgA ICN Rat bile Goat 1 band vs. rat serum and rat bile by IEP and 1:200
ID, no cross-reactivity with rat IgG by IEP
and ID
IgA Accurate Human Rabbit 1 band vs. human plasma by IEP, no 1:200
Serum cross-reactivity with human IgG or IgM by
ELISA
IgA ICN Chicken Goat 1 band vs. chicken serum by IEP and ID 1:100
Serum
IgA-FITC Chemicon Human Goat (Affinity purified) 1:100
Serum
IgM Accurate Human Rabbit (No information) 1:250
Serum
IgM ICN (SDhicken Goat 1 band vs. chicken serum by IEP and ID 1:100
erum
IgM-FITC Chemicon Human Goat (Affinity purified) 1:10
Serum
SPc Accurate Human Rabbit (No information) 1:150
Colostrum
SPc Sigma Human Goat Secretory IgA, no cross-reactivity with human 1:100
Colostrum serum by IEP
SPc ICN Human Goat 1 band vs. free and bound SPC, 1 band vs. 1:150
Colostrum sIgA, no cross-reactivity with human serum
SPc-FITC Accurate Human Rabbit (No information) 1:10
d chain Accurate Human Goat (No information) 1:500
Colostrum
J chain Biogenex Human Rabbit No free IgA (H or L chains) by IEP and ID 1:5,000
Myeloma
Serum
IsG ICN Chicken Rabbit 1 band vs. chicken serum, 1 band vs. rabbit 1:200
Serum serum by IEP
IgG-FITC Sigma Rat IgG Goat 1 band vs. rat serum by IEP and ID 1:80
IgG-FITC Organon Goat IgG Rabbit 1 band vs. goat IgG by IEP 1:80
Teknika
Cappel
IgG-FITC ICN Chicken Rabbit 1 band vs. chicken serum by IEP 1:10
Serum
IgD-FITC Sigma Human Goat 1 band vs. normal serum and myeloma IgD by 1:60
Serum IEP and ID
IgE-FITC Sigma Human Goat 1 band vs. human myeloma IgE by IEP, no 1:40
Myeloma cross-reactivity with human serum or IgG
Serum
LF Accurate Human Rabbit No cross-reactivity with human serum proteins 1:200
Milk by IEP
LF-FITC Chemicon ﬁuman Rabbit (Affinity-purified) 1:10
ilk
LZ Accurate Human Rabbit (No information) 1:250
LZ Biogenex Human Rabbit Absorbed with human plasma and urine 1:250
Urine proteins

LFITC, conjugated with fluorescein isothiocyanate; ID, immunodiffusion; IEP, immunoelectrophoresis; Ig, immunoglobulin; LF, lactoferrin;
LZ, lysozyme; slgA, secretory immunoglobulin A complex; SPc, secretory piece.

2Accurate Chemical and Scientific Corp., Westbury, NY; Biogenex Laboratories, San Ramon, CA: Chemicon International, Inc., El Segundo,
CA: ICN Biomedicals, Inc., Costa Mesa, CA; Organon Teknika-Cappel, Malvern, PA; Sigma Chemical Co., St. Louis, MO.

man’s glands; within a particular section, the lumen of The lamina propria contains the acini of Bowman’s
the duct may be continuous from the acinus to the sur- glands (BG), olfactory nerve bundles (ON), and blood
face (Fig. 1b) or segments of the duct may be seen at vessels (BV, Figs. 1a,b,d, and 2a,b) as well as connec-
any level within the epithelium (Figs. 1a and 2a). tive tissue (Figs. 1a—d and 2a,b) and occasional myeli-
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Fig. 1. Morphology of salamander olfactory mucosa. a: Mature ol-
factory epithelium contains stratified nuclei of sustentacular cells
(SCN), olfactory receptor cells (ORN), and basal cells (BCN). Duct
cells (DC) of Bowman’s glands are also intraepithelial. Mucociliary
complex {mc) covers flat epithelial surface. Effects of olfactory nerve
transection include presence of pyknotic nuclei and other cellular de-
bris (arrows), and cells of the immune system (*) in or near epithe-
lium. Epithelium is separated from lamina propria by basement mem-
brane (arrowheads). Lamina propria contains Bowman’s glands (BG),
olfactory nerve bundles (ON), blood vessels (BV), and melanocytes
(Me). BG acini that appear to be within epithelium are enclosed by
basement membrane about to level of ORN. Bar = 50 pm. b: Effects
of olfactory nerve transection are evident: loss of large numbers of
olfactory receptor cells resulting in thinner epithelial layer, and more
cellular debris (arrows) and immune system cells (*). BG, Bowman’s
gland; BV, blood vessel, DC, duct cell; DG, deep gland; Me, melano-
cyte; ON, olfactory nerve bundle; sg, secretory granules; arrowheads,
basement membrane. Magnification same as a. ¢: Immature olfactory
epithelium (OE) is arranged in buds containing nuclei of sustentacu-
lar cells (SCN), olfactory receptor cells (ORN), and basal cells (BCN).

nated nerve bundles, which are branches of the trigem-
inal nerve (not shown). In contrast to the purely serous
BG in the salamander (Fig. 1a,b,d), the BG in the rat

Buds are separated by connective tissue septa containing blood ves-
sels (BV) and topped by cell clusters containing ciliated cells (CC).
Olfactory nerve bundles (ON) course through lamina propria. Cells of
the immune system (*) and mast cells occasionally occur within septa.
Magnification same as a. d: Bowman’s gland (BG) acini contain in-
creased numbers of vacuoles (v) and B lymphocytes (B ly) as a result
of olfactory nerve section. BV, blood vessel; Me, melanocyte; ON, ol-
factory nerve bundle; sg, secretory granules. Bar = 25 pum. e: Respi-
ratory mucosa consists of epithelium containing goblet cells (GC) and
ciliated cells (CC) separated by basement membrane (arrowheads)
from lamina propria containing large multi-acinar respiratory glands
(RG). B lymphocytes (B ly) are far more numerous in respiratory than
in olfactory mucosa. Magnification same as a. f: Cells between buds of
olfactory epithelium (OE) in immature region of salamander nasal
mucosa include mucoid cells (M), goblet cells (GC), and ciliated cells
(CC). Magnification same as d. g: Sustentacular cells in immature
olfactory mucosa contain serous secretory granules (sg); blebs of mu-
cus {(arrow) containing secretory granules are being released into the
nasal cavity. CC, ciliated cell; OE, olfactory epithelium. Magnifica-
tion same as d.

olfactory mucosa contain mucous cells (mu, Fig. 2b) in
the segment closest to the epithelial basement mem-
brane (arrowheads, Fig. 2a,b) and serous cells (se, Fig.
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Fig. 2. Morphology of rat olfactory mucosa. a: Olfactory epithelium
contains three cell types: most superficial nuclei are those of susten-
tacular cells (SCN), most numerous are those of olfactory receptor
cells (ORN), and along the basement membrane (arrowheads) are
those of the basal cells (BCN). Duct cells (DC) of Bowman’s glands
also lie within the olfactory epithelium. Epithelial surface is covered
by mucociliary complex (mc). Below the basement membrane, the
lamina propria contains Bowman’s glands (BG), olfactory nerve bun-
dles (ON), blood vessels (BV), and connective tissue. Bar = 50 pm. b:
Cells of Bowman’s gland acinus nearest the basement membrane (ar-
rowheads) are mucous {(mu); those deeper in the lamina propria are
serous (se). BV, blood vessel, DC, duct cell; OE, olfactory epithelium;
ON, olfactory nerve bundle. Bar = 20 pm.

2b) in the segment deepest in the lamina propria. In
the mature salamander olfactory mucosa, melanocytes
(Me, Fig. 1a,b,d) and a deeper layer of glands (DG, Fig.
1b) are also present. The deep glands, whose ducts open
onto the surface of the nasal respiratory epithelium,
more closely resemble respiratory glands than Bow-
man’s glands and are not included in this study.

The tissue shown in Figure 1a,b,d,e are from the na-
sal cavities of salamanders whose olfactory nerve had
been sectioned 7 d previously; Figure 1a is from a re-
gion in which very little olfactory receptor cell degen-
eration has occurred, while in Figure 1b the loss of
olfactory receptor cell nuclei and the concomitant de-
crease in the thickness of the epithelium are obvious.
At this time following olfactory nerve transection,
there is an accumulation of cellular debris (including
pyknotic nuclei from degenerating olfactory receptor
cells) within the epithelium (arrows, Fig. 1a,b), and an
increased presence of cells of the immune system
within and near the epithelium (asterisks, Fig. 1a,b).
The acini of BG contain a full complement of serous
secretory granules (sg, Fig. 1b,d); in addition, as a re-
sult of nerve transection, they also contain increased
numbers of clear vacuoles (v, Fig. 1d), morphological
correlates of electrolyte/water secretion, and B lympho-
cytes (B ly, Fig. 1d) within the acinar basement mem-
brane. Increased numbers of B lymphocytes (B ly, Fig.
le) are also seen in the large glands (RG, Fig. 1e) in the
lamina propria of the respiratory mucosa; these glands
differ morphologically and histochemically from BG
(Getchell et al., 1984).

Within the nasal cavity of the adult salamander, in
addition to mature olfactory mucosa (Fig. 1la,b,d) and
respiratory mucosa (Fig. le), there is a region anterior

TABLE 2. Localization of components of secretory immune system and nonspecific
immune factors in cells of the salamander nasal mucosa

Olfactory mucosa Respiratory mucosa

Mature Immature
Ag SC BG/DC BG/AC BL/BC SC MUGC EPGC GL  BLN
slgA (h) - + + + + + - + N
slgA (r) - + + - + N N N N
IgA (h) - - - - - - - - -
IgA (c) - + + + + + + + -
IgM (h) - —/+* + + N N - + +
1gM (c) - + + + - + + + -
SPe - + —/+* - + + + + N
JCh - + + + + + + + N
IgG (g) - - + + N N N N N
1gG (©) - - + + - - - - +
IgG (r) - - - - N N - ~ -
IgD - - - - - - - - -
IgE - - - -2 - - N N N
LF - —/+* —/+* —/+* + + - + N
LZ - + - + + + N +

'AC, acinar cells; Ag, antigen; BG, Bowman’s glands; (c), antigen source = chicken; DC, duct cells; EP/GC,
epithelial and/or goblet cells; (g), antigen source = goat; GL, respiratory glands; (h), antigen source =
human; Ig, immunoglobulin; JCh, J chain; MU/GC, mucoid and/or goblet cells; LF, lactoferrin; LZ, lysozyme;
BL/BC, B lymphocytes or other blood cells; BL/N, B lymphocytes or neutrophils; (r}, antigen source = rat;
SC, sustentacular cells; sIgA, secretory immunoglobulin complex; SPc, secretory piece; +, antigen present;
—, antigen not present; —/+ *, antigen present in tissue from olfactory nerve-section animals only; ?, staining
present in mucosal mast cells only; N, tissue component not observed.
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TABLE 3. Localization of components of secretory immune system and nonspecific immune
factors in cells of the rat nasal mucosa and salivary gland’

Olfactory mucosa

Respiratory mucosa Salivary glands

Ag SC BG/DC BG/AC BL/N EP/GC GL BL/N DC AC BL/N
sIgA (h) - - + + - + + - + +
sIgA (r) - + + + + + + + +* +
IgA (h) - - + + - + + + + +
IgA (¢) - - - - - + - + + ¥ +
IgM (h) - + + + - + + + + -
IgM (c) - - + - + + + N N N
SPc - —/+ —-/+ - + + - + + -
JCh - + + + + + + + + +
IgG (r) - - - + - + + - - +
1gG (c) - - - + - - + - - +
IgD - - - + - - + N N N
IgE - - - -2 - - -2 N N N
LF - + +* + - + + + +* +
LZ - + +* + - + + + +* +

'AC, acinar cells; Ag, antigen; BG, Bowman’s glands; DC, duct cells; {c), antigen source = chicken; EP/GC, epithelial or
goblet cells; GL, glands of respiratory mucosa; (h), antigen source = human; Ig, immunoglobulin; JCh, J chain; LF,
lactoferrin; LZ, lysozyme; BL/N, B lymphocytes or neutrophils; (r), antigen source = rat; SC, sustentacular cells; sIgA,
secretory immunoglobulin complex; SPe, secretory piece; +, antigen present; +*, antigen present in serous cells only;
—/+, antigen present in rats with positive SDAV serum titers only (tested for SPc only); —, antigen not present; 2, antigen
present in mucosal mast cells only; N, tissue component not observed.

and lateral to the mature mucosa that contains olfac-
tory mucosa resembling that seen in larval (pre-meta-
morphic, aquatic) salamanders (Getchell et al., 1986).
Instead of the flat epithelial sheet seen in the adult,
the immature neuroepithelium (OE, Fig. 1¢) is orga-
nized into “buds” containing the stratified nuclei of
sustentacular cells (SCN), olfactory receptor cells
(ORN), and basal cells (BCN, Fig. 1c). The buds are
separated by connective tissue septa containing blood
vessels (BV, Fig. 1c¢) and topped by cell clusters con-
taining ciliated cells (CC, Fig. 1¢,f,g), goblet cells (GC,
Fig. 1f), and mucoid cells (M, Fig. 1f); the differences
between goblet and mucoid cells in these clusters can-
not be distinguished in the immunostained tissue, so
they are collectively referred to as goblet/mucoid cells.
The most striking difference between the cells of the
neuroepithelium of larval and adult salamanders is
that the sustentacular cells in the larval salamander
contain serous secretory granules (sg, Fig. 1g), while
those in the adult salamander contain mucous secre-
tory vesicles (cf. Fig. 1a in Zielinski et al., 1988). BG
are rarely present in these immature areas.

The Secretory Immune System of the Olfactory Mucosa

Evidence for the presence of components of the secre-
tory immune system was found in the olfactory muco-
sae of both salamanders and rats. The results of these
experiments are summarized in Table 2 (salamanders)
and Table 3 (rats).

In the mature olfactory mucosa of the salamander,
immunoreactivity (ir) for the secretory IgA complex
(sIgA) revealed by an antibody to human sIgA was ob-
served along the basal (contraluminal) and, to a lesser
extent, apical (luminal) membranes of the duct cells
and along the lateral and, to a lesser extent, basal
membranes of the acinar cells of BG (arrows, Fig. 3a).
The ir in BG was particularly evident in acini in which
immunoreactive B lymphocytes were located within
the acinar basement membrane (Fig. 3a). Very rarely,

an immunoreactive B lymphocyte was located in the
basal region of the olfactory epithelium. An antibody to
rat sIgA stained, in addition, the secretory granules
(sg, Fig. 3d) of BG. An antibody raised against human
serum IgA failed to stain any cells in the salamander
nasal mucosa. However, staining with an antibody di-
rected against chicken serum IgA resulted in strong ir
concentrated luminally in BG duct cells (DC, Fig. 3b)
and intense staining of the secretory granules of those

Fig. 8. Localization of secretory immune system components in sala-
mander olfactory mucosa. a: Antibody to human sIgA stains basal and
lateral membranes (arrows) of Bowman’s gland acinar cells (AC) and
membrane of intra-acinar B lymphocyte (B ly). L, lumen. Bar = 25
wm. b: Immunoreactivity to chicken IgA antibody is most intense in
luminal membranes of duct cells (DC). LP, lamina propria; OE, olfac-
tory epithelium. Magnification same as a. e: Antibody to human IgM
stains basal and lateral membranes (arrows) of BG acinar cells (AC).
L, Lumen. Magnification same as a. d: Antibody to rat sIgA stains
basolateral acinar cell membranes (arrows) as well as secretory gran-
ules (sg) in BG acinar cells. L, lumen; LP, lamina propria. Magnifi-
cation same as a. e: Serous secretory granules (arrows) in supranu-
clear region of sustentacular cells in immature region of olfactory
mucosa display immunoreactivity with antibody to sIgA. OE, olfac-
tory epithelium; SCN, sustentacular cell nucleus. Bar = 35 pm. f:
Mucoid/goblet cells at top of connective tissue septum in immature
olfactory mucosa contain secretory granules (sg) immunoreactive to
antibody to sIgA. CC, ciliated cell. Magnification same as a. g: Mu-
coid/goblet cells (arrows) in cluster at top of connective tissue septum
also display immunoreactivity with antibody to SPc. Magnification
same as a. h: Transection of olfactory nerve results in extensive im-
munoreactivity with antibody to SPc in BG acinar cells (AC). L, lu-
men. Magnification same as a. i: Apical and basal membranes of BG
duct cells (DC) show intense immunoreactivity for SPc. Presence of
immunoreactivity in mucociliary complex (me) suggests secretion of
SPc into mucus. AC, acinar cell; OE, olfactory epithelium; SCN, sus-
tentacular cell nucleus. Magnification same as a. j: Immunoreactivity
for J chain is also localized to BG duct cells (DC) and mucociliary
complex (mc). AC, acinar cell; SCN, sustentacular cell nucleus. Mag-
nification same as e. k: Serous secretory granules (arrows) in susten-
tacular cells of immature olfactory epithelium are immunoreactive
when stained with an antibody to SPc. SCN, sustentacular cell nu-
cleus. Magnification same as a. I: Immunoreactivity to SPc is localized
in acinar cell membranes and secretory granules of respiratory gland
(RG). Magnification same as a.
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BG nearest the basement membrane (not shown).
Staining with an antibody raised against human IgM
revealed ir along the basolateral membranes of BG ac-
inar cells (arrows, Fig. 3¢) and in B lymphocytes, many
of which were located within the basement membranes
of BG acini. An antibody raised against chicken IgM
stained the luminal surfaces of BG duct and acinar
cells and, less intensely, the lateral membranes of BG
acinar cells (not shown). Infrequently, immunoreactive
intra-acinar B lymphocytes were also observed. Ir for
secretory piece (SPc¢) was consistently observed along
the apical and basal duct cell membranes, with stain-
ing most intense apically (Fig. 3i), and was occasion-
ally observed in acinar cells of BG. No B lymphocytes
exhibited ir for SPc. Ir for J chain was also localized in
duct cells of BG, as well as in acinar cells nearest the
basement membrane (Fig. 3j). Sustentacular cells of
the mature olfactory mucosa displayed no ir for any of
the components of the secretory immune system (e.g.,
Fig. 3b,1))).

In areas of immature olfactory mucosa, secretory
granules in the supranuclear region of most sustentac-
ular cells were immunoreactive for sIgA (Fig. 3e), SPc
(Fig. 3k), and J chain (not shown). The area adjacent to
and immediately above the nucleus and a band at the
apical margin of the sustentacular cells were most in-
tensely stained by these antibodies. Ir for chicken IgA
was also observed in the apical membranes of imma-
ture SC (not shown). Goblet/mucoid cells displayed ir
for human slgA (Fig. 3f), SPc (Fig. 3g), and J chain (not
shown). Ir for chicken IgM was observed in goblet/mu-
coid cells but not in immature sustentacular cells.

In the respiratory mucosa, glands in the lamina pro-
pria showed ir for human sIgA, chicken IgA, and for
human and chicken IgM concentrated at the apical and
basal acinar cell membranes; no ir for human sIgA was
observed in epithelial cells, but occasional epithelial
cells displayed ir for chicken IgA and IgM. Ir for SPc
was observed in an occasional epithelial cell and in the
acinar cells of respiratory glands (RG, Fig. 31) in the
lamina propria. J chain showed a similar pattern of
localization in the respiratory mucosa. Occasional B
lymphocytes immunoreactive for human IgM were ob-
served in the lamina propria.

In the olfactory mucosa from olfactory nerve-sec-
tioned animals, there appeared to be a greater number
of slgA- and IgM-immunoreactive B lymphocytes in
the lamina propria, particularly in close proximity to
or within BG acini. Ir for components of the secretory
immune system were present as in normal tissue; ad-
ditionally, duct cells that were not immunoreactive for
IgM in normal tissue now displayed ir, and acinar cells
that had not shown ir for SPc in normal tissue (Fig. 3i)
were now immunoreactive with this antibody (Fig. 3h).

In the rat olfactory mucosa, ir for human sIgA was
concentrated apically within BG acinar cells (AC, Fig.
4a). Immunoreactive B lymphocytes (not shown) were
frequently observed deep in the lamina propria near
the serous BG tails. The antibody to rat sIgA stained
BG acinar cells and ducts (BG, D, Fig. 4b) as well as
numerous B lymphocytes (not shown). An antibody to
human serum IgA resulted in uniform cytoplasmic ir in
BG acinar cells; several immunoreactive B lympho-
cytes were observed in the lamina propria near the
epithelial basement membrane and near the serous
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tails of BG (not shown). An antibody raised against
chicken serum IgA failed to stain any cells in the rat
olfactory mucosa. An FITC-labeled antibody raised
against human IgM stained BG acinar and duct cells
(AC, DC, Fig. 4e). Occasional ir B lymphocytes, fewer
than observed in respiratory mucosa (see below), were
present in the lamina propria, especially near the se-
rous tails of BG (not shown). Staining with an antibod
to chicken IgM resulted in ir in BG serous cells (not
shown). Staining with antibodies generated against
human SPc was very difficult to demonstrate in normal
rats; no ir could be demonstrated in the olfactory mu-
cosa of 3—4-wk old rats, and only weak ir in BG serous
cells was observed in 6-wk-old rats. In 4-wk-old rats
that had positive serum titers for SDAV, ir for SPc was
evident in the apical region of BG acinar cells and
ducts (AC, D, Fig. 4f). In contrast, intense ir for J chai
concentrated apically in duct and acinar cells of B
was observed in both normal rats (Fig. 4d) and in rats
with positive SDAV serum titers (not shown). B lym-
phocytes that stained for J chain were observed also in
normal and previously infected rats. Sustentacular
cells in the rat olfactory epithelium failed to stain for
any of the components of the secretory immune system
(e.g., JCh, Fig. 4d).

In the respiratory mucosa, staining for human and
rat sIgA, human and chicken serum IgA, human IgM,

Fig. 4. Localization of secretory immune system components in rat
olfactory mucosa. a: Immunoreactivity for antibody to human sIgA is
localized in BG acinar cells (AC). L, lumen; OE, olfactory epithelium;
arrowheads, basement membrane. Bar = 25 pm. b: Antibody to rat
sIgA stains both duct (D) and acinar cells of Bowman’s glands (BG)
more extensively than human sIgA. In addition, endothelial cells in
blood vessels (BV) nearest basement membrane (arrowheads) were
immunoreactive. D, duct; OE, olfactory epithelium. Magnification
same as a. ¢: Antibody to human serum IgA stains one population of
respiratory glands (RG), anterior septal glands (ASG), in septal nasal
mucosa but leaves another population, posterior septal glands (PSG),
unstained. None of the cells in the respiratory epithelium (RE) are
immunoreactive but B lymphocytes (B ly) adjacent to the basement
membrane (arrowheads) are stained. Bar = 50 um. d: Ducts (D) and
acinar cells of Bowman’s glands (BG) display immunoreactivity for J
chain. BV, blood vessel; OE, olfactory epithelium; arrowheads, base-
ment membrane. Bar = 35 pm. e: Area containing secretory material
in acinar cells (AC) and duct cells (DC) nearest the basement mem-
brane (arrowheads) display weak immunoreactivity for an antibody to
human IgM. L, lumen; OE, olfactory epithelium. Magnification same
as a. f: In rats with positive serum titers for SDAV, acinar cells (AC)
of Bowman’s gland and the portion of the duct (D) nearest the base-
ment membrane (arrowheads) display immunoreactivity for an anti-
body to SPc. OE, olfactory epithelium; ON, longitudinal section of
olfactory nerve. Magnification same as a. g: Serous demilunes (se) but
not mucous acini {mu) of submandibular gland are immunoreactive
for rat sIgA. Magnification same as a. h: Apical acinar membranes of
respiratory gland (RG) cells display immunoreactivity with antibody
to human IgM. Cells of the respiratory epithelium (RE) show no im-
munoreactivity. BV, blood vessel; GC, goblet cell; arrowheads, base-
ment membrane. Bar = 25 um. i: In some, but not all, respiratory
glands (RG), area of acinar cells (AC) containing secretory granules is
immunoreactive for antibody to SPc. L, lumen. Magnification same as
a.j: Antibody to SPc stains secretory granules (sg) of all parotid gland
acini. L, lumen. Magnification same as a. k: Antibody to SPc stains
columnar cells (arrows) but not goblet cells (GC) in respiratory epi-
thelium (RE). Basolateral membranes and area occupied by secretory
granules in respiratory gland (RG) cells are also immunoreactive. BV,
blood vessel; arrowheads, basement membrane. Magnification same
as a. I: Epithelial cells that appear to be goblet cells (GC) in respira-
tory epithelium (RE) and acinar cells of respiratory glands (RG) dis-
play immunoreactivity for J chain. Arrowheads, basement mem-
brane. Magnification same as h.
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SPc, and J chain was localized in respiratory gland
cells (RG, Fig. 4c,h,i,k,]), as reported in the literature
(see Introduction). Antibodies for human and rat sIgA
stained the lateral and apical acinar cell membranes of
respiratory glands. Human and chicken serum IgA an-
tibodies stained the secretory granules in anterior sep-
tal glands (ASG, Fig. 4¢) but not in posterior septal
glands (PSG, Fig. 4c); cells of the respiratory epithe-
lium were not stained. Numerous B lymphocytes (e.g.,
B ly, Fig. 4¢), immunoreactive for all secretory Igs ex-
cept chicken serum IgA, were observed more fre-
quently than in olfactory mucosa and were inter-
spersed among and occasionally within RG acini; B
lymphocytes also displayed ir when stained with J
chain antibody. Columnar cells but not goblet cells in
the overlying epithelium displayed ir when stained
with antibodies to rat sIgA, chicken IgM, and SPc (ar-
rows, Fig. 4k). Only J chain appeared to be localized in
goblet cells (GC, Fig. 41).

In the submandibular gland, various components of
the secretory immune system were observed in duct
and acinar cells and in B lymphocytes within the gland
as previously reported in the literature (see Introduc-
tion). As shown for rat sIgA, serous (se, Fig. 4g) but not
mucous (mu, Fig. 4g) acini were immunoreactive. As in
respiratory glands, ir appeared to be concentrated
along acinar cell membranes. Antibodies for sIgA, IgA,
IgM, and J chain stained a large number of B lympho-
cytes within the stroma of the gland. In the parotid
gland, ir for SPc was observed in the membranes and
secretory granules (sg, Fig. 4j) of the serous acinar
cells.

Other Immunoglobulins

In the salamander, an FITC-labeled antibody gener-
ated against goat IgG stained infrequent B lympho-
cytes located in the olfactory epithelium superficially
above the SC nuclear layer and basally near the base-
ment membrane. In addition, basal and lateral mem-
branes of BG acini were immunoreactive. In tissue
from olfactory nerve-sectioned animals, there appeared
to be more numerous immunoreactive B lymphocytes
within the olfactory epithelium near the surface and
basement membrane and within BG acini (B ly, Fig.
5a). An antibody raised against chicken IgG stained an
occasional B lymphocyte in the olfactory epithelium
and in the epithelium between the buds of immature
olfactory cells (Fig. 5b), and greater numbers of B lym-
phocytes in the respiratory and olfactory mucosae in
olfactory nerve-sectioned animals. Also in these ani-
mals, granules within round and fusiform blood cells
were ir for chicken IgG (Fig. 5¢); there was no ir over
surface membranes or nuclei. A similarly labeled an-
tibody generated against rat IgG did not stain any cells
in salamander nasal mucosa. An FITC-antibody gen-
erated against human IgD stained no cells in the sala-
mander nasal mucosa. An FITC-labeled antibody
raised against human myeloma serum IgE stained
granules within fusiform cells in the lamina propria.

In the rat, the FITC-labeled antibody generated
against rat IgG stained the fibrous connective tissue
stroma of the lamina propria of the olfactory mucosa,
with intense ir observed lining the walls of some blood
vessels (BV, Fig. 6a). Occasional B lymphocytes (not
shown) deep in the lamina propria were observed. No ir
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for IgG was detected in the overlying olfactory epithe-
lium. A similar pattern of staining was observed in the
respiratory mucosa. Numerous intensely fluorescent B
lymphocytes (B ly, Fig. 6b) and the less intensely flu-
orescent basal membranes of the acinar cells of the
respiratory glands (RG, Fig. 6b) were immunoreactive.
No ir for IgG was detected in the respiratory epithe-
lium. Infrequently, moderately immunoreactive cells
with processes extending toward the surface (not
shown) were observed near the surface of both respira-
tory and olfactory epithelia.

In the salivary gland, the connective tissue stroma
between acini and around blood vessels, and B lympho-
cytes showed ir. An FITC-labeled antibody to chicken
IgG stained numerous B lymphocytes near the base-
ment membrane and deep within the lamina propriae
of both respiratory and olfactory mucosae, as well as
the connective tissue stroma and endothelial lining of
blood vessels. An FITC-labeled antibody to human IgD
stained many B lymphocytes in olfactory mucosa, most
located deep in the lamina propria between olfactory
nerve bundles and Bowman’s glands. Distribution of
IgD-positive B lymphocytes in the respiratory mucosa
was patchy—in areas of the septal mucosa with the
thinnest lamina propria, there were numerous immu-
noreactive B lymphocytes while in areas with a thicker
lamina propria there were few or no immunoreactive
cells. In both the olfactory and respiratory mucosae, an
FITC-labeled antibody to human myeloma serum IgE
stained cells in the lamina propria that were often con-
centrated just below the basement membrane, and,
rarely, in the epithelium; these cells appeared larger
than the B lymphocytes stained by IgA, IgM, IgG, or
IgD, and they contained distinct granules. Cells of sim-
ilar size and containing intracytoplasmic granules
were also stained in consecutive sections by Alcian
blue. In order to determine if the IgE-positive cells
were actually larger than those stained by other im-
munoglobulins, the longest diameters of immunoreac-
tive cells in the septal olfactory mucosa stained by the
antibodies to IgE and to IgD in consecutive sections
were measured with an eyepiece micrometer. The di-
ameter of the IgE-positive cells was 10.2 = 2.2 um
(mean * standard deviation, n = 27); that of the IgD-
positive cells was 6.2 * 1.5 pm (n = 25). The mean
diameters of these two populations of cells were signif-
icantly different (t = 7.634, 50 d.f., P > 0.001).

Nonspecific Immunological Factors

In the salamander, no ir for lactoferrin was observed
in the mature olfactory mucosa; however, ir for lacto-
ferrin was observed in the supranuclear region of sus-
tentacular cells (arrows, Fig. 5g) in immature areas of
the olfactory mucosa. No goblet/mucoid cells were
present in these areas. Granules within blood cells in
the lamina propria also showed ir (Fig. 5d); there was
no staining over the surface membrane or nucleus. In
tissue from olfactory nerve-sectioned animals, both
duct and acinar cells of BG (DC, AC, Fig. 5e) in mature
olfactory mucosa and goblet/mucoid cells (not shown)
in immature olfactory mucosa displayed distinct ir as
well. In the respiratory mucosa, secretory granules of
serous respiratory gland cells (RG, Fig. 5f) were immu-
noreactive. In the mature olfactory mucosa, an anti-
body to lysozyme stained BG duct cells (DC, Fig. 5h),
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Fig. 5. Localization of other defense factors in salamander nasal
mucosa. a—¢ and j are tissue from the ipsilateral mucosa of olfactory
nerve-transected salamanders. a: Antibody to goat IgG stains basal
and lateral acinar cell membranes (arrows) as well as the membrane
of an intra-acinar B lymphocyte (B ly) in Bowman’s gland. AC, acinar
cell; L, lumen. Bar = 25 um. b: Blood cell just below cell cluster at top
of connective tissue septum is immunoreactive for chicken IgG. CC,
ciliated cell. Magnification same as a. c¢: Antibody to chicken IgG
stains granules inside blood cell at the base of a connective tissue
septum. Magnification same as a. d: Granules inside blood cell at base
of olfactory epithelium are immunoreactive for lactoferrin. Magnifi-
cation same as a. e: After olfactory nerve transection, immunoreac-
tivity for lactoferrin is localized in Bowman’s gland duct cells (DC)
and acinar cells (AC). OE, olfactory epithelium; SCN, sustentacular

but acinar cells showed no ir; in addition, granules
within cells resembling neutrophils were also immu-
noreactive. In immature olfactory mucosa, sustentacu-
lar cells, BG duct cells (DC, Fig. 5i) and goblet/mucoid
cells were immunoreactive. Olfactory nerve section did
not change the localization of lysozyme in mature (DC,

cell nuclei; arrowheads, basement membrane. Bar = 35 um. f: Secre-
tory granules in respiratory gland (RG) are immunoreactive for lac-
toferrin. CC, ciliated cell; GC, goblet cell; RE, respiratory epithelium.
Bar = 25 um. g: Sustentacular cells in immature olfactory epithelium
(OE) contain secretory granules (arrows) immunoreactive for lacto-
ferrin. Magnification same as a. h: Immunoreactivity for lysozyme is
localized in Bowman’s gland duct cells (DC); immunoreactive mate-
rial is released into the mucociliary complex (mc). OE, olfactory epi-
thelium. Magnification same as f. it In immature epithelium, supra-
nuclear region of sustentacular cells and Bowman’s gland duct cells
(DC) are immunoreactive for lysozyme. SCN, sustentacular cell nu-
cleus. Magnification same as a. j: Bowman’s gland duct cells (DC) but
not acinar cells (AC) are immunoreactive for lysozyme in mature
olfactory mucosa. Magnification same as a.

AC, Fig. 5j) or immature olfactory mucosa. A popula-
tion of blood cells within the lamina propria of the res-
piratory mucosa displayed ir for lysozyme; goblet cells
were not immunoreactive.

In the rat, ir for lactoferrin was observed throughout
the cytoplasm of BG acinar cells (AC, Fig. 6d), and
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occasionally in the duct cells adjacent to the basement
membrane (not shown). Also, immunoreactive neutro-
phils (not shown) were observed near the serous tails of
BG deep in the lamina propria. In the respiratory mu-
cosa, the secretory granules in acinar cells of respira-
tory glands (RG, Fig. 6e) displayed ir; goblet cells (GC,
Fig. 6e) in the overlying epithelium were not immuno-
reactive for lactoferrin. Fusiform blood cells containing
immunoreactive granules and resembling those seen in
the salamander were also observed in the lamina pro-
pria. In the submandibular salivary gland, immunore-
active granules were observed in the cells of some ducts
(DC, Fig. 6f), and in serous demilunes (not shown);
neutrophils containing intensely immunoreactive
granules were observed in the interstitium (Fig. 6g).
Immunostaining of the olfactory mucosa for lysozyme
resulted in ir in the acinar cells of BG that was most
intense in the serous tail cells (se, Fig. 6h; sg, Fig. 6i).
Numerous neutrophils were present in the lamina pro-
pria within blood vessels and in the connective tissue
near the serous tails of BG. In the respiratory mucosa,
most but not all septal glands (RG, Fig. 6j) were in-
tensely immunoreactive to lysozyme, with the ir local-
ized to secretory granules (sg, Fig. 6k). Numerous neu-
trophils in the lamina propria displayed ir; one
immunoreactive neutrophil was observed near the sur-
face of the respiratory epithelium. In the parotid sali-
vary gland, secretory granules within the serous acini
(se, Fig. 61) were weakly immunoreactive; numerous
neutrophils (n, Fig. 6m) with immunoreactive granules
were present in the stroma of the gland.

DISCUSSION

The results of this study demonstrate for the first
time that 1) Bowman’s glands of salamanders and rats
are part of the mucosal secretory immune system, 2)
infection of the mucosa and/or perturbations that re-
sult in the release of inflammatory mediators stimu-
late the synthesis of secretory immune factors by Bow-
man’s gland cells and attract increased numbers of
cells of the immune system to the olfactory mucosa,
and 3) sustentacular cells in the immature regions of
salamander olfactory mucosa function as part of the
secrefory immune system.

In order to justify the use of antibodies raised against
primarily human antigens in a study of components of
the immune system in amphibians and nonprimate
mammals and to substantiate the interpretation of the
immunohistochemical results, a brief discussion of ev-
olutionary conservation of molecular structure within
the immune system is required. There is a great deal of
evidence to suggest that the structure of the p chain of
IgM is highly conserved throughout the vertebrate
classes (for reviews, see Litman and Marchalonis,
1982; Litman, 1984). The question of the existence of
an IgA-like immunogiobulin in amphibians is more
controversial; however, Hidge and Ambrosius (1984,
1986) have provided considerable evidence for the
cross-reactivity of “IgY,” a low-molecular-weight Ig
found in birds, reptiles, and amphibians, with mamma-
lian (including human) IgA. In Ambystoma, considered
to be an evolutionarily more primitive amphibian than
Rana or Xenopus, the production of at least two classes
of immunoglobulins, IgM and a low-molecular-weight
Ig most likely analogous to IgY, in response to repeated
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antigen stimulation has been demonstrated (Warr et
al., 1982). It is generally accepted that the isotypes
IgG, IgD, and IgE first appeared during evolution in
mammals (Hddge, 1985). Evidence for the evolutionary
conservation of the structure of J chain and SPc also
exists. The structure of J chain has been shown by
cross-reaction techniques (Kobayashi et al., 1973) and
by amino acid sequencing (Mikoryak et al., 1988) to be
highly conserved; the gene for J chain synthesis is not
linked to genes encoding immunoglobulin structure
(Yagi et al., 1982). A secretory-piece-like molecule has
been demonstrated in the polymeric secretory immu-
noglobulins of teleosts and avians (Litman, 1984).
Thus, it is reasonable to conclude that polyclonal anti-
bodies generated against human secretory immunoglo-
bulins and their nonimmunoglobulin components will
recognize epitopes that are present in the correspond-
ing molecules in the tissues of amphibians and rodents.

This conclusion is supported by the patterns of im-
munolocalization observed in this study. For example,
an antibody to human serum (monomeric) IgA failed to
stain any cells in the salamander. This antibody did
stain in the rat at sites that would be expected to con-
tain slg, i.e., Bowman’s, respiratory, and serous sali-
vary acini and B lymphocytes in nasal and salivary
tissue. There was no staining by this antibody in sites
that would not be expected to be involved in the secre-
tory immune system by virtue of their production of a
mucous rather than serous secretion (Brandtzaeg,
1987) and by their lack of staining for SPc, i.e., goblet

Fig. 6. Localization of other defense factors in rat nasal mucosa and
salivary glands. a: Antibody to rat IgG does not stain olfactory epi-
thelium (OE) but stains walls of blood vessels (BV) and connective
tissue stroma in lamina propria (LP). Arrowheads, basement mem-
brane. Bar = 35 um. b: Antibody to rat IgG does not stain respiratory
epithelium (RE) but stains B lymphocyte (B ly), basal membranes of
respiratory glands (RG), and connective tissue stroma in lamina pro-
pria (LP). Arrowheads, basement membrane. Magnification same as
a. ¢: In submandibular salivary gland, B lymphocytes (B ly) are in-
tensely immunoreactive, and ducts (D) are moderately immunoreac-
tive when stained with antibody to chicken IgG. Mucous acini (mu) do
not stain. Bar = 50 pm. d: Lactoferrin immunoreactivity is localized
in region of Bowman’s gland acinar cells (AC) containing secretory
material. L, lumen; OE, olfactory epithelium; arrowheads, basement
membrane. Bar = 25 um. e: Secretory granules in respiratory glands
(RG) are immunoreactive for lactoferrin; goblet cells (GC) in the res-
piratory epithelium (RE) are unstained. LP, lamina propria; arrow-
heads, basement membrane. Bar = 25 um. f: A population of duct
cells (DC) in submandibular gland are immunoreactive for lactofer-
rin. L, lumen. Magnification same as d. g: Granules in neutrophils (n)
near blood vessels (BV) in center of submandibular gland display
immunoreactivity for lactoferrin. Mucous acini (mu) and a population
of ducts (D) display no immunoreactivity. Magnification same as a. h:
Immunoreactivity for lysozyme is intense in serous cells (se) and much
less 80 in mucous cells (mu) Bowman’s glands. ON, olfactory nerve
bundle; arrowheads, basement membrane. Magnification same as c. i:
Lysozyme immunoreactivity is localized to secretory granules (sg) in
acinar cells (AC) in tails of Bowman’s glands. L, lumen; ON, olfactory
nerve bundle. Magnification same as d. j: Most, but not all, respira-
tory glands (RG) are immunoreactive for lysozyme. BV, blood vessel;
RE, respiratory epithelium; arrowheads, basement membrane. Mag-
nification same as c. k: Lysozyme immunoreactivity is localized to
area of acinar cell of respiratory gland that contains secretory gran-
ules (sg). Part of nonimmunoreactive acini is shown at lower right
(*). Magnification same as d. 1: Serous acini (se) in parotid gland
contain secretory granules weakly immunoreactive for lysozyme.
Magnification same as d. m: Occasional neutrophils (n) with granules
strongly immunoreactive for lysozyme are observed within parotid
gland. DC, duct cell; L, lumen. Magnification same as d.
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cells in the respiratory mucosa and mucous acini in the
submandibular gland. The staining of respiratory epi-
thelial cells resembling goblet cells by the antibody to
J chain in this study requires further investigation.

In contrast, in the salamander olfactory mucosa, the
antibody generated against human colostrum sIgA
stained Bowman’s gland cells, suggesting recognition
of SPc and/or J chain, as well as B lymphocytes, sug-
gesting recognition of J chain. In addition, staining in
secretory granules of serous sustentacular cells and
mucoid/goblet cells by this antibody and in Bowman’s
gland secretory granules by the antibody against rat
secretory IgA indicates SPc recognition (see below).
Furthermore, binding by an antibody directed against
chicken serum (monomeric) IgA, which should not rec-
ognize J chain or SPc, to sites in salamander tissue that
conceivably contain sIgA suggest the presence of an
IgA-like antibody in urodele amphibians, an interpre-
tation supported by the results of Hidge and Ambro-
sius (1984, 1986) cited above. Immunochemical exper-
iments are required to confirm the presence of such an
Ig in salamanders.

Antibodies to human IgD and to rat IgG failed to
stain any cells in the salamander. The nature of the
granules that were stained by the anti-human IgE in
cells histologically resembling mast cells and of the
antigen recognized by anti-goat and anti-chicken IgG
in salamander blood cells is unknown; further experi-
ments are needed to clarify these staining reactions.

Patterns of localization of components of the secre-
tory immune system in salamander olfactory mucosa
strongly suggest that this mucosa is protected by the
secretory immune system. In Bowman’s glands, SPc
was localized in apical and basal cell membranes of
duct cells and occasionally acinar cells and in secretory
granules. Localization in the basal cell membranes is
consistent with the concept of SPc as an immunoglob-
ulin receptor; localization in the apical cell membranes
is consistent with the concept of SPc as a transport
vector for the sIg complex to the luminal surface where
secretion into mucus occurs (Brandtzaeg, 1987). A sim-
ilar pattern of localization in Bowman’s glands for J
chain, which is present in sIg molecules, is also consis-
tent with this interpretation. Localization of SPc in
secretory granules may represent newly synthesized,
unbound SPc being stored or transported to gland cell
membranes (Brandtzaeg, 1974b). Additionally, both
IgM and avian IgA were found localized in Bowman’s
gland cells and in B lymphocytes in the salamander
olfactory mucosa.

Seven days after transection of the olfactory nerve,
the olfactory mucosa of salamanders contained greater
numbers of IgM- and sIgA-immunoreactive B lympho-
cytes than the mucosa from nonnerve-sectioned ani-
mals. In addition, the distribution of immunoreactivity
to IgM and SPc was more extensive within Bowman’s
glands after nerve section. There are two possible ex-
planations for these observations. Transection of the
olfactory nerve was performed under nonsterile condi-
tions; it is possible that pathogens were introduced dur-
ing this procedure and resulted in infection. However,
there were no obvious signs of infection or inflamma-
tion at or near the site of the surgery. An alternative
explanation is that the degenerating olfactory receptor
cells release substances that induce Ig synthesis in or

M.L. GETCHELL AND T.V. GETCHELL

attract B lymphocytes, or that stimulate resident mac-
rophages or T cells to induce maturation and Ig syn-
thesis in B lymphocytes present in the tissue. Macro-
phage infiltration of the rat olfactory epithelium
following olfactory nerve transection has been de-
scribed previously (Monti Graziadei and Graziadei,
1979); after phagocytosis of the degenerating neurons,
the macrophages disappeared. No theories were ad-
vanced for the mechanism of attraction of the macro-
phages. Further experiments are needed to determine
the mechanisms by which the secretory immune sys-
tem is activated by olfactory nerve transection. The
significant finding for this study is that the olfactory
secretory immune system in the salamander responds
to the perturbation with an increased production of
specific and nonspecific defense factors.

In the rat, components of the secretory immune sys-
tem were also localized in the cells of Bowman’s glands.
The results of these studies suggest that the expression
of SPc in rat Bowman’s glands may be induced rather
than constitutive. Bowman’s glands, respiratory
glands and salivary glands failed to show consistent
immunoreactivity for SPc, even though sIgA- and J
chain-positive gland cells and B lymphocytes could be
demonstrated at these sites. In the rat small intestine
and liver, SPc expression and distribution does not
reach adult levels until about 20—30 days postpartum
(Buts and Delacroix, 1985; Vaerman et al., 1989). In
nasal mucosa and salivary glands from 6-wk-old rats,
immunoreactivity for SPc was very faint. Only in tis-
sue from 4-wk-old rats that had experienced previous
infection by a virus (SDAV) that is known to invade
serous glands, including those in the nasal mucosa (Ja-
coby et al., 1975), was significant immunoreactivity for
SPc in cells of Bowman’s glands, respiratory glands,
and salivary glands demonstrable. This suggests that
either the epitopes recognized by the antibody to hu-
man SPc or the SPc molecule as a whole are not syn-
thesized in quantities detectable by immunohistochem-
istry in the serous glands of rats up to 6 wk of age
under “normal” (nonantigenically stimulated) condi-
tions, but that upon infection, serous nasal glands and
salivary glands can be induced to express SPc. It was
not possible to determine the time interval between
initial SDAV infection and fixation of the glandular
tissue in these experiments; future experiments will
address the questions of the age at which SPc¢ expres-
sion can first be induced and the time course of induc-
tion of SP¢ during active infection.

The rat olfactory mucosa contained an abundance of
IgD-positive B lymphocytes. The presence of numerous
IgD-immunoreactive B lymphocytes in human respira-
tory mucosa has been previously reported by Brandt-
zaeg (1985). Most of the IgD-immunoreactive lympho-
cytes observed in this study were round cells with an
average diameter of about 6 pm; immunoreactivity ap-
peared to be primarily cytoplasmic. It has been sug-
gested that these B lymphocytes are blast cells that are
not fully differentiated and that have migrated to the
nasal mucosa from nearby lymphoepithelial tissue
such as tonsils, bronchus-associated lymphoid tissue,
or, in the rat, from nasal lymphoid tissue (Spit et al.,
1989; Hameleers et al., 1989); co-expression of IgD and
J chain identifies them as secretory immune cells in
which heavy-chain switching to the IgA isotype has
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not yet occurred (Brandtzaeg and Korsrud, 1984;
Brandtzaeg, 1984). Thus, many of these cells may be
anticipated to differentiate further to IgA-positive B
lymphocytes upon stimulation by factors in the local
environment such as those resulting from antigen pre-
sentation.

The presence of numerous IgE-immunoreactive cells
in the olfactory mucosa stands in contrast to reports of
the scarcity or absence of IgE-positive B lymphocytes
in human nasal mucosa (Brandtzaeg, 1984, 1987). An
alternative explanation is that they are mast cells,
which may contain intracellular IgE (Mayrhofer et al.,
1976; Brandtzaeg, 1984). The presence of mast cells has
been previously reported in the olfactory mucosae of
sea trout (Bertmar, 1980), salamanders (Getchell et al.,
1984), and Rhesus monkeys (Saini and Breipohl, 1977).
In the rat, B lymphocytes and mast cells should be
distinguishable on the basis of size. The rat has more
small (6 to 10 pm diameter) than large lymphocytes
(Ringler and Dabich, 1979); rat mast cells have an av-
erage diameter of about 8-10 wm (Djaldetti et al,,
1979). B lymphocytes and mast cells also differ in their
staining reactions with Alcian blue; at pH 1.0, Alcian
blue stains mast cells (Mayrhofer et al., 1976) due to
their content of sulfated mucosubstances while B lym-
phocytes are not stained. In this study, IgD-immuno-
reactive cells did not stain with Alcian blue, pH 1.0 in
consecutive sections, but IgE-immunoreactive cells dis-
played marked alcianophilia. Based on 1) the mean
diameters of IgE-positive (about 10 wm) and IgD-posi-
tive (about 6 um) cells and 2) the staining of the IgE-
positive cells with Alcian blue at pH 1.0, the IgE-im-
munoreactive cells in the olfactory mucosa were
identified as mast cells.

In conclusion, the olfactory mucosa of salamanders
and rats is protected by local production of IgM and
IgA, respectively, in addition to J chain and SPc. The
presence in olfactory mucus of secretory immunoglob-
ulins, along with nonspecific defense factors such as
lactoferrin and lysozyme as well as mucous glycopro-
teins, act as the “first line of defense” (Brandtzaeg,
1984; Poliquin and Crepeau, 1985) in the protection of
the olfactory mucosa from pathogenic invasion. A
“second line of defense” is provided at least in part by
the local production or presence of IgG and IgE. These
defense mechanisms function to prevent pathogenic in-
vasion of the central nervous system via the olfactory
receptor neurons, of the lower respiratory tract, to
some extent, via the airways, and of the systemic cir-
culation via olfactory mucosal vasculature.
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